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Abstract

We evaluated covariances for neutron capture and elastic scattering cross sections
on major strucutral materials, 52Cr, 56Fe and 58Ni, in the resonance region which
extends beyond 800 keV for each of them. Use was made of the recently devel-
oped covariance formalism based on kernel approximation along with data in the
Atlas of Neutron Resonances. The data of most interest for AFCI applications,
elastic scattering cross section uncertainties at energies above about few hundred
keV, are on the level of about 12% for 52Cr, 7-8% for 56Fe and 5-6% for 58Ni.
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Chapter 1

Introduction

In the present work we evaluate covariances for neutron capture and neutron elas-
tic scattering cross sections on several structural materials in the Cr-Fe-Ni mass
range using a new covariance formalism developed by us in 2010 [1]. Covariances
are needed for a number of applications, such as the Advanced Fuel Cycle Initia-
tive (AFCI) project which employs covariances for data adjustment purposes. The
primary objective of the present work is to produce data for an improved AFCI co-
variance library which will replace earlier releases (AFCI-1.2, September 2009 [2]
and AFCI-1.3, April 2010). It is understood that these covariances must be rele-
vant to central cross section values of the latest US evaluated nuclear data library,
ENDF/B-VII.0 [3].

Our new formalism produces MF33 cross section covariances and offers sev-
eral distinct advantages to resonance parameter covariances in file MF32. First,
the new formalism is based on analytical expressions and provides a transpar-
ent way to propagate resonance parameter uncertainties from the Atlas of Neu-
tron Resonances [4] into cross section covariances. Second, the formalism treats
thermal region separately and avoids controversial adjustment of experimentally
determined thermal cross section uncertainties to resonance parameter uncertain-
ties. Third, it allows transparent handling of resonance-resonance correlations,
often neglected in other methods, with substantial implications for multigroup
cross section uncertainties. Forth, it allows inclusion of potential scattering un-
certainties into the uncertainty budget and accounting for anti-correlation with the
resonance scattering term. Fifth, it avoids the trouble with processing MF32 files
with inconsistencies between processing codes NJOY and PUFF. Sixth, the re-
sulting covariances are provided in MF33 format, avoiding the need to harmonize
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52Cr, 56Fe and 58Ni Covariances

MF32 with resonance parameters in MF2, making it suitable for ex post evalua-
tion of covariances which is often unavoidable for practical reasons.

Evaluation of capture cross section covariances with the new formalism is
fairly straightforward. Production of covariances for elastic scattering is more
challenging due to several factors, including the presence of high energy reso-
nances which for Cr-Fe-Ni extend to several hundred keV, approximate treatment
of interferences, and the trouble with a contribution from external resonances.

The report first summarizes the formalism and then proceeds with details of
the evaluation for 52Cr, 56Fe and 58Ni. This is followed by quality assurance anal-
ysis which lead to refined evaluation procedure, subsequently applied to produce
final covariances for these three major structural materials.
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Chapter 2

Evaluation procedure

Detailed description of our evaluation procedure can be found in Ref. [1]. Its key
idea is the use of kernel approximation which allowed us to develop analytical for-
malism of propagating resonance parameter uncertainties [4] into cross sections
uncertainties.

2.1 Radiative capture
Thermal and resonance regions are treated separately, the thermal region being
determined by the thermal cross section uncertainty readily available in Atlas. In
the resonance region we first establish suitable energy bins and determine average
cross sections, then compute their uncertainties. To this end we will mostly em-
ploy capture kernels readily supplied by Atlas and avoid more involved procedure
based on explicit use of resonance parameters. Then, covariance matrix will be
constructed using the uncertainties in energy bins, complemented with estimates
of correlation coefficients between the energy bins.

2.1.1 Thermal region
In the thermal region capture cross sections in general follow the well-known 1/v
law as can be inferred from Westcott factors. As shown in Table 2.1 all structural
materials of our interest have Westcott factors close to unity, meaning that they
follow 1/v law extremely well.
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Table 2.1: Westcott factors gw for selected materials in ENDF/B-VII.0 library. The values
refer to T = 293K and were supplied by S.F. Mughabghab for the purposes of the present
report.

Material gw Material gw
23Na 0.979 54Fe 0.991
50Cr 0.990 56Fe 0.991
52Cr 0.991 57Fe 0.992
53Cr 0.991 58Ni 0.992

55Mn 0.991 60Ni 0.992

The upper energy limit for applicability of this law is usually considered to be
Emax = 10 eV, but for structural materials it may extend up to few hundred eV. In
practice it might be even higher, depending on the position of the first resonance
(typically 1 keV for materials under discussion). In the thermal energy range

σγ(E) ≈ σγ(Eth)

√
Eth

E
, (2.1)

where Eth = 0.0253 eV is the thermal energy. There is only one variable, σγ(Eth),
which determines capture cross sections in the entire thermal energy range. Con-
sequently, uncertainties can be estimated as 1

∆σγ(E) ≈ ∆σγ(Eth). (2.2)

2.1.2 Average cross sections in the resonance region
According to ENDF-6 format radiative capture is well described by the single-
level Breit-Wigner (SLBW) formalism. For a single resonance of the energy E0

the capture cross section at the neutron incident energy E is given as

σγ(E) = πo2 gΓnΓγ

(E − E0)2 + 1
4Γ2

, (2.3)

1This estimate was refined after QA analysis was completed. Adopted refinement leads to
considerably improved agreement with resonance integral capture uncertainties. For details see
Chapter 5, page 64.
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where o is the de Broglie wavelength (k is the wave number) of the incoming
neutron,

o =
1
k

=
~√

2mE

A + 1
A

, (2.4)

m being the neutron reduced mass, ~ the Planck constant and A is the atomic
number of target nucleus. The spin statistical factor g is given by

g =
2J + 1

2(2I + 2)
, (2.5)

J being the spin of the resonance and I the spin of the target nucleus. The total
resonance width is the sum of partial widths,

Γ = Γn + Γγ, (2.6)

Γn and Γγ being the neutron and radiative width, respectively. The capture kernel
characterizes the strength of the resonance,

Aγ =

∫ +∞

−∞
σγ(E)dE, (2.7)

which can be analytically expressed as

Aγ = 2π2o2g
ΓnΓγ

Γ
. (2.8)

Considering an isolated resonance of the energy E0 located in sufficiently
broad bin with the energy width

∆E = E1 − E2 (2.9)

one gets the average cross section in this energy bin using the capture kernel

σ̄γ =
1

∆E

∫ E1

E2

σγ(E)dE ≈ 1
∆E

Aγ = a
gΓnΓγ

Γ
, (2.10)

where

a =
2π2o2

∆E
= 4.089 × 106 (A + 1)2

A2

1
E0∆E

(2.11)

is given in units of barn/eV. It should be noted that, up to some fluctuations, the
average capture cross section is decreasing rapidly with the incident neutron en-
ergy due to 1/E0 dependence.
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If several resonances are located in a chosen energy interval ∆E, then the
average capture cross section is given as

σ̄γ =
1

∆E

∫ E1

E2

∑

r

σγr(E)dE ≈ 1
∆E

∑

r

Aγr , (2.12)

where summation goes over all resonances r in this energy bin.

2.1.3 Uncertainties in the resonance region
In order to get uncertainties of average capture cross sections one often employs
two different strategies. One can either use available information about capture
kernels (usually limited to lower energies) or compute these kernels as explained
above. Using a combination of the two might be the best approach, i.e., adopt
available kernels whenever available and compute kernels from resonance param-
eters for remaining energies.

For structural materials the capture kernels as well as their uncertainties are
readily provided by the Atlas of Neutron Resonances. In particular, Atlas gives

gΓnΓγ

Γ
=

1
a

Aγ (2.13)

and absolute uncertainty

δ
gΓnΓγ

Γ
=

1
a
δAγ . (2.14)

The relative uncertainty of the average capture cross section for a single resonance
can be obtained as

∆σ̄γ =
δσ̄γ

σγ

=
δAγ

Aγ

= ∆Aγ . (2.15)

We note that kernel uncertainty implicitly takes care about correlation between
neutron and radiative widths.

If several resonances are combined together into one energy bin one computes
uncertainty from the binomial expression for quadratic summation of uncertain-
ties,

(∆σ̄γ)2 = 〈∆σ̄γ ∆σ̄γ〉 =

〈∑

i

∆Aγi ×
∑

r

∆Aγr

〉
. (2.16)
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This yields

(∆σ̄γ)2 =
∑

i

(
∆Aγi

)2
+ 2

∑

i,r

∆Aγi

〈
∆Aγi ∆Aγr

〉
∆Aγr , (2.17)

where
〈
∆Aγi ∆Aγr

〉
is the resonance-resonance (level-level) correlation term. In

accordance with Ref.[1] our default values for these correlations for each energy
bin are uniformly set up to

corr(Aγi, Aγr) =
〈
∆Aγi∆Aγr

〉
= 0.5. (2.18)

2.1.4 Covariance matrix
Covariance matrix is composed of the thermal and resonance components. The
covariance in the thermal region is fully self-correlated and hence it reduces to a
single diagonal term. In the resonance region the diagonal terms of the covari-
ance matrix are given by the uncertainties of average capture cross sections in
chosen energy bins, while the off-diagonal terms represent bin-bin correlation co-
efficients.

As no information about correlations is available in Atlas, correlation coeffi-
cients must be estimated following certain basic principles. In accordance with
Eq. (2.18) our default values were set to 0.5.
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2.2 Elastic scattering
Similarly to capture, elastic scattering in the thermal and resonance regions will be
treated separately. We note, however, that the formalism in the resonance region
is much more involved.

2.2.1 Thermal region
Elastic scattering cross sections are nearly constant over a large portion of thermal
energy range. At sub-thermal energies, under the free-gas approximation, this
constant behavior changes approximately to 1/v due to molecular motion of target
nuclei. Thus, at energies defined approximately as 10−3 eV < E < 10 eV , for
structural materials extendable up to few hundreds eV, one has

σn(E) ≈ σn(Eth). (2.19)

At energies below about 10−3 eV this relation should be replaced by approximately
1/v behavior which holds for temperatures > 300 K.

Similar to radiative capture there is only variable, σn(Eth), which determines
cross sections over the entire thermal energy range. Therefore, relative scattering
cross section uncertainty in the thermal region can be approximated as2

∆σn(E) ≈ ∆σn(Eth) = ∆σs, (2.20)

where σs is the free thermal scattering cross section.

2.2.2 Average cross sections in the resonance region
Following ENDF-6 Formats Manual [5] elastic scattering cross section in SLBW
representation can be expressed as

σn(E) = 4πo2(2l + 1) sin2 φl + πo2g
Γ2

n − 2ΓnΓ sin2 φl + 2(E − E0)Γn sin(2φl)
(E − E0)2 + 1

4Γ2
,

(2.21)
where φl is the phase shift,

φ0 = kR′, (2.22)
2This estimate should be refined and more conservative estimate applied to neutron energies

E >0.5 eV. See Chapter 5, page 64 for more details.
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φ1 = kR′ − arctan(kR′) (2.23)

and R′ is the scattering radius.

Eq. (2.21) has several terms. The first term describes potential scattering,
which is nearly constant as a function of energy. The second and third term
stand for the symmetric resonance cross section. The last term, containing 2(E −
E0)Γn sin(2φl) in the numerator, describes interference between potential and res-
onance scattering which is negative at E < E0 and positive at E > E0. These
negative and positive contributions are approximately equal and they cancel out if
one computes the average elastic scattering cross section by integrating the cross
section over a broad energy interval around the resonance energy E0.

The average scattering cross section in sufficiently broad energy group of the
width ∆E = E1 − E2 around the resonance energy E0 can be obtained as

σ̄n =
1

E2 − E1

∫ E2

E1

σn(E)dE = σ̄pot
n + σ̄res

n . (2.24)

The average potential scattering cross section, σ̄pot
n and the average resonance

elastic scattering cross section, σ̄res
n , can be approximately expressed analytically.

The resolved resonance region for Cr, Fe and Ni extends up to hundreds of
keV, therefore, convenient low-energy approximation is not applicable and one
must resort to more complicated expressions. First,

σ̄pot
n =

1
E2 − E1

∫ E2

E1

σpot
n (E)dE ≈ 4πo2(2l + 1) sin2 φl , (2.25)

where the phase shift can be computed at E0 since σpot
n (E) is slowly varying func-

tion of energy. Second,

σ̄res
n =

1
E2 − E1

∫ E2

E1

σres
n (E)dE ≈ πo2g

E2 − E1

∫ +∞

−∞

Γ2
n − 2ΓnΓ sin2 φl

(E − E0)2 + 1
4Γ2

dE, (2.26)

where the integral can be computed analytically with the help of the kernel ex-
pression

An = πo2g
∫ +∞

−∞

Γ2
n

(E − E0)2 + 1
4Γ2

dE = 2π2o2 gΓnΓn

Γ
. (2.27)
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Considering that sin2 φl is slowly varying function of energy, one finally gets

σ̄res
n ≈ a

gΓn(Γn − 2Γ sin2 φl)
Γ

, (2.28)

where a is given by Eq. (2.11) on page 6 and sin2 φl is computed at E0.

Eqs. (2.24) and (2.28) have important consequence. While σ̄pot
n is approxi-

mately constant, the resonance term has 1/E0 dependence, hence σ̄res
n vanishes

with the energy. Therefore, when the resonance region extends to high energies as
is the case for structural materials, then neutron elastic scattering becomes deter-
mined by potential scattering. As a consequence, elastic scattering uncertainties
would be driven by ∆R′ rather than resonance parameter uncertainties.

We note that extension of SLBW to many levels is straightforward by simple
summation of SLBW expressions for many resonances. This would represent ap-
proximation to more sophisticated multi-level Breit Wigner representation, which
takes into account level-level interferences. By using many-level Breit Wigner we
assume that negative and positive components of level-level interference terms
approximately compensate each other.

2.2.3 External resonances
In general, external resonances with energies below and above the resolved res-
onance range are added to ENDF-6 formatted files. Bound resonances allow to
reproduce thermal cross sections of elastic scattering and capture. High-energy
resonances add missing cross section to elastic scattering. These resonances may
have extremely large values of Γn giving rise to long tails in the elastic scattering
cross sections. Thus, for example the bound resonance for 52Cr in ENDF/B-VII.0
is at E0 = - 870 keV with Γn = 710 keV. Such significant external resonances
should not be neglected when computing average elastic cross sections with the
formalism outlined above.

Since it would be difficult to find suitable analytical expressions for related
averages, one can solve the issue numerically. This is facilitated by the fact that
no uncertainties are assigned to parameters of external resonances. Therefore,
external resonances do not contribute to uncertainties and hence no sensitivities
of resonance parameters need to be computed. Using Eq. (2.21) contribution of
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external resonance to elastic scattering cross section is

σex
n (E) = πo2g

(Γn)2 − 2ΓnΓ sin2 φl + 2(E − Eex
0 )Γn sin(2φl)

(E − Eex
0 )2 + 1

4 (Γ)2 , (2.29)

where the superscript ex stands for external and the neutron incident energy E is
restricted to the resolved resonance range. Thus, for 52Cr this means 1.5 keV /
E / 1045 keV .

We note that one should take into account energy dependence of neutron width
when applying Eq. 2.29. Thus, for s-waves

Γn(E) = Γn

√
E

Eex
0
, (2.30)

where Γn is the neutron width at Eex
0 . This dependence should be taken into ac-

count particularly for excessively large neutron widths at energies far away from
the resonance energy.

We note that the interference term in Eq. (2.29) is positive for bound levels,

E − Eex
0 > 0 for Eex

0 ≡ Ebound
0 < 0 (2.31)

and negative for high energy external resonances,

E − Eex
0 < 0 for Eex

0 ≡ Ehigh
0 > Emax

0 , (2.32)

where Emax
0 is the maximum resonance energy in the resolved resonance region.

As an example, contribution to 52Cr(n,el) cross sections from two bound res-
onances are shown in Fig. 2.1. Often, different evaluators would chose different
parameterization of these resonances, hence we show a case from Atlas and an-
other one from ENDF/B-VII.0.

Contribution to 52Cr(n,el) cross sections from the high-energy resonance is
shown in Fig. 2.2 using ENDF/B-VII.0 parametrization, Ehigh

0 = -1.2 MeV and Γn

= 196 keV. One can see that this external resonance would decrease elastic cross
sections in not negligible way almost in the entire resonance region. We note that
the cross section dip occurs at 1.17 MeV which is very close to the resonance
energy Ehigh

0 = 1.20 MeV.
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Figure 2.1: Contribution of bound resonances to 52Cr(n,el) cross sections. Results are
shown for the resonance at Ebound

0 = -7.4 keV taken from Atlas, and another one at Ebound
0 =

-870 keV taken from ENDF/B-VII.0 .

Figure 2.2: Negative contribution of external high-energy resonance to 52Cr(n,el) cross
sections. Resonance parameters are those of ENDF/B-VII.0.
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2.2.4 Uncertainty for a single resonance
The uncertainty of the average elastic scattering cross section is obtained as quadratic
summation of the resonance scattering and potential scattering,

(∆σ̄n)2 =

(
σ̄res

n

σ̄n
∆σ̄res

n

)2

+ 2
σ̄res

n

σ̄n

〈
∆σ̄res

n ∆σ̄pot
n

〉 σ̄pot
n

σ̄n
+

(
σ̄

pot
n

σ̄n
∆σ̄pot

n

)2

, (2.33)

which includes also the correlation term between potential and resonance scatter-
ing. What remains to be derived are expressions for relative uncertainties ∆σ̄res

n
and ∆σ̄

pot
n .

Resonance contribution

Sensitivities of the average elastic resonance scattering cross section σ̄res
n with

respect to Γn, Γγ and R’ can be obtained from Eq. (2.28). One gets

∂σ̄res
n

∂Γn
= ag

Γn

Γ

Γ + Γγ

Γ
− 2ag sin2 φl , (2.34)

∂σ̄res
n

∂Γγ
= −ag

Γ2
n

Γ2 (2.35)

and
∂σ̄res

n

∂R′
= 4akgΓn sin φl cos φl. (2.36)

Using the above expressions for sensitivities the uncertainty for the average
resonance scattering cross section can be expressed with the usual quadratic sum-
mation as

〈
δσ̄res

n
〉2

=

〈
∂σ̄res

n

∂Γn
δΓn +

∂σ̄res
n

∂Γn
δΓγ +

∂σ̄res
n

∂R′
δR′

〉2

, (2.37)

which yields 3 quadratic terms and 3 cross terms

〈
δσ̄res

n
〉2

=

(
∂σ̄res

n

∂Γn
δΓn

)2

+

(
∂σ̄res

n

∂Γγ
δΓγ

)2

+

(
∂σ̄res

n

∂R′
δR′

)2

+ 2
∂σ̄res

n

∂Γn

〈
δΓnδΓγ

〉 ∂σ̄res
n

∂Γγ

+ 2
∂σ̄res

n

∂Γn
〈δΓnδR′〉

∂σ̄res
n

∂R′
+ 2

∂σ̄res
n

∂Γγ

〈
δΓγδR′

〉 ∂σ̄res
n

∂R′
.

(2.38)
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Approximation suitable for Cr, Fe and Ni

All structural materials discussed in the present report are almost pure scatterers,
meaning that

Γn >> Γγ (2.39)

and hence also absolute uncertainties

δΓn >> δΓγ. (2.40)

As a consequence all terms containing δΓγ in Eq. (2.38) can be neglected. On
top of it, for materials under discussion there is no correlation between R’ and
Γγ since Γn >> Γγ and radiative widths could be readily determined from capture
cross section measurements. Therefore,

〈
δσ̄res

n
〉2 ≈

(
∂σ̄res

n

∂Γn
δΓn

)2

+

(
∂σ̄res

n

∂R′
δR′

)2

+ 2
∂σ̄res

n

∂Γn
〈δΓnδR′〉

∂σ̄res
n

∂R′
(2.41)

and

〈
∆σ̄res

n
〉2 ≈

(
∂σ̄res

n

∂Γn

δΓn

σ̄res
n

)2

+

(
∂σ̄res

n

∂R′
δR′

σ̄res
n

)2

+ 2
∂σ̄res

n

∂Γn

〈
δΓnδR′

σ̄res
n σ̄res

n

〉
∂σ̄res

n

∂R′
. (2.42)

Under the above conditions one has
∂σ̄res

n

∂Γn
≈ σ̄res

n
1
Γn

and therefore the 1st term of Eq. (2.42) gives
∂σ̄res

n

∂Γn

δΓn

σ̄res
n
≈ δΓn

Γn
= ∆Γn. (2.43)

This means that at low energies (low k) and/or small values of δR′ the relative
uncertainties are determined by ∆Γn as already shown earlier [1]. The 2nd term of
Eq. (2.42) gives

∂σ̄res
n

∂R′
δR′

σ̄res
n
≈ 4 sin φl cos φl

1 − 2 sin2 φl
kδR′ , (2.44)

which is gaining importance with increasing energy (increasing k). The 3rd term
can be easily derived from the first two and it is clear that the anti-correlation
between Γn and R’ should be properly taken into account. On the other hand, at
high energies where the 2nd and 3rd term play a role the average elastic scatter-
ing cross section σ̄n is determined by potential scattering term and the resonance
contribution can be neglected entirely.
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Potential scattering contribution

In order to get full contribution from potential scattering one should sum up s-
waves and p-waves, while neglecting d-waves and distant level contributions,

σpot
n (E) =

4π
k2

{
sin2 (kR′) + 3 sin2 (kR′) − arctan (kR′)

}
(2.45)

or
σpot

n (E) =
4π
k2

{
sin2 φ0 + 3 sin2 φ1

}
. (2.46)

As shown in Ref. [1] one can compute sensitivities analytically and obtain uncer-
tainty of potential scattering cross section as

∆σ̄pot
n =

∂σ̄
pot
n

∂R′
δR′

σ̄
pot
n

= 2∆R′
kR′

sinφ0 cos φ0 + 3
(
1 − 1

1+(kR′)2

)
sin φ1 cos φ1

sin2 φ0 + 3 cos2 φ1

 ,

(2.47)
where ∆R′ = δR′/R′ stands for the R’ relative uncertainty. The term in complex
brackets is the correction factor to the dominant term 2∆R′. This correction factor
starts with the value close to 1 and decreases slowly with energy. As an example,
for 56Fe it reaches 0.9 at 800 keV [1].

2.2.5 Uncertainty for many resonances
The average cross section due to several resonances located in one energy group
can be obtained as

σ̄ =
1

∆E

∫ E1

E2

∑

r

σr(E)dE =
∑

r

σ̄r , (2.48)

where the summation goes over all resonances r in the energy interval ∆E. It
should be noted that this equation represents good approximation of capture (and
fission), but it is less suitable for elastic scattering, for which multilevel Breit-
Wigner or Reich-Moore formalism should be adopted. This means that coherent
summation of scattering amplitudes should be applied rather than their incoherent
summation assumed by Eq. (2.48). Despite this, the proposed approach should
represent sufficiently plausible approximation of elastic cross sections averaged
over broad energy groups.
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The sensitivities can be computed as partial derivatives of σ̄ with respect to
resonance parameters pi,r where i = γ, n. Thus,

∂σ̄

∂pi,r
=

∑

r′

∂σ̄r′

∂pi,r
=
∂σ̄r

∂pi,r
, (2.49)

meaning that the sensitivity for only one resonance remains on the right hand side,
since each resonance is defined by its own set of resonance parameters and does
not depend on the parameters of other resonances.

Using these sensitivities the covariance of the group cross section σ̄ can be
obtained as

〈δσ̄ δσ̄〉 =
∑

i,r,i′,r′

∂σ̄

∂pi,r
〈δpi,r δpi′,r′〉 ∂σ̄

∂pi′,r′
, (2.50)

where 〈δpi,r δpi′,r′〉 is the covariance of resonance parameters.

By dividing Eq. (2.50) with the average cross section one gets expression for
the relative covariance

〈δσ̄ δσ̄〉
σ̄2 =

∑

i,r,i′,r′

1
σ̄

∂σ̄r

∂pi,r
〈δpi,r δpi′,r′〉 1

σ̄

∂σ̄r′

∂pi′,r′
. (2.51)

Using explicit expressions for the sensitivities derived in the previous Chapter
and making appropriate assumptions about the correlations between the resonance
parameter uncertainties one can get the uncertainty of the average cross section in
a given energy bin.

2.2.6 Correlation coefficients
Correlation coefficients have values between -1.0 and +1.0. In the above equations
they are defined as

〈∆p1∆p2〉 =
〈δp1δp2〉
δp1δp2

. (2.52)

We will also use notation

corr(p1, p2) = 〈∆p1∆p2〉 . (2.53)

A summary of the default values of the correlation coefficients proposed in
Ref. [1] is given in Table 2.2.
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Table 2.2: Default values of correlation coefficients (range -1.0 to +1.0).

No. Type Quantity Default
1 Single resonance corr(Γn,Γγ) 0.0
2 Resonance-resonance corr(Γγ,Γγ) 0.5
3 Resonance-resonance corr(Γn,Γn) 0.5
4 Resonance-resonance corr(Γn,Γγ) 0.0
5 Pot. scattering-resonance corr(R′,Γn) -0.5
6 Bin-bin corr(σ̄γ, σ̄γ) 0.5
7 Bin-bin corr(σ̄n, σ̄n) 0.5
8 Thermal-resonance corr(σth

γ , σ̄γ) 0.0
9 Thermal-resonance corr(σth

n , σ̄n) 0.0
10 Cross-correlation corr(σth

n , σ
th
γ ) 0.0

11 Cross-correlation corr(σres
n , σres

γ ) 0.0

2.2.7 Covariance matrix
The very last step of our procedure is creation of the covariance matrix. This step
is fairly straightforward and similar to what was used in the case of radiative cap-
ture.

Thus, the covariance matrix is composed of the thermal and resonance com-
ponents. The covariance in the thermal region is fully self-correlated and hence
it reduces to a single diagonal term. In the resonance region the diagonal terms
of the covariance matrix are given by the uncertainties of average capture cross
sections in chosen energy bins, while the off-diagonal terms represent bin-bin cor-
relation coefficients.

Default values of bin-bin correlation coefficients are given in Table 2.2; actual
values should be determined by an evaluator keeping in mind that no informa-
tion is available in Atlas of Neutron Resonances. Therefore, one must resort to
estimates following certain basic principles discussed in Ref. [1].
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Chapter 3

Evaluations

3.1 Preparatory analysis

3.1.1 List of materials
In the mass region of most important structural materials, Cr-Fe-Ni, one finds 15
stable nuclides shown in Table 3.1. Among them are 9 materials, 50,52,53Cr, 55Mn,
54,56,57Fe and 58,60Ni, for which AFCI data adjustment project needs covariances
with high and medium priority. The highest priority is given to three materials,
52Cr, 56Fe and 58Ni, due to their high natural abundance. We note that evaluation
of 55Mn has been already described in Ref. [1].

3.1.2 Covariance evaluations in ENDF/A
Several new evaluations have been completed recently by ORNL in the resonance
region. This work was funded by the US Nuclear Criticality Safety Program. The
files can be found in ENDF/A library which stores candidate evaluations for the
forthcoming release of ENDF/B-VII.1 scheduled for November 2011.

ENDF/A evaluations relevant to the present work are listed in Table 3.2. They
include 5 materials, the first author being either Luiz Leal or Herve Derrien. All
evaluations have been performed with the code SAMMY. Unfortunately, descrip-
tion of covariance procedures in MF1/MT451 is either virtually non-existent or
fairly short.
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Table 3.1: Stable nuclides in the Cr-Fe-Ni mass region. Given is natural abundance,
ground state spin, maximum energy in the resonance region (Atlas) and AFCI priority.

No. Z Nucleus Abundance Spin Emax
0 Priority

% keV
1 24 50Cr 4.3 0 591 medium
2 52Cr 83.8 0 1045 high
3 53Cr 9.5 3/2 264 medium
4 54Cr 2.4 0 590 low
5 25 55Mn 100.0 5/2 208 medium
6 26 54Fe 5.8 0 807 medium
7 56Fe 91.8 0 850 high
8 57Fe 2.1 1/2 190 medium
9 58Fe 0.3 0 348 low

10 27 59Co 100.0 7/2 119 low
11 28 58Ni 68.1 0 811 high
12 60Ni 26.2 0 451 medium
13 61Ni 1.2 3/2 69 low
14 62Ni 3.6 0 600 low
15 64Ni 0.9 0 583 low

Thus, description by Leal of 52Cr [6] and 53Cr [7] reduces to a single sentence.
SAMMY was used and covariances are given in the form of the resonance param-
eter covariance matrix (RPCM) stored in file MF32. We note that 52Cr contain
also covariances in the fast neutron region by Perreslavtsev et al [8].

Descriptions by Derrien are more detailed and provide some useful hints.
Evaluation of 55Mn [9] currently contains only MF32 data. We note that the eval-
uators recognize deficiencies in this file and systematic experimental uncertainties
being added as MF33 (D. Wiarda, private communication, Port Jeff, June 2009).
This seems to be already done for 58Ni [10] and 60Ni [11]. For these two latter
materials systematic experimental uncertainties were explicitly added as MF33,
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Table 3.2: Summary of new covariance evaluations in ENDF/A relevant to the present
work. These evaluations were performed with the code SAMMY.

Material 1st author Ref. Year Comment
52Cr Leal [6] 2009 MF32, fast region MF33 [8]
53Cr Leal [6] 2009 MF32 only

55Mn Derrien [9] 2009 MF33 added in 2010
58Ni Derrien [10] 2009 MF33 already included
58Ni Derrien [11] 2009 MF33 already included

with all non-diagonal correlation coefficients set up arbitrarily to 0.5.

3.1.3 Uncertainties in Atlas
Resonance parameter uncertainties of Cr-Fe-Ni materials play critical role in our
procedure. Availability of these data in Atlas of Neutron Resonances is summa-
rized in Table 3.3. For example, for 56Fe resolved resonance region extends up to
850 keV, neutron width uncertainties are available up to 260 keV, capture width
uncertainties up to 260 keV and uncertainties of capture kernels also up to 260
keV; uncertainty of the average radiative width for s-waves is 52% and for p-
waves 39%.

Scattering radii and their uncertainties, ∆R′, are summarized in Table (3.4).
These are important quantities as they essentially determine elastic scattering un-
certainties at high resonance energies. Values of ∆R′ are those given in Atlas. For
light nuclei they were in general deduced from thermal data.1 Adopted ∆R′ values
are estimated and they are much higher in view of considerable difference between
the thermal and resonance energies. As a rule we use the following estimate2

∆R′(Eres) ≈ 2∆R′(Eth). (3.1)
1For nuclei with Z > 90 only in few cases R′ and ∆R′ were derived from data in the resonance

region, values of R’ are based also on scattering data in the energy region up to 400 keV.
2Factor of two was considered to be too conservative once QA analysis was completed. More

refined values were adopted in the final run. For details see Chapter 5, page 64.

Page 21



52Cr, 56Fe and 58Ni Covariances

Table 3.3: Availability of resonance parameter uncertainties in Atlas for 9 structural ma-
terials. For ∆Γn,∆Γγ and ∆Aγ maximum resonance energies are given. For

〈
∆Γγ0

〉
and〈

∆Γγ1
〉

relative uncertainties are given.

Nucleus Emax
0 ∆Γn ∆Γγ ∆Aγ

〈
∆Γγ0

〉 〈
∆Γγ1

〉
Comments

keV Emax
0 Emax

0 Emax
0 % %

50Cr 591 472 292 297 50a) 31 Gaps in ∆Γn, ∆Γγ
52Cr 1045 1045 490 490 50a) 11
53Cr 264 244 264 200 50a) 33

55Mn 208 208 112 - 20 25 Gaps in ∆Γγ
54Fe 807 807 195 195 50a) 26
56Fe 850 260 260 260 52 39
57Fe 190 190 190 190 60 86 Gaps in ∆Γγ, ∆Γn
58Ni 811 811 447 447 57 43
60Ni 451 451 445 451 31 6

a) No uncertainty available in Atlas, value of 50% is estimated.

Thermal cross section uncertainties for 9 structural materials are summarized
in Table (3.5).

When dealing with elastic scattering one should also be aware of external res-
onances, in particular bound resonances. These are summarized in Table 3.6. One
can see that in most cases bound resonance would not cause a problem for ker-
nel approximation. An exception is 58Ni with two bound resonances and neutron
width 20 keV and 15 keV. Such large values are explained by the need to recover
exceptionally large thermal elastic scattering of 25.3 b, which by far exceeds po-
tential scattering contribution.

Table 3.6 also shows ENDF/B-VII.0 bound levels if considerable differences
exist with Atlas. A notable case is 52Cr where ENDF/B-VII.0 has bound level at
E0 = -870 keV with huge neutron width Γn = 710 keV.
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Table 3.4: Scattering radii and their uncertainties for 9 structural materials. Values of
∆R′ are those given in Atlas, deduced from thermal data as well as low energy resonance
region. For example, 56Fe, the interference minimum at 24 keV was considered to pin
down R’. Initially adopted ∆R′ values in the resonance region follow Eq. (3.1). Values
adopted in final analysis are also shown, see Chapter 5, page 64 for justification.

VII.0 Atlas, at Eth Adopted
Nucleus Emax

0 R′ R′ ∆R′ ∆R′ ∆R′(Eres) Note
keV fm fm fm % %

50Cr 591 5.37 5.0 0.3 6.0
52Cr 1045 5.44 5.4 0.3 5.6 11.2 Final value 8.3%
53Cr 264 5.48 5.4 0.3 5.6

55Mn 208 5.15 4.5 0.4 8.9 17.8
54Fe 807 5.48 5.0a - -
56Fe 850 5.44 5.9b 0.3 5.1 10.2 Final value 5.1%
57Fe 190 5.90 6.1c - -
58Ni 811 6.30 6.4d 0.2 3.1 6.2 Final value 3.1%
60Ni 451 6.00 6.7 0.3 4.5

a) 54Fe: R’is not available in Atlas; present value estimated by SFM in July 2010;
ENDF/B-VII.0 for p-wave resonances is R′1 = 3.70 fm

b) 56Fe: ENDF/B-VII.0 for p-wave resonances is R′1 = 4.90 fm
c) 57Fe: R’is not available in Atlas; present value estimated by SFM in July 2010
d) 58Ni: ENDF/B-VII.0 for p-wave resonances is R′1 = 4.23 fm
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Table 3.5: Thermal cross section uncertainties for 9 structural materials. Shown are
uncertainties given in Atlas, in the low-fidelity project and adopted values. Also shown
are absolute values of thermal cross sections in ENDF/B-VII.0 and Atlas.

Nucleus Reaction VII.0 +) A t l a s Lowfi ∗) Adopted Note
σ σ σ ∆σ ∆σ ∆σ ∆σ

b b b b % % %
50Cr (n, γ) 15.9 15.4 0.2 1.3 1.7 2.0

(n,el) 2.37 2.41 0.06 2.5 - 2.5
52Cr (n, γ) 0.75 0.86 0.02 2.3 7.1 3.0 1)

(n,el) 2.99 2.96 0.02 0.67 0.67 2.5 2)
53Cr (n, γ) 18.1 18.6 0.6 3.2 3.3 3.3

(n,el) 7.92 7.76 0.20 2.6 2.6 2.6
55Mn (n, γ) 13.4 13.36 0.05 0.37 0.4 0.8 3)

(n,el) 2.19 2.06 0.03 1.50 2.5 3.0 4)
54Fe (n, γ) 2.25 2.25 0.18 8.0 8.0 8.0

(n,el) 2.20 2.17 0.10 4.6 4.6 4.6
56Fe (n, γ) 2.59 2.59 0.14 5.4 5.4 5.4 5)

(n,el) 12.16 12.62 0.49 3.9 4.0 4.0 6)
57Fe (n, γ) 2.43 2.48 0.30 12 12 12

(n,el) 2.62 0.68 0.06 8.8 58 50 7)
58Ni (n, γ) 4.62 4.37 0.10 2.3 2.8 4.0 8)

(n,el) 25.0 25.3 0.40 1.6 1.6 1.6 9)
60Ni (n, γ) 2.76 2.50 0.06 2.4 5.0 5.0

(n,el) 0.98 0.98 0.07 7.1 7.1 7.1
+) Taken from www.nndc.bnl.gov/sigma at 300K (March 23, 2010).
∗) Taken from www.nndc.bnl.gov/lowfi (March 23, 2010).
1) 52Cr(n,γ): 0.75 ± 0.02 (2.7%) in 2009 ORNL eval (ENDF/A), rounded value adopted
2) 52Cr(n,el): 3.07 ± 0.07 (2.3%) in 2009 ORNL eval (ENDF/A), rounded value adopted
3) 55Mn(n,γ): 0.8% adopted in agreement with IRDF-2 assessment (IAEA, 2008)
4) 55Mn(n,el): 3% adopted to account for discrepancy between Atlas and ENDF/B-VII.0
5) 56Fe(n,γ): Atlas value adopted; 6) 56Fe(n,el): Atlas value adopted
7) 57Fe(n,el): Note also huge discrepancy between major data libraries.
8) 58Ni(n,γ): 4% adopted to account for discrepancy between Atlas and ENDF/B-VII.0
9) 58Ni(n,el): Atlas value adopted
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Table 3.6: Parameters of bound resonances for selected structural materials taken from
Atlas of Neutron Resonances. Some values taken from ENDF/B-VII.0 are shown for
comparison.

Nucleus E0 J Γn Γγ Comment
keV eV eV

50Cr -0.359 1/2 3.18 1.09
52Cr -8.700 1/2 7.1e5 2.055 ENDF/B-VII.0

-7.375 1/2 433 2.0
-6.808 1/2 4.2e5 14.46 ENDF/B-VII.0

53Cr -1.189 2 26.1 2.3
-0.320 1 2.59 2.3

55Mn -1.615 3 6.26e3 0.75
-0.203 2 1.15 0.75

54Fe -21.9 1/2 7.73e3 1.6
56Fe -6.52 1/2 1.39e3 1.474
57Fe -3.61 1 177 1.9
58Ni -50 1/2 2.01e4 1.48

-28.5 1/2 1.56e4 8
60Ni -4.17 1/2 22.5 1.37

Page 25



52Cr, 56Fe and 58Ni Covariances

3.2 52Cr evaluation
Evaluation is performed in several consecutive steps. We start with inspecting
capture and elastic scattering cross sections to get a feeling about possible chal-
lenges. Then, we identify energy binning for average cross sections, compute
uncertainties for these average cross sections and afterwards produce covariance
matrices.

Figure 3.1: 52Cr capture (green) and elastic (red) cross sections in the thermal and reso-
nance region. The 1st resonance is at 1.63 keV (p-wave), followed by strong resonance
at 31.6 keV (s-wave). Data were taken from ENDF/B-VII.0; plots were produced by the
NNDC retrieval and plotting system Sigma.

52Cr(n,γ) and (n,el) cross sections in ENDF/B-VII.0 library are shown in Fig. 3.1.
The plots reveal certain basic features of these cross sections. Thus, capture in the
thermal region follows 1/v pretty well up to about 400 eV, while elastic is approx-
imately constant up to about 1.5 keV and with some tolerance even up to about 19
keV. Except for very low energies, capture cross sections are much smaller than
elastic cross sections. Elastic cross section exhibits strong interferences.

Fig. 3.2, showing the average cross sections for ENDF/B-VII.0 data, illustrates
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in more quantitative way relationship between capture cross sections and elastic
cross sections. We used energy binning discussed later in the text. One can see
that capture is about 3 orders of magnitude smaller than elastic scattering cross
sections. This observation has considerable consequence on certain practical con-
siderations faced by an evaluator. The most important of them is negligible impact
of correlation coefficients between radiative and neutron widths on covariances.

Figure 3.2: 52Cr capture (red) and elastic (blue) from ENDF/B-VII.0. Group structure
for NJOY processing is chosen to match energy binning adopted in the present work.
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3.2.1 Capture
The first step in the evaluation is decision on energy binning to be adopted for
computing average capture cross sections. Our choice is shown in Fig. 3.3 where
comparison is made with correct values obtained by processing ENDF-6 format-
ted file with NJOY. One can see that up to few minor discrepancies the agreement
is excellent in the entire energy range.

Figure 3.3: Comparison of average cross sections for 52Cr capture obtained from kernels
(above 1.5 keV) and from NJOY in the whole energy range. Below 1.5 keV the kernel
values are obtained from 1/v dependence normalized to thermal cross section. Shown in
the insert is the energy region from 10−3 eV to 10 eV. All data are based on Atlas.

The second step is computing uncertainties for these average cross sections.
The results are shown in Fig. 3.4, making it clear that impact of correlations be-
tween individual resonances is very strong. This is particularly true for the high
energy bins. One can see that use of corr(Γγ,Γγ) = 0.0 would lead to unrealisti-
cally low and flat uncertainties. In general, high energy bins contain large amount
of resonances, therefore,

√
N reduction of uncertainties becomes very pronounced

if correlations are not considered. Even though for 52Cr(n,γ) there is quite a bit
of fluctuations of radiative widths in part due to valence direct capture, effective
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number of resonances is still high. Thus, for example in the energy bin 350-500
keV, one should account for Neff ≈ 20 out of N = 30. This explains why corr =

1.0 leads to uncertainty of 36% ≈ √20 × 8% compared to 8% for corr = 0.0.

We adopted default value of corr(Γγ,Γγ) = 0.5 which is mid-way between 0.0
and 1.0 to address this issue. The resulting high energy uncertainty of 30% is in
line with fairly small average capture cross sections of about 1-2 mb in this energy
range.

Figure 3.4: Relative uncertainties of average cross sections for 52Cr capture. Shown
are results for three values of resonance-resonance correlation coefficients, corr(Γγ, Γγ),
applied uniformly within each energy bin. Impact of corr(Γn,Γn) on capture is marginal.

The third and final step is construction of covariance matrix for capture. The
result depends on adopted values of bin-bin correlations. Fig. 3.5 shows three
options that we explored. In accordance with our choice for corr(Γγ,Γγ) = 0.5
discussed above, our preference for bin-bin correlation is also 0.5, with results
shown to the right top.
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Figure 3.5: Covariances for 52Cr capture in 33-energy groups for three values of
resonance-resonance and bin-bin correlation coefficients: 0.0 (top left), 0.5 (adopted, top
right) and 1.0 (bottom).
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3.2.2 Elastic scattering
Similar to evaluation of capture covariances we proceed in three steps. First, we
determine energy binning and compute average scattering cross sections. Second,
we produce uncertainties for these average cross sections. Third, we combine
these uncertainties into full covariance matrices.

Figure 3.6: Comparison of average cross sections for 52Cr elastic scattering obtained
from kernels (above 1.5 keV) and from NJOY in the whole energy range. The kernel
values in the thermal region (below 1.5 keV) were obtained directly from the thermal
cross section. Shown in the insert is the energy region from 10−3 eV to 10 eV. All data
are based on Atlas.

52Cr(n,el) represents one of the most difficult cases for kernel approach. This
can be seen in Fig. 3.6 which shows average elastic cross sections. The ther-
mal region extends up to about 1.5 keV. Even though we adopted very broad bin
structure in the resonance region, with much reduced number of bins compared
to capture, the agreement with NJOY is relatively modest. This explains why the
first bin in the resonance energy range is so broad (1.5 keV - 200 keV). There is
fairly good agreement in the highest energy bin (300 keV - 1050 keV).
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Another important observation refers to the average potential scattering cross
sections. One can see that the role of potential scattering about above 200 keV
is very strong compared to the resonance term. Consequently, ∆R′ would play
dominant role in determining related elastic scattering uncertainties.

In view of these difficulties additional analysis was done. Kernel values based
on Atlas were compared with correct average cross section obtained by NJOY
using ENDF/B-VII.0 (see Fig. 3.7). One can see that agreement is reasonable and
in support of using kernel approximation for the purposes of uncertainty estimate.

Figure 3.7: Average cross sections for 52Cr(n,el). Compared are kernel values based on
Atlas parametrization with NJOY based on ENDF/B-VII.0 parametrization.

As the second step, uncertainties for adopted energy bins were computed. Re-
sults shown in Fig. 3.8 include potential scattering contribution assuming ∆R′ =

11.1%. Uncertainties in the resonance region are in the range of about 10-15%,
with some tendency for growth with the energy.

Fig. 3.8 reveals that the role of correlations between neutron widths is small.
This can be explained by two factors. First, each bin has single dominant neutron
resonance which essentially determines uncertainty, the remaining resonances in
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Figure 3.8: Uncertainties of 52Cr(n,el)average cross sections. Shown are results for three
values of resonance-resonance correlation coefficients, corr(Γn,Γn), adopted uniformly
for each energy bin. Impact of corr(Γγ, Γγ) on scattering is marginal.

that bin being relatively weak. Second, role of potential scattering is strong, di-
minishing any contribution from the resonance scattering term. As expected, due
to Γn >> Γγ impact of correlations between radiative widths is completely negli-
gible.

Fig. 3.9 clarifies the role of potential scattering in cross section uncertainties.
This is shown by comparing full uncertainties with the case of hypothetical ∆R′

= 0. One can clearly see that the role of potential scattering is indeed very strong.
Ignoring this term would lead to flat uncertainty curve with some tendency to de-
cline from 2.5% in the thermal region to approximately 2% at about 1 MeV, which
is deemed to be unrealistic.

Full covariances matrices were constructed from bin uncertainties under spe-
cific assumptions about bin-bin correlations. Shown in Fig. 3.10 are results for
3 scenarios of bin-bin correlations, 0.0, +0.5 and +1.0. The differences are rela-
tively weak, we adopted our default value +0.5.
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Figure 3.9: Uncertainties of average cross sections for 52Cr(n,el) for two values of ∆R′.
Used in both cases were default values of correlation coefficients, corr(Γn, Γn) = 0.5 and
corr(R′,Γn) = -0.5.
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Figure 3.10: Covariances for 52Cr elastic scattering in 33-energy groups for three values
of resonance-resonance and bin-bin correlation coefficients: 0.0 (top left), 0.5 (adopted,
top right) and 1.0 (bottom).
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3.2.3 Comparison with ENDF/A
It is instructive to compare our covariances with those produced by Leal et al,
ORNL in 2009 [6]. Fast region was supplied by Pereslavtsev et al, Karlsruhe [8].
This file can be found in ENDF/A library which collects candidate evaluations
for the forthcoming ENDF/B-VII.1 release. Covariances in the resonance region
were produced with the code SAMMY; data are stored in MF32 file.

Comparison of essential features of the results obtained in the present work
and ENDF/A is given in Table 3.7. Shown are uncertainties in the thermal re-
gion and at the high end of the resonance region. Differences are striking both for
capture and elastic scattering. In both instances thermal uncertainties are grossly
overestimated in ENDF/A. At the high energy end of the resolved resonance re-
gion (about 1 MeV) the uncertainties are again completely opposite; this time
ENDF/A claiming much better precision compared to our results.

Table 3.7: Relative uncertainties of 52Cr+n cross sections obtained in the present work
compared with ENDF/A [6]. Also shown are values from JENDL-4.0 library released in
May 2010 [12]. Uncertainties were obtained from full covariance files by processing into
33-group energy structure.

Reaction Energy U n c e r t a i n t y Comment
Present ENDF/A JENDL-4.0

52Cr(n,γ) Thermal 3% 20% 2% Error in ENDF/A
1 MeV 30% 3% 2% Lack of corr in ENDF/A?

52Cr(n,el) Thermal 2.5% 6.5% 1% Error in ENDFA
1 MeV 15% 2% 0.3% No ∆R′ in ENDF/A

For 52Cr(n,γ) the reasons for these differences can be at least partly explained.
The thermal region in ENDF/A seems to be in obvious error, caused by MF33
data supplied by Karlsruhe for the fast neutron and extended by error down to
the thermal region (L. Leal, private communication, April 2010). In the high en-
ergy end of the resonance region the capture uncertainty in ENDF/A is unrealistic
since one can argue that 2% precision for 1-2 mb cross section is very optimistic.
Observed decline in ENDF/A uncertainties suggests that long-range correlations
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were not taken into account.

In the case of 52Cr(n,el), ENDF/A uncertainty in the thermal region is far too
high and most likely in error. At about 1 MeV ENDF/A is much lower than our
results most likely as the consequence of failing to account for contribution from
the potential scattering. On the other hand, at least to some extent, our results can
be also challenged as they directly depend on our estimate of ∆R′. However, even
if we would adopt the lower value, ∆R′ = 5.6%, rather than 11.1% our uncertain-
ties would be still much larger than ENDF/A.

Brand new JENDL-4.0 library released in May 2010 [12] contains 52Cr covari-
ances in the resonance region. These were taken over from the ORNL evaluation
with the caveat that JENDL-4.0 eliminated MF33 file by Karlsruhe and kept only
MF32 file. This explains the difference between ENDF/A and JENDL-4.0 in Ta-
ble 3.7. The uncertainty at about 1 MeV of 0.3% is very low. It is comparable
with the best determined standard cross section of 0.2% for H(n,el) and much
better than 0.5% precision reached for another standard, C(n,el). Thus, 0.3% un-
certainty for 52Cr(n,el) can hardly be viewed as realistic.
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3.3 56Fe evaluation
In performing this covariance evaluation we proceeded similarly to 52Cr. The logic
of the procedure is very much the same, hence we restrict ourselves to showing
our results graphically.

Capture cross sections as well as elastic scattering cross sections retrieved by
Sigma from ENDF/B-VII.0 are shown in Fig. 3.11. The 1/v behavior in thermal
region for capture extends up to 200 eV and with some tolerance even up to 1 keV
Elastic scattering cross sections remain fairly constant, starting from the thermal
energy up to about 300 eV. Processed cross sections can be seen in Fig. 3.12.

Figure 3.11: 56Fe capture (green) and elastic (red) cross sections in the thermal and res-
onance region. The 1st resonance is at 1.15 keV (p-wave), followed by strong resonance
at 27.8 keV (s-wave). Data were taken from ENDF/B-VII.0; plots were produced by the
NNDC retrieval and plotting system Sigma.

3.3.1 Capture
Evaluation of capture covariances is done in three steps: energy binning for av-
erage cross sections, uncertainties of these averages, combining bins into full co-
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Figure 3.12: 56Fe capture (red) and elastic (blue) from ENDF/B-VII.0. Group structure
for NJOY processing is chosen to match energy binning adopted in the present work.

variance matrix.

Average capture cross sections can be seen in Fig. 3.13 showing very good
agreement with the correct results obtained by NJOY. We note that Atlas contains
almost 290 resonances which were combined into 14 energy bins. We start with a
single resonance in the lowest resonance bin, followed by 5 resonances in the 2nd
bin, etc. up to about 80 resonances in the highest bin.

Uncertainties of average cross sections can be seen in Fig. 3.14. We show three
scenarios of resonance-resonance correlations and their strong impact on the final
result. For corr(Γγ,Γγ) = 0.0 the uncertainties tend to decrease and are ultimately
somewhat lower than 5% for the thermal cross section. This is not plausible given
strong decline of about 3 orders of magnitude of capture cross section in this en-
ergy range. Our choice is corr(Γγ,Γγ) = 0.5.

Full covariance matrix is shown in Fig. 3.15. Adopted were default values of
bin-bin correlation coefficients, 0.5, across the board.
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Figure 3.13: Average cross sections for 56Fe(n, γ) from kernels (above 1 keV) compared
with NJOY (whole energy range). Insert shows energies from 10−3 eV to 10 eV.

Figure 3.14: Relative uncertainties of average cross sections for 56Fe capture. Shown are
results for different values of resonance-resonance correlation coefficients, corr(Γγ, Γγ),
applied uniformly within each energy bin. Impact of corr(Γn,Γn) on capture is marginal.
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Figure 3.15: Covariances for 56Fe capture in 33-energy groups for three values of
resonance-resonance and bin-bin correlation coefficients: 0.0 (top left), 0.5 (adopted, top
right) and 1.0 (bottom).
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3.3.2 Elastic scattering
Evaluation is again performed in three steps, similar to how we proceeded in the
case of 52Cr(n,el).

First, we determine energy binning and calculate average elastic scattering
cross sections in these bins. These results are shown Fig. 3.16. One can see that
fairly good agreement with NJOY was achieved, except for the region around 100
keV. One can also see that potential scattering is strong in the resonance region
above about 30 keV and becomes dominant at the high energy end of this region.
Thus, in the highest energy bin σ̄pot ≈ 3.7 b and σ̄res ≈ 1 b. Consequently, when
the uncertainties for elastic scattering are produced by weighted quadratic summa-
tion of the potential and resonance contributions, then the weight of the potential
scattering term would be about 10 times larger than that of the resonance term.

Figure 3.16: Comparison of average cross sections for 56Fe elastic scattering obtained
from kernel (above 300 eV) and from NJOY in the whole energy range. The kernel
values in the thermal region (below 300 eV) were obtained directly from the thermal
cross section. Shown in the insert is the energy region from 10−3 eV to 10 eV.

Second, we compute uncertainties as shown in Fig. 3.17. One can see that
from 4% at the thermal region the uncertainties keep growing, with some flucta-
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tions, and reach about 15% at the high energy end of the resonances region. This
is in line with our estimate of ∆R′ = 10.2% which implies that potential scattering
uncertainty is 2∆R′ ≈ 20%.

Figure 3.17: Uncertainties of 56Fe(n,el) average cross sections. Shown are results for
three values of resonance-resonance correlation coefficients, corr(Γn, Γn), adopted uni-
formly for each energy bin. Impact of corr(Γγ, Γγ) on scattering is marginal.

Fig. 3.18 shows strong impact of potential scattering on the uncertainty. Ig-
noring potential scattering contribution would lead to nearly flat uncertainties with
values close to 1% as can be seen on the curve computed for ∆R′ = 0. Such low
values are in general considered unrealistic. For example, reactor analysts believe
that plausible values are around 8-10% (G. Palmiotti, INL, private communica-
tion, December 2009). If so, this would indicate that our estimate of ∆R′ is too
conservative, see Chapter 5, page 64 for improved estimate.

Finally, we combine these bin uncertainties into full covariance matrix, Fig. 3.19.
Default values were adopted for correlation coefficients.
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Figure 3.18: Uncertainties of 56Fe(n,el) average cross sections for two values of ∆R′.
Used in both cases were default values of correlation coefficients, corr(Γn, Γn) = 0.5 and
corr(R′,Γn) = -0.5.
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Figure 3.19: Covariances for 56Fe elastic scattering in 33-energy groups for three values
of resonance-resonance and bin-bin correlation coefficients: 0.0 (top left), 0.5 (adopted,
top right) and 1.0 (bottom).
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3.4 58Ni evaluation
Capture and elastic cross sections in the thermal and resonance region are dis-
played in Fig. 3.20. For capture cross section the region of 1/v behavior extends
up to about 2 keV and with some tolerance perhaps even up to 6 keV. Elastic
cross section is fairly constant from about 0.01 eV up to about 1 keV; interference
effects are strong.

Figure 3.20: 58Ni capture (green) and elastic (red) cross sections in the thermal and
resonance region. The 1st resonance is at 6.9 keV (p-wave), followed by strong resonance
at 15.3 keV (s-wave). Data were taken from ENDF/B-VII.0; plots were produced by the
NNDC retrieval and plotting system Sigma.

Fig. 3.21 shows the same cross sections processed by NJOY into the multi-
group structure adopted in the present work. One can see that capture cross section
is 2-3 orders of magnitude lower than the elastic scattering.

3.4.1 Capture
Evaluation of 58Ni(n,γ) is again performed in three steps, the same as for 52Cr and
56Fe capture. First, one determines energy binning and calculate average capture
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Figure 3.21: 58Ni capture (red) and elastic (blue) from ENDF/B-VII.0. Group structure
for NJOY processing is chosen to match energy binning adopted in the present work.

cross sections in these bins. Our results can be seen Fig. 3.22, illustrating excel-
lent agreement of kernel approximation with the precise results obtained by NJOY.

Second, one computes uncertainties, see Fig. 3.23. We note strong impact of
adopted correlations between radiative widths of individual resonances in each
energy bin. As already noted for 52Cr and 56Fe corr(Γγ,Γγ) = 0.0 produces unreal-
istic uncertainties and should be excluded. Therefore, we adopted the value of 0.5.

Finally, one combines these partial uncertainties into full covariance matrix.
This is shown in Fig. 3.24. We adopted default values for correlation coefficients,
i.e., 0.5 across the board.
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Figure 3.22: 58Ni(n,γ) average cross sections from kernels (above 6 keV) are compared
with NJOY (whole energy range). Below 6 keV we used 1/v dependence normalized to
thermal cross section. Insert shows energies from 10−3 eV to 10 eV.

Figure 3.23: Relative uncertainties of 58Ni(n,γ) average cross sections. Shown are results
for three values of resonance-resonance correlation coefficients, corr(Γγ,Γγ), applied uni-
formly within each energy bin. Impact of corr(Γn,Γn) on capture is marginal.
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Figure 3.24: Covariances for 58Ni capture in 33-energy groups for three values of
resonance-resonance and bin-bin correlation coefficients: 0.0 (top left), 0.5 (adopted, top
right) and 1.0 (bottom).
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3.4.2 Elastic scattering
Evaluation is again performed in three steps, similar to what was done for 52Cr
and 56Fe. First, we determine energy binning and calculate average elastic scat-
tering cross sections in these bins, see Fig. 3.25. Even though the comparison
with NJOY values shows limitations of the kernel approximation, the agreement
is still sufficient to proceed with covariance estimate. Importantly, one can again
see strong contribution of the potential scattering, implying prominent impact of
∆R′ on average elastic scattering cross section uncertainties.

Figure 3.25: Comparison of average cross sections for 58Ni elastic scattering obtained
from kernels (above 1 keV) and from NJOY in the whole energy range. The kernel values
in the thermal region (below 1keV) were obtained directly from the thermal cross section.
Shown in the insert is the energy region from 10−3 eV to 10 eV.

As the second step, we computed uncertainties for these average cross sec-
tions. Results are shown in Fig. 3.26. As one can see impact of corr(Γn,Γn) is
fairly small, major reason being strong contribution from potential scattering.

Strong contribution to uncertainties from potential scattering is shown in Fig. 3.27.
Neglection of this contribution (see ∆R′ = 0.0 curve) would lead to completely un-
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realistic uncertainties of less than 1%. The 1st bin in the resonance region (1 keV
- 20 keV) deserves specific attention. This bin, where potential scattering con-
tributes only about 5 b to full 22 b average cross section, has one very strong
neutron resonance, E0 = 15.3 keV with Γn = 1390 ± 10 eV or 0.7%. This means
that the cross section uncertainty purely from the resonance term is on the level
of (17/22)×0.7% ≈ 0.5%. Thus, even though potential scattering cross section is
comparatively small, it enhances the full uncertainty considerably, to about 2.5%.

Figure 3.26: Uncertainties of 58Ni(n,el) average cross sections. Shown are results for
three values of resonance-resonance correlation coefficients, corr(Γn, Γn), adopted uni-
formly for each energy bin. Impact of corr(Γγ, Γγ) on scattering is marginal.

Finally, we combine these bin uncertainties into full covariance matrix, Fig. 3.28.
We adopted default values for correlation coefficients.

3.4.3 Comparison with ENDF/A
We compare our covariances with those produced by Derrien et al, ORNL in
2009 [10]. Their file can be found in ENDF/A library which collects candi-
date evaluations for the forthcoming ENDF/B-VII.1 release. According to brief
MT451 description covariances in the resonance region were evaluated using the
code SAMMY. The resonance parameter covariance matrix, stored in MF32 file,
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Figure 3.27: Uncertainties of 58Ni(n,el) average cross sections for two values of ∆R′.
Used in both cases were default values of corr(Γn,Γn) = 0.5 and corr(R′,Γn) = -0.5.

reflects only statistical uncertainties of experimental data. The systematic uncer-
tainties are given in MF33, with 0.5 value for all non-diagonal elements of MF33
correlation matrix.

Comparison of essential features of our covariances and ENDF/A is given in
Table 3.8. Considerable differences in capture uncertainties were observed when
NJOY processing code was used instead of PUFF. This illustrates continuing de-
ficiencies in processing which should be addressed. We note, however, that elas-
tic scattering uncertainty processed by NJOY and PUFF is in agreement. Since
ENDF/A evaluation was done by ORNL we choose to use PUFF results for the
present discussion. For both capture and elastic scattering there is agreement in
thermal uncertainties. There are, however, also some striking differences. Thus, at
the high energy end of the resolved resonance region (812 keV) the uncertainties
are entirely different, with ENDF/A claiming much better precision compared to
our results.

In the case of 58Ni(n,γ) uncertainty, we have no explanation for the huge broad
peak in excess of 20% in ENDF/A in the energy range 10 eV - 103 eV. The 1st
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Table 3.8: Relative uncertainties of 58Ni+n cross sections obtained in the present work
compared with ENDF/A [10]. Uncertainties were obtained from full covariance files by
processing with PUFF into 33-group structure.

Reaction Energy Uncertainty Comment
Present ENDF/A

58Ni(n,γ) Thermal 4% 3.5% Agreement
10-103 eV 4% 22% Mistake in ENDF/A?

600-800 keV 28% 3% No correlation in ENDF/A?
58Ni(n,el) Thermal 1.6% 1.8% Agreement

10-103 eV 2.5% 2% Agreement
600-800 keV 9.5% 1.5% No ∆R′ in ENDF/A

(p-wave) resonance is at E0 = 6.9 keV and up to about 2 keV capture cross section
still duly follows 1/v law. Thus, it is difficult to understand why there should be
such a deviation from the thermal uncertainty of 3.5%. We note that ORNL eval-
uation takes into account fairly strong direct capture which already at the thermal
energy contributes considerably to full value of 4.3 b.3 However, this cannot ex-
plain the uncertainty peak either, since direct capture follows 1/v dependence. In
the high energy end of the resonance region the capture in ENDF/A does not look
realistic. The point is that to reach 3% precision for about 10 mb cross section
would be very tough. Observed decline in ENDF/A uncertainties suggests that
long-range correlations were likely not taken into account.

In the case of 58Ni(n,el) uncertainty, ENDF/A in the thermal region agrees with
our value, but at 600 keV - 800 keV ENDF/A is much lower most likely for not
accounting for contribution from the potential scattering. On the other hand, our
uncertainties directly depend on the adopted value of ∆R′ which represents only
estimate. However, even if we would adopt the lower value, ∆R′ = 3.1%, rather
than 6.3%, our uncertainties would still be several times larger than ENDF/A.

3According to calculations of 58Ni direct capture at 0.0253 eV by S.F. Mughabghab, σγ(direct)
= 4.11 b out of 4.49 ± 0.16 b.
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Figure 3.28: Covariances for 58Ni elastic scattering in 33-energy groups for three values
of resonance-resonance and bin-bin correlation coefficients: 0.0 (top left), 0.5 (adopted,
top right) and 1.0 (bottom).
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Chapter 4

Quality assurance

Quality Assurance (QA) of covariances is important aspect of the evaluation pro-
cess. Our QA procedures address formatting, mathematical properties of covari-
ances matrices, and plausibility of cross section uncertainties.

4.1 Compliance with ENDF-6 format
In the present work we used MF33 format for covariance matrices. This format
was implemented in fairly simple and straightforward manner for all three ma-
terials under discussion. Covariance matrices are supplied for capture and elastic
scattering, they comply with the format as specified in the latest version of ENDF-
6 Formats Manual [5].

4.2 Mathematical properties of covariance matrices
This QA test consists of three requirements:

• Symmetry. All our matrices are symmetric,

cov(i, j) = cov( j, i). (4.1)

• Schwarz inequality. Correlation coefficients in each of our matrices are
within -1.0 and +1.0 boundaries,

−1 5 corr(i, j) 5 1. (4.2)
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• Positive-definiteness. Eigenvalues of our matrices should be either positive
or at least semi-positive. This means that after diagonalizing a matrix all
diagonal elements (eigenvalues) meet requirement

cov(i, i) ≥ 0. (4.3)

We note that the way how we constructed the matrices does not implic-
itly guarantee their positive-definitiveness. However, the matrices are fairly
simple and the fix, if at all necessary, should be also relatively simple with
small impact on final results.

4.3 Cross section uncertainties
We apply two QA tests to cross section uncertainties. First, we compare our un-
certainties with those of well established integral quantities. Second, we check
whether our uncertainties do not fall below certain acceptable limit, the goal be-
ing to avoid claims of unrealistic precision of cross sections.

4.3.1 Integral uncertainties
We compare our uncertainties with those of the following integral quantities:

• Thermal values. Suitable for both capture and elastic scattering. Compari-
son is made with data in Atlas, adjusted for possible differences with cross
sections given in ENDF/B-VII.0 library.

• Resonance integrals (capture only). Comparison is made with data in Atlas.

• 30-keV Maxwellian average. Suitable for capture only. Comparison is
made with the uncertainties given in KADoNiS library [13]. This is an
independent database maintained by the nuclear astrophysics community,
not influenced by links to traditional nuclear data evaluation projects.

Summary of the integral uncertainty testing for 52Cr, 56Fe and 58Ni is given in
Table 4.1. In the thermal region our uncertainties either agree with Atlas or are
more conservative since we had to account for differences with cross sections in
ENDF/B-VII.0 library. Shown for the record in Table 4.2 is similar comparison
for 55Mn using the results of our previous work [1].
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Table 4.1: Comparison of uncertainties for capture and elastic scattering cross sections
for 3 major structural materials. Values obtained in this work are compared with the un-
certainties of integral quantities in Atlas [4] and KADoNiS library [13]. Given in brackets
are absolute values of cross sections.

Reaction Thermal Res. Int. 30-keV M a x w e l l i a n
This Atlas This Atlas This KADoNiS Atlas

worka workb workc

52Cr(n, γ) 3.0% 2.3% 3.0% 6%+) 8.6% (8.7mb) 26% (8.8mb) 23% (9.1mb)
(n,el) 2.5% 0.7%

56Fe(n, γ) 5.4% 5.4% 5.4% 11% 7.9% (11.5mb) 4.3% (11.7mb) 8.6% (15.1mb)
(n,el) 4.0% 3.9%

58Ni(n, γ) 4.0% 2.3% 4.0% 9.5% 4.5% (39.9mb) 3.9% (38.7mb) 6.2% (40.2mb)
(n,el) 1.6% 1.6%

a) See Table 3.5 for explanation of differences between this work and Atlas.
b) Computed by NJOY using MF33 grid in GROUPR.
c) Computed by NJOY using MF33 grid. Cross sections refer to ENDF/B-VII.0.
+) No value is given in Atlas; estimated by PO in July 2010.

Table 4.2: Comparison of our uncertainties for 55Mn(n,γ) and (n,el) [1] with the uncer-
tainties of integral quantities [4, 13]. Given in brackets are also cross sections for 30-keV
Maxwellian spectrum.

Reaction Thermal Resonance Int. 30-keV Maxwellian
Our Atlas Our Atlas Our KADoNiS

55Mn(n, γ) 0.8% 0.37% 3.3% 3.7% 10% (31.0 mb) 7.5% (39.6 mb)
(n,el) 3.0% 1.5%

For structural materials resonance integrals in Atlas are available for capture
only (for actinides also fission resonance integrals). Related uncertainties based
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on data of this work were computed by NJOY using our original MF33 energy grid
in GROUPR. These uncertainties can be also estimated as follows. Resonance
integrals are defined as [4]

RIγ =

∫ ∞

0.5eV

1
E
σγ(E)dE (4.4)

which can be approximated by restricting the upper energy to a lower energy, such
as 100 keV adopted by JEFF-3 project. Then,

RIγ ≈
∫ 100keV

0.5eV

1
E
σγ(E)dE ≈ σ̄γ × ln(105/0.5),

where σ̄γ is the average capture cross section computed by NJOY for 1/E flux
and ln(105/0.5) = 12.2 is the neutron lethargy. Taking into account 1/E weight-
ing function and strong decline of capture cross sections for all materials under
discussion, one can neglect contributions from above 1 keV. Below this energy
we treated covariances with the thermal region approach, therefore, relative un-
certainty

∆RIγ ≈ ∆σγ(Eth).

Atlas provides no capture RI uncertainty for 52Cr. For 56Fe and 58Ni our results
are lower than Atlas by more than a factor of two. This issue will be addressed by
refining our procedure, see Chapter 5, page 64.

Comparison with 30-keV Maxwellian averages can be done for capture for all
three materials. One can see that our performance is mixed: 52Cr uncertainty is
considerably smaller than KADoNiS, 56Fe exceeds KADoNiS almost by a factor
of two, and 58Ni is in good agreement.

4.3.2 Minimal uncertainties
We adopted criterion that uncertainties in the 33-group representation should be
larger than reasonable minimal values, which we set to 2%. We require that

• ∆σ(n, γ) > 2%,

• ∆σ(n, el) > 2%.

These minimal values take into account the fact that to reach 2% precision in neu-
tron cross section measurements is indeed very tough. Precision better than 2%
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has been achieved in determining the best established cross sections of neutron
standards.

We checked all uncertainties and made sure that if precision better than 2% is
claimed, then plausible explanation is available. This test produced warning only
once, for 58Ni(n,el) in the thermal region. There, we adopted 1.6% value given
in Atlas, taking into account good agreement with the thermal cross section in
ENDF/B-VII.0.

4.4 Dispersion analysis
The above QA tests do not asses plausibility of our results in full. Thus, for capture
the tests probe low energies, leaving open an assessment of large uncertainties at
the high end of the resonance region. QA tests for elastic scattering probe the
thermal region only. In view of this, we reviewed also central values in major
libraries with the idea to get collective opinion of the nuclear data community
on these cross sections. Dispersion between the libraries can be indicative of
uncertainties associated with these data.

4.4.1 Capture
Average capture cross sections for 52Cr, 56Fe and 58Ni are summarized in Ta-
ble 4.3. Large dispersions seen for 52Cr and 56Fe support our uncertainties. How-
ever, dispersion for 58Ni is only 10%, suggesting that our uncertainty of 27% at
the end of the resonance region is probably too conservative.
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Table 4.3: Comparison of average capture cross sections for 52Cr, 56Fe and 58Ni in recent
releases of major data libraries. Averages are computed for the highest 500 keV energy
bin. Differences to ENDF/B-VII.0 are shown in the last column, with uncertainties of the
present work given in brackets.

Reaction Energy Library Year σγ Diff
keV mb

52Cr(n, γ) 500-1000 ENDF/B-VII.0 2006 2.50 (31%)
ENDF/A 2009 2.18 -13%

JENDL-4.0 2010 2.18 -13%
ROSFOND 2008 1.70 -32%

JEFF-3.1 2005 1.70 -32%
56Fe(n, γ) 350-850 ENDF/B-VII.0 2006 5.88 (28%)

ENDF/A n/a n/a n/a
JENDL-4.0 2010 5.90 0%
ROSFOND 2008 6.52 +11%

JEFF-3.1 2005 3.68 -37%
58Ni(n, γ) 300-800 ENDF/B-VII.0 2006 10.3 (27%)

ENDF/A 2009 9.3 -10%
JENDL-4.0 2010 10.3 0%
ROSFOND 2008 10.3 0%

JEFF-3.1 2005 10.3 0%
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4.4.2 Elastic scattering
Average elastic scattering cross sections for 52Cr, 56Fe and 58Ni are summarized
in Table 4.4. Large dispersion is seen only for 52Cr, while dispersion for 56Fe and
58Ni is small. Even though we show the averages over the entire resonance region,
they pretty reasonably reflect the situation for smaller binning as well.

Table 4.4: Comparison of average elastic scattering cross sections in major data libraries.
Averages are computed for the whole resonance region which grasp the situation also if
smaller bins were used. Shown in the last column are differences to ENDF/B-VII.0, with
uncertainties of the present work valid for the highest 500 keV bin given in brackets.

Reaction Energy Library Year σ̄n Diff
keV b

52Cr(n, el) 1-1000 ENDF/B-VII.0 2006 3.74 (16%)
ENDF/A 2009 3.28 -12%

JENDL-4.0 2010 3.28 -12%
ROSFOND 2008 3.44 -8%

JEFF-3.1 2005 3.44 -8%
CENDL-3.1 2010 3.85 +2%

56Fe(n, el) 1-850 ENDF/B-VII.0 2006 3.73 (14-16%)
ENDF/A n/a n/a n/a

JENDL-4.0 2010 3.73 0%
ROSFOND 2008 3.75 +0.5%

JEFF-3.1 2005 3.75 +0.5%
58Ni(n, el) 1-800 ENDF/B-VII.0 2006 5.54 (9-10%)

ENDF/A 2009 5.55 0%
JENDL-4.0 2010 5.54 0%
ROSFOND 2008 5.54 0%

JEFF-3.1 2005 5.54 0%
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4.5 Optical model prediction for 56Fe(n,tot)
It is instructive to look into optical model predictions for neutron elastic scatter-
ing. This might help us with assessing plausibility of our uncertainties. In a recent
study by Pigni et al [14] minima in cross section uncertainties predicted by optical
model were studied to considerable detail using 56Fe as illustrative example.

Several observations can be made for 56Fe. First, the resonance capture is
very weak. Therefore, total cross sections are essentially identical with elastic
scattering cross sections. Second, optical model predicts smooth cross sections
averaged over strongly fluctuating resonances. This can be seen on 56Fe(n,tot)
cross sections shown in Fig. 4.1. We note that fluctuations of ENDF/B-VII.0 data
continue well above the resolved resonance region.

10-1

10+0

10+1

10+2

10-1 10+0 10+1 10+2

σ
(E

)
(b

ar
n)

Incident Neutron Energy (MeV)

ENDF/B-VII.0
Optical model

56Fe(n,tot)

Figure 4.1: 56Fe(n,tot) cross sections: optical model values for Koning-Delaroche poten-
tial are compared with fluctuating structure of neutron resonances. Figure was taken from
M. Pigni et al [14].

Related 56Fe(n,tot) cross section uncertainties are shown in Fig. 4.2. Use was
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made of several typical optical model potential parametrizations. Parameter un-
certainties were taken from the recently released RIPL-3 library [15].

Of most interest to the present work is the energy region 0.1 MeV - 0.85 MeV.
One can see that in this energy range optical model predicts uncertainties between
about 5-10%. Certain reduction of these values should be expected if correlations
between optical model parameters were included. This suggests that 56Fe(n,el)
uncertainties of our initial estimate shown in Figs. 3.17 and 3.18 on page 43 are
too high. This in turn suggests that our estimate of ∆R′ in the resonance region is
too conservative and should be reduced.

Figure 4.2: 56Fe(n,tot) cross section uncertainties: optical model predictions using differ-
ent sets of OM parameters with parameter uncertainties taken from RIPL-3 library. Figure
was taken from M. Pigni et al [14].
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Chapter 5

Refinements in evaluation procedure

QA testing revealed several issues which we attempted to resolve by refining our
evaluation procedure.

5.1 Modification of default values
The following issues were addressed and changes in default values were made:

1. Capture resonance integral (RI) uncertainties. Refinement applies to the
thermal energy region. One should use uncertainty of ∆σ(Eth) up to 0.5 eV only.
For higher energies in the thermal region, 0.5 eV - 1 keV for materials discussed
here, one should adopt ∆RIγ. Thus,

∆σγ(E) = ∆σγ(Eth) for E < 0.5 eV (5.1)

and
∆σγ(E) = ∆RIγ for E > 0.5 eV. (5.2)

This refinement would lead to much better agreement with resonance integral un-
certainties of Atlas of Neutron Resonances.

2. Scattering radius uncertainty. Our initial default estimate enhanced thermal
uncertainty by a factor of two. This should be reduced to a factor of 1.5,

∆R′(Eres) = kR′∆R′(Eth), (5.3)
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where default value of the multiplier is

kR′ = 1.5. (5.4)

This refinement would reduce our estimate of elastic scattering uncertainties
which seemed to be too conservative when a factor of two was used.

3. Capture uncertainties at higher energies1. Dispersion analysis indicated
certain overestimation of uncertainties. This issue can be addressed by using lower
values for correlation coefficients, corr(Γγ,Γγ). Our default should be selected in
such a way that resulting cross section uncertainties should reach middle values.
This differs with the current approach, where corr(Γγ,Γγ) is chosen to reach the
middle value (0.5 on the scale 0.0-1.0). Thus,

corr(Γγ,Γγ)

should be selected so that

∆σn(corr) ≈ 1
2
{∆σn(corr = 0) + ∆σn(corr = 1)} (5.5)

This refinement would more evenly project our lack of knowledge about correla-
tion coefficients.

5.2 Specific changes for 52Cr, 56Fe and 58Ni
In addition to modification of default values, several specific changes for individ-
ual materials attempt to address some remaining issues identified by QA tests.

52Cr. Capture uncertainties in the energy range around 30 keV might be
enhanced by a factor of two to bring our 30-keV Maxwellian average closer to
KADoNiS2.

56Fe. Dispersion analysis shows that for 56Fe(n,el) cross sections there rel-
atively small differences between recent releases of major data libraries. This

1This change in high energy capture uncertainties was considered but not implemented
2This change in 52Cr capture uncertainties in 30-keV range was considered, but not imple-

mented
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suggests that our estimate of ∆R′(Eres) is too conservative. In view of this we
reduced the multiplier in Eq. (5.4) to the lowest possible value,

kR′(56Fe) = 1.0.

58Ni. Dispersion analysis shows that for 58Ni(n,el) there small differences be-
tween major data libraries. This suggests that our estimate of ∆R′(Eres) is too
conservative. In view of this we reduced the multiplier in Eq. (5.4) to the lowest
possible value,

kR′(58Ni) = 1.0.

5.3 Summary of adopted input uncertainties
For the record in Table 5.1 we summarize adopted input uncertainties for various
quantities of interest.

Table 5.1: Summary of adopted uncertainties, ∆σγ, ∆σn in the thermal region and
∆R′(Eres). Also given are input quantities for Eq. (5.4), R’ and ∆R′(Eth) in units of fm,
and multiplier kR′ .

∆σ, thermal ∆R′(Eres)
Reaction below above I n p u t Value Comment

0.5 eV 0.5 eV R’ ∆R′ kR′

52Cr (n, γ) 3.0% 6.0% ∆RIγ estimated
(n,el) 2.5% 5.4 0.3 1.5 8.3%

56Fe (n, γ) 5.4% 11%
(n,el) 4.0% 5.9 0.3 1.0 5.1%

58Ni (n, γ) 4.0% 9.5%
(n,el) 1.6% 6.4 0.2 1.0 3.1%
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Chapter 6

Final results

The above modifications were implemented into evaluation procedure, 52Cr, 56Fe
and 58Ni evaluations were updated and final results were produced.

6.1 52Cr final results
Shown below are plots with final results, first for 52Cr(n,γ), then for 52Cr(n,el).
Plots for average cross sections remained unchanged and they are not shown.

Figure 6.1: 52Cr(n,γ) uncertainties.
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Figure 6.2: 52Cr(n,γ) covariances for adopted values of resonance-resonance as well as
bin-bin correlation coefficients, corr = 0.5.
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Figure 6.3: 52Cr(n,el) uncertainties: role of corr(Γn,Γn).

Figure 6.4: 52Cr(n,el) uncertainties: role of corr(R′,Γn) and impact of ∆R′.
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Figure 6.5: 52Cr(n,el) covariances for adopted values of resonance-resonance as well as
bin-bin correlation coefficients, corr = 0.5.
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6.2 56Fe final results
Shown below are plots with final results, first for 56Fe(n,γ), then for 56Fe(n,el).
Plots for average cross sections remained unchanged and they are not shown.

Figure 6.6: 56Fe(n,γ) uncertainties. The only difference compared to Fig. 3.14, p. 40 is
enhanced uncertainty in the thermal region just above 0.5 eV, where ∆RIγ = 11% rather
than ∆σ(Eth) = 5.4% was used.
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Figure 6.7: 56Fe(n,γ) covariances for adopted values of resonance-resonance as well as
bin-bin correlation coefficients, corr = 0.5.
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Figure 6.8: 56Fe(n,el) uncertainties: role of corr(Γn,Γn).

Figure 6.9: 56Fe(n,el) uncertainties: role of corr(R′,Γn) and impact of ∆R′.
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Figure 6.10: 56Fe(n,el) covariances for adopted values of resonance-resonances as well
as bin-bin correlation coefficients, corr = 0.5.
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6.3 58Ni final results
Shown below are plots with final results, first for 58Ni(n,γ), then for 58Ni(n,el).
Plots for average cross sections remained unchanged and they are not shown.

Figure 6.11: 58Ni(n,γ) uncertainties.he only difference compared to Fig. 3.23, p. 48 is
enhanced uncertainty in the thermal region just above 0.5 eV, where ∆RIγ = 9.5% rather
than ∆σ(Eth) = 4.0% was used.
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Figure 6.12: 58Ni(n,γ) covariances for adopted values of resonance-resonance as well as
bin-bin correlation coefficients, corr = 0.5.
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Figure 6.13: 58Ni(n,el) uncertainties: role of corr(Γn,Γn).

Figure 6.14: 58Ni(n,el) uncertainties: role of corr(R′, Γn) and impact of ∆R′.
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Figure 6.15: 58Ni(n,el) covariances for adopted values of resonance-resonance as well as
bin-bin correlation coefficients, corr = 0.5.
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6.4 QA of final results
Quality Assurance of final results was done for completeness. All QA criteria
discussed in Chapter 4, p. 55 were met as before. The only difference is in uncer-
tainties of integral quantities. These are given in Table 6.1. As expected excellent
agreement was obtained for capture RI uncertainties.

Table 6.1: Comparison of uncertainties for capture and elastic scattering cross sections
for three major structural materials. Values obtained in this work are compared with
the uncertainties of integral quantities in Atlas [4] and KADoNiS library [13]. Given in
brackets are absolute values of cross sections.

Reaction Thermal Resonance Int. 30-keV Maxwellian
This Atlas This Atlas This KADoNiS

worka workb workc

52Cr(n, γ) 3.0% 2.3% 6% 6%+) 8.6% (8.7 mb) 26% (8.8 mb)
(n,el) 2.5% 0.7%

56Fe(n, γ) 5.4% 5.4% 11% 11% 7.9% (11.5 mb) 4.3% (11.7 mb)
(n,el) 4.0% 3.9%

58Ni(n, γ) 4.0% 2.3% 9.5% 9.5% 4.5% (39.9 mb) 3.9% (38.7 mb)
(n,el) 1.6% 1.6%

a) See Table 3.5 for explanation of differences between this work and Atlas.
b) Computed by NJOY using MF33 grid in GROUPR.
c) Computed by NJOY using MF33 grid. Cross sections refer to ENDF/B-VII.0.
+) No value is given in Atlas; estimated by PO in July 2010.

Overall, our final results represent improvement over initial results in two re-
spects:

• Excellent agreement with uncertainties of capture resonance integrals given
in Atlas was achieved for all three major structural materials.

• Data of primary interest for AFCI applications, elastic scattering cross sec-
tion uncertainties at energies above about few hundred keV, were reduced
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compared to our initial values. We believe that plausible values of uncer-
tainties were reached at these energies, ∼12% for 52Cr, 7-8% for 56Fe and
5-6% for 58Ni.
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Chapter 7

Conclusions

We evaluated covariances for neutron capture and elastic scattering cross sec-
tions on 52Cr, 56Fe and 58Ni in the resonance region which extends beyond 800
keV for each of them. Use was made of the recently developed covariance for-
malism based on kernel approximation along with data in the Atlas of Neutron
Resonances. Covariances in the thermal region were directly deduced from ex-
perimental data and thus treated independently from the resonance region. Our
results are stored in file MF33 and should serve as covariances of cross sections in
ENDF/B-VII.0 library. Processed 33-group data should be adopted by AFCI-2.0
covariance library.

Kernel approximation works very well for capture as demonstrated by 52Cr,
56Fe as well as 58Ni. These materials are almost pure scatterers, meaning that neu-
tron widths are much larger than radiative widths, Γn >> Γγ. As a consequence,
Γn/Γ ≈ 1 and therefore capture covariances are essentially determined by radia-
tive width uncertainties, ∆Γγ. We note, however, that they strongly depend on
correlations between radiative widths of different resonances, corr(Γγ,Γγ), which
are unknown and had to be estimated. At energies above several hundreds keV
our uncertainties for capture cross sections are in the range of 25-30%. These un-
certainties are consistent with low values of related capture cross sections which
are below 10 mb.

Kernel approximation for elastic scattering represents less robust approach.
This is mostly due to interference effects which we handle fairly roughly by re-
sorting to broad energy bins in which negative and positive interferences approx-
imately compensate. Specific challenge for 52Cr, 56Fe and 58Ni is caused by high
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energy resonances which prevent the use of low energy approximation. Despite
these difficulties we have shown that elastic cross sections at high resonance en-
ergies are dominated by potential scattering. Therefore, at these high energies
elastic scattering covariances are largely determined by scattering radius uncer-
tainty, ∆R′. As a consequence, at energies above several hundreds keV elastic
scattering cross section uncertainties are in the range of about 10%. Overall, our
results for elastic scattering cross section covariances should be viewed as rea-
sonable estimates. They are relatively insensitive to adopted values of correlation
coefficients between neutron widths of individual resonances, corr(Γn,Γn) and be-
tween scattering radius and neutron width, corr(R’,Γn), which are unknown and
had to be estimated.

Comparison with ENDF/A evaluations performed by the ORNL group using
the code SAMMY was done for 52Cr and 58Ni. Some considerable differences
with our results were observed and at least partially explained by the lack of cor-
relations and neglect of ∆R′ contribution in ENDF/A evaluations.

Our results were subject to QA checks, including compliance with ENDF-
6 formatting, mathematical properties of covariance matrices and limited uncer-
tainty testing. Uncertainties were tested against available integral quantities with
good outcome, and also against 2% minimal value.
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[1] P. Obložinský, Y.-S. Cho, C. Mattoon, S.F. Mughabghab, “Formalism for
neutron cross section covariances in the resonance region using kernel ap-
proximation”, Brookhaven National Laboratory, Report BNL-91287-2010
(April 2010).
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