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P. Oblozinsky, M. Herman and S.F. Mughabghab

Abstract This chapter describes the current status of evaluated nuclear data for
nuclear technology applications. We start with evaluation procedures for neutron-
induced reactions focusing on incident energies from the thermal energy up to 20
MeV, though higher energies are also mentioned. This is followed by examining
the status of evaluated neutron data for actinides that play dominant role in most of
the applications, followed by coolants/moderators, structural materials and fission
products. We then discuss neutron covariance data that characterize uncertainties
and correlations. We explain how modern nuclear evaluated data libraries are val-
idated against an extensive set of integral benchmark experiments. Afterwards, we
briefly examine other data of importance for nuclear technology, including fission
yields, thermal neutron scattering and decay data. A description of three major eval-
uated nuclear data libraries is provided, including the latest version of the US library
ENDEF/B-VIL0, European JEFF-3.1 and Japanese JENDL-3.3. A brief introduction
is made to current web retrieval systems that allow easy access to a vast amount of
up-to-date evaluated nuclear data for nuclear technology applications.

1 Evaluation Methodology for Neutron Data

The evaluated (recommended) neutron cross section data represent the backbone of
data needed for nuclear technology applications. The incident energies of interest
cover an extremely broad energy range of 13 orders of magnitude. Thus, for fission
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and fusion reactor systems one needs neutrons from 1072eV to 2 x 10*7eV (20
MeV), to be extended up to about 200 MeV for accelerator driven systems. If higher
incident energies are needed, one resorts to on-fly calculations (not covered here)
rather than to evaluated nuclear data libraries.

Such a large range of incident neutron energies represents enormous challenge
for developers of evaluated nuclear data libraries. This is coupled to another chal-
lenge that stems from the fact that nuclear technology applications need data for
about 400 atomic nuclei, covering the atomic mass range of A = 1 - 250, from hy-
drogen to the actinides.

There is no simple way to describe physics of neutrons interacting with atomic
nuclei throughout this vast range of energies and different types of nuclei. Rather,
nuclear physics uses different approaches and many different models to describe
underlying physics. The role of experimental data in the evaluation process is ab-
solutely crucial, with the understanding that measured data must be combined with
physics-based models to fill-in the gaps and to gain confidence in the judgment as
to what is the best reflection of nature.

The goals for the evaluations are to comply as closely as possible with ex-
perimental microscopic (differential) data and at the same time to accurately
match results from simple benchmark (integral) experiments. The evalua-
tion is a complex process, requiring detailed knowledge of nuclear reaction
physics, experimental databases, nuclear modeling, considerable experience
and attention to details. Once the whole set of isotopes (materials) is evalu-
ated and a library is assembled, validation of the entire library is performed
against hundreds of benchmark experiments.

The description of evaluation methodology given below reflects the state-of-art
methods used in the development of the latest US evaluated data library, ENDF/B-
VILO. This library, released in December 2006, is described in detail in the extensive
paper by Chadwick et al. [1]. The evaluated data are stored in the internationally
adopted ENDF-6 format [2].

1.1 Basic Ingredients

Basic ingredients of the evaluation process for neutron cross section data include the
EXFOR database of microscopic experimental data, Atlas of Neutron Resonances
and nuclear reaction model codes. Consequently, the evaluation methodology con-
sists of three parts:

e Careful analysis of microscopic' experimental data.

! “Microscopic” is the term used by nuclear data physicists to describe properties of individual nu-
clei and their interactions, which should be distinguished from properties of large-scale ensambles
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e The low energy region (thermal energy, resolved resonances and unresolved res-
onances) is treated by methods developed to analyze neutron resonances.

e The fast neutron region is evaluated using methods based on nuclear reaction
model calculations and experimental data.

Nuclear theory and modeling has played a central role in developing complete
cross section evaluations, by which we mean representations that cover all incident
projectile energies, outgoing particle and photon energies as well as angular distri-
butions. Nuclear reaction theory codes provide a powerful tool to interpolate and
extrapolate from the measured data, and naturally incorporate constraints such as
unitarity, and energy and momentum conservation. A number of reaction physics
codes have been developed that support this work:

e Statistical, preequilibrium, direct and fission models, for use in modeling medium
and heavy nucleus reactions, notably Los Alamos National Laboratory code
GNASH [3, 4, 5] and code EMPIRE (Brookhaven National Laboratory, [6, 7]),
often used in conjunction with coupled-channels optical model code ECIS (CEA
Saclay, [8]),

e R-matrix codes for light nucleus reactions, and for lower incident energy reac-
tions on heavier targets, notably the Los Alamos code EDA [9] and the Oak
Ridge code SAMMY [10],

e Atlas code system [11] for analyzing neutron resonances in terms of multi-level
Breit-Wigner formalism by Mughabghab at Brookhaven to produce comprehen-
sive evaluation of resonance parameters, thermal cross sections, and average res-
onance parameters for the Atlas of Neutron Resonances [12].

Fig. 1 qualitatively summarizes nuclear reaction models and related codes as used
in the ENDF/B-VIL.0 evaluations for various combinations of mass number and in-
cident energy. In light nuclei the excited states are generally sparse and well isolated.
This feature necessitates use of special few-body techniques that are feasible due to
a limited number of nucleons in the system. We have used the explicit R-matrix
theory, implemented in the Los Alamos code EDA, for evaluations of nuclides up to
the atomic mass A ~ 10 (with a few exceptions). This approach, although formally
strict, relies on experimental input. In Fig. 1 the few-body regime is depicted as a
vertical rectangle at the left of the picture. Note, that in this case the same method-
ology is applied throughout the whole energy range.

Increasing the number of nucleons in the target makes usage of few-body mod-
els impractical. On the other hand, the large number of excited states facilitates
approaches that, to a certain extent, are built upon statistical assumptions. This “sta-
tistical regime” appears in Fig. 1 to the right of A~10. We have to deal with three
distinct energy regions for these nuclei:

e Resolved resonance region (including thermal neutrons),
e Unresolved resonance region, and

of nuclei. Thus, microscopic cross section is the interaction probability of one neutron incident on
a single target nucleus.
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Fig. 1 Schematic representation depicting the use of various evaluation techniques and related
codes (in brackets) depending on target mass and incident energy. Arrows to the right of the figure
indicate major reaction mechanisms in the fast neutron region and their energy range of applica-
bility.

e Fast neutron region.

Since the density of neutron resonances increases with A, the upper limit of the
resolved resonance region decreases when moving to heavier nuclei. A neighbor-
ing region is known as the unresolved resonance region in which overlapping res-
onances usually produce quite smooth cross sections. Each of these three regions
needs different techniques and different reaction modeling.

Except for very light nuclei, there is no theory capable of predicting individual
resonances. Therefore, realistic evaluations require experimental data for neutron
resonances. In ENDF/B-VIIL.O the Reich-Moore approach derived from the R-matrix
theory, as implemented in the Oak Ridge code SAMMY, was utilized for the impor-
tant actinides. For about 150 fission product nuclei, the multi-level Breit-Wigner
formalism, and statistical methods from the Atlas of Neutron Resonances [12] were
used at BNL.

The unresolved resonance region is a transitional region that could be treated
with the methods from the resolved region as well as in the terms of the models
used in the fast neutron region.

The fast neutron region involves a whole suite of nuclear reaction models with
a strong statistical component resulting from the averaging over many resonances.
The Hauser-Feshbach formulation of the compound nucleus is a key model for any
evaluation in the fast neutron region, although in the low energy range it must be cor-
rected to account for the width fluctuation effects. At incident energies above some
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10 MeV, preequilibrium emission has to be taken into account and one implements
a variety of semi-classical and quantum-mechanical models.

While most of the nuclear reaction models used for the evaluations are predom-
inantly phenomenological, their usage involves a huge number of input parameters.
Developement of the ENDF/B-VIIL.O library largely benefited from the Reference
Input Parameter Library (RIPL) [13, 14, 15] , an international project coordinated
by the International Atomic Energy Agency, Vienna.

1.2 Thermal and Resolved Resonance Region

Usually the first step in neutron resonance evaluation is inspection of the well-
known compendium of data produced over years by S. Mughabghab, BNL, tradi-
tionally known as BNL-325. Its last 5" edition has been published in 2006 as ”Atlas
of Neutron Resonances: Resonance Parameters and Thermal Cross Sections® [12],
representing a considerable update to the 1981 [16] and 1984 editions [17]. Often,
one is satisfied with these data and adopts them as they are. Indeed, these latest
thermal values and resonance parameters provided a basis for more than 150 new
evaluations included in ENDF/B-VIL.0. In many other cases, however, one performs
additional evaluation by applying sophisticated R-matrix analysis to most recent ex-
periments using the Oak Ridge code SAMMY [10].

1.2.1 Thermal Energy Region

Accurate knowledge of the thermal neutron capture and fission cross sections are
of paramount importance for many applications and considerable experimental as
well as evaluation effort was expended in obtaining precise and consistent constants
at a neutron energy of 0.0253 eV (velocity vg = 2200 m/s). The parameters under
consideration are the absorption (Gaps), radiative capture (0y) and fission (G ) cross
sections, the neutron yield data (v,n) as well as Westcott factors g,,. Some of these
quantities are interrelated as

Gf . A%
Gaps 140’

n=v

ey

where V =V, +V, is the average number of neutrons emitted per neutron induced
fission obtained by the sum of prompt and delayed values,

Gy
Gabs—cy+0f and o =—.
: Gf

2
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When the scattering cross section () is known, the absorption cross section can be
determined absolutely to a high degree of accuracy from a measurement of the total
Cross section as Gups = Gt — O

The capture” cross section for a single resonance is usually represented by the
Breit-Wigner formalism. In the case of several s-wave resonances, the thermal cap-
ture cross section at £ = 0.0253 eV is given by

gLy,

;rjz +4(E — Epj)*

2.608 x 105 /A+1\2
_ ( ) 3

GY(E) - \/E A

In this relation, I, I}; and I'; are the neutron scattering, radiative and total width
of the resonance j, respectively; Ey; is the resonance energy, A is the atomic mass
number of the target nucleus, and gy is the statistical spin weight factor defined as

2J+1

2020+1) @

81 =
where J is the resonance spin and / is the target nucleus spin. As an example, Fig. 2
shows the evaluated capture cross sections for 133Cs in the thermal along with the
low energy resonance region compared with the available experimental data.
Similarly, the fission cross section can be described as a sum over positive and
negative energy resonance contributions. In the framework of the Breit-Wigner for-
malism, the fission cross section can be obtained from

1000 5

b)

100 4

Fig. 2 Neutron capture cross
section for '33Cs in the ther-
mal and resolved resonance
energy region computed from
Atlas are compared with

Capture Cross Section (
>
1

experimental data. The calcu- k E 13303(”&{)

lated cross section is Doppler- o Experimental data

broadened to 300° K; the { | — Atlas

experimental resolution is not 01 N —
included. Two bound levels 0.01 0.1 1 10
were invoked in order to fit Incident Neutron Energy (eV)

the thermal constants.

2 ”Capture* is the short-hand term used by nuclear physicists to describe radiative capture, i.e.,
(n,7y) cross sections. This differs from what nuclear engineers might consider “capture®, which is
given by the sum of neutron removal cross sections, i.e., (n,Y) + (n,p) + (n, o) +---.
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G<E)_2.608><106 A+l 22% )
RE="F A ~T7?+4(E — Eo))*’
where
r}'(E)ZF,,j(E)—Fij—FFfj. (6)

The formalism for neutron elastic scattering is more complicated. Thus, elastic
cross section for a single resonance can be expressed by the sum of three terms

21+1
k2

L, 2 2{E — Ep)T;, sin(2
sin2¢1+7cg—; L cos(207) +2( 10) nsin( ¢z)’ 7
K (E—Eo)?+ 112

o,(E) =4n

where k is the neutron wave number, ¢; are the phase shifts determined by k and
the potential scattering radius R'. The Ist term describes potential scattering, Gpo,
which is nearly constant as a function of energy. The second term stands for the
symmetric resonance cross section. The 3rd term, containing 2(E — Ey)I}, sin(2¢; ) in
the numerator describes interference between potential (hard-sphere) and resonance
scattering which is negative at E < Ey and positive at E > Ej.

In order to obtain the thermal scattering cross section one should resort to ex-
tended version of the above expression, such as provided by the multi-level Breit-
Wigner formalism. We note that in the low-energy approximation simplified expres-
sions can be obtained, including that for potential scattering

Gpot ~ 4TR?. (8)

The neutron scattering can be also expressed in terms of spin-dependent free
nuclear scattering lengths, a and a_, associated with spin states 7+ 1/2 and I —
1/2, as

AL
Ry M ©
;Z(E—on)—lrj

where A; = 1/k is de Broglie’s wavelength divided by 2. We note that a- contain
imaginary components and the summation is carried out over all s-wave resonances
with the same spin.

The total coherent scattering length for non-zero spin target nuclei, is then the
sum of the spin-dependent coherent scattering widths, a4 and a_, weighted by the
spin statistical factor, g1 = (I+1)/(2I+1)and g_ =1/(2I+1),

a=giar+g-a—. (10)
The total scattering cross section can then be expressed as
_ 2 2
G, =41 (g+a++g_a_). (11)

If the results of the calculated cross sections do not agree with measurements within
the uncertainty limits, then one or two negative energy (bound) levels are invoked.
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The potential scattering length or radius, R’, is an important parameter which is
required in the calculation of scattering and total cross sections. It can be expressed
as

R =R(1-FR™), (12)

where R is the channel or interaction radius, and R” is related to the distant s-wave
resonance contribution. We note that R’ can be determined to a high degree of accu-
racy from the measured coherent scattering amplitude by Eq. (9) when the resonance
data are complete.

1.2.2 Westcott Factors and Resonance Integrals

In general, in the thermal energy region capture cross sections follow the 1/v law,
where v is the neutron velocity. Deviations from this behavior are due to the prox-
imity of the 1st resonance to the thermal energy of 0.0253 eV, notable examples
being '13Cd, *°Sm and '33Gd. Westcott factors, ideally equal to unity, can be used
as a suitable measure of the validity of this law. They are defined as the ratio of the
Maxwellian averaged cross section, G, to the thermal cross section, Gy

o 1 o 1yl V22
= — = — —_— T
o= = /0 e o (v, (13)

where vo = 2200 m/s and vr is the most probable velocity for Maxwellian spectrum
at temperature T.

Resonance integrals represent useful quantities that characterize cross sections
in the thermal and resonance region. For a particular reaction 6, (E), such as total,
elastic scattering, capture and fission (x = tot, s, Y, f), in a 1/E spectrum these are

defined as JE
1x=/ 6o (E) (14)
0.5¢V E

where the low energy is determined by the cadmium cutoff energy usually set to 0.5
eV, while the upper energy is sometimes set to 100 keV [18]. It is important to note
that both the thermal energies and resonances contribute to the resonance integrals.

Often Westcott factors and resonance integrals are readily available in tabulated
form, an example being JEFF-3.1 library [18]. They can also be conveniently ob-
tained from web using retrieval systems such as Sigma [19] developed and main-
tained by the National Nuclear Data Center at Brookhaven.

1.2.3 Resolved Resonance Energy Region

Neutron time-of-flight techniques that employ accelerator facilities as neutron sources
are used to perform high-resolution cross-section measurements in the resonance
region. Then, the measured data are analyzed by a state-of-the-art tool such as
SAMMY [10]. This code combines multichannel multilevel R-matrix formalism
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with corrections for experimental conditions to fit experimental data using general-
ized least squares fitting procedures.

Resolved resonances are described by the R-matrix collision theory, which is
exact, and the resulting formalism is fairly transparent, though the expressions
look rather formidable. In practical applications several approximations are widely
used. The most precise is Reich-Moore , followed by the multi-level Breit-Wigner
(MLBW) and the least precise single-level Breit-Wigner (SLBW). In ENDF/B-VIL.0
library Reich-Moore is mostly used for actinides, MLBW is adopted for majority of
other materials, while SLBW was essentially abandoned and its use is restricted to
the unresolved resonance region.

R-matrix channels are characterized by the two particles with spin i and I, the
orbital angular momentum /, the channel spin s (where s = i = 1), and the total spin
J (where J = s +1) and parity 7. Those channels having the same J and ©t (the only
two quantum numbers that are conserved) are collected in the same spin group.
Resonances (which appear generally as peaks in the cross sections) are assigned to
particular spin groups depending on their individual characteristics; initial assign-
ments may be changed as knowledge is gained during the evaluation process. The
goal of the evaluation is to determine those values for the resonance energy (peak
position), channel widths and spin for each of the resonances that provide the best
fit to the measured data.

In general, partial cross sections can be obtained from a collision matrix Uy,
which connects entrance channels a with exit channels . The formalism, applied to
neutron reactions, implies a = n and

T

an:kﬁ

87185 = Un| (15)
where k is the neutron wave number and 9§, is the Kronecker delta symbol. These
partial cross sections must be summed over the appropriate entrance and exit chan-
nels to yield observable cross sections. The statistical factor g; is the probability of
getting the correct angular momentum J from the spins of collision partners, and
7t /k? relates probability and cross section.

In the Reich-Moore formalism as implemented in ENDF-6 the only reactions re-
quiring explicit channel definitions are total, elastic scattering and fission; capture
is obtained by subtraction (although it is possible to obtain it directly from the colli-
sion matrix elements). Neutron channels are labeled by quantum numbers, /, s, and
J.

The channel spin s is the vector sum of the target spin / and the neutron spin
i = 1/2), and takes on the range of values |/ —1/2| to I 4+ 1/2. The total angular
momentum J is the vector sum of [ and s, and runs from |/ —s| to [ + s. The fis-
sion channels fl and {2 do not correspond to individual two-body fission product
breakup, but to Bohr-channels in deformation space, which is why two are adequate
for describing many neutron-induced fission cross sections.

If one sums over all incident channels n and exit channels b, and invokes unitarity,
the resulting total cross section can be expressed in terms of the diagonal matrix
elements as
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2n
Got(E) = pz Y, gRe[1—Ugpyr] . (16)
IsJU's')

The elastic cross section is obtained by summing the incident neutron channels over
all possible IsJ values and the exit neutron channels over those quantities I's"J’ that
have the same ranges as /sJ. Conservation of total angular momentum requires that
J' = J; ususally additional, simplifying conservation rules are imposed, namely I’ =
[ and s’ = 5. The six-fold summation then reduces to the familiar form

27n 2
om(E) = 1722 87 [1=Uspuss|”- (17)
IsJ

The absorption (non-elastic) cross section is obtained by subtraction
Guabs(E) = Ot (E) — O (E). (18)

Fission is obtained from the collision matrix by summing Eq. (15) over all incident
IsJ values and over the two exit fission channels, » = f1 and b = 2,

271
of(E) = kTZ 8 (
IsJ

The level-matrix form of the collision matrix is given as

IsJ
Un}l

g ’U,%F) . (19)

Upy = e 21K~ ), 20)
where
; 1/2F1/2
1-K)py=8p—=y ———br 21
(1= K)up = 8 ngr_E_in 1)

Here, ¢y, is zero for fission, ¢, = ¢;, and the summation is over those resonances
r which have partial widths in both of the channels n and b; E, is the resonance
energy; I, is the “eliminated” radiation width; I, and I, are the partial widths for
the 7" resonance in channels n and b.

The shift factor has been set equal to zero in the above equations (E. — E,);
hence they are strictly correct only for s-wave resonances. Originally, the ENDF
Reich-Moore format was used for low-energy resonances in fissile materials, which
are s-waves. However, it is believed that the “no-shift” formulae can be safely ap-
plied to higher /-values also, since the difference in shape between a shifted reso-
nance and one that is not shifted at the same energy has no practical significance.

One of the tasks of the evaluator is to assign the orbital momentum, /, for reso-
nances where this has not been done experimentally. In the Atlas of Neutron Res-
onances this was done by the Bayesian approach that assigns these values proba-
bilistically. The first investigators to apply Bayes’ conditional probability for the
determination of parities of 23U resonances were Bollinger and Thomas [20]. Sub-
sequently, Perkins and Gyullassy [21] and Oh et al. [11] extensively applied this
procedure in the evaluation of resonance parameters.
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For a resonance with a neutron width weighted by the spin statistical factor, g;I;,
the probability that this resonance is p-wave is given according to Bayes’ theorem
of conditional probability by

P(g/Tulp) <Do>) ’ (22)

where (D) /(Do) are the level-spacing ratio, and P(g;T,|s) is the probability that
the neutron width is g;I, if the resonance is s-wave and similarly for p-waves. The
Bayesian equation can be solved by taking into account the Porter and Thomas
distribution [22] and taking into account (2J+1) degeneration of nuclear levels.

Fig. 3 and 4 illustrates the Porter-Thomas analysis as applied to the s- and p-
wave resonances of 33Cs. From this procedure also the average level spacings and
strength functions for the s- and p- waves are determined, see Egs. (26, 27).

P(plesTy) = (1 n

1.3 Unresolved Resonance Region

In the unresolved resonance region (URR), the situation is different than in the re-
solved resonance energy region. The experimental resolution is larger than the width
of the resonances and individual resonance parameters can no more be extracted
from cross section fitting. The formalism used for cross section treatment in URR is
therefore based on average values of physical quantities obtained in the resolved res-
onance range. The values for statistical quantities are determined from the resolved
energy region and used as starting values for the unresolved evaluation.

T T T T T
140 - - 4
1 o) “Cs |
1204 § o Experimental Data i
@ — Porter-Thomas fit
(]
S 1004 4
©
c
o)
@ 80 4
x
-
o
T 60 i
)
o
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S 404 u
pz4
20 B i
Fig. 3 Porter-Thomas dis- D,
tribution of reduced neutron 0 - S
widths, gl"no, for s-wave reso- 0.00 0.02 0.04 0.06 0.08 0.10 0.12
nances of 133Cs in the ener ON1/2 /\ /112
£y (9rp) ™= (eV'™)

region below 3400 eV.



12 P. Oblozinsky, M. Herman and S.F. Mughabghab
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The theoretical basis for URR description is the Lane-Lynn approach [23], which
for capture gives

212 F
(00) = L0y = o X (), SiViES g, o) @3)
JI k JI <FJ>

where the averaged quantities are given in brackets ( ), V; is the penetrability factor
divided by kR; F'(0i) is the fluctuation factor, oi;; being the ratio of mean radiative
and neutron widths; summation is carried over partial waves / and spins J.

The unresolved resonance region is treated within the single-level Breit-Wigner
formalism, which requires the following parameters: the average level spacing, Dy,
the strength functions, §;, the average radiative widths, I'y;, and R'. After determina-
tion of / values for all resonances, the reduced neutron widths are analyzed in terms
of Porter-Thomas distribution [22] if the number of measured resonances is large
enough for a statistical sample.

Instead of working with the Porter-Thomas distribution, it is often much sim-
pler to analyze the resonance parameter data with the cumulative Porter-Thomas
distribution. Since resonances with small neutron widths are usually missed in mea-
surements, it is necessary to exclude resonances whose reduced widths are smaller
than a certain magnitude. By setting a cutoff value, i.e. a minimum magnitude of re-
duced neutron width, the effect of missed small resonances on the resulting average
parameters is reduced significantly. The result is

N(Y) :Nr(l —erf(y)), (24)
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where erf is the error function, N, is the corrected total number of resonances, and
N(y) is the total number of resonances with reduced neutron width larger than a
specified value y,

y=(T//2<T/>)'"?, (25)

where I/ is the reduced neutron width for orbital angular momentum / and < T}/ >
is its average value. The two parameters N, and (gI'/) are determined through the
fitting procedure.

The resulting average level spacing D; and neutron strength function S; in a de-
termined energy interval AE are then calculated by

AE
D, = ﬁ’ (26)
1)
=—"- 2
SI= 0o, @7)

The average radiative widths of neutron resonances are determined from mea-
surements in the resolved energy region by calculating the weighted as well as un-
weighted values. For nuclei with unmeasured radiative widths, the systematics of s-,
p- and d-wave radiative widths as a function of atomic mass number are used [12].

Fig. 5 shows the evaluated capture cross sections in the unresolved energy res-
onance region, compared with the available experimental data for '3Cs. The unre-
solved resonance region is extended up to the first excited level, which is 90 keV
for 133Cs. At higher energies (fast neutrons), the evaluations was done by the code
EMPIRE. We note an excellent match of cross sections in the boundary of the two
energy regions.

Cs(n.y)
o Experimental Data
— ENDF/B-VII.O -

First
excited
level

Fig. 5 Neutron capture cross
section for '33Cs in the un-
resolved resonance energy
region extended up to the
first excited level. The evalu-
ation at higher energies was
performed by EMPIRE. Eval-
uation adopted by ENDF/B-
VILO is compared with exper-
imental data.

Capture Cross Section (b)

0.1 4——rry ———r
10 10°

Incident Neutron Energy (eV)
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We note that in the code SAMMY the unresolved resonance formalism is based
on the methodology adopted by the statistical model code FITACS developed by
F. Frohner [24]. Values of the average parameters are found from fitting the calcu-
lated cross sections to experimental cross sections. The set of parameters that best
reproduces the data cannot be reported directly to ENDF/B because the ENDF-6 for-
mat uses a less rigorous single-level Breit-Wigner representation. SAMMY/FITACS
parameters must therefore be converted into average widths before insertion into
ENDEF/B library.

1.4 Fast Neutron Region

Fast neutron region is defined as incident energies above the unresolved resonance
region (materials with Z > 42) or above resolved resonances that vary between hun-
dreds keV - MeV for light nuclei and eV - keV for actinides. The upper end of the
fast neutron region is in general 20 MeV, though in about 10% cases in ENDF/B-
VILO this has been extended to 150-200 MeV. In this energy range several distinct
nuclear reaction models are used to describe interaction of fast neutrons with atomic
nuclei.

1.4.1 Optical Model and Direct Reactions

Spherical optical model is usually used to calculate transmission coefficients for all
ejectiles involved in a reaction. In the case of spherical nuclei, the same calculations
also determined reaction (absorption) cross sections. For deformed nuclei, the inci-
dent channel is treated in terms of coupled-channels rather than the spherical optical
model. In the latter case, proper coupling also provided cross sections for inelastic
scattering to collective levels and related angular distributions of scattered neutrons.
In certain cases we also included direct scattering to the collective levels embedded
in the continuum. Generally, we chose optical model potentials from a vast selection
available in the RIPL library [15], but in the course of ENDF/B-VII.0 development
the original RIPL potentials were often adjusted to improve agreement with recent
experimental data or to match cross section obtained in the unresolved resonance
evaluation, and in some cases totally new potentials were constructed.

1.4.2 Compound Nucleus Decay

The statistical model provides the basic underpinning for the whole evaluation
procedure. The decay of the compound nucleus (CN) is modeled by the Hauser-
Feshbach equations, using transmission coefficients and level densities to represent
the relative probabilities of decay in the various open channels.
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Schematically, the cross section for a reaction (a,b) that proceeds through the
compound nucleus mechanism can be written as
I
Oup =0 . 28
a,b = Zc L. (28)
The summation over compound nucleus spin J and parity ®, and integration over
excitation energy E is implicit in Eq.(28). The decay width I is given by

Z/E 2 e (ENTL(E — B, — E'E, (29)

~ 2npen(E) pen(E

where B, is the binding energy of particle ¢ in the compound nucleus, p is the
level density, and T,(€) stands for the transmission coefficient for particle ¢ having
channel energy € = E — B, — E’. Again, for simplicity, we drop explicit reference
to the spin and parity in Eq.(29) and the summation extends over all open channels
c’. For low incident energies, Eq.(28) needs to be corrected for width fluctuation
corrections. Since the evaluations extend at least up to 20 MeV, sequential multi-
particle particle emission had to be included in the Hauser-Feshbach calculations,
which in practice implies an energy convolution of multiple integrals of the type of
Eq.(29).

In order to account for the competition between y-emission and emission of par-
ticles along the deexcitation chain, our calculations always involve a full modeling
of the y-cascade that conserves angular momentum. The formalism for y-rays tran-
sitions is based on the Giant Dipole Resonance (GDR) model known as the Brink-
Axel hypothesis [25, 26]. GDR parameters are taken from the experimental compi-
lation and/or systematics contained in the RIPL library. We note, that our calcula-
tions account for GDR splitting due to nuclear deformation. In GNASH, the y-ray
transmission coefficients are obtained from the y-ray strength function formalism
of Kopecky and Uhl [27]. EMPIRE allows for a suite of y-ray strength functions.
Typically, we used Mughabghab and Dunford’s prescription known as GFL [28]
or Plujko’s modified Lorentzian referred as MLO1 [29]. In both codes the y-ray
strength functions can be, and often are, normalized to experimental information on
2nIy /Dy or adjusted to reproduce capture cross sections.

Nuclear level densities along with optical model transmission coefficients are the
two most important ingredients of the statistical model. In GNASH , the description
of the level densities in the continuum follows the Ignatyuk form of the Gilbert-
Cameron formalism, including a washing-out of shell effects with increasing ex-
citation energy. Most of the evaluations performed with EMPIRE employed level
densities that are specific to the EMPIRE code. The formalism uses the super-fluid
model below a critical excitation energy and the Fermi gas model at energies above
it. Collective enhancements due to nuclear vibration and rotation are taken into ac-
count in the nonadiabatic approximation, i.e., they are washed out when excitation
energy increases. Differently from other formulations, EMPIRE-specific level den-
sities explicitly account for the rotation-induced deformation of the nucleus and de-
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termine spin distributions by subtracting rotational energy from the energy available
for intrinsic excitations.

1.4.3 Width Fluctuation Correction

At low incident energies, the statistical approximation that entrance and exit chan-
nels are independent (Bohr independence hypothesis) is not valid anymore due to
correlations between entrance and exit channels. The Hauser-Feshbach equations
have to be modified in order to include the so-called width fluctuation correction
factors accounting for the coupling between the incident and outgoing waves in the
elastic channel.

The GNASH code does not calculate these correction factors but rather imports
them as the result from an auxiliary code (usually COMNUC [30], which uses the
Moldauer model). EMPIRE, by default, uses internal implementation of the HRTW
approach [31] that can be summarized with the following equation

-1
cHRIW —y v, (ZVC) (148 (W, —1)]. (30)

This formula is, essentially, equivalent to the Hauser-Feshbach expression (28)
but the elastic channel is enhanced by the factor W,. In Eq. (30) the quantities V,
replace optical model transmission coefficients that appear in the original Hauser-
Feshbach formula.

1.4.4 Preequilibrium Models

The probability that a system composed of an incident neutron and a target nucleus
decays before thermal equilibrium is attained becomes significant at incident ener-
gies above 10 MeV. In any preequilibrium model, the excited nuclear system (com-
posite nucleus) follows a series of ever more complicated configurations, where
more and more particle-hole (p-h) states are excited. In each stage, a possible emis-
sion of a particle competes with the creation of an intrinsic particle-hole pair that
brings the system towards the equilibrium stage. Particle emission from the early
stages is characterized by a harder spectrum and forward peaked angular distribu-
tions.

The exciton model is a semi-classical formulation of the preequilibrium emission
that is used in GNASH and EMPIRE. The core of the model is the so called master-
equation that governs time dependence of occupation probabilities, P,, for various
p-h stages

dp,

i
dt

= An.um 71—‘”Pn, (31)
LA
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where the total decay width of the stage » is given in terms of the partial transition
widths A; , and partial width I, , for the emission of particle e by

I,= ZALn'i'ZFe,n- (32)
! e

Due to the two-body nature of the nuclear force, intrinsic transitions occur only
between neighboring stages, and the transition matrix A is tri-diagonal; the off-
diagonal terms accounting for backward and forward transitions.

In GNASH, the preequilibrium phase is addressed through the semiclassical ex-
citon model in combination with the Kalbach angular-distribution systematics [32].
These systematics provide a reasonably reliable representation of the experimental
database.

EMPIRE implements a suite of preequilibrium codes including two versions of
the exciton model (PCROSS and DEGAS [33]), and the Monte-Carlo approach
DDHMS [34, 35, 36] in addition to the quantum-mechanical Multistep Direct and
Multistep Compound models.

A new Monte Carlo preequilibrium model allows unlimited emission of pree-
quilibrium neutrons and protons, and is therefore well suited for the study of high-
energy reactions up to a few hundreds of MeV. The model of choice in EMPIRE
is the statistical Multi-step Direct (MSD) theory of preequilibrium scattering to the
continuum originally proposed by Tamura, Udagawa and Lenske (TUL) [37]. The
evolution of the projectile-target system from small to large energy losses in the
open channel space is described in the MSD theory with a combination of direct
reaction (DR), microscopic nuclear structure and statistical methods.

The modeling of Multi-step Compound (MSC) processes in EMPIRE follows the
approach of Nishioka et al. (NVWY) [38]. The formal structure of the NVWY for-
mula resembles the matrix representation of the master-equation typical for classical
preequilibrium models. However, the NVWY formalism is strictly derived from ba-
sic principles. Microscopic quantities that constitute ingredients of the NVWY for-
mula were linked to the macroscopic, experimentally known, quantities in Ref. [39]
which was an essential step allowing for practical application of the theory.

1.4.5 Light Nuclei

In the case of light nuclei (from hydrogen to oxygen, A =1 - 18, which mostly serve
as coolants and moderators), the statistical approach cannot be applied and the above
methodology should be replaced by the R-matrix approach. In the United States
this approach is pursued by Los Alamos and virtually all light nuclei evaluations
in ENDF/B-VIL.0 were performed by the Energy Dependent Analysis (EDA) code
developed over years by G. Hale [9, 40], which is based on R-matrix formalism in
its most general form.

R-matrix theory is a general framework for describing nuclear reactions that is
particularly well-suited for including resonances. It is mathematically rigorous phe-
nomenological description of what is actually seen in an experiment. This is not a
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model of neutron-nucleus interaction, rather it parametrizes measurements in terms
of observable quantities. This theory properly describes multichannel nuclear reac-
tions and builds in all the fundamental conservation laws, symmetries and analytic
properties of nuclear interactions. The experimental cross section data from all rel-
evant reactions, including neutron and charged particles, are taken into account and
fitted simultaneously. This allows obtaining a single set of multichannel, multilevel
R-matrix parameters that describe all the desired neutron-induced cross sections for
light nucleus under consideration.

1.5 Fission

Nuclear fission remains the most complex topic in applied nuclear physics. Since its
discovery, it has remained an active field of research, and from the evaluation point
of view it poses one of the most difficult problems.

1.5.1 Fission Modeling

The status of fission modeling and related parametrization relevant to evaluation is
summarized in the extensive paper dedicated to the Reference Input Parameter Li-
brary by Capote et al. [15]. The main concepts of nuclear fission theory are based
essentially on the liquid-drop model [41, 42]. According to this model, when a nu-
cleus is being deformed, the competition between the surface tension of a nuclear
liquid drop and the Coulomb repulsion related to the nuclear charge leads to the
formation of an energy barrier which prevents spontaneous decay of the nucleus
by fission. The penetrability of this barrier depends on its hight and width and is
a dominant factor in determining fission cross section. Decrease in height and/or
width results in an exponential increase in barrier penetrability, which leads to the
increased fission.

For most of the practical calculations one-dimensional fission barrier is consid-
ered. The present knowledge indicates that the pre-actinides have single-hump barri-
ers, while the actinides have double- or triple-humped barriers. Usually, the barriers
are parametrized as function of the deformation () by inverted parabolas,

Bi(B) = Bji— sui0}(B B, i=1.N (3

where N is the number of humps, the energies By; represent maxima of the defor-
mation potential, 3; are the deformations corresponding to these maxima (saddle
points), the harmonic oscillator frequencies ®; define the curvature of the parabolas
and U is the inertial mass parameter approximated usually by a semi-empirical ex-
pression. Fig. 6 illustrates the relationship among the above mentioned quantities in
a typical case of a double-humped fission barrier (N=2). The quasi-stationary states
in the second well (the class II states) are also depicted in the plot.
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Above each barrier hump there is a spectrum of excited levels commonly referred
to as transition states. Close to the top of the hump these levels are well separated
and can be treated individually while at higher excitation energies (above E;) the
concept of level densities must be invoked, as indicated in Fig. 6 with the shaded re-
gions. The discrete transition states for all barriers i (i = 1,2 for a double-hump bar-
rier) are obtained by building rotational levels on top of vibrational or non-collective
levels that serve as a base (bandheads). They are characterized by a set of quantum
numbers (angular momentum J, parity T and angular momentum projection on the
nuclear symmetry axis K) with the excitation energies

i VU+1)—-K(K+1)], (34

Ei(K]TE) = Bfi"‘gi(K]TE) = Bf,'-i-ﬁi(KTE) + ths
14
where ¢;(KT) are the bandhead energies and /2 /23; are the inertial parameters. A
parabolic barrier with height E;(KJt) and curvature 7i@; is associated with each
transition state.
The transmission coefficients through each hump are expressed in first-order ap-
proximation in terms of the momentum integrals for the humps

k) =+| [\ ulv BB ap|, =12, (35)

where a; and b; are the points indicated in Fig. 6 and U is the excitation energy in

the fissioning nucleus. The + sign is taken when the excitation energy U is lower

than the hump under consideration and the — sign when it is higher. In the case of a

single parabolic barrier, Eq. (35) yields the well-known Hill-Wheeler transmission

coefficient [43]

() = 1 : (36)
1+exp [—(2n /he;) (U — Byi)|
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The total fission transmission coefficient for a given excitation energy U, spin J and
parity 7 is determined by summing the penetrabilities through barriers associated
with all allowed transition levels, i.e.,

“ (eJT)de
T(um) = Y T(UKz) + p;(t ) .
K<J E; 1 +exp [_Twi(U_Bfi—S)}

(37)

The sum runs over all the discrete transition levels having the same spin J and parity
T as those of the decaying compound nucleus, and the integration runs over the
continuum of the transition levels described by the level densities p;(eJx). Usually
the wells are considered deep enough so that the transmission coefficient can be
averaged over the intermediate structures. For a double-humped barrier the fission
coefficient becomes

T(UJn)T(UJm)

TpuIm) = T,(UJ) + T,(UJm) + Ty, (UJT)’ (38)

where 77 and 7 are the penetrabilities of the inner and the outer humps, respectively,
calculated according to Eq. (37), and 7y, is the probability for gamma decay in the
second well.

Finally, the relation used in the statistical model for the fission cross section is

ar(E) =Y 64(EJR)Pf(EJT), (39)
Jn

where 6,(EJT) is the population of the fissioning nucleus in the state EJt and
P¢(EJm) represents the fission probability computed for a specific representation of
fission barrier. The fission probability is usually defined as the ratio of the fission
coefficient T¢ to the sum of all the transmission coefficients including the competing
channels ) ; Ty,

Py(EJT) = Ty (E/m) . (40)

: Ti(EJn)+ Y, Ty(EJm)

Similar definitions apply for other decay probabilities.

In GNASH fission probabilities are calculated from the quantum-mechanical
transmission coefficient through a simple double-humped fission barrier, using un-
coupled oscillators for the representation of the barriers. The barrier penetrabilities
are computed using the Hill-Wheeler formula for inverted parabolas. An additional
parameter is used to account for level density enhancement due to asymmetry at
saddle points [5].

Version 2.19 (Lodi) of the EMPIRE code introduced an advanced fission formal-
ism that is applicable to multi-chance fission induced by light particles and photons.
It uses an optical model for fission, i.e., allows for an absorption through the imagi-
nary potential in the second well, to calculate transmission through coupled single-,
double- and triple-humped fission barriers. Such calculations can start from sub-
barrier excitation energies. In the case of a double-humped barrier, the expression is
generalized to account for multi-modal fission. For light actinides, a triple-humped
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Fig. 7 Neutron-induced fission cross section on 23>Th compared with experimental data from EX-
FOR. Insert shows fine details of the resonance-like structure of these fission cross sections.

fission barrier with a shallow tertiary well, which accommodates undamped vibra-
tional states, is employed. This fission model can provide good description of exper-
imental data, including gross vibrational resonant structure at sub-barrier energies.

As an example of the complexity of the fission channel modeling in EMPIRE we
show 232Th fission cross sections in Fig. 7. Fine details can be seen in the insert,
revealing complex resonance-like structure of fission in the threshold energy region.
These fine details are fully described by the model, with the caviat that the fission
model parametrization was obtained from careful fits to data.

1.5.2 Prompt Fission Neutron Spectra

One of the most intriguing aspects of evaluation of actinides are prompt neutron
fission spectra. The Los Alamos (Madland-Nix) model of the prompt fission neutron
spectrum and average prompt neutron multiplicity is based upon classical nuclear
evaporation theory and utilizes an isospin-dependent optical potential for the inverse
process of compound nucleus formation in neutron-rich fission fragments [44]. This
model, in its exact energy-dependent formulation, has been used to calculate the
prompt fission neutron spectrum matrix for the n + 23U, n + 238U, and n + ?*°Pu
systems, and these appear in ENDF/B-VIIL.O with the tabulated distribution (LF=1)
law.

Fig. 8 shows the average prompt fission neutron emission energy as a function of
incident energy for 23>233U and 23°Pu, for both the new ENDF/B-VILO0 evaluations
and the old ENDF/B-VI evaluations.
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Fig. 8 First moments (av-
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tron spectra from ENDF/B-
VIL.O calculated with the
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ENDF/B-VI.

Average Secondary Neutron Energy (MeV)

0 5 10 15 20
Incident Neutron Energy (MeV)

1.5.3 Pecularities of Fission Cross Section Evaluation

It is notoriously difficult to describe and parametrize the fission process. In particu-
lar, fission is extremely sensitive to fission barriers that are very difficult to predict
and their actual values depend on other parameters such as nuclear level densities.

In view of this, in most cases fission cross sections are directly adopted from
experiments. Then, the modeling is performed and used to evaluate all other re-
action channels. This is the approach applied for years by Los Alamos, using the
code GNASH. Most recently it has been used in the unprecedented evaluation of a
complete set of ten uranium isotopes 232~ 2*'U as well as 2*’Pu by Phil Young et
al. [45], from keV energies to 30 MeV. These evaluations can be seen as the core of
the ENDF/B-VIL.0 library, with more details provided in the subsequent part of the
present Chapter.

Recent advances in fission modeling, gradually implemented into the codes such
as EMPIRE, allow cautious bypassing traditional mantra of using purely experimen-
tal data for fission cross section evaluations. An example would be 232 Th evaluation
adopted by ENDF/B-VII.O. In that evaluation the fission channel was based on mod-
eling with parametrization derived from fits to data, see Fig. 7.

2 Neutron Data for Actinides

In general, actinides are the most important materials (isotopes) in most of the nu-
clear technology applications. The "big three’ actinides, 2>°U, 238U and #3°Pu, usu-
ally play the dominant role. These three plus >3>Th constitute major actinides, the
remaining about 15 actinides including other isotopes of U and Pu as well as Np,
Am and Cm fall into the category of minor actinides.

It should be emphasized that major actinides are evaluated extremely carefully
and attention paid to details is exceptionally high. The nuclear data community spent
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considerable amount of time on these evaluations [45]. What is shown below is a
glimpse on progress made between 2001 release of the US library ENDF/B-VIL.8
and 2006 release of the ENDF/B-VILO0 library [1].

2.1 333U Evaluation

The ENDF/B-VII.O evaluation in the unresolved resonance region was performed
by ORNL. This was complemented with the evaluation in the fast neutron region
performed by LANL. The remaining data were taken over from ENDF/B-VL.S8.

233U, Unresolved Resonance Region:

The SAMMY code has been used to perform the unresolved resonance evaluation
of the 23°U cross sections from 2.25 keV up to 25 keV [46]. SAMMY generates
average resonance parameters based on a statistical model analysis of the experi-
mental average cross sections. The primary use of the average resonance parame-
ters is to reproduce the fluctuations in the cross sections for the purposes of energy
self-shielding calculations.

A good representation of the average cross section was achieved with the new
evaluation as shown for the 233U radiative capture in Fig. 9.

The thermal V value for 233U , which was taken over from ENDF/B-VI1.8, is V =
2.4367. This value is slightly higher than that from the neutron standards, 2.4355,
but within experimental uncertainties in order to optimize agreement with the criti-
cal assembly benchmarks.
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235 U, Fast Neutron Region :

The new 23>U evaluation builds upon the previous ENDF/B-VLS file, with a number
of improvements from Los Alamos. They include improved fission cross sections
from the new standards, prompt vV based on a covariance analysis of experimental
data, (n,2n), (n,3n) cross sections based on new data, new prompt fission spectra
taken from Madland, new delayed neutron time-dependent data, and improved in-
elastic scattering at 14 MeV and below.

The previous 2>>U ENDF/B-VIL.8 evaluation has performed reasonably well in
integral validation tests based on simulations of critical assemblies. The principle
deficiency the ENDF/B-VIIL.O developers wanted to remove was an underpredic-
tion of reactivity. For instance, the calculated k¢ for Godiva, a fast critical assem-
bly based upon highly enriched uranium (HEU) in a spherical configuration, was
0.9966, compared to experiment of 1.0000.
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The 23U fission cross section is shown in Fig. 10, with comparison to the previ-
ous ENDF/B-VI.8 evaluation, and to the latest JEFF and JENDL evaluations. This
new result comes from the recent international standards project, and the evaluation
follows the statistical analysis of the measured data. This evaluation is 0.5-1.5%
higher than the previous ENDF/B-VI Standard in the 1-5 MeV region, and signif-
icantly higher above 15 MeV. The impact of the higher fission cross section in the
fast region (few MeV) is particularly important, having the effect of increasing the
criticality of fast systems.

The Nuclear Energy Agency (NEA Paris) project studied the fission prompt neu-
tron spectrum for 233U, The final report [47] noted that significant uncertainties
still exist in the prompt spectrum at thermal energies. Because of this uncertainty,
adopted were Madland’s new data for all energies except thermal, where the previ-
ous ENDF/B-VI evaluation was preserved.
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Fig. 11 Prompt fission spectrum for 2.9 MeV neutrons incident on >3 U shown as a ratio to the
G, = constant approximation to the Los Alamos model. The data are from Boykov et al. [48].

In Fig. 11 we show the prompt fission neutron emission spectrum, compared with
measurements by Boykov et al. [48] for 2.9 MeV neutrons on 23U and plotted as a
ratio to the 6, = constant approximation to the Los Alamos model [44]. It is evident
that the present ENDF/B-VIIL.0 agrees better with the Boykov et al. data.
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The new 233U(n,2n) cross section comes from a GNASH code theory prediction,
baselined against the measured data. A comparison with experimental data, and with
ENDF/B-VL.8, JEFF-3.0 and JENDL-3.3 is given in Fig. 12.

The previous 23U evaluation was known to poorly model Livermore pulsed
sphere data that measure the downscattering of 14 MeV neutrons, in the region cor-
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responding to inelastic scattering (the 2-4 MeV excitation energy region in 23>U).
The angle-integrated spectrum for 14 MeV is shown in Fig. 13, and the oscilla-
tory structure between 9 and 13 MeV emission energy is due to the new inelastic
scattering to collective states. This is the first time that preequilibrium and DWBA
mechanisms for inelastic scattering have been included high into the continuum

for evaluated actinide databases. In ENDF/B-VILO this approach was followed for
233,235,236,238() 239py; 232Th. and 231:233pa.
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2.2 233U Evaluation

In natural uranium 238U is the dominant isotope, with 99.27% abundance and half-
live of 4.468x107 years. Although it is fast fissioner, not suitable for thermal sys-
tems, its high abundance stipulates that it must be evaluated very carefully.

2387, Resolved and Unresolved Resonance Region:

Numerous criticality studies, involving low-enriched thermal benchmarks demon-
strated a systematic k. under-prediction of about -0.5% (-500 pcm) or more with
ENDEF/B-VI.8. International activity was formed to solve this problem. First, the
2381 capture cross sections were investigated using specific integral experiments
sensitive to the capture resonance integrals:

e Correlation between k. and 23U capture fraction,
e Measurements of 233U spectral indices and effective capture resonance integral,
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e Post-irradiation experiments which measure the 2°Pu isotopic ratio as a function
of burn-up.

These tests [49] supported a slight reduction of the effective resonance integral
between 0.5% and 1%. A new analysis of the 233U cross section in the resolved-
resonance range was performed at ORNL in collaboration with the CEA [50]. The
SAMMY [10] analysis of the lowest s-wave resonances below 102 eV led to reso-
nance parameters slightly different from those of ENDF/B-VI.8 as shown in Table 1.

The 23#U(n,y) thermal cross section, recently recommended by A. Trkov et
al. [51], 69 = 2.683 £0.012 b, was adopted. The scattering cross-section at ther-
mal energy was also revisited and the effective scattering radius R as well as the
parameters of the external levels have been carefully assessed.

Table 1 Resonance parameters of the 233U s-wave resonances in ENDF/B-VIIL.0 and ENDF/B-
VLS. Although the differences look small, they have positive impact on performance.

ENDF/B-VIIL.O|ENDF/B-VI.8
R’=948fm [ R’ =942 fm
Energy| I I, Iy I,
eV |meV | meV [meV| meV
6.673 | 23.00| 1.476 [23.00| 1.493
20.87 | 22.86| 10.09 [22.91| 10.26
36.68 | 23.00| 33.55 [22.89| 34.13
66.03 | 23.31| 24.18 |23.36| 24.60
80.75 | 23.39| 1.874 (23.00| 1.865
102.56| 24.08| 70.77 {23.40| 71.70

Fig. 14 shows an example of the SAMMY fit of capture measurements in the keV
energy range. As suggested by integral experiments, this new evaluation proposes a
slight decrease of the effective capture resonance integral by about 0.6%, compared
to ENDF/B-VL8. One expected consequence of this new evaluation is an increase
of the calculated multiplication factor for low-enriched lattices from about 0.1 to
0.15% (100 to 150 pcm), depending on the moderation ratio. The combination of the
new LANL 23U inelastic data in the fast neutron region with the ORNL resonance
parameter set gave a satisfactory correction of the reactivity under-prediction.

238U, Fast Neutron Region :

The new ENDF/B-VIIL.O evaluation is based upon evaluations of experimental data
and use of GNASH and ECIS nuclear model calculations to predict cross sections
and spectra. Prior to the present work, there were some longstanding deficiencies,
as evident in critical assembly integral data testing. First, there was the reflector
bias - the phenomenon whereby fast critical assemblies showed a reactivity swing
in the calculated k. in going from a bare critical assembly (e.g., Godiva (HEU) or
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Fig. 14 Experimental capture
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Jezebel (2°Pu)) to 238 U-reflected critical assembly (e.g., Flattop-25, or Flattop-Pu),
whereas measurements showed k. = 1 for both assemblies.

Secondly, thermal critical assemblies involving 23U have showed a calculated
underreactivity for ENDF/B-VI.8. Thirdly, some intermediate energy critical assem-
blies involving large quantities of 233U, such as Big-10, were modeled very poorly
using ENDF/B-VI.8 data. The nuclear data improvements made for ENDF/B-VIIL.0
largely removed these deficiencies. Similar methods in the fast neutron region ap-
plied at the CEA/Bruyeres-le-Chatel lead to similar improvements in the JEFF-3.1
library [52].
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The fission cross section was taken from the new recommendations of the [AEA
Standards group, based on a Bayesian analysis of measured data. As can be seen
in Fig. 15 the fission cross section differs from the previous ENDF/B-VI.8 cross
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section in some important ways, being ~1.5% larger in the 2-4 MeV region, and
1-5% larger in the 14-20 MeV region. Above 14 MeV the principle reason for the
change is newer and more precise measurements from various laboratories, which
were not available for ENDF/B-VI.

The prompt fission spectrum in ENDF/B-VILO for 2**U came from a new anal-
ysis by Madland using the Los Alamos model. The average energies are compared
with Los Alamos model predictions in Fig. 16, and the agreement with experimental
data is seen to be good.

2.5

T T T T T T T T
24 n+7%°U Prompt Fission Neutron Spectrum Matrix |

231 _
2.2 %
2.1
2.0
1.9
1.8

17 Los Alamos model
’ o Previous Exp.
1.6 | o FIGARO Exp.

Average Energy <E> (MeV)

15 ! ! ! ! ! ! ! !
6 8 10 12 14 16 18

4
Incident Neutron Energy (MeV)

Fig. 16 First moment (average energies) of the n+23U prompt fission neutron spectrum matrix
calculated with the Los Alamos model shown together with those extracted from earlier experi-
ments and the more recent CEA/Los Alamos FIGARO measurements [53].

Nuclear reaction modeling with the GNASH and ECIS codes played an important
role for improving the treatment of inelastic scattering to discrete levels and to the
continuum. This work impacts both the scattering in the fast region, as well as at
14 MeV and below. In the former case - inelastic scattering in the fast (few MeV)
region - our improved data for inelastic scattering result in significant improvements
in the critical assembly validation tests, not just for fast critical assemblies, but also
for more moderated and thermal assemblies (the LEU-COMP-THERM series).

An example of the secondary neutron emission spectrum at 6.1 MeV incident
energy on 233U is shown in Fig. 17, for an emission angle of 45 degrees. It is ev-
ident that the new ENDF/B-VIIL.0 evaluation provides a much more accurate rep-
resentation of the secondary spectrum, and its angular distribution, than the earlier
ENDEF/B-VI.8 evaluation.

Our evaluated neutron capture cross section is shown in Fig. 18, and is compared
with the result from the Standards project (which represents a Bayesian analysis of
a large amount of experimental data). It should be noted that in the 10’s—100’s keV
region, the evaluated cross section lies below the bulk of the measurements that one
might find in the CSISRS (EXFOR) experimental database. This is intentional, and
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represents the conclusions of evaluators who have studied the various measurements
and concluded that the lower measurements are most accurate. See for instance, the
NEA WPEC Subgroup-4 report [54].
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The neutron capture cross section of 23U can be tested in an integral way, by
comparing production of 23°U in a critical assembly for various neutron spectra in
different critical assemblies, ranging from soft spectra to hard spectra. The results
show that the evaluation reproduces integral capture rates reasonably well.

Like radiative capture, cross sections such as (n,2n) and (n,3n) are also impor-
tant for production-depletion studies of uranium isotope inventories and transmu-
tation. Our new evaluation of the (n,2n) cross section is shown in Fig. 19 and is
compared with ENDF/B-VI.8 and with measured data.
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2.3 239Py Evaluation

239py, Resonance Region:

The evaluation by Derrien and Nakagawa of the resonance region was taken over
from the ENDF/B-VI.8 library without any change.

239py, Fast Neutron Region :

The upgrades made to the 2*°Pu evaluation included improved description of 2*°Pu
(n,2n), adoption of fission cross section from Standards, new analysis of the prompt
fission spectrum, new delayed neutron time-dependent data, V modifications, and
improved inelastic scattering at 14 MeV and below.

The earlier 22°Pu ENDF/B-VI.8 evaluation exhibited an under-reactivity, with the
simulated Jezebel kg being ~ 0.997. The new evaluation is more reactive, mainly
because of the higher fission cross section in the fast region, with ke /= 1.000.

The new fission cross section is shown in Fig. 20 and is compared with the older
ENDF/B-VL.8 evaluation. Because the earlier 2*>U ENDF/B-VL8 standard fission
cross section was too low in the fast neutron energy region, and has now been in-
creased in ENDF/B-VILO0, this leads to an increased 2*°Pu fission cross section in
this energy region too, since the plutonium fission cross section is strongly depen-
dent on 2*Pu/?*U fission ratio measurements.

The prompt fission neutron spectrum, as a function of incident neutron energy,
was reevaluated using the Madland-Nix approach. An example of the prompt fission
spectrum is shown in Fig. 21, for 1.5 MeV neutrons incident on 2*°Pu, compared
with the Staples ef al. data [55].

The new (n,2n) cross section was based upon a Livermore — Los Alamos collab-
oration, involving GEANIE gamma-ray measurements of the prompt gamma-rays
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Fig. 21 Prompt fission neutron spectrum for 1.5 MeV neutrons incident on 2*°Pu. The data of
Staples et al. [55] are shown together with the least-squares adjustment to the Los Alamos model.

in 238Pu, together with GNASH code theory predictions of unmeasured contribu-
tions to the cross section. Prior to this work, precision activation measurements had
been made near 14 MeV by Lougheed et al. [56]. Other measurements based on
measuring the two secondary neutrons were thought to be problematic and were
therefore discounted in the evaluation.

As was the case for 239U, the previous 239py evaluation did not include enough
inelastic scattering into the continuum for 14 MeV neutron energy and below, lead-
ing to poor performance in simulations of Livermore pulsed spheres in the 2-4 MeV
excitation energy region. We inferred collective excitation strength from direct re-
action analyses of 238U data by Baba et al., and assumed similar strengths for 23°Pu.
Fig. 23 shows the new angle-integrated neutron spectrum data compared to the
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ENDEF/B-VI.8 evaluation (no measurements exist). This procedure led to a much
improved MCNP modeling of the pulsed-sphere data.
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2.4 232Th Evaluation

Recent developments in innovative fuel cycle concepts and accelerator-driven sys-
tems for the transmutation of nuclear waste have created a new interest in nuclear
data for light actinides, with fission being crucially important for the design of
new reactor systems. Additionally, there is strong scientific interest in the “thorium
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anomaly” [57], which implies that in the thorium region the second-order shell ef-
fects split the outer fission barrier giving the so-called triple-humped structure.

The evaluation of 23>Th was completed in 2006 [58, 59]. The resonance param-
eters were obtained by Leal and Derrien [60] from a sequential Bayes analysis with
the SAMMY code of the experimental database including Olsen neutron transmis-
sion at ORELA [61], not yet published capture data by Schillebeeckx (GELINA),
and Gunsing (n-TOF) in the energy range 1 eV to 4 keV. Unresolved resonance
parameters (4-100 keV) were derived by Sirakov et al. [62].

Evaluation in the fast energy region [63] was fully based on nuclear model cal-
culations using the EMPIRE-2.19 code [7, 64, 65]. A crucial point was the selection
of the proper coupled-channel optical model potential. The direct interaction cross
sections and transmission coefficients for the incident channel on 23*Th were ob-
tained from the dispersive coupled-channel potential of Soukhovitskii et al. (RIPL
608) [66]. Hauser-Feshbach [67] and HRTW [31] versions of the statistical model
were used for the compound nucleus cross section calculations. Both approaches
include fission decay probabilities deduced in the optical model for fission [68] and
account for the multiple-particle emission and the full y-ray cascade.

A new model to describe fission on light actinides, which takes into account
transmission through a triple humped fission barrier with absorption, was devel-
oped [68] and applied for the first time to fission cross section evaluations. This
formalism is capable of interpreting complex structure in the light actinide fission
cross section in a wide energy range. The agreement with experimental fission cross
sections is impressive as can be seen in Fig. 7 discussed earlier. The complex reso-
nance structure in the first-chance neutron induced fission cross section of 23> Th has
been very well reproduced. Prompt fission neutron spectra and V values were calcu-
lated using a new PFNS module of the EMPIRE code. The calculated v values were
normalized to BROND-3 values [69], which are based on an extensive experimental
database and contain covariance information.

The EMPIRE calculations were merged with the resonance data, including res-
onance covariance file and the delayed neutron data from the BROND-3 file [69].
Since the evaluation extends up to 60 MeV exclusive spectra are only given for the
first 3 emissions, such as (n,3n) and (n,2np), while all the remaining channels are
lumped into MT=5. Validation of the thorium file was carried out by Trkov and
Capote [70], showing improvement over previous evaluations.

2.5 Minor Actinides

Minor actinides are defined broadly as fissionable nuclei beyond the four major
actinides. They include minor isotopes of U and Pu as well as isotopes of Np, Am
and Cm and ultimately also all heavier actinides. For example, advanced reactor

systems are interested in 15 minor actinides, 233,234,236y, 238,240,241.242pyy 237Np,
241,242m,243 p 1) and 242:243,244.245 0
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2.5.1 233U Evaluation

The latest evaluation for 23U [45] was specifically performed for ENDF/B-VIL0
library. The fission cross section is taken from a covariance statistical analysis of all
experimental data, including 233U/?*°U fission ratio measurements converted using
the ENDF/B-VILO standard 233U cross section, as shown in Fig. 24. The some-
what higher 233U fission cross section in the fission spectrum region produces better
agreement with fast critical benchmark experiments.
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2.5.2 232,234,236,237,239,240,241(] Evaluations

These evaluations were done by the well established Los Lamos group lead by Phil
Young [45]. Depending upon the isotope, varying amounts of measured data are
available. In some cases, the experimental database is extremely sparse. For ex-
ample, for 237y, there are no direct measurements of the fission cross section at
monoenergetic incident neutron energies, and there are no capture measurements.
However, for 227U and 2°U, indirect information does exist on the fission cross sec-
tion in the few-MeV region, using surrogate (t,p) direct reaction experiments from
Los Alamos, which have recently been re-analyzed by Younes and Britt at Liver-
more [71] and from a more recent LLNL experiment by Bernstein et al. [72]. These
data allow an assessment of the equivalent neutron-induced fission cross section,
and Younes and Britt have shown that such surrogate approaches can be accurate to
better than 15 %.

In the case of 227U, a measurement has been made of the fission cross section
in a fast fission spectrum within a Flattop (fast) critical assembly, at two locations -
the centre region and the tamper region (where the spectrum is softer). This kind of
measurement also provides indirect information on the fission cross section.
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2.6 Thermal Constants

It is useful to summarize the thermal constants in the ENDF/B-VII.O neutron subli-
brary for important materials and compare them with the values given in the neutron
cross section standards sublibrary. This is done in Table 2. One can see that there are
differences between the two sublibraries, though these are generally very small and
within ~ 0.5 standard deviation. The only item shown in this table that is considered
a standard is the thermal 2°U(n,f) cross section.

Table 2 Thermal (0.0253 eV) constants obtained from the standards evaluation, gfv and gaf’s are
the Westcott factors . The neutron sublibrary values are given in brackets. The nubar obtained from
the standards evaluation process for 22Cf is Vi = 3.7692 + 0.125%, comprised of V,=3.7606 and
V4=0.0086. In ENDF/B-VL.8, Viox was 3.7676, comprised of V,=3.759 and v;,=0.0086.

Quantity 233U 235U 239Pu 241Pu

Gup(b) |531.224 0.25%|584.334 0.17%|750.004 0.24%(1013.96+ 0.65%
(531.22) (585.09) (747.40) (1011.85)

Guy(b) |45.564 1.50% (99.404 0.72% (271.504 0.79%|361.79+ 1.37%
(45.24) (98.69) (270.33) (363.05)

Cun(b)  |12.11%5.48% [14.087+ 1.56%|7.800+12.30% |12.13+ 21.50%
(12.15) (15.08) (7.975) (11.24)

g 0.9956+0.14% [0.9773+ 0.08%|1.05544+0.20% |1.0454+ 0.53%
(0.9966) (0.9764) (1.0542) (1.046)

g 0.9996+0.11% |0.9788+ 0.08%|1.0780£0.22% |1.0440+ 0.19%
(0.9994) (0.9785) (1.0782) (1.042)

Viot 2.497 £0.14% |2.4355+ 0.09%|2.8836£0.16% |2.9479+ 0.18%
(2.497) (2.4367) (2.8789) (2.9453)

2.7 Nubars

The average number of neutrons per fission, also known as fission neutron multi-
plicity, represent quantities of exceptional importance. These quantities are evalu-
ated with utmost care and high precision of data has been achieved. The total nubar
(denoted as V or Vi) is obtained as a sum of prompt and delayed nubars,

Vior =Vp+Vy. 41)

For 233U the energy dependence of the prompt V), is shown in Fig. 25. This
new ENDF/B-VIIL.0 evaluation follows covariance analysis of the experimental data,
generally within uncertainties, and includes renormalization of the measured values
to the latest standard value for 252Cf.

For the 233U the energy dependence of prompt fission neutron multiplicity, the
ENDEF/B-VILO data are identical to ENDF/B-VI, except the energy range was ex-
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Fig. 25 Evaluated 23U
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by a covariance analysis of
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and JENDL (Japan) are also
shown.
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tended from 20 to 30 MeV. The ENDF/B-VI data are based on an evaluation by
Frehaut [73]. For the results and comparison see Fig. 26.
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The 2*Pu evaluated prompt fission nubar is shown in Fig. 27, compared with
statistical covariance analysis of all measured data (again re-normalized to the latest
californium standard). In the fast region, our evaluation follows the upper uncer-
tainty bars of the statistical analysis of the experimental data, allowing us to opti-
mize the integral performance in criticality benchmarks for the fast Jezebel 2*°Pu

spherical assembly.
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Fig. 27 Evaluated >**Pu
prompt fission neutron mul- - 239
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2.8 Delayed Neutrons

Delayed neutrons originate from the radioactive decay of nuclei produced in fission
and hence they are different for each fissioning system.

2.8.1 Fission-Product Delayed Neutrons

Delayed neutrons, also referred to as temporal fission-product delayed neutrons, are
stored in ENDF-6 formatted files as MF=1, MT=455. Related experiments typically
report data as a series of exponential terms. An experiment includes measurements
characteristically made for a set of irradiation, cooling, and counting periods. Inte-
grally detected delayed neutrons, adjusted for efficiencies and assigned uncertain-
ties, are fit for maximum likelihood with an exponential series.

The most common function used has been a series of six exponential terms em-
ulating the sum of contributions of six uncoupled delayed-neutron precursors or
precursor groups of differing time constants — hence the use of “six-group fits” in
common parlance. This series is generally given in terms of V; — the total number
of delayed neutrons per fission — times the normalized sum of six exponential terms
giving the temporal production at time t following a fission event.

The delayed neutron yields in ENDF/B-VIIL.O were carried over from ENDF/B-
VL8, with the exception of the modifications to 235U thermal V, as described in the
next subsection. Therefore, these yields are based on experimental data. The 6-group
parameters describing the time dependence of the delayed neutrons are discussed in
more detailed below. But we note that an explicit incident energy dependence is not
given in the ENDF file as was also the case in the previous ENDF/B-VI.8 evaluation.
The 6-group values in the ENDF file correspond to fast neutron incident energies.

CINDER’90 calculations of a single fission pulse were replaced with a series of
calculations for a variety of irradiation periods followed by decay times to 800 s,
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defining delayed neutron production in terms of irradiation and cooling times im-
proving fits at very short and very long cooling times [76]. Subsequent improve-
ments in P,, and half-life data were obtained using evaluated measured data of Pfeif-
fer [77] and NUBASE2003 [78]. Use of the earlier systematics of Kratz and Her-
rmann was then replaced by results obtained with our own model.

A new CINDER’90 data library, including all delayed neutron data developed,
now includes 534 delayed neutron precursors, with 477 precursors in the fission-
product range 65 < A < 173. Use of the FPY data [79] results in the production of
281 to 440 of these precursors yielded in the 60 fission systems. These data have
been used to produce new temporal delayed neutron fits for all 60 fission systems.
Fits for some systems are included in this release of ENDF/B-VIL.0; spectra, where
present, are taken from the ENDF/B-VL.S8 files using the new group abundances.

For illustration, in Fig. 28 we show delayed neutron fraction emitted as function
of the time following a 33U thermal fission pulse. As shown in the inset, differences
between ENDF/B-VIIL.O and the other evaluations are smaller than 20% for times
larger than 1 second.

2.8.2 23U Thermal v,

When G. R. Keepin [75] measured delayed nubar (V) for 23U, he found a dif-
ference between thermal and fast values: 0.0158+0.0005 and 0.016540.0005, re-
spectively. Since second-chance fission was above the energy of his measurements,
he assumed it was an experimental error, and recommended the cleaner fast data
for kinetics applications, including thermal. This posed a problem for thermal reac-
tor designers: use the more accurate fast value, or the more relevant thermal data.
Mostly, they opted for the latter.

Experiments continued to send mixed signals. References [80] and [81] sup-
ported a difference between fast and thermal values, and thermal reactor kinetics
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calculations failed to show a problem with the lower value. Fast measurements, and
summation calculations tended to raise the 0.0167 value even higher.
Two recent developments provided a plausible resolution of this problem:

1. Fission theory allowed an energy-variation of delayed nubar in the resonance
region [82, 83]. The change in 233U delayed nubar is a series of small dips, one
at each resonance, but for engineering purposes, only the average value over the
thermal region is important. As the energy increases, the fluctuations decrease
and the value approaches the higher fast value.

2. Analysis of beta-effective measurements supported the view that thermal delayed
nubar is about 5% lower than the fast value [84, 85, 86].

The ENDF/B-VIL0O 235U delayed nubar file is not a re-evaluation of the data,
but a minimum adjustment to ENDF/B-VI which reflects current usage and recog-
nizes the thermal-fast difference. An appropriate time to re-visit this issue will be
when the ANS-19.9 Standard is finalized. The delayed value at thermal energy (V4
=0.01585) was taken from JENDL-3.3. It then ramps linearly to 0.0167 at 50 ke V.
JENDL ramps to 0.0162, but 0.0167 minimizes the change to ENDF/B-VI. Above
50 keV, the ENDF/B-VI data are unchanged. To avoid disturbing thermal critical-
ity benchmark results, which depend on total nubar, the thermal prompt value was
changed to keep total nubar the same, Vio; = 2.42000 to 2.42085.

2.9 Fission Energy Release

The ENDF/B-VII.O library includes new information for the energy released in fis-
sion for the major actinides, 2>323U and 2*Pu. A recent study by Madland [87]
found a new representation for the prompt fission product energy Erg(einc), prompt
neutron energy Enp(einc), and prompt photon energy Egp(einc) functions. Their
sum, the average total prompt fission energy deposition, is given by

< E4(€inc) >= Err(einc) + Enp(€inc) + EGp(€inc)- (42)

This expression is based upon published experimental measurements and applica-
tion of the Los Alamos model [44] and it shows that, to first order, these quantities
can be represented by linear or quadratic polynomials in the incident neutron energy

€inc,

Ei(einc) =0+ Cl€inc + C2€i2nca (43)

where E; is one of Epg, Exp or Egp.

The recommended coefficients for 23>238U and 23°Pu are provided in Table 3.
The average total prompt energy deposition < E; >, obtained using these coeffi-
cients in Eqgs. (42, 43) is shown in Fig. 29. Madland’s recommended c( values for
Erg have been adopted in the new ENDF/B-VILO files for 235,2381J and 239Pu.
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Table 3 Madland’s recommended energy release polynomial coefficients, in MeV. See Eq. (43 for
explanation.

Nuclide|Parameter| c¢o cy (o)
Epg 169.13]-0.2660 0.0
Enp 4.838 (+0.3004| 0.0
Egp 6.600 |+0.0777| 0.0
Err 169.8 |-0.3230{0.004206
238y Enp 4.558 (+0.3070| 0.0
Egp 6.6800(+0.1239( 0.0
Err 175.55|-0.4566 0.0
239py Enp 6.128 | 0.3428 0.0
Egp 6.741 |+0.1165]| -0.0017

235U

190 T T T T

188 :—‘—“A—A—A—A—A—A_A_*_*ﬂ_*ﬂﬁ

—8—": <E >=180.57+0.1121e, (MeV)

186 1 —e—™: <E >=181.04+0.1079,+0.0042¢ * (MeV) ||
| —A—™Pu: <E >=188.42+0.0027¢ -0.0017¢ * (MeV) | |

Energy Deposition <Ed> (MeV)

0 3 6 9 . 12 . 15
Incident Neutron Energy, e (MeV)

Fig.29 Average total prompt fission energy deposition as a function of the incident neutron energy.
See Eq. (42) for explanation.

2.9.1 Nuclear Heating

Nuclear heating is an important quantity in any nuclear system. It is the topic which
should be explored in relation to the energy release presented above and its han-
dling by the processing code NJOY. In general, heating as a function of energy,
H (einc), may be given in terms of KERMA (Kinetic Energy Released in Materials)
coefficients?, k; j(einc), as

3 The International Commission on Radiation Units and Measurements in its document ICRU-
63 [88] recommends using the name “KERMA coefficient” instead of “KERMA factor”.
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H(ejnc) = Zzpikij(einc)q)(einc)a (44)
ij

where p; is the number density of the it" material, k; j(einc) is the KERMA coeffi-
cient for the i’ material and j’h reaction at energy €y, and ® (ejp. ) is the scalar flux.
A rigorous calculation of the KERMA coefficient for each reaction requires knowl-
edge of the total kinetic energy carried away by all secondary particles following
that reaction; data that frequently are not available in evaluated files. An alternative
technique, known as the energy balance method [89], is used by NJOY. KERMA
coefficient calculations by this method require knowledge of the incident particle
energy, the reaction Q-value and other terms.

The prompt fission reaction Q-value required for prompt fission KERMA includ-
ing the energy dependent prompt fission Q-value can be calculated as

O(einc) = Er —8.07 x 10°[¥ (ejne) — V(0)] +0.307einc — Eg — Egp,  (45)

where Ep is the total energy minus neutron energy, Ep is the total energy released
by delayed betas and Egp is the total energy of delayed photons.

Table 4 Prompt fission Q-values in MeV obtained with ENDF/B-VILO0 data®. To get total energy
deposition, add the incident energy to total Q-values tabulated here.

Nuclide Incident ENDF/B Madland NJOY NJOY

energy ej,c  VILO (old) (Eq.45)

0.0253 eV 180.65 180.57 180.65 180.65

25U 1.0MeV 180.19 179.68 179.84 180.19

14.0MeV 169.07 168.14 164.24 169.14

0.0253 eV 181.28 181.04 181.30 181.30

28U 1.0MeV 181.02 180.15 180.68 181.03

14.0 MeV  169.59 169.37 164.86 169.76

0.0253 eV 188.38 188.42 189.37 188.37

29py 1.0MeV 187.58 187.42 187.24 187.59

14.0 MeV 17598 174.12 171.10 176.00

¢ Given for the sum of prompt fission products, prompt neutrons,
and prompt gammas.

Results based upon new ENDF/B-VIL0 are shown in Table 4. We note that the
prompt fission Q-value calculated with the traditional ENDF formulas are now in
much better agreement with Madland’s calculations.
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3 Neutron Data for Other Materials

In addition to actinides, there are three other categories of materials of interest for
nuclear technology applications. These are light nuclei that often serve as modera-
tors and coolants, structural materials and fission products.

3.1 Light Nuclei

Several light-element evaluations were contributed to ENDF/B-VII.O, based on R-
matrix analysis done at Los Alamos using the EDA code. Among the neutron-
induced evaluations were those for 'H, 3H, °Li, °Be, and 'B. For the light-element
standards, R-matrix results for *Li(n, o) and '°B(n, o) were contributed to the stan-
dards process, which combined the results of two different R-matrix analyses with
ratio data using generalized least-squares. Differences persisted between the two R-
matrix analyses even with the same data sets that are not completely understood, but
probably are related to different treatments of systematic errors in the experimental
data.

Below we summarize upgrades that have been made for ENDF/B-VIIL.0. Where
no changes have been made compared to ENDF/B-VL.8 (e.g., forn + 2H), we do not
discuss reactions on these isotopes.

"H. The hydrogen evaluation came from an analysis of the N — N system that in-
cludes data for p+ p and n+ p scattering, as well as data for the reaction "H(n,y)?H
in the forward (capture) and reverse (photodisintegration) directions. The R-matrix
parametrization, which is completely relativistic, uses charge independent con-
straints to relate the data in the p 4 p system to those in the n + p system. It also
uses a new treatment of photon channels in R-matrix theory that is more consistent
with identifying the vector potential with a photon “wavefunction”.

In the last stages of the analysis, the thermal capture cross section was forced to
a value of 332.0 mb (as in ENDF/B-VL.8), rather than the “best” experimental value
of 332.6 £0.7 mb [90], since criticality data testing of aqueous thermal systems
showed a slight preference for the lower value. Also, the latest measurement [91] of
the coherent n + p scattering length was used, resulting in close agreement with that
value, and with an earlier measurement of the thermal scattering cross section [92],
but not with a later, more precise value [93].

This analysis also improved a problem with the n + p angular distribution in
ENDEF/B-VI.8 near 14 MeV, by including new measurements [94, 95] and making
corrections to some of the earlier data that had strongly influenced the previous
evaluation.

SH. The n+>H evaluation resulted from a charge-symmetric reflection of the pa-
rameters from a p+>He analysis that was done some time ago. This prediction [96]
resulted in good agreement with n 4 scattering lengths and total cross sections that
were newly measured at the time, and which gave a substantially higher total cross
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section at low energies than did the ENDF/B-VI evaluation. At higher energies, the
differences were not so large, and the angular distributions also remained similar to
those of the earlier evaluation.

Be. The n+°Be evaluation was based on a preliminary analysis of the '°Be sys-
tem that did a single-channel fit only to the total cross section data at energies up to
about 14 MeV. A more complete analysis should take into account the multichannel
partitioning of the total cross section, especially into the (n,2n) channels. An ade-
quate representation of these multibody final states will probably require changes in
the EDA code. For ENDF/B-VII.O the elastic (and total) cross section was modified
to utilize the new EDA analysis which accurately parametrizes the measured to-
tal elastic data, while the previous ENDF/B-VI.8 angular distributions were carried
over.

Data testing of the file (including only the changes in the total cross sections)
appeared to give better results for beryllium reflecting assemblies, and so it was
decided to include this preliminary version in the ENDF/B-VIL.O release.

16Q. The evaluated cross-section of the '°O(n,0) reaction in the laboratory neu-
tron energy region between 2.4 and 8.9 MeV was reduced by 32% at LANL. The
160(n,at) cross section was changed accordingly and the elastic cross sections were
adjusted to conserve unitarity. This reduction was based upon more recent measure-
ments. We note that this led to a small increase in the calculated criticality of LCT
assemblies.

3.2 Structural Materials

Structural materials play a prominent role in nuclear applications and hence neutron
reaction data are evaluated very carefully.

In the ENDF/B-VIIL.O main evaluation effort was concentrated on the major ac-
tinides and the fission products (Z =31 - 68) that together cover more than half of the
ENDEF/B-VIL.0 neutron sublibrary. Outside of these two groups, only few materials
were fully or partially evaluated for ENDF/B-VII.O as described below.

3.2.1 Evaluations of Major Structural Materials

Structural materials fall into a category of priority materials in all major evaluated
data libraries. The list is dominated by Cr, Fe and Ni, the most important isotopes
being major structural materials 3>Cr (natural abundance 83.8%), °Fe (91.7%) and
8Ni (68.1%), followed by less abundant isotopes °23Cr, 3*37Fe, 9N, etc.

In the United States considerable attention to evaluations of structural materials
has been devoted in the past. These evaluations have been performed by the highly
experienced team at Oak Ridge National Laboratory up to 20 MeV in the 1980s,
in particular in reference to the celebrated ENDF/B-V library. We note that ORNL
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supplied complete evaluations in the entire energy range, combining the capabilities
in the thermal and resonance region (code SAMMY) with the then advanced nuclear
reaction modeling code TNG in the fast neutron region. An example would be 1986
update for iron by Fu et al. [97]. Since then, virtually no updates below 20 MeV have
been made. In view of the data need for accelerator driven systems in the 1990s, the
evaluations of structural materials have been extended to 150 MeV by Los Alamos
and incorporated into ENDF/B-VI library. Then, these have been adopted without
any change by the latest version of the ENDF/B-VIIL.O library which was released in
2006.

3.2.2 New Evaluations for ENDF/B-VIIL.0

nary, Cross sections for the (n,np) reaction were revised at BNL [98] by adjusting
the EMPIRE-2.19 calculations to reproduce two indirect measurements by Grimes
et al. [99] and Kokoo et al. [100] at 14.1 and 14.7 MeV respectively. This resulted in
the substantial reduction (about 350 mb at the maximum) of the, (n,np) cross section
Similarly, the (n,t) reaction was revised to reproduce experimental results of Woelfle
et al. [101] The inelastic scattering to the continuum was adjusted accordingly to
preserve the original total cross section.

1911931y, These are two entirely new evaluations performed jointly by T-16
(LANL) and the NNDC (BNL) in view of recent GEANIE data on y-rays following
neutron irradiation. The resolved and unresolved resonance parameters are based
on the analysis presented in Ref. [12]. New GNASH model calculations were per-
formed for the y-rays measured by the GEANIE detector, and related (n,xn) re-
actions cross sections were deduced [102]. We also include an evaluation of the
193Ir(n,n’) reaction to the isomer. The remaining cross sections and energy-angle
correlated spectra were calculated with the EMPIRE code. The results were vali-
dated against integral reaction rates.

208ph, A new T-16 (LANL) analysis with the GNASH code was performed over
the incident neutron energy range from 1.0 to 30.0 MeV. The Koning-Delaroche op-
tical model potential [103] from the RIPL-2 data base was used to calculate neutron
and proton transmission coefficients for calculations of the cross sections. Minor
adjustments were made to several inelastic cross sections to improve agreement
with experimental data. Additionally, continuum cross sections and energy-angle
correlated spectra were obtained from the GNASH calculations for (n,n’), (n,p),
(n,d), (n,t), and (n,00) reactions. Elastic scattering angular distributions were also
calculated with the Koning-Delaroche potential and incorporated in the evaluation
at neutron energies below 30 MeV.

This new 2%8Pb evaluation led to a significant improvement in the lead-reflected
critical assembly data. This is especially true for fast assemblies, but some problems
remained for thermal assemblies.
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3.3 Fission Products

Fission products represent the largest category of nuclei (materials) in the evaluated
nuclear data libraries. Defined broadly as materials with Z = 31 - 68, in the latest
US library ENDF/B-VII.O they supply 219 nuclei. We follow this definition with the
understanding that it covers also several other important materials such as structural
Mo and Zr, and absorbers Cd and Gd.

Many fission product evaluations in ENDF/B had not been revised for consid-
erable amount of time of 30-35 years. Not surprisingly an analysis performed by
Wright (ORNL) and MacFarlane (LANL) in 2000 revealed considerable deficien-
cies in ENDF/B-VI [104].

In this situation, fission product evaluations in ENDF/B-VI.8 were completely
abandoned and ENDF/B-VII.0 adopted new or recently developed evaluations. For
a set of 74 materials, including 19 materials considered to be of priority, entirely new
evaluations were performed using the Atlas-EMPIRE evaluation procedure [6] in-
cluding those by Kim et al. [105, 106]. For the remaining 145 materials, evaluations
were adopted from the recently developed International Fission Product Library of
Neutron Cross Section Evaluations completed in December 2005 and described in
2009 report [107].

3.3.1 Priority Fission Products

New evaluations were performed for materials considered to be priority fission prod-
ucts. The list includes 19 materials,

o %Mo, ®Tc, '0'Ru, '3Rh, 19pd, 'PAg, 131Xe, 133Cs, 4!Pr,153Ew), 143.145Nd,
, ; 5
147,149,150,151,152g ) 155157 G,

This selection [11] was based on the analysis by DeHart, ORNL, which was per-
formed in 1995 [108]. It was motivated by the need to improve existing evaluations
for materials of importance for a number of applications, including criticality safety,
burn-up credit for spent fuel transportation, disposal criticality analysis and design
of advanced fuels.

3.3.2 Complete Isotopic Chains

As a part of modern approach to evaluation, complete isotopic chains were evaluated
for several fission products, including Ge, Nd, Sm, Gd and Dy.

A simultaneous evaluation of the complete isotopic chain for a given element
became possible thanks to tremendous progress in the development of evaluation
tools in recent years. This includes highly integrated evaluation code systems such
as EMPIRE, coupled to experimental database EXFOR and to the library of input
parameters RIPL. Complete isotopic chains for Ge, Nd, Sm, Gd and Dy, totaling 37
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materials were evaluated for ENDF/B-VIL.0. As an example we discuss isotopes of
Nd.

A set of neodymium evaluations include two priority fission products, 143:14Nd,
another 5 stable isotopes, and the radioactive '4’Nd. Neodymium is one of the most
reactive rare-earth metals. It is important in nuclear reactor engineering as a fission
product which absorbs neutrons in a reactor core. A new evaluation was performed
by Kim ez al. [106]. In Fig. 30 we show total neutron cross sections of all Nd iso-
topes in comparison with available data measured on isotopic samples as well as on
elemental samples.

Of special interest to radiochemical applications is the radioactive '“/Nd for
which no data exist in the fast neutron region. A good fit to available data on other
stable isotopes gives confidence that predictions for '4’Nd cross sections are sound.
This is illustrated in Figs. 31 and 32 where we show (n,2n) and neutron capture
cross sections, respectively, for all Nd isotopes.
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3.3.3 Specific Case of *°Zr

Zirconium is an important material for nuclear reactors since, owing to its corrosion-
resistance and low absorption cross-section for thermal neutrons, it is used in fuel
rods cladding. Benchmark testing performed at Bettis and KAPL showed an un-
desirable drop in the reactivity when the beta version of ENDF/B-VIL.0 was used.
Taking into account the importance of zirconium in reactor calculations, BNL under-
took an entirely new evaluation of the fast neutron region in °°Zr using the EMPIRE
code. Good description of the total cross section of *°Zr confirmed the higher elastic
scattering cross section, see Fig. 33. The new file met expectations when validated
against integral measurements at KAPL.

3.3.4 Remaining Fission Products

Recognizing a need to modernize the fission product evaluations, an international
project was conducted during 2001 - 2005 to select the best evaluations from the
available evaluated nuclear data libraries. Evaluated nuclear data libraries of five
major efforts were considered, namely the United States (ENDF/B-VIL.8 and pre-
liminary ENDF/B-VII), Japan (JENDL-3.3, released in 2002), Europe (JEFF-3.0,
released in 2000), Russia (BROND-2.2, released in 1992) and China (CENDL-3.0,
made available for this project in 2001).

As a result, the International Fission Product Library of Neutron Cross Sec-
tion Evaluations (IFPL) was created for 219 materials [107]. Afterwards, IFPL was
adopted in full by the ENDF/B-VII.O library, see Table 5 for a summary.
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Table 5 Summary of 219 fission product evaluations included in the ENDF/B-VILO library. Full
files were taken over from single libraries (data sources) for 135 materials, remaining 84 files were
put together from two different data sources.

Library Full|Resonance| Fast
(Data Source) File| Region [Region
ENDF/B-V1.8, released in 2001| 1 3 13
New evals for ENDF/B-VII.O 74 74 -
JEFF-3.1, released in 2005 1 - -
JENDL-3.3, released in 2002 47 7 56
CENDL-3.0, released in 2001 | 11 - 15
BROND-2.2, released in 1992 1 - -
Total number of materials 135 84 84

4 Covariances for Neutron Data

A covariance matrix specifies uncertainties and usually energy-energy correlations
of data (cross sections, V, etc.) which are required to assess uncertainties of design
and operational parameters in nuclear technology applications. Covariances are ob-
tained from the analysis of experimental data and they are stored as variances and
correlations in the basic nuclear data libraries.

Early procedures for generating nuclear data covariances were widely discussed
in the 1970’s and 1980’s [109]. Accordingly, many of the presently existing covari-
ance data were developed about 30 years ago for the ENDF/B-V library [110, 111].
This earlier activity languished during the 1990’s due to limited interest by users
and constrained resources.

More recently, intensive interest in the design of a new generation of nuclear
power reactors, as well as in criticality safety and national security applications has
stimulated a revival in the demand for covariances as demonstrated at the major
Covariance Workshop held in 2008 [112].
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4.1 Evaluation Methodology

New covariance data in the ENDF/B-VII.O neutron sublibrary were produced for 13
materials using the evaluation techniques summarized in Table 6.

Table 6 Summary of methods used for the ENDF/B-VILO covariance evaluations. Distinguished
are three energy regions, resolved resonances, unresolved resonances and fast neutron region.

Energy Evaluation Material
region method
Resolved Direct SAMMY 22Th
resonances |Retroactive SAMMY 152-158,160GGq
Atlas-KALMAN 89Y,99Tc, 191193
Unresolved|  Experimental 232Th
resonances | Atlas-KALMAN 9Tc, 193¢
EMPIRE-KALMAN 152-158,160Gq 89y, 191 1p
Fast  [EMPIRE-KALMAN |32~ 158.160Gq 8y 99T, 911931y
neutrons | EMPIRE-GANDR 22Th

4.1.1 Resonance Region

Covariances in the resonance region can be produced by three different methods.
The most sophisticated approach is based on the code SAMMY [10] , which uses
generalized least-squares fits to experimental data. The intermediate Atlas method
propagates resonance parameter uncertainties [12] to cross section covariances. The
simplest and most transparent method uses uncertainties of thermal cross sections
and resonance integrals as estimate of covariances [113].

SAMMY covariance method:

This method is normally applied to actual experimental data as the integral part of
simultaneous evaluation of both resonance parameters and their covariances (files
MF2 and MF32 in ENDF-6 format terminology [2]). However, out of practical
necessity an alternative retroactive procedure is often used. One proceeds in three
steps:

First, one either starts with actual experimental data or these are artificially
(“retroactively”) generated using R-matrix theory and known resonance parameters.
In the latter case, usually transmission, capture and fission is calculated assuming re-
alistic experimental conditions. Then, realistic statistical uncertainties are assigned
to each data point, and realistic values are assumed for data-reduction parameters
such as normalization and background.
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Afterwards, initial covariance matrix is established. Let D represent the experi-
mental data and V the covariance matrix for experimental/retroactive data. Values
for V (both on- and off-diagonal elements) are derived from the statistical uncertain-
ties of the individual data points, v;, and from the uncertainties of the data-reduction
parameters, in the usual fashion

Vij =Vidij+ Y giA>rig k. (46)
k

In this equation, A2ry, represents the uncertainty on the k' data-reduction parameter
i, and g is the partial derivative of the cross section at energy E; with respect to ry.
Then, the covariance matrix V;; describes all the known experimental uncertainties.
Finally, the generalized least-squares equations are used to determine the set of
resonance parameters, P’, and associated resonance parameter covariance matrix,
M’, that fit these data. If P is the original set of resonance parameters (for which we
wish to determine the covariance matrix), and 7 is the theoretical curve generated
from those parameters, then, in matrix notation, the least-squares equations are

P'=P+M+GV{(D-T) and M'=(GV'G)™" @7

Here, G is the set of partial derivatives of the theoretical values T with respect to the
resonance parameters P; G is sometimes called the sensitivity matrix.

The solutions of Eq.(47) provide the new parameter values P’ and the associated
resonance parameter covariance matrix M’, fitting all directly measured/retroactive
data simultaneously and using the full off-diagonal data covariance matrix for each
data set.

Atlas covariance method:

This method combines the wealth of data given in the Atlas of Neutron Reso-
nances [12] with the filtering code KALMAN [114, 115]. Atlas provides values
and uncertainties for neutron resonance parameters and also integral quantities such
as capture thermal cross sections, resonance integrals and 30-keV Maxwellian aver-
ages. The procedure consists of two major steps:

e One starts with the resonance parameters and their uncertainties and uses multi-
level Breit-Wigner formalism to compute cross sections along with their sensi-
tivities.

e Uncertainties of resonance parameters are propagated to cross sections with the
code KALMAN. Uncertainties of thermal values are obtained by suitable adjust-
ment of resonance parameter uncertainties, if necessary inferring anticorrelation
with bound (negative energy) resonances.

An alternative approach would be to take resonance parameter uncertainties, put
them into file MF32, and leave the job of propagation of these uncertainties into
cross section covariances to well established processing codes.
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Low-fidelity covariance method:

This simple, yet extremely transparent and useful method, provides estimate of co-
variance data using known uncertainties of thermal cross sections and integral quan-
tities. It was proposed by M. Williams [113] in 2004 and later used extensively in
the “Low-fidelity Covariance Project” by ANL-BNL-LANL-ORNL collaboration
that was completed in 2008 [116].

4.1.2 Fast neutron region
EMPIRE-KALMAN covariance method:

EMPIRE-KALMAN methodology can serve as an example of recently developed
covariance methods in the fast neutron region. The KALMAN filter techniques
is based on minimum variance estimation and naturally combines covariances of
model parameters, of experimental data and of cross sections. This universality is a
major advantage of the method.

The key ingredient of the method is the sensitivity matrix, which represents com-
plex nuclear reaction calculations. If we denote the combination of nuclear reaction
models as an operator M that transforms the vector of model parameters p into a
vector of cross sections 6 (p) for a specific reaction channel, then the sensitivity
matrix S can be interpreted as the linear term in the expansion of the operator M,

Mp = & (p) (48)

and .
M(p+3dp)=0c(p)+Sép+... (49)

where M is the operator rather than a matrix. In practice, the elements s; ; of the sen-
sitivity matrix are calculated numerically as partial derivatives of the cross sections
G at the energy E; with respect to the parameter p;,

o, = 20Eip) GSE’_’p) . (50)
Dj

In case of covariance determination, the initial values of the parameters, po, are
already optimized, i.e., when used in the model calculations they provide the evalu-
ated cross sections. Their covariance matrix Py is assumed to be diagonal while the
uncertainties of the parameters are estimated using systematics, independent mea-
surements or educated guesses. The model-based covariance matrix (prior) for the
cross sections, Cp, can be obtained through a simple error propagation formula,

Co =SPyST, (51)

where superscript T indicates a transposed matrix.
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The experimental data, if available, are included through a sequential update of
the parameter vector p and the related covariance matrix P as

Pnt1 =P+ PnSTQn+1 (Gf,)fl -0 (pﬂ))

(52)
Pn+l = Pn - PnSTQn+1SPn 3

Here,
Qui1 = (C,+CP) 7 (53)

where n =0,1,2,... and n+ 1 denotes update related to the sequential inclusion of
the (n+ 1) experimental data set. In particular, the subscript 1 = 0+ 1 denotes
updating model prior (n = 0) with the first experiment. Vector p,+ contains the im-
proved values of the parameters starting from the vector p,, and P, is the updated
covariance matrix of the parameters p,;. The CZ’E’I is the cross section covariance
matrix for the (n+ 1)™ experiment. The updated (posterior) covariance matrix for
the cross sections is obtained by replacing Py with P, in Eq. (51),

C,i1 =SP,,1ST. (54)

The updating procedure described above is often called Bayesian, although Eqgs. (51
- 54) can be derived without any reference to the Bayes theorem as shown in
Ref. [117].

The experimental covariance matrix, CoP s usually non-diagonal, due to the
correlations among various energy points E;. Assuming that systematic experimen-
tal uncertainties are fully correlated, the matrix elements are expressed through
the statistical, AS®6y*P, and systematic, ASYSGP experimental uncertainties. This
yields

¢ P (i,i) = (A0 (E1))* + (A0 (Er)? (55)

and, for i £k,
P (i k) = Ao P (E;) X Ao P (Ey) . (56)

The quality and consistency of the evaluated cross sections can be assessed by
scalar quantity

2

1’ =Y (677 —o(pn)(CP) 7 (65 — 6 (p)). 57

M=

n=1

where py is the final set of model parameters corresponding to the inclusion of N
experiments. A value of %2 per degree of freedom exceeding unity indicates under-
estimation of the evaluated uncertainties. It is a fairly common practice to multiply
such uncertainties by a square root of 32 per degree of freedom to address this issue.
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Fig. 34 Relative uncertainties for '>>Gd(n,y) obtained with the retroactive SAMMY method plot-
ted along with the cross sections to show anti-correlation between the two quantities. The exper-
imental cross section (60900 b) and its uncertainty (0.82%) at the thermal energy [12] are well
reproduced.

4.2 Sample Case: Gd

Covariance evaluation of Gd isotopes was produced as a sample case for ENDF/B-
VILO. There are 7 stable Gd isotopes, 13%134153:156,157,158,160Gq and the radioactive
13Gd. All covariances were produced by SAMMY retroactive method in the re-
solved resonance region and EMPIRE-KALMAN at higher energies.

Fig. 34 shows uncertainties for '3 Gd capture cross sections at low energies. The
thermal cross section and its uncertainty in the Atlas of Neutron Resonances [12]
are very well reproduced. The particular feature that 3> Gd shares with '3Gd is a
very close vicinity of the first positive resonance to the thermal energy. Therefore,
the thermal cross section is determined by the first resonance rather than 1/v depen-
dence typical for other nuclei. Fig. 34 demonstrates also anti-correlation between
uncertainties and cross sections in the resonance region. The highest uncertainties
are being found between the resonances, i.e., at dips of cross sections. This feature
is clearly visible although it is, to some extent, obscured by the group-wise repre-
sentation that lumps together close resonances.

The covariances for the unresolved resonance and fast neutron regions were pro-
duced with the EMPIRE-KALMAN method. In Fig. 35 we show relative uncertain-
ties for °7Gd(n, tot), ’Gd(n,elastic) and 7 Gd(n,y) cross sections for incident neu-
tron energies above 1 keV. Fig. 36 shows the correlation matrix for the '3’Gd(n,y)
cross section. This matrix reveals complicated structures with strong correlations
aligned within a relatively narrow band along the diagonal.



3 Evaluated Nuclear Data

55

25

209 o Foster 1971

= Sherwood 1970
> Sherwood 1970
159+ Wisshak 1995

Relative Uncertainty (%)

| ¥'Gd +n Relative Uncertainty

LAnnnnaantts

(ny)

T T T
0.001 0.01 0.1

Incident Neutron Energy (MeV)

Fig. 35 Relative uncertainties in the unresolved resonance and fast neutron range for the total,
elastic and capture cross sections on '*’Gd obtained with the EMPIRE-KALMAN method.

Fig. 36 Correlation matrix

for the '>’Gd neutron capture
cross sections in the fast neu-
tron region obtained with the
EMPIRE-KALMAN method.

Incident Neutron Energy (MeV)

4.3 Major Actinides
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Covariances for major actinides play crucial role in many applications. There was
insufficient time to complete new covariance evaluations for these important ac-
tinides prior to the release of the ENDF/B-VII.O library in 2006. This work was
completed in 2008, but it has not yet been officially approved by CSEWG (status at

the end of 2009).
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One of the issues that has been resolved was conversion of huge multi-million
line long resonance parameter covariance matrices (MF32 files) into cross section
covariances (MF33 files). Such a conversion reduced the size of the files consider-
ably, though the 2*U and ?*’Pu covariance files still remain very large (about 50
MB and 30 MB, respectively).

4.3.1 233:235.238 Covariances

Evaluation of 233235.238( covariances was performed by ORNL-LANL collabora-
tion. ORNL covered the resonance region and LANL supplied covariances in the
fast neutron region.

Due to huge size of the resonance parameter covariances (MF32) the files were
converted into cross section covariances (MF33). Still, the size of the largest 23°U
file is considerable, in excess of 52 MB.

Preliminary version of these evaluations are available in the recently reestab-
lished ENDF/A library, which contains candidate evaluations for the next release of
ENDEF/B-VII library. It is expected that all these files will be included into ENDF/B-
VIL1 release. As an example of these evaluations, 235U(n,f) covariances are shown
in Fig. 37, see also discussion later in this Chapter under the AFCI covariance li-
brary.

4.3.2 239Pu Covariances

Evaluation of 23°Pu covariances was also performed by ORNL-LANL collabora-
tion. ORNL covered the resonance region and LANL supplied covariances in the
fast neutron region.

The file was also converted into cross section covariances (MF33), its reduced
size is 32 MB. Preliminary version of this evaluation is available in the ENDF/A
library and it is expected that the file will be included into ENDF/B-VII.1 release.

4.3.3 232Th Covariances

The covariance evaluation for 2>2Th includes the resolved resonance, unresolved
resonance, and the fast neutron regions as well as V. In the resolved resonance re-
gion, a Reich-Moore evaluation was performed [118] in the energy range up to 4
keV using the code SAMMY . The correlation matrix for the radiative capture cross
section is shown in Fig. 38. In the unresolved resonance region the experimental
method was used [62].

Cross section covariance data in the fast neutron region were generated by the
Monte Carlo technique [119] using the EMPIRE code . In the Monte Carlo ap-
proach a large collection of nuclear parameter sets (normally more than 1000) is
generated by randomly varying these parameters with respect to chosen central val-
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Fig. 37 Covariances for 25U(n,f) taken from ENDF/A (November 2009) which collects candidate
evaluations for the next release of ENDF/B-VII. Data are given in 33-energy group representation
adopted by the AFCI covariance library: top - cross section uncertainties, right - cross sections,
middle - energy-energy correlations.

ues. These parameter sets are then used to calculate a corresponding large collection
of nuclear model derived values for selected physical quantities, such as cross sec-
tions and angular distributions. These results are subjected to a statistical analysis
to generate covariance information. The GANDR code system [120] updates these
nuclear model covariance results by merging them with the uncertainty information
for available experimental data using the generalized least-squares technique.
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Fig. 38 Correlation matrix -

for 232Th neutron radiative Th(n,y)
capture cross sections in
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Covariances for v were obtained from the unpublished evaluation performed by
A. Ignatyuk (Obninsk) for the Russian library BROND-3 (this library has not been
released yet) . This evaluation was based on the analysis of experimental data.

4.4 Covariance Libraries

Despite the fact that only limited amount of covariance evaluations have been pro-
duced to date (end of 2009), three covariance libraries were created in the US as
briefly described below. It should be understood that each of these libraries rep-
resents an approximate solution and has, therefore, inherent limitation. This stems
from the fact that the development of quality covariances is formidable task which
requires considerable resources. This challenge should be addressed by future re-
leases of major evaluated libraries. Accordingly, it is expected that covariances will
be part of the next release of the ENDF/B-VII library.

4.4.1 Low-fidelity Covariance Library

Development of this library was funded by the US Nuclear Criticality Safety Pro-
gram. The library provides the first complete, yet simple, estimate of neutron covari-
ances for 387 materials listed in ENDF/B-VIIL.O; for details see Little et al. [116].
Covariances cover main reaction channels, elastic scattering, inelastic scattering, ra-
diative capture and fission (cross sections and nubars) over the energy range from
10~eV to 20 MeV. Various approximations were utilized depending on the mass of



3 Evaluated Nuclear Data 59

the target, the neutron energy range and the neutron reaction. The resulting covari-
ances are not an official part of ENDF/B-VILO, but they are available for testing in
nuclear applications.

In general, at low energies simple estimates were made following the approach
proposed by Williams [113]. In the thermal region, defined by the cutoff energy 0.5
eV, experimental uncertainties of thermal cross sections were uniformly adopted. In
the epithermal region, from 0.5 eV to 5 keV, the uncertainties of resonance integrals
were used and uniformly applied. This led to simple and often reasonable estimate
of cross section uncertainties. An example is shown in Fig. 39.

In the fast neutron region the model-based estimates of covariances were pro-
duced for 307 materials from '°F to 2%°Bi [121]. To this end EMPIRE code was
employed and parametrization from the latest version of the RIPL library [15] was
adopted along with global estimates of related model parameters. Parameter uncer-
tainties were propagated into cross section uncertainties.

Light nuclei, A < 19, were treated differently. Recent R-matrix evaluations were
adopted for three materials; for remaining materials simple estimates were supplied
by looking into experimental data in the entire energy region.

Actinides in the fast neutron region were again treated differently. Latest full
scale evaluations by ORNL-LANL were used for major actinides, while simple
model-based estimates using EMPIRE were used for minor actinides.
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Fig. 39 Low-fidelity uncer-
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4.4.2 SCALE-6 Covariance Library

This is the covariance library included in the well-known ORNL reactor licensing
code SCALE [122]. The library was produced by selecting covariances from variety
of sources as summarized in Table 7 [123].
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Table 7 Sources of covariance data in the SCALE-6 covariance library.

Source Material
ENDF/B-VIL0| P2 138.160Gq. 232 T, 9. 19L.193];
ENDF/A 233,2352381; 239p

ENDF/B-VI.8 23Na 2873OSi 4SSC SIV 50.52754Cr 55Mn 54,567581:*e 58,60762.64Ni
63‘65Cu 89Y 93Nb nat 1 185.187Re 197Au 2067208Pb 209Bi 241Am
JENDL-3.3  |240241py

LANL new |'H,°Li, '°B

Low-fidelity ~ |About 200 materials, mostly fission products and minor actinides

It should be noted that inherent limitation of selecting covariances from various
sources is inconsistency with basic cross sections, which may or may not be negli-
gible.

4.4.3 AFCI Covariance Library

This library was developed for Advanced Fuel Cycle Initiative funded by the United
States DOE Nuclear Energy. It should be suitable for nuclear data adjustment needed
for fast reactor applications, such as advanced burner reactor, ABR. The list of ma-
terials contains 110 materials, including

e 12 light nuclei,
e 78 structural materials and fission products, and
e 20 actinides.

Covariances are produced by BNL-LANL collaboration [124]. Major reaction chan-
nels are covered and covariance data are supplied in 33-energy group representation.
It is important to note that these covariances are tested by highly experienced reactor
users in Argonne and Idaho National Laboratory.

It is expected that fairly robust version of the AFCI covariance library will be
available by the end of 2010. Then, it should serve as the basis for producing ENDF-
6 formatted files suitable for inclusion into the next release of ENDF/B-VII. We note
that whenever possible, AFCI library adopts new covariance evaluations produced
for ENDF/B-VII. As an example, we refer the reader to Fig. 37 where we have
shown covariances for 2>U(n,f) in AFCI 33-energy group representation.

5 Validation of Neutron Data

Integral data testing of evaluated cross sections plays an essential role for valida-
tion purposes. The importance is twofold: Firstly, since many of the integral ex-
periments are very well understood (especially the critical assembly experiments),
they provide a strong test of the accuracy of the underlying nuclear data used to
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model the assemblies, and can point to deficiencies that need to be resolved. Sec-
ondly, such integral data testing can be viewed as a form of “acceptance testing”
prior to these data being used in various applications. Many applications, ranging
from reactor technologies to defense applications, have a high standard required of
a nuclear database before it is adopted for use. Critical assemblies, whilst involving
many different nuclear reaction processes, can still be thought of as “single-effect”
phenomena that probe the neutronics and nuclear data (but not other phenomena),
and therefore an important acceptance test is that a sophisticated radiation transport
simulation of the assembly should reproduce the measured kg to a high degree.

Of necessity the testing of an evaluated data library must be performed after the
evaluation process. Ideally though, this testing is not performed as an afterthought,
but more as an integral part of the evaluation process. It has been demonstrated
many times that a close link between the data evaluators and the data users can
provide valuable feedback to the evaluation process - quantifying the sensitivity of
performance parameters to specific changes in nuclear data.

We note that ENDF/B-VIIL.0 benchmarking was largely facilitated by the fact
that for the first time benchmark model descriptions were available from the ICS-
BEP handbook. This criticality safety handbook contains benchmark descriptions
of almost 4000 critical assembly configurations (compared to the tens of bench-
mark descriptions contained in the ENDF-202 Benchmark Specifications used pre-
viously). Furthermore this rich collection of benchmark descriptions spans the range
of fuel types, compositions, spectra, geometries, efc. However, an additional feature
of these benchmarks is the evaluation of the benchmark uncertainties, i.e., estimates
of the total experimental uncertainties combined with any additional modeling un-
certainties [125]. As a result the most diverse and robust aspect of the ENDF/B-
VIL.O validation effort was the analysis of hundreds of criticality configurations
compared with their benchmark eigenvalues and uncertainties.

5.1 Criticality Testing

In reference to ENDF/B-VIIL.O, C/E values for k.¢ (see footnote4) have been cal-
culated for hundreds of critical benchmarks using continuous energy Monte Carlo
programs including MCNP (versions 4¢3 or 5), RCPO1, RACER and VIM. These
calculations generally use benchmark models derived from the Handbook of the In-
ternational Criticality Safety Benchmark Evaluation Project (ICSBEP). Benchmark
evaluations in this Handbook are revised and extended on an annual basis. Unless
otherwise noted, benchmark models derived from the 2004 or 2005 editions of the
Handbook were used in the calculations described below.

4 For the sake of clarity we use the term “C/E value for ke rather than the term “normalized
eigenvalue”. Here, C/E stands for the ratio of calculated to experimental values, and kg means the
effective multiplication factor defined as the ratio of the average number of neutrons produced to
the average number of neutrons absorbed per unit time.
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Since the C/E values for ks have all been obtained using continuous energy
Monte Carlo calculations there is a stochastic uncertainty associated with each C/E
value for k.gr. The magnitude of this uncertainty is very small, typically less than 25
pcm (0.025%, see footnote’).

A paper by S. C. van der Marck [126] presents independent European data testing
of ENDF/B-VILO, using MCNP4c3 with data processed by NJOY, and also shows
extensive neutron transmission benchmark comparisons. Table 8 provides a sum-
mary of 730 benchmark criticality experiments that were simulated and compared
with measurements.

Table 9 summarizes the average value of C/E-1 (the average deviation of Cal-
culation/Experiment from unity) for these benchmarks. We show for comparison
in italics the values for the previous ENDF/B-VI.8. While it is important to study
the individual benchmark results for a more thorough understanding, it is still very
useful to observe the overall averaged behavior shown in Table 9:

e The low-enriched U (LEU) compound benchmarks are modeled much more ac-
curately (owing to improved 238U, as well as '°O and 'H).

The intermediate-enriched U (IEU) benchmarks are modeled more accurately.
The Pu and high-enriched U (HEU) fast benchmarks are modeled more accu-
rately.

e The 23U thermal benchmarks are modeled more accurately. Although the 233U
fast benchmarks simulations appear to have become worse, this is perhaps more
due to deficiencies in modeling of beryllium for two of the assemblies studied
- for bare 233U (Jezebel-23 and Flattop-23) the new ENDF/B-VILO are clearly
much better.

e Lower energy Pu (PU) benchmarks were modeled poorly in ENDF/B-VI.8 and
continue to be modeled poorly in the new library.

Table 8 The number of benchmarks per main ICSBEP category for compound, metal and solu-
tion systems with thermal, intermediate, fast and mixed neutron spectrum used in ENDF/B-VIIL.O0
validation [126] .

COMP MET SOL|Total

ther |inter|fast|mix |ther |inter|fast{mix| ther
Low-enriched U 257 1 49| 307
Intermediate-enriched U| 6 4 16 26
High-enriched U 6 1| 41 5| 66| 5| 87| 211
Mixed 34 1 4 10| 49
Low energy Pu 1 1| 7{ 6] 105 120
U 8 4 51 17
Total 305| 11| 1| 1| 42| 6| 97| 11| 256 730

5 pem is derived from Italian “per cento mille”, meaning per hundred thousands. It is a unit of
reactivity, where 1 pcm = 0.00001 Ak/k, i.e., 100 pcm is a 0.1% discrepancy.
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Table 9 The average value of C/E — 1 in pecm (100 pcm = 0.1% ) for ENDF/B-VILO per main
ICSBEP benchmark category. Shown in italics are the values for the ENDF/B-VI.8 library.

CcomMp MET SOL
ther| inter|fast| mix| ther| inter| fast{mix| ther
LEU| 17 -41 123
-452 -270 107
IEU | 103| 219 182
-299|-238 712

HEU 1744 104| -51| 88| 147(812| 108
1442 -273|-411| -42| 186(462| 142

MIX| 428 110 193 -254
377 978 69 -257

PU 1110 4565 229(936| 620
967 4654| 375|745| 531

23U] 146 -364* 66
-380 -338 -292

*) This becomes -64 pcm versus -254 pem if we restrict ourselves
to the well understood UMF-001 and UMF-006 assemblies.

5.2 Fast U and Pu Benchmarks

Fast U and Pu benchmarks were given considerable attention in the validation of the
ENDEF/B-VILO library. Shown below are selected examples for several benchmark
categories.

Bare, and 23%U reflected, assemblies. A large number of well-known Los
Alamos fast benchmark experiments have been incorporated into the ICSBEP
Handbook and are routinely calculated to test new cross section data. Unmoder-
ated enriched 23U benchmarks include Godiva (HEU-MET-FAST-001 or HMF1)°,
Flattop-25 and Big-10 assemblies.

Results of MCNPS k. calculations with ENDF/B-VI.8 and ENDF/B-VII.O cross
sections for this suite of benchmarks are displayed in Fig. 40. The improved accu-
racy in calculated kg for these systems with the new ENDF/B-VIIL.O cross sections
is readily apparent.

Assemblies with various reflectors. A number of additional highly-enriched
uranium benchmarks, either bare or with one of a variety of reflector materials in-
cluding water, polyethylene, aluminum, steel, lead and uranium have also been cal-
culated with MCNP5 and both ENDF/B-VI.8 and ENDF/B-VIIL.O cross sections.
The calculated values for k. are illustrated in Fig. 41. Once again, significant im-
provement in the calculated k¢ is observed with the ENDF/B-VIIL.O cross sections.

6 “HEU-MET-FAST-001" is the identifier assigned in the ICSBEP Handbook for this assembly. It
is comprised of 4 parts which, respectively, classify the assembly by fissile materials (PU, HEU,
LEU), fuel form (METal, SOLution, COMPound), and energy spectrum (FAST, INTERmediate,
THERMal or MIXED), and benchmark number (-NNN). It is also common to use a shorthand
form for this identifier, such as HMF1 for HEU-MET-FAST-001.
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Pb reflected assemblies. Two reflector elements of particular historical interest

are lead and beryllium. Often there are multiple evaluations that contain similar
materials, in particular the same core with differing reflectors, thereby facilitating
testing of cross section data for individual reflector materials. Such is the situation
for lead, displayed in Fig. 42, with calculated k¢ for a variety of benchmarks.

The significant improvements in these lead-reflected calculated k. reflects im-
provements made in the new ENDF/B-VILO 2%8Pb evaluation, which was based
on modern calculational methods together with careful attention to accurately pre-
dicting cross section measurements, and by adopting the JEFF-3.1 evaluations for
204,206,207pp, which (together with the JEFF-3.1 file for 2°®Pb) have reduced this bias
by a similar amount in JEFF-3.1 benchmarking.

The situation is not so clear for thermally moderated systems (LCT) as shown
in Fig. 42. This Fig. also shows the k. calculations for the HMF57 benchmark,
which consists of either a spherical or cylindrical HEU core with a lead reflector. In
any event, the C/E values for k. are significantly different from unity in most cases
regardless of cross section data set.
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Fig. 42 Bare and lead re-
flected C/E values for kegt
calculated with ENDF/B-VI1.8
and ENDF/B-VII.O cross sec-
tion data for several HMF,
PMF and LCT benchmarks.

Fig. 43 HEU-MET-FAST-
058 benchmark C/E values
for kege with ENDF/B-VI.8
and ENDF/B-VIIL.O cross
section data as a function
of the beryllium reflector
thickness.

Fig. 44 HEU-MET-FAST-
066 benchmark C/E values
for kegr for ENDF/B-VI.8 and
ENDF/B-VII.O cross section
data as a function of the
beryllium reflector thickness.
The poorer agreement using
ENDF/B-VILO0 appears to be
in contradiction to the results
shown in Fig. 43.
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Be reflected assemblies. C/E values for kg of beryllium reflected benchmarks
are shown in Figs. 43 and 44. These comparisons are useful to assess the changes
made in the °Be cross sections for ENDF/B-VIL0.
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Fig. 45 C/E values for kgt for 26 ZPR (zero power reactor) and ZPPR (zero power physics reactor)
benchmarks from Argonne. The ENDF/B-VII results are for the beta2 version, but one does not
expect significant changes for ENDF/B-VIL.O.

Zero Power Reactor assemblies. The k. calculations by the code VIM for a
suite of 26 Argonne ZPR or ZPPR benchmarks are presented in Fig. 45. These
benchmarks come from various areas of the ICSBEP Handbook. These benchmarks
exhibit large variation in calculated k., with the smallest kg being biased several
tenth of a percent below unity while the maximum positive C/E k. bias is in excess
of 3%. Calculated k. with ENDF/B-VII.O cross sections are generally an improve-
ment over those obtained with ENDF/B-VL.8, but significant deviations from unity
remain.

5.3 Thermal U and Pu Benchmarks

Thermal benchmarks are of considerable interest to reactor applications. Shown be-
low are selected examples for 235U solution benchmarks, fuel rod U benchamrks,
and Pu solution as well as MOX benchmarks.
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5.3.1 23U Solution Benchmarks

Thermal, highly enriched >>U homogeneous solution benchmarks were used to test
the accuracy of low energy ENDF/B cross section data sets for many years. The new
ENDEF/B-VIL.O library, like the old ENDF/B-VI.8 library, performs well for these
assemblies. C/E values for k. have been calculated for a suite of critical assem-
blies from 14 HEU-SOL-THERM (HST) or LEU-SOL-THERM (LST) benchmark
evaluations. These benchmarks have most commonly been correlated versus Above-
Thermal Leakage Fraction (ATLF), e.g., kcaic (ATLF) = bg + b1 *ATLF, where ATLF
is the net leakage out of the solution of neutrons whose energies exceed 0.625 eV.
Smaller systems with large ATLF test the higher energy cross sections, the 23U fis-
sion spectrum, elastic scattering angular distributions and, for reflected systems, the
slowing down and reflection of above-thermal neutrons back into the fissile solution.
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Fig. 46 HEU-SOL-THERM benchmark C/E values for kg with ENDF/B-VILO cross sections.

An important goal in developing the new ENDF/B-VILO library was to improve
the data files while at the same time retain the good performance seen with ENDF/B-
VL8 (in the homogeneous solution benchmark category). As shown in Fig. 46 this
goal has been attained. This result is nontrivial, since we have made changes in the
ENDF/B-VILO library for '°O (the n,a cross section was significantly reduced) and
for hydrogen (a new standard cross section, as well as an updated scattering kernel).

5.3.2 U Fuel Rod Benchmarks

The 233U cross section data in ENDF/B-VILO have led to major improvements in the
ability to accurately calculate thermal low-enriched uranium benchmark C/E values
for k.. Calculated C/E for kg for arrays of low-enriched UO; fuel rods have histor-
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Fig. 47 LEU-COMP-THERM benchmark C/E values for k. with the old ENDF/B-VLS8 cross
sections.

ically been biased with previous data libraries including ENDF/B-VL.S8, frequently
falling 500 to 1000 pcm below unity. These C/E values have also varied systemati-
cally when correlated against parameters such as rod pitch, average fission energy,
unit cell H/U ratio or 23U absorption fraction. Some of these characteristics are
illustrated in Fig. 47, and 48, which illustrate calculated k. obtained with MCNP5
and either ENDF/B-VI.8 and/or ENDF/B-VII.O cross sections.

Results using the new ENDF/B-VII.O cross sections are significantly more accu-
rate as shown in Fig. 48, which illustrates calculated k¢ for the LCT7 benchmark
with both ENDF/B-VI.8 and ENDF/B-VII.O cross sections. The ENDF/B-VI.8 C/E
for ke trend and bias have both been eliminated with the ENDF/B-VII.O cross sec-
tion data set.

A summary of all water moderator and reflected LCT k. reveals that previously
identified deficiencies have been largely eliminated. A total of 58 LEU-COMP-
THERM benchmarks have been calculated with the ENDF/B-VIIL.O cross section
data set. The average calculated k¢ is 1.0000 with a population standard deviation
of 0.0025. This standard deviation represents a significant decrease over that ob-
tained with ENDF/B-VI.8 cross sections and is further evidence for the reduction or
elimination in C/E k. trends, such as versus H/U ratio (Fig. 48), with the ENDF/B-
VILO cross sections.

The ENDF/B-VIIL.O cross section changes that are responsible for the improved
C/E kg are due primarily to (i) ORNL and CEA 2381 revisions in the resonance
range for 238U, and (ii) the new Los Alamos analysis of 233U inelastic scattering in
the fast region. The contribution to the increased calculated criticality of these two
revisions are of about the same magnitude. Two additional cross section changes
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Fig. 48 LEU-COMP-THERM-007 benchmark C/E values for ke for the ENDF/B-VI.8 and
ENDF/B-VII.O cross sections.

also contributed to increase the calculated k. of these assemblies: the reduced
160(n,a1) cross section, and a revised scattering kernel for hydrogen bound in water.

5.3.3 Pu Solution and MOX Benchmarks

While excellent calculated k. results continue to be obtained for thermal uranium
solution critical assemblies, the same cannot be said for plutonium solution (PU-
SOL-THERM, or PST) assemblies. MCNP5 C/E values for ks, calculated with
ENDF/B-VIIL.O cross sections are plotted versus ATLF and versus H/Pu ratio in
Figs. 49, 50, respectively. There are obvious variations in these C/E values for kg
when plotted versus ATLF or H/Pu ratio, but it is not obvious what changes in the
plutonium cross section evaluation that could also be supported by the underlying
microscopic experimental cross section data would mitigate these trends.

The results for a MOX benchmark, six critical configurations from MIX-COMP-
THERM-002, show less variation than the solutions, possibly because there are
fewer of them. The fuel pins contain 2 wt.% MOX, and the plutonium contains
8% 2*Pu. The benchmarks include a highly (several hundred ppm) borated case
and a slightly (a few ppm) borated case for each of three lattice pitches. The highly
borated cases contain many more fuel pins than the slightly borated cases and ex-
hibit a small positive bias, but all three fall within a band of about a quarter of a
percent in reactivity.
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Fig. 49 PU-SOL-THERM benchmark C/E values for keg with ENDF/B-VILO cross sections as a
function of the above-thermal leakage fraction.

5.4 Conclusions from Criticality Testing

Hundreds of criticality benchmarks from the ICSBEP Handbook have been calcu-
lated to test the accuracy of the ENDF/B-VILO cross section library. Significant
improvement in C/E values for k. has been observed in many cases, including bare
and reflected fast uranium and plutonium systems and in particular for arrays of
low-enriched fuel rod lattices. The C/E values for k¢ for bare HEU and Pu assem-
blies are larger compared to those obtained with ENDF/B-VI.8 data, and now agree
very well with the measurements. The reflector bias for the 33U reflected Flattop
assemblies has been largely eliminated.

Furthermore, major improvements have been obtained in the calculations for in-
termediate energy assemblies such as Big-10 and, to a lesser extent, the Argonne
ZPR assemblies. Homogeneous uranium solution systems have been calculated ac-
curately with the last several versions of ENDF/B-VI cross sections, and these ac-
curate results are retained with the ENDF/B-VIIL.O cross section library. Many fast
reflected systems are more accurately calculated with the ENDF/B-VIL.O cross sec-
tion library, but disturbing discrepancies remain, particularly in lead and beryllium
reflected systems (although certain reflector-bias improvements were obtained using
the new data for these isotopes).

A significant accomplishment has been excellent C/E for kg for the LCT as-
semblies, where the historical underprediction of criticality has been removed. This
advance has come from improved 2*3U evaluation (both in the resonance region
and in the fast region), together with revisions to the 160(n,a) cross section and the
hydrogen bound in water scattering kernel. Plutonium solution systems are not cal-
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Fig. 50 PU-SOL-THERM benchmark C/E values for keg with ENDF/B-VILO cross sections as a
function of the H/Pu ratio.

culated as well as uranium solutions, with C/E values for k. typically being several
tenths of a percent greater than unity. There is a 1.5% spread in these C/E values
for ke, but there does not appear to be a trend as a function of >3*Pu abundance.
Although advances have been made at Los Alamos to the 23°Pu cross sections in the
fast region, there has been no recent work on 23°Pu at lower energies. Clearly such
efforts are needed in the future. Performance of the new ENDF/B-VIIL.O evaluations
for 233U and 32Th is much improved in both fast and thermal critical assemblies; an
analysis of the Np-U composite fast benchmark suggests important improvements
have been made in 23"Np fission cross section evaluation.

5.5 Delayed Neutron Testing, B

Delayed neutron data can be tested against measurements of the effective delayed
neutron fraction Beg in critical configurations. Unlike the situation for ke, only a
handful of measurements of P.g have been reported in open literature with suf-
ficiently detailed information. In Ref. [126] more than twenty measurements are
listed, including two thermal spectrum cores and five fast spectrum cores:

TCA: A light water moderated low-enriched UO, core in the Tank-type Critical
Assembly [84].

IPEN/MB-01: A core consisting of 28 x 26 UO; (4.3% enriched) fuel rods inside
a light water filled tank [127].

Masurca:  Measurements of B by several international groups in two unmoder-
ated cores in Masurca (R2 had ~30% enriched uranium, ZONA2 had both pluto-
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Table 10 C/E values for Bgg of several critical systems, using ENDF/B-VIL0 and other libraries.
The uncertainties in the C/E values are statistical uncertainties from the calculations only.

System C/E Begr
ENDF/B-VIL.O ENDF/B-VIL.8  JEFF-3.1 JENDL-3.3
TCA 0.998 £ 0.002 1.053 £0.011 1.029 4 0.002 0.987 £ 0.012

IPEN/MB-01 |1.008 £ 0.005 1.054 4 0.005 1.040 = 0.005 1.019 £ 0.005
Masurca R2 | 1.012 £ 0.009 1.035 £ 0.009 1.011 £ 0.009 1.018 4 0.010
Masurca ZONA2|0.973 £ 0.013 0.983 = 0.015 1.021 £ 0.013 0.994 £ 0.014
FCA XIX-1 [0.987 £0.010 1.005 +0.011 1.010 £ 0.010 0.985 £ 0.011
FCA XIX-2 [1.010 £0.013 1.003 = 0.014 1.054 £ 0.013 1.022 £+ 0.013
FCA XIX-3  [0.981 £0.017 1.016 4+ 0.016 0.997 £ 0.016 0.996 £ 0.016

nium and depleted uranium), surrounded by a 50-50% UO,-Na mixture blanket
and by steel shielding [128].

FCA: Measurements of Beg in three unmoderated cores in the Fast Critical As-
sembly (highly enriched uranium; plutonium and natural uranium; plutonium),
surrounded by two blanket regions, one with depleted uranium oxide and sodium,
the other with only depleted uranium metal [128].

The calculation of Beg for these systems was done using a version of MCNP-
4C3 with an extra option added to it as described in Ref. [129]. This method was
used earlier to test delayed neutron data from JEFF-3.1 and JENDL-3.3 [130]. The
results based on ENDF/B-VIIL.O are given in Table 10, as well as the results based
on those other libraries. One can see that the calculated Beg now agrees better with
experiment as compared to the old ENDF/B-VI.8 (specially for the more thermal
systems).

5.6 Reaction Rates in Critical Assemblies

Many different critical assemblies have been developed over the years: Godiva is a
bare sphere of highly-enriched uranium (HEU); Jezebel is a bare sphere of pluto-
nium; Jezebel 23 is a bare sphere of 233U. The Flattop experiments involved spher-
ical cores of HEU or plutonium surrounded by 23%U reflector material to make
the composite systems critical. These different systems all produce neutron spec-
tra within them that are “fast”, i.e., the neutrons are predominantly of energies in
the 100 keV - few MeV region, but the exact spectra vary from system to system.
The neutron spectrum gets softer as one moves out from the center of the assembly,
thereby giving additional information about the quality of the cross section data in
different energy regimes.

Neutron capture of *' Am is shown in Fig. 51 for different critical assembly
spectra. We see good agreement between the calculations and the measurements,
except that for the hardest-spectrum system (Jezebel) the measurement appears to
be underpredicted by up to 6%. This tells us that the 2*' Am capture cross section
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to the ground state may be too low in the current evaluation in the ~ 0.5 - 1 MeV
region.

5.7 Shielding and Pulsed-sphere Testing

In a paper [126] Steven van der Marck presents extensive data testing results for
neutron transmission (shielding) benchmarks. We show some illustrative examples
from that paper, focusing on validation benchmarks that test 14 MeV evaluations
that have changed between ENDF/B-VI1.8 and ENDF/B-VILO (e.g., 22>?3U, 2Py,
Pb, Li, and Be). These comparisons test the accuracy of the secondary emission
spectra of neutrons following nuclear reactions.

Fig. 52 shows an example from the above paper for the FNS (Fusion Neutronics
Source) benchmark corresponding to 14 MeV neutrons transmitted through 20 cm
lead at an angle of 42.8 degrees. The agreement between simulation and the FNS
data is seen to be good, it shows an improvement on the earlier ENDF/B-VI.8 data
and provides support for the accuracy of the new 2*®Pb evaluation.

Numerous high-energy pulsed-sphere experiments [131, 132] have been per-
formed in which small, medium, and large spheres of 32 different materials were
pulsed with a burst of high-energy (14 MeV) neutrons at Lawrence Livermore Na-
tional Laboratory’s ICT (Insulated Core Transformer) accelerator facility. Measured
time-dependent neutron fluxes at collimated detectors located at a distance of 7 - 10
meters provide a benchmark by which various neutron transport codes and cross-
section libraries may be evaluated.

The results can be seen in Fig. 53. The peak on the left hand side corresponds
to the transmission of the 14 MeV transmission of source neutrons; the broad peak
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further right (lower energies) corresponds to the neutrons created through compound
nucleus and fission mechanisms.

Numerous improvements [133, 134, 135, 136] to the simulations have been made
since the early implementations of these benchmarks. Simulations were performed
by comparing the measured data with calculated results using ENDF/B-VI.6 or
ENDEF/B-VIL.0 data with MCNP for the smallest spheres of 235y, 2387, and 2°Pu.
With the improvements in the modeling of the pulsed sphere experiments, problems
with down-scattering from 14-MeV to the 8-12 MeV energy region had been noted
especially for 23U and 23Pu. Recent efforts by Los Alamos National Laboratory to
improve the evaluated data for inelastic scattering at these higher incident neutron
energies have been incorporated into the ENDF/B-VIIL.O evaluations.
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As shown in Fig. 53, the ENDF/B-VII.O library improves the treatment of inelas-
tic scattering for 23U and 2*°Pu showing much better agreement with the measured
data. The improvements in modeling these integral transmission data experiments in
the minimum region around 20 shakes’ can be directly related to the cross section
improvements in the fundamental data for an incident energy of 14 MeV and 8-12
MeV emission energies, see Fig. 23.

5.8 Testing of Thermal Values and Resonance Integrals

Important quantities at low neutron energies are thermal capture cross sections and
capture resonance integrals. These quantities can be extracted from the ENDF/B-
VILO files and compared with the data in the recently published Atlas of Neutron
Resonances [12].
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the Atlas of Neutron Reso-
nances [12].

Ratios of capture cross sections at thermal energies are shown in Fig. 54. Overall,
there is a fairly good agreement between the values in ENDF/B-VIIL.0 and the Atlas,
although in several instances there are notable discrepancies. The thermal region
in 232Pa was revised for ENDF/B-VILO by Wright (ORNL) leading to the thermal
capture nearly 3 times bigger than the one reported in the Atlas. The origin of this
discrepancy is not clear and should be addressed in the future.

Ratios for capture resonances integrals can be seen in Fig. 55. Several comments
should be made. Resonance integrals for 136 e 142N, 152Gd, and 232U: these ratios

7 A shake is an informal unit of time used in nuclear science, 10~8 seconds. The word comes from
the expression “two shakes of a lamb’s tail” to mean a very short time interval.
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deviate from unity since there are inconsistencies between resonance parameters and
resonance integral measurements reported in Ref.[12] and the evaluators adopted
resonance parameters rather than the experimental integrals. In the extreme case
of 19"Ho the experiment is deemed doubtful due to the cadmium cut-off because
of the low energy resonance at 0.274 eV. In 138Dy the resolved resonance range is
very limited (up to 86 eV) and extrapolation of the unresolved resonance region to
such low energies might not be reliable (in particular, the exact position of the lower
boundary might play a significant role). The remaining outliers (' P, “°Ca, 38Co,
176H£, 204Hg, 244Pu) are real discrepancies. These are old evaluations that will have
to be updated in future releases of the ENDF/B library.

6 Other Nuclear Data of Interest

Other evaluated nuclear data of interest to nuclear technology applications, primar-
ily to fission reactor applications, are fission yields (also termed fission product
yields, FPY), thermal neutron scattering and radioactive decay data.

6.1 Fission Yields

The fission yields from the 1989 LANL evaluation by England and Rides [137] were
adopted by ENDF/B-VIIL.O. In this evaluation fission yield measurements reported
in the literature and calculated charge distributions were used to produce a recom-
mended set of yields for the fission products. Independent yields were taken from a
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calculated charge distribution model. A Gaussian charge distribution was calculated
by using the most probable charge and Gaussian width. The weighted average exper-
imental independent yields, the weighted average experimental cumulative yields,
the weighted average experimental cumulative yields and the calculated cumulative
yields were combined statistically form a recommended value.

There are two fission product yield sublibraries in ENDF/B-VIIL.0. Both of them
have been taken over from ENDF/B-VII.8 without any change:

e The neutron-induced fission yields sublibrary contains data for 31 actinides. Inci-
dent neutron interacts with the target material that undergoes fission which gives
rise to extensive number of fission products. There are 31 such target materials,
from 2?’Th to 2>Fm; neutron incident energies include the thermal energy of
0.0253 eV, 500 keV and 14 MeV. While for some materials, such as 233U, fission
yields are given for all three energies, for many other materials, yields are given
only for one or two energies.

e Spontaneous fission yields sublibrary contains 9 materials,
250.252CF, 253Es and 2**2°Fm. Each of these material undergoes spontaneous
fission which again gives rise to extensive set of fission products.

23817 244,246,248y

Fission yields can be conveniently retrieved and plotted by Sigma web interface [19]
which was developed and continues to be maintained by the NNDC, BNL.

6.2 Thermal Neutron Scattering

In ENDF/B-VIIL.O this sublibrary contains 20 evaluations. As described below,
seven were reevaluated or updated due to the combined efforts of MacFarlane, Los
Alamos, and by Mattes and Keinert, IKE Stuttgart [138]. The remaining evaluations
were taken over from the ENDF/B-VL.8 library.

New thermal neutron scattering evaluations were generated by the LEAPR mod-
ule of the NJOY code [139]. The physical model has been improved over the
one used at General Atomics in 1969 to produce the original ENDF/B-III evalua-
tions [140]. The alpha and beta grids have been extended to allow for larger incident
energies and to properly represent the features of S(a, ) for the various integrations
required. The physical constants have been updated for ENDF/B-VII.O to match the
current hydrogen and oxygen evaluations. The changes include additional alpha and
beta points, interpolating the rotational energy distributions and translational ener-
gies onto the new temperature grid, and slightly reducing the rotational energies to
improve the energy region between 0.01 and 0.1 eV.

6.2.1 H,O and D,O

H,O. This evaluation was generated by Mattes and Keinert in 2004 [138]. Water
is represented by freely moving H,O molecule clusters with some temperature de-
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pendence to the clustering effect. Each molecule can undergo torsional harmonic
oscillations (hindered rotations) with a broad spectrum of distributed modes. The
excitation spectra were improved over the older ENDF model, and they are given
with a temperature variation. In addition, there are two internal modes of vibration
at 205 and 436 meV. The stretching mode was reduced from the older ENDF value
of 480 meV to account for the liquid state. Scattering by the oxygen atoms is not in-
cluded in the tabulated scattering law data. It should be taken into account by adding
the scattering for free oxygen of mass 16.

We note that the new H;O thermal scattering kernel in ENDF/B-VII.O led to a
slight increase in calculated criticality of LEU-COMP-THERM critical assemblies.

D,O. This was based on the IKE-IAEA-JEFF-3.1 evaluation done by Mattes and
Keinert in 2004 [138]. Changes made for ENDF/B-VII include using a more ENDF-
like temperature grid and an extension of the ot and  grids to improve results for
higher incident energies.

6.2.2 Oin UO; and U in UO,

Uranium dioxide has a structure similar to fluoride, CaF,. A lattice dynamical model
was developed by Dolling, Cowley, and Woods to fit dispersion curve measure-
ments. In additional to short-range core-core forces, the model includes shell-core,
shell-shell, and long-range Coulomb interactions. Weighted frequency distributions
were calculated from a dynamical matrix based on this model. The O in UO;, part
is kept separate from the U in O, part, and one-fourth of the coherent elastic cross
section from the original General Atomics evaluation was included. The various
constants were updated to agree with the ENDF/B-VIL.0 evaluation of oxygen.

6.2.3 Hin ZrH

The lattice dynamics of ZrH were computed from a central force model. The slightly
tetragonal lattice of ZrH, was approximated by a face-centered-cubic lattice. Four
force constants (WL, ¥, v, and 8) were introduced describing respectively the interac-
tion of a zirconium atom with its nearest neighbors (8 H atoms) and its next nearest
neighbors (12 Zr atoms), and the interaction of a hydrogen atom with its next near-
est neighbors (6 H atoms) and its third nearest atoms (12 H atoms). Eigenvalues
and eigenvectors of the dynamical matrix were calculated, and a phonon frequency
spectrum was obtained by means of a root sampling technique. Weighted frequency
spectra for hydrogen in ZrH were then obtained by appropriate use of the dynamical
matrix eigenvectors. The final values of the four force constants were obtained by
fitting both specific heat and neutron data. The position of an optical peak observed
by neutron scattering techniques to be centered roughly around 0.14 eV determines
the constant |, while the overall width and shape of this peak determine v and 9,
respectively. Existing neutron data are not sufficiently precise to confirm the struc-
ture predicted in the optical peak by the central force model. Specific heat data were
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used to determine the force constant y, which primarily determines the upper limit
on the phonon energies associated with acoustic modes.

6.2.4 Other modified materials

Liquid methane at 100°K used the model of Agrawal and Yip as implemented by
Picton, modified to include a diffusive component. Solid methane at 22°K used the
model of Picton based on the spectrum of Harker and Brugger. Liquid para and ortho
hydrogen at 20°K were computed with LEAPR. The scattering law is based on the
model of Keinert and Sax [141], which includes spin correlations from the Young
and Koppel [142] model, diffusion and local hindered motions from an effective
translational scattering law based on a frequency distribution, and intermolecular
coherence after Vineyard [143].

Data for aluminum are provided for temperatures of 20, 80, 293.6, 400, 600 and
800°K using frequency distribution of Stedman, Almqvist, and Nilsson [144]. S°Fe
was modeled using iron frequency distribution of Brockhouse et al. [145].

6.3 Decay Data

The decay data part of the ENDF/B-VIL.O library was produced by Sonzogni
(NNDC, BNL) in 2006. This new sublibrary contains 3838 materials and is mostly
derived from the Evaluated Nuclear Structure Data File (ENSDF) [146] and the
2005 edition of the Nuclear Wallet Cards [147]. Each material corresponds to the
ground state or an isomeric level of a given nucleus. The library provides informa-
tion for stable and unstable nuclei, from the neutron to 2%*Rg (Z=111).

For sections of the library corresponding to unstable levels, the half-life, decay
modes and energy released during the decay is presented. For stable levels, the only
information given is the spin and parity of the level. The energy released can be
given with varying degrees of detail. The most basic information includes mean
electromagnetic energy (EEM), mean light particle energy (ELP), and mean heavy
particle energy (EHP).

For materials whose decay scheme is well known, i.e. satisfying that the sum of
the average energies for each radiation type is very close to the effective Q-value,
the ENSDF database was used and discrete radiation information was provided. In
contrast, for materials with unknown or poorly known decay schemes, the Nuclear
Wallet Cards database was used. In this case, a simple rule was used to obtain the
mean energies. If for instance the level in question undergoes beta decay, it was
assumed that EEM and ELP corresponds each to a third of decay Q-value, while the
neutrinos take the remaining third. For B-delayed particle emission, it was assumed
that the neutrinos carried away a quarter of the available energy and that leptons,
baryons and photons took a quarter each.
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The measurement of decay characteristics of fission products becomes increas-
ingly difficult as the fission products are further from the valley of stability. Typ-
ically, as the B- decay Q-value increases, more weak gamma rays are produced
which are difficult to place or simply escape detection. To address this issue, a series
of measurements using a >>>Cf source and a Total Absorption Gamma Spectrometer
(TAGS) were performed at INL, Idaho [148]. Using these data, EEM and ELP values
were obtained for 48 materials, which can improve the decay heat predicting power
of the library [149]. To obtain the EEM and ELP values from TAGS experiments
the evaluator followed the prescription developed by Hagura et al. [149], where it is
assumed that the decay from excited levels proceeds only by gamma emission, i.e.,
conversion electrons are neglected. As a result the EEM values is really an upper
limit and the ELP a lower one. The effect of electron conversion is expected to be
small, less than 10% of EEM. The use of TAGS data in decay data libraries is one
of the issues under study by WPEC Subgroup 25 [150].

Additionally, the following features were included:

e Internal conversion coefficients were calculated for all gamma rays of known
multipolarity using the code BRICC [151].

e For 3°Cl, ¥Fe, ®Tc, '2° and '*’Cs average B- energies for second forbidden
non-unique transitions were calculated using the code SPEBETA [152].

e Theoretical B- decay half-lives and [3-delayed neutron emission probabilities (B,)
using the Kratz-Hermann systematics et al. [77] were used for some neutron
rich nuclides which were produced in the fission of 2>U and 2*°Pu with limited
experimental 7} / or B, information.

6.3.1 Decay heat calculations

A plot of the decay heat following a fission event of 23>U can be seen in Fig. 56. The
total decay heat is separated into two components, electromagnetic and light parti-
cles. The former includes gamma and X-rays, while the latter includes electrons
from B- decay as well conversion and Auger electrons. A heavy particle compo-
nent, including neutrons and alphas is negligible. The data come from the 1989
compilation of Tobias [153]. The effect of the TAGS data is clearly visible. Without
including it, many unmeasured weak gamma rays would be missing due to incom-
plete decay schemes, resulting in artificially high values of electron and neutrino
mean energies as well as artificially low values of mean gamma energies.

The JEFF-3.1 decay data library was released in 2005 (correction to TAGS not
yet introduced) and shares a similar spirit and scope with the ENDF/B-VIIL.0 decay
data library. One possible way of comparing both libraries would be to plot decay
heats without TAGS data for 235U, This is shown in Fig. 57 and, as expected, both
libraries give very similar results under this condition.
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7 Evaluated Nuclear Data Libraries

There are numerous evaluated nuclear data libraries available from various nuclear
data centers. National interests and different applications are the two principal fac-
tors causing this variety. Countries with strong nuclear program, such as US, Euro-
pean Union, Japan, Russia and China, develop their own general purpose libraries
to maintain evaluation expertise and ensure technological independence.
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On the other hand, various applications of nuclear technology require special
purpose libraries that satisfy particular needs of a given application. These derived
libraries add another class to that mentioned above. One should also take into ac-
count various versions (releases) of the major libraries. Frequent sharing of evalu-
ations among different libraries, often with some modifications, makes this picture
even more complicated.

7.1 Overview of Libraries

A brief overview of evaluated nuclear data libraries should assist users to make
the right choice for their application. It should be understood that there is internal
dynamics in data development. Therefore, users should always consult webpages of
the most prominent data centers to make sure that the library they are interested in
is the latest version available.

7.1.1 General Purpose Libraries

General purpose libraries are not limited to any specific application and they are
meant to satisfy broad class of users. In practice, though, they often started as li-
braries for reactor applications.

Evaluations in a general purpose library are usually most complete in terms of
physical quantities and nuclear reactions. They have to be suitable for transport cal-
culations and as such have to fulfill quite strict requirements regarding completeness
and consistency. Thus, neutron evaluations have to cover thermal, resolved and un-
resolved resonance as well as fast neutron ranges extending at least up to 20 MeV,
contain all major reaction channels, provide cross sections and possibly angular
distributions, energy-angle correlated cross sections, and photon production data.
Internal consistency implies that individual cross sections must sum up to the to-
tal cross section and the integrals of emission spectra correspond to the respective
reaction cross sections.

Typically, the general purpose libraries are extensively validated against integral
measurements. Sometimes, results of these integral measurements are incorporated
into a library. This procedure introduces implicit correlations between various reac-
tions and materials causing such a libray to become an entity, rather than a simple
collection of individual evaluations.

Major general purpose libraries are maintained by the following countries:

. USA — ENDF/B-VIL.O0, released in 2006; new version is expected in 2011,

. Europe — JEFF-3.1, released in 2005; new version is expected in 2010,

. Japan — JENDL-3.3, released in 2002; JENDL-4 is expected in 2010,

. Russia — BROND-2.2, released in 1992; BROND-3 hast not been completed yet,
it is partly available in the selected evaluations of ROSFOND which was released
in 2008,

AW =
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5. China — CENDL-2, released in 1991; CENDL-3 was developed but not interna-
tionally released; development of CENDL-4 is underway.

Over the first decade of the 21*" century three evaluated data libraries (ENDF/B,
JEFF, and JENDL) have been continuously updated and improved. These libraries
will be briefly summarized later in this Section.

7.1.2 Special Purpose Libraries

The special purpose libraries address particular exigencies of certain applications.
Typical examples of such libraries are:

e International Reactor Dosimetry File, IRDF [154]

e FEuropean Activation File, EAF [155],

e Standards neutron cross section library [156], and

e Fusion Evaluated Nuclear Data Library, FENDL [157].

Evaluations in these libraries are not as comprehensive as those in the general pur-
pose libraries but excel in certain features that would be impractical or too costly to
be implemented in the general purpose files.

For example, activation library does not have to cover the full energy range, does
not require spectra and angular distributions but does need to provide cross sections
for the reactions leading to the radioactive products. Often, these are meta-stable
states that are rarely considered in the general purpose libraries. There is no internal
consistency requirement, but the amount of materials in the activation library is
usually far larger than in the general purpose libraries.

The dosimetry libraries are similar to the activation ones but cover very limited
number of well known reactions that are used for determination of neutron spectra.
Cross section covariances are critical for spectra deconvolution and are mandatory
in the dosimetry libraries.

On top of this pyramid are libraries of standards that include cross sections and
covariances for an even smaller number of reactions that are known to a very high
accuracy. The evaluation of standards is particularly thorough and is predominantly
based on detailed analysis of precise experimental data. Since standards are used as
reference in many measurements they are a potential source of correlations among
seemingly independent experiments. Therefore, cross-correlations among standards
cross sections are required in the standards library. These libraries provide by far
most accurate and reliable data but their coverage is very fragmentary.

Another type of special purpose libraries are those which are created as a selec-
tion of evaluations from various major libraries to better serve particular application.
The prominent example is FENDL [157], the international library compiled under
auspices of the TAEA in support of the fusion programme.

Some examples of special purpose libraries:

IRDF-2002: The International Reactor Dosimetry File [154] is a standardized,
updated, and benchmarked evaluated cross section library of neutron dosimetry
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reactions with uncertainty information for use in lifetime management assess-
ments of nuclear power reactors and other neutron metrology applications such
as boron neutron capture therapy, therapeutic use of medical isotopes, nuclear
physics measurements, and reactor safety applications. It contains damage cross
sections, decay data, standard spectra, and dosimetry cross sections in ENDF-6
pointwise and groupwise representation. Development of IRDF-2002 was coor-
dinated by IAEA during 2001-2004.

INDL/TSL: An improved set of thermal neutron scattering law data prepared for
10 elements/compounds in 2004-2006 by M. Mattes and J. Keinert under aus-
pices of the IAEA.

TAEA-Standards, 2006:  The most respected international library of neutron cross
section standards [156]. It contains data for 9 reactions including covariances.
The library relies on a very careful evaluation of the selected set of most precise
and reliable experiments. ENDF/B-VII.O adjusted its neutron sublibrary to these
cross sections and the whole set is available in its standards sublibrary.

EAF-2003: The Europen Activation File [158] is the most extensive library of
neutron activation cross sections. It contains 12 617 excitation functions on 774
different targets from 'H to 2>’Fm stored in the extended ENDF-6 format (EAF
format). The ENDF-6 formatted version is included as JEFF-3.1/A sublibrary in
the general purpose library JEFF-3.1.

EAF-2007: Extension of the European Activation File to proton- and deuteron-
induced reactions [155] in addition to the traditional neutron-induced data [158].
The deuteron-induced library contains 66,864 reactions, while the proton-induced
library contains 67,925 reactions. The library makes extensive use of model cal-
culations with the TALYS code [159].

JENDL/AC-2008: The JENDL Actinoid File 2008 is a consistent set of new eval-
uations for 79 actinides (89< Z<100) released in 2008 with the intention of
being included in JENDL-4.

MINSK: The library of original evaluations for 17 actinides developed by Maslov
et al. (Minsk, Belarus) between 1995 and 2003. it contains data for isotopes of
Th, Pa, U, Np, Pu, Am, and Cm.

MENDL-2: The neutron reaction data library for nuclear activation and transmu-
tation at intermediate energies developed by Shubin (IPPE Obninsk) et al. around
1995-98. It contains production cross-sections for the formation of radioactive
product nuclides for incident neutrons with energies up to 100 MeV. The 505
nuclides included cover the range from 2°Al to 2'%Po with half-lives larger than
one day.

ENDF/HE-VI: The high-energy library developed by S. Perlstein (BNL) and T.
Fukahori (JAERI) in 1990’s containing neutron and proton data for 12, S6Fe,
208pp, and 2Bi up to 1000 MeV.
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7.1.3 Derived Libraries

Derived libraries are obtained from the libraries discussed above by processing them
with a dedicated computer code such as NJOY [160]. In most cases this processing
is carried out to reconstruct cross sections in the resonance region, perform their
Doppler broadening at a given temperature (pointwise representation) and to provide
averages over certain energy intervals (groupwise representation). Derived libraries
are generally needed for transport calculations (e.g., ACE libraries used in the Monte
Carlo MCNP code [161]).

The derived libraries may also be adjusted to reproduce particular set of integral
experiments. In most cases such adjustment is performed on the groupwise library
and is targeting very well defined application such as sodium cooled fast reactors.
The performance of the adjusted library is superior when it is used for the intended
application but it might be poor for other applications. This is a consequence of the
selection of integral experiments and adoption of energy-group structure that are
tailored for the intended application.

7.2 ENDF-6 Format

Use of the ENDF-6 format is common for most of the evaluated nuclear data li-
braries. Only some of the activation and derived libraries deviate from this standard.
Otherwise, all major libraries are using ENDF-6 format that has been accepted in-
ternationally. This unification had a great impact on the world-wide cooperation,
greatly facilitated by exchanging files between the national libraries and easy com-
parison of the data.

The ENDF format has been developed by the Cross Section Evaluation Work-
ing Group (CSEWG) and it is maintained by the National Nuclear Data Center.
The work started in 1966, the first version was released in 1968, and then in 1970,
1972, 1975, 1979 and 1990 along with the subsequent releases of the US ENDF
library. The current version, ENDF-6 [2], has been used for both the ENDF/B-VI
and ENDF/B-VII library implying that new version of the format has not been de-
veloped for the ENDF/B-VIIL. We note that to differentiate it from the library which
is denoted with Roman numerals (say, ENDF/B-VI), the ENDF format is always
denoted with the Arabic numeral (ENDF-6).

For historic reasons, the ENDF-6 format uses 80-character records conforming
to the old-fashioned versions of FORTRAN. It is organized in a strict hierarchical
structure. Any library is a collection of material evaluations from a recognized eval-
uation group. It is divided into sub-libraries that distinguish between different inci-
dent particles and types of data, namely neutron induced reactions, proton induced
reactions, thermal scattering data, fission yields, decay data, etc. The sublibraries
contain the data for different materials identified by MAT numbers. Each material
evaluation contains data blocks referred to as “Files” and denoted with MF numbers.
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File 1: MF=1 is the descriptive part of the numerical file with details of evaluation,
it also contains V values.

File 2: MF=2 contains neutron resonance parameters. Neither thermal constants,
nor cross sections in the resonance region are provided, these are reconstructed
from resonance parameters by processing codes.

File 3: MF=3 contains cross sections. The minimum required energy range for
neutron reactions is from the threshold or from 10° eV up to 20 MeV, but higher
energies are allowed. There is a section for each important reaction or sum of
reactions. The reaction MT-numbers for these sections are chosen based on the
emitted particles.

Files 4-6:  Energy and angle distributions for emitted neutrons and other particles
or nuclei. File 4 is used for simple two-body reactions (elastic, discrete inelastic).
Files 4 and 5 are used for simple continuum reactions, which are nearly isotropic
and emit only one important particle. File 6 is used for more complex reactions
that require energy-angle correlation, that are important for heating or damage,
or that have several important products, which must be tallied.

Files 8-10:  If any of the reaction products are radioactive, they should be de-
scribed further in File 8. This file indicates how the production cross section is
to be determined (from File 3, 6, 9 or 10) and gives minimal information on the
further decay of the product. Additional decay information can be retrieved from
the decay data sub-library when required. Branching ratios (or relative yields)
for the production of different isomeric states of a radionuclide may be given in
File 9. Alternatively, radionuclide isomer-production cross sections can be given
in File 10.

Files 12-15:  For compatibility with earlier versions, photon production and pho-
ton distributions can be described using File 12 (photon production yields), File
13 (photon production cross sections), File 14 (photon angular distributions),
and File 15 (photon energy distributions). File 12 is preferred over File 13 when
strong resonances are present (capture, fission).

Files 30-40:  Covariance data are given in Files 30-40, with v covariances in File
31, resonance parameter covariances in File 32, and cross section covariances in
File 33.

A concise list of basic definitions and constants used in the ENDF-6 format is
given in Tab. 11. For detailed description we refer to the extensive manual [2].

7.3 ENDF/B-VII.0 (United States, 2006)

The ENDF/B-VILO library , released by the U.S. Cross Section Evaluation Working
Group (CSEWG) in December 2006, contains data primarily for reactions with in-
cident neutrons, protons, and photons on almost 400 isotopes, based on experimen-
tal data and theory predictions. The new library plays an important role in nuclear
technology applications, including transport simulations supporting national secu-
rity, nonproliferation, advanced reactor and fuel cycle concepts, criticality safety,
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Table 11 ENDEF-6 Format: Selected Definitions and Constants. See [2] for more details .

MF=5

ME=5

MF=6

MF=6

MF=9

MF=10

MF=12

MT=91

MT=102
MT=103
MT=105
MT=107
MT=601

MT=600
MT=801

MT=2
MT=51

MT=16

MT=5
MT=91

MT=28

MT=2
MT=4

MT=454
M

B
aQ
°

MT=457

to the 15" excited level)

(n,n’y) cross sections (inelastic scattering
to the 2" excited level)

(0,0’ cony ) cross sections (inelastic
scattering to continuum)

(n,y) cross secti

(n,p) crc
(n,t) cross sections

(n,a) cross sections

(n,py) cross sections for the (n.p)
reaction leaving residual nucleus in the
15t

excited level

(n,pg) cross sections for the (n.p)
reaction leaving residual nucleus in the
ground state

(n,0p ) cross sections for the (n,o.)
reaction leaving residual nucleus in the
1 excited level

Angular distributions of emitted particles
expressed as normalized probability distributions
Angular distributions for elastic scattering

Angular distributions for inelastic scattering

to the 157 excited level

Energy distributions (spectra) of emitted particles
expressed as normalized probability distributions
Spectra of emitted neutrons, photons and recoils
for the (n,2n) reaction (neutron spectra

contain both cascading neutrons)

Energy-angle distributions of emitted particles

(for a given reaction should contain subsections for
all reaction products including y’s and recoils)
Energy-angle distributions of products for

all reactions lumped into MT=5 (reactions

are identified by the residual nuclei)

Energy-angle distributions of continuum neutrons
(only those neutrons that were not followed

by any other particle emission are counted)
Energy-angle distributions of neutrons, protons,
residual nuclei and photons emitted in the (n,n’p)
reaction

Thermal neutron scattering on moderating materials
Elastic thermal neutron scattering
Inelastic thermal neutron scattering
Decay data and fission-product yields
Independent fission product yields
Cumulative fission product yields
Radioactive decay data

for ion of nuclei

(activation/isomeric cross sections expressed as a
fraction of the respective cross sections in MF=3)
Absolute cross sections for production of
radioactive nuclei (similar to MF=9 but without
reference to MF=3)
Multiplicities for photon and

ratios for 7y transitions between discrete levels
(respective cross sections in MF=3 must be used for
absolute values)

MF=34

MF=35

MF=40

Symbol
my

me

M
MT=851-870

Library
ENDF/B
ENDF/A

JEFF

EFF
ENDF/HE
CENDL
JENDL

Definition
neutron
mass
electron
mass
proton
mass
deuteron
mass

triton

mass

3He

mass
o-particle
mass
atomic mass
unit
elementary
charge
Planck’s
constant
Planck’s
const./2T
Boltzmann’s
constant
Speed of
light
Avogadro’s
number

File  Section Quantity File Section Quantity

MF=1 General information MF=13 Absolute photon spectra and photon

ME=1 Description of the evaluation production cross sections (similar to
Average number of neutrons per fission, V MF=12 but without reference to MF=3)
(V=Vg+Vp) MF=14 Angular distributions for discrete and
Average number of delayed neutrons per fission, v continuum photons
Average number of prompt neutrons per fission, Vp | MF=15 Energy spectra for continuum photons
Energy release in fission for incident neutrons (normalized distributions to be multiplied
B-delayed photon spectra by the respective cross sections in MF=3)
Resonance parameters MF=23 Electromagnetic interaction cross
Resolved resonance parameters, flag LRU=1 sections (such as total, coherent and
Unresolved resonance parameters, flag LRU=2 incoherent (Compton) elastic scattering
Reaction cross sections for photons and elastic scattering, brehm-
Total cross sections hlung and ionization for electrons)
Elastic cross sections MF=23 Total cross section for incident photons
Sum of all inelastic cross sections Photon coherent scattering cross section
Sum of cross sections for all reaction channels Pair production cross section
not given explicitly under other MT numbers Photoelectric absorption cross section
(n,2n) cross sections Electro-atomic brehmsstrahlung cross section
(n,3n) cross sections MF=26 Spectra and angular distributions of
(n,xf) total fission cross sections photons and electrons emitted in inter-
(n,f) first chance fission cross sections -action of photons or electrons with atoms
(n,nf) second chance fission cross sections MF=27 Atomic form factors or scattering functions
(n,2nf) third chance fission cross sections for angular distribution of photons
(n.n’ar) cross sections MF=28 Atomic relaxation data (emission of X-rays
(n,n’p) cross sections and electrons from ionized atoms)
(n,n’p) cre sections (inelastic scattering Covariances for nubar (V)

Covariances for resonance parameters
Covariances for cross sections
Covariances for total cross sections
Covariances for elastic cross sections
Covariances for cross sections of
lumped channels

Covariances for angular distributions of
emitted particles

Covariances for energy spectra of
emitted particles

Covariances for activation cross sections

Full name
US Evaluated Nuclear Data File
US Evaluated Nuclear Data File for

S ori .
Joint European evaluated File
European Fusion File (now in JEFF)
US High Energy file
Chinese Evaluated Nuclear Data Library
Japanese Evaluated Nuclear Data Library
NEA International Fission Product Library
TAEA Fusion Evaluated Nuclear Data Library
IAEA International Reactor Dosimetry File
FENDL Activation file
Russian Biblioteka (library) of
Recommended Neutron Data

Recommended value
1.008 664 916 amu
5485799 110x10~4 amu
1.007 276 467 amu
2013553213 amu

3.015 500713 amu

3.014 932 244 amu

4.001 506 179 amu
931.494 013 x100 eV
1.602 176 462 x 10~ 19 €
413566727 x10~ 15 ev s
658211889 x1010 v s
8.617 342 107 eV/K
299 792 458 m/s

6.022 14199 x10%3 1/mol

87
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fusion, medicine, space applications, nuclear astrophysics, and nuclear physics fa-
cility design.

Major releases of the US ENDF/B library are summarized in Table 12. After
an initial two-year release cycle, CSEWG moved to ever longer release cycles. Re-
cent releases occurred at widely-spaced intervals: ENDF/B-V was released in 1978,
ENDF/B-VI in 1990, followed by this ENDF/B-VIIL.O release in 2006. However,
interim releases have occurred more frequently and ENDF/B-VI had upgrades em-
bodied in eight releases, the last one occurring in October 2001 and referred to as
ENDF/B-VIL.8 [162].

Table 12 Major releases of the ENDF/B library of the United States. The library is maintained by
the Cross Section Evaluation Working Group, CSEWG, established in 1966.

ENDF/B| 1 o m I1v. v VI VI
Year |1968 1970 1972 1974 1978 1990 2006

7.3.1 Overview of the ENDF/B-VII.0 Library

The ENDF/B-VILO library contains 14 sublibraries, summarized in Table 13 ac-
cording to the identification number NSUB. The number of materials (isotopes or
elements) are given for both the new (VIL.0) and previous (VI.8) versions of the
ENDEF/B library. Although the ENDF/B library is widely known for evaluated neu-
tron cross sections, it also contains a considerable amount of non-neutron data.

Out of the total of 14 sublibraries, there are two new sublibraries; 7 sublibraries
were considerably updated and extended, and the remaining 5 sublibraries were
taken over from ENDF/B-VI.8 without any change:

1. The photonuclear sublibrary is new; it contains evaluated cross sections for 163
materials (all isotopes) mostly up to 140 MeV. The sublibrary has been supplied
by Los Alamos National Laboratory (LANL) and it is largely based on the IAEA-
coordinated collaboration completed in 2000 [163].

2. The photo-atomic sublibrary has been taken over from ENDF/B-VL.8. It contains
data for photons from 10 eV up to 100 GeV interacting with atoms for 100 ma-
terials (all elements). The sublibrary has been supplied by Lawrence Livermore
National Laboratory (LLNL).

3. The decay data sublibrary has been completely re-evaluated and considerably
extended by the National Nuclear Data Center, BNL.

4. The spontaneous fission yields were taken over from ENDF/B-VI.8. The data
were supplied by LANL.

5. The atomic relaxation sublibrary was taken over from ENDF/B-VI.8. It contains
data for 100 materials (all elements) supplied by LLNL.



3 Evaluated Nuclear Data 89

Table 13 Contents of the ENDF/B-VIIL.O library, with ENDF/B-VIL.8 shown for comparison.
NSUB stands for the sublibrary number, given in the last two columns are the number of mate-
rials (isotopes or elements).

No. NSUB Sublibrary Short ENDF/B- VII.0 ENDF/B-VIL.8
name name materials materials

1 0 Photonuclear g 163 -
2 3 Photo-atomic photo 100 100
3 4 Radioactive decay decay 3838 979
4 5 Spontaneous fission yields s/fpy 9 9
5 6 Atomic relaxation ard 100 100
6 10 Neutron n 393 328
7 11 Neutron fission yields n/fpy 31 31
8 12 Thermal scattering tsl 20 15
9 19 Standards std 8 8
10 113 Electro-atomic e 100 100
11 10010 Proton P 48 35
12 10020 Deuteron d 5 2
13 10030 Triton t 3 1
14 20030 3He he3 2 1

6. The neutron reaction sublibrary represents the heart of the ENDF/B-VIIL.O library.
The sublibrary has been considerably updated and extended, it contains 393 ma-
terials, including 390 isotopic evaluations and 3 elemental ones (C, V and Zn).
These evaluations can be considered to be complete® since they contain data
needed in neutronics calculations. Important improvements were made to the ac-
tinides by LANL, often in collaboration with ORNL. Evaluations in the fission
product range (Z = 31 - 68) have been entirely changed. Of the 393 materials,
about 2/3 of the evaluations are based upon recent important contributions from
the U.S. evaluators. The remaining evaluations were adopted from other sources
(mostly the JENDL-3.3 library). LLNL provided B-delayed y-ray data for 23U
and 2*Pu, for the first time in ENDF/B.

7. Neutron fission yields were taken over from ENDF/B-VI.8. The data were sup-
plied by LANL.

8. The thermal neutron scattering sublibrary contains thermal scattering-law data,
largely supplied by LANL, with several important updates and extensions [138]).

9. The neutron cross section standards sublibrary is new. Although standards tradi-
tionally constituted part of the ENDF/B library, in the past these data were stored
on a tape. As the concept of tapes has been abandoned in ENDF/B-VILO the
new sublibrary (short name std, sublibrary number NSUB = 19), has been intro-
duced. Out of 8 standards materials, 6 were newly evaluated, while the >He(n,p)
and " C(n,n) standards were taken over from ENDF/B-VI1.8. The standard cross
sections were adopted by the neutron reaction sublibrary except for the thermal
cross section for 2> U(n,f) where a slight difference occurs to satisfy thermal data

8 The only exception is 233Es that contains (n,y) dosimetry cross sections.
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testing. These new evaluations come from the international collaboration coordi-
nated by the IAEA [156].

10. The electro-atomic sublibrary was taken over from ENDF/B-VLS. It contains
data for 100 materials (all elements) supplied by LLNL.

11. The proton-induced reactions were supplied by LANL, the data being mostly to
150 MeV. There are several updates and several new evaluations.

12. The deuteron-induced reactions were supplied by LANL. This sublibrary con-
tains 5 evaluations.

13. The triton-induced reactions were supplied by LANL. This sublibrary contains 3
evaluations.

14. Reactions induced with *He were supplied by LANL. This sublibrary contains 2
evaluations.

7.3.2 Processing and Data Verification

The ENDF/B-VILO library was issued in its basic format defined by the ENDF-6
Formats Manual [2]. For practical applications the library must be processed so that
basic data are converted into formats suitable as input for applied codes such as the
Monte Carlo transport code MCNP and the reactor licensing code SCALE [122].
Recommended processing codes:

e Los Alamos code NJOY-99 [160, 164] , to be obtained from RSICC [165] or
NEA Data Bank [166], with patches available at the LANL T-2 webpage [167].

e Two codes are available for processing of covariance data, ERRORJ [168] — since
recently a part of the NJOY package, and PUFF [169] — a module of the Oak
Ridge processing code AMPX [170].

Data verification was performed by the National Nuclear Data Center, BNL:

e Checking the library by ENDF-6 utility codes (CHECKR, FIZCON, PSYCHE)
[171] for possible formatting problems and inconsistencies in physics.

e Processing of photonuclear, neutron, thermal scattering and proton sublibraries
by NJOY-99 to ensure that a processed library suitable for neutronics calculations
can be produced.

e Use of the processed files by the Monte Carlo codes MCNP [161] and MC-
NPX [172] in simple neutronics test to ensure that neutronics calculations can
be performed.

e Processing of covariance data to ensure that multigroup data for applied calcula-
tions can be produced.

Data validation is a complex process described earlier in this chapter. CSEWG
used continuous energy Monte Carlo transport codes and validation focused on the
neutron reaction and thermal neutron scattering sublibraries. These are the best val-
idated sublibraries. The neutron standards sublibrary contains a special category of
data where the highest quality was achieved. The photonuclear sublibrary was sub-
ject to partial validation, and the decay data sublibrary went through some limited
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testing. The remaining 9 sublibraries were not included in the ENDF/B-VIIL.O vali-
dation process.

7.4 JEFF-3.1 (Europe, 2005)

The Joint Evaluated Fission and Fusion (JEFF) Project is a collaborative effort
among the European member countries of the NEA Data Bank. The initial objective
was to improve performance for existing reactors and fuel cycles. More recently,
the goal is to provide users with a more extensive set of data for a wider range of
applications, including innovative reactor concept (Gen-IV), transmutation of ra-
dioactive waste, fusion, and medical applications. These data include neutron- and
proton-induced reactions, radioactive decay, fission yields, thermal scattering law
and photo-atomic interactions.

The JEFF-3.1 version of the library was released in May 2005, for summary de-
scription see JEFF Report 19 [18]. The library combines the efforts of the JEFF
and EFF/EAF (European Fusion File/European Activation File) working groups.
The neutron general purpose sublibrary contains 381 materials from 'H to 2>>Fm.
The activation sublibrary is based on the EAF-2003 and contains cross sections for
neutron reactions on 774 targets; radioactive decay sublibrary contains 3 852 iso-
topes of which only 226 are stable; proton sublibrary covers 26 materials from “°Ca
to 299Bi; thermal scattering law sublibrary includes 9 materials; neutron-induced-
fission-yield sublibrary covers 19 isotopes from 2*2Th to ?*>Cm, and spontaneous-
fission-yield sublibrary contains 24>?**Cm and 2>>Cf.

The JEFF-3.0 library was upgraded mainly because of underprediction of the
reactivity for low-enriched uranium systems relevant to light water reactors. The
reactivity issue was linked to the 233U cross sections and the improved evaluation
was assembled as a result of the broad international effort. Transport calculations
proved that the predictions of this reactivity was appreciably improved.

New evaluations or major revisions were performed for Ti sotopes (IRK Vienna),
Ca, Sc, Fe, Ge, Pb, and Bi isotopes (NRG Petten), '3 Rh, 127121, Hf isotopes,
236,237,238 and 2'*Am (CEA). For other isotopes, more recent evaluations from
other libraries were adopted. Revised thermal scattering data have been produced
for all important moderator and structural materials.

The JEFF project put considerable effort to validation of the library, which was
done particularly carefully from the point of view of nuclear reactor applications.
The overall performance of the library is excellent.

7.5 JENDL-3.3 (Japan, 2002)

JENDL-3.3 is the Japanese evaluated library which was released in 2002, see the
summary paper by Shibata ef al. [173]. The library is largely based on evaluations
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that originated in Japan, thus representing probably the most extensive source of
independent evaluations, just after the US effort.

The objective of the JENDL effort is to supply Japanese evaluated data for fast
breeder reactors, thermal reactors, fussion neutronics and shielding calculations, as
well as other applications. The JENDL-3.3 library contains data for 337 materials,
from 1073 to 20 MeV. Major issues in the previous version of the library, JENDL-
3.2, were addressed: overestimation of criticality values for thermal fission reac-
tors was improved by the modification of fission cross sections and fission neutron
spectra for 23U incorrect energy distributions of secondary neutrons from impor-
tant heavy materials were replaced by the statistical model results; inconsistency
between elemental and isotopic evaluations were removed for medium-heavy nu-
clides.

JENDL-3.3 also contains covariances for 20 most important materials. Of them,
16 materials have been originally developed for JENDL-3.2 covariance file, made
available in March 2002 [174] and adopted shortly afterwards with minor modifi-
cations by JENDL-3.3. Additional three materials were produced for JENDL-3.3,
while the dosimetry material >Mn was taken over. The list of resulting 20 materi-
als includes actinides, structural materials and light nuclides, which are of interest
primarily for fast reactor applications:

° IH, 10,1 lB, 160, 23Na, 48Ti, V, 52Cr, 55Mn’ 56Fe, 59C0, 58"60Ni, 9021.’ 233’235’238U,
239’240’241Pu

A new version of the library, JENDL-4, is under development, with a release
expected in 2010.

7.6 Web Access to Nuclear Data

Several major webpages offer evaluated nuclear data. These are regularly main-
tained by the four well established data centers:

1. National Nuclear Data Center (NNDC), USA, www.nndc.bnl.gov
2. International Atomic Energy Agency, Nuclear Data Section (IAEA-NDS), Vi-
enna, www-nds.iaea.org
. Nuclear Energy Agency, Data Bank (NEA-DB), Paris, www.nea/fr/html/dbdata
4. Nuclear Data Center, Japan Atomic Energy Agency (NDC-JAEA), Japan,
wwwndc.tokai-sc.jaea.go.jp

W

The NNDC has probably the largest portfolio of data with web retrieval capa-
bilities, including both nuclear structure (ENSDF, NuDat, Chart of Nuclides) and
nuclear reactions (EXFOR, ENDF, Sigma).

For the readers of the present Handbook of most interest would be Sigma nu-
clear reaction retrieval and plotting system, which was developed by the NNDC
to satisfy needs of both professional users and those without knowledge of com-
plex ENDF-6 formatting system. Sigma uses the latest web technologies to provide
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browsing and search tools as well as interactive graphics. It can be easily accessed
at www.nndc.bn.gov/sigma and includes the following capabilities:

Retrieval, Browsing, Search
Plotting

— Cross Sections

Angular Distributions, Energy Spectra
— Covariances (MF33)

Fission Yields

Computations (ratios, integrals, weighting)
Thermal Values and Resonance Integrals

Sigma offers data from the following nuclear reaction libraries:

ENDEF/B-VIIL.0 (USA, 2006)

JEFF-3.1 (Europe, 2005)

JENDL-3.3 (Japan, 2002)

ROSFOND (Russia, 2008)

ENDF/B-VI1.8 (USA, 2001)

ENDF/A (USA, selected files only)

EXFOR (NRDC network, experimental data, latest version)

The TAEA Nuclear Data Service (Vienna) offers major nuclear reaction data li-
braries as well as number of smaller libraries and specialized results of the [AEA-
coordinated data projects. Its signature nuclear reaction retrieval system is ENDF,
which is also offered by the NNDC as an alternative to Sigma.

The NEA Data Bank (Paris) data services are more restricted, focusing on nuclear
reaction data and nuclear reaction computer codes. Its signature nuclear reaction
data retrieval and plotting system is Java based JANIS.

The Nuclear Data Center of the Japan Atomic Energy Agency (Tokai-mura) of-
fers data services with the focus on data included in the Japanese Evaluated Nuclear
Data Library, JENDL.
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