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Abstract. Developement of the nuclear reaction code system EMPIRE since the last Nuclear Data Conference in
Santa Fe (2004) is summarized. We report on the recent use of the code for thgBEMIDB evaluations and
concentrate on the two major directions in which the code is being expanded - resonances and covariances. Finally,
we discuss exciting perspectiveSered by parallel supercomputing.

1 Introduction with the same coupling scheme, the same models and the
same parameters as those used in the actual calculations.
EMPIRE [1] is a complex system of codes, linked through The procedure is stable (conservative) i.e., if no clear
a series of scripts and graphical interfaces, designed for improvement is found EMPIRE retains initial parameters
modeling nuclear reactions. The system is general and flexible, rather than pushing them to unphysical values.
and can been applied to the calculation of neutron capture Full support for dispersive Coupled-Channels optical
in the keV region, as well as for the research of Heavy lon potentials has been introduced. This modification consits
induced reactions at several hundreds of MeV. Such broad in allowing different geometry for the real and the imag-
range of incident energies and projectiles is possible thanks inary volume potentials. This change enables EMPIRE to
to the extensive set of nuclear reaction models that includes utilize physically sound class of optical model potentials
all nuclear reaction mechanisms that are important below 200 that proved to provide excellent results with fewer param-
MeV. Comprehensive library of input parameters and graphic eters.
user interface facilitate preparation of the input and operatioa DWBA calculations to discrete levels embedded in the
of the code. The major emphasis is on nuclear data evaluationcontinuum is a trick to increase high energy part of the
and large part of the system is dedicated to ENDF-6 formating, neutron spectra. It compensates for shortcomings of the
checking, plotting, and processing through the NJOY code. reaction models that in certain cases are unable to properly
This way, EMPIRE covers the complete evaluation cycle up account for the collectivity of highly excited states.
to the preparation of files for transport calculations with the- DWBA calculations on odd targetshave been incorpo-
MCNP code. rated to enable use of the direct reaction mechanism when
Over the recent years, the system has been continuouslyCoupled-Channels potential is not available or there is a
extended and improved to meet evaluation exigencies posednecessity of using direct mechanism for the levels that
by the development of ENDB-VII.O [2]. We only give a can not be included within the Coupled-Channels coupling
very brief summary of recent changes and elaborate a bit more scheme. Since DWBA calculations can not be performed
on ENDFB-VII.0 and two new fields of expansion: neutron  on targets with non-integer spins actual computations are

resonances and cross section covariances. done for a neighboring nucleus with even number of
nucleons.
— Deformed Multistep Direct modelis an extension of the
2 Recent developments original TUL approach to account for th&ect of nuclear
deformation on the RPA response functions. The modified
— Automatic fitting of optical potential parameters has model successfully reproduced spectra of inelastically

been introduced in addition to the manual version present scattered neutrons G#°Th [4].

in the previous release. The fitting is highly automatized — Improvement of the fission channehas been continuous.
user must only select parameters to be varied and EMPIRE Already sophisticated fission model that has been used for
extracts useful experimental data from the EXFOR library, ENDF/B-VII.0 evaluations (see fig. 1) has been refined.
sets suitable incident energy grid and performs minimiza- Current advances include absorption in the third well,
tion. Fitting is performed using Coupled-Channels model more general shapes of the fission barriers including those
obtained in the microscopic Hartree-Fock-Bolgolyubov
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(HFB) calculations as well as level densities derived comvere obtained using up to date reaction theory including
binatorially from the HFB single-particle levels [6,7].  Coupled-Channels and DWBA models in the incident channel
and inelastic scattering, quantum-mechanical preequilibrium
emission of neutrons (Multistep Direct and Multistep Com-
I L L pound), exciton model for emission of protonsparticles (the
% %. latter with lwamoto-Harada extension) and photons, widths
& fluctuation correction at incident energies below 3 MeV and
sequential emission Hauser-Feshbach withjftdascade. For
the materials of high priority the optical model parameters
were adjusted in the course of evaluation. In general, we
preferred to perform evaluation for the whole chain of isotopes
since this allows for a more reliable constrain of model
parameters and ensures consistency between the isotopes. In
fig. 2 we show, as an example, capture cross sections for the
extensive set of gadolinium isotopes.
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Fig. 1. Comparison of EMPIRE calculations with ENB-VII.0
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cross sections fa8U(n,f) demonstrating how well calculations can £
match recommended values for this top priority reaction. c 3
2 |
— Improvements in ENDF-6 formatting and plotting were $
introduced while developing the ENIB-VII.O library. n 3
Here we mention only a mixed representation for storin98 .
spectra in the ENDF-6 format. This procedure separate@ stotes s ]
reaction channels into exclusive and inclusive and stores ] — 84122~ G0183x01 EN — 'L
the respective spectra in one of the two formats throughout Gd-156x0.005  — Gd-157 x 0.001 \
the whole energy range. . 107] . ExpmenialData 100 X0:00020 'L
— Prompt fission neutron spectra and nu-barsare im- h» e e pe

portant additions that make evaluated files for actinides .
complete. They are calculated including post-fission neu- Incident Neutron Energy (eV)
trons emitted from fully accelerated fragments and preiq. 2. Capture cross sections for Gd isotopes compared to experi-

fission neutrons. Both, nu-bar and PFNS calculations af@ntal data in the fast neutron region. The neighboring curves and
consistent with the calculated fission cross sections.  data are scaled by factors indicated in the legend.

3 ENDF/B-VII.0 evaluations

Development of the ENDB-VII.0 was an occasion for a 4 Resonance module
first large scale deployment of the EMPIRE code. It has been
used for 74 out of 393 neutron evaluations contained in tEPIRE-2.19 has been using an internal, ENDF-6 formatted,
library. In most cases these are completely new files up database of resonances to complete fast neutron evaluations
20 MeV, in which fast neutron range and sometimes algdth the resonance region. Recently, Mughabghab completed
unresolved resonance range are fully based on the EMPIRE Atlas of Neutron Resonances [3], a monumental compila-
calculations. The basic role of the experimental data wasttén/evaluation work across the whole table of isotopes. This
determine model parameters. In some cases minor adjustmeygalth of information must find its way into the evaluated
were imposed on the calculated results in order to match higraries. With this goal in mind, we have started a new
quality experimental data. Contrary to a common practicEMPIRE module [5] that will provide easy access to the Atlas
such adjustments were carried out during the calculatiofigta and their seemless transfer to the evaluation. We also
so that they were consistently propagated onto all reactipitend to preserve legacy codes and methodology that has
channels. been developed over years and constitutes scientific heritage
The EMPIRE based evaluations are complete: they incluge great importance for application of nuclear technology.
all reaction channels of importance for neutronics calculgve stress, that the new module is intended for extracting
tions, angular distributions, doublefidirential spectra, and and further processing of resonance parameters and properties
recoils. The photon production spectra are provided for @bllected in Atlas, i.e., it is not replacing codes used to analyze
reaction channels involving emission gfrays. The results experimental data such as SAMMY or REFIT.
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Contents of the Atlas includes actual resonance parameters )\ - riance module
(energies and widths along with uncertainties) and resonance

properties (thermal cross sections, scattering radius, averge methodology for generating cross section covariances in
resonance spacings, and average radiative, neutron and figgiofast neutron range was developed recently by the National
widths for s-, p-, and d-waves). The task of extracting, analyggclear Data Center (BNL) in collaboration with the T-16
ing and formating of these quantities is delegated to the Coggsp (LANL). It employs a sensitivity matrix produced with
PTANAL and WRIURR that run in sequence supported byige code EMPIRE, and uses it in the KALMAN code for

few utility codes. . _ determining covariances while taking into account relevant
PTANAL assigns orbital momentum and spins to regxperimental data.

onances if such were not determined form measurements.
When doing it PTANAL makes use of the Bayesian method
and random assignment respectively. In addition, average

radiation width is calculated and assigned to the resonances *Y - Target Level Density

with unknown radiative width and the fitting of reduced 0.2 ' ' '

neutron widths to the Porter-Thomas distribution is performed.

The completed set of resonances is stored in the ENDF-65 0.0

format (File 2) and passed to the WRIURR code along with 3 5 ) (n.np)

the average resonance parameters. WRIURR constructs th(}%; 0.2 ¢ ]

unresolved resonance region using average parameters angl 04l (n,p) )

appends it to the ENDF file. £ )
RECENT, LINEAR and SIGMAL codes are used to re- Y '

construct pointwise cross sections for plotting against experi-

mental data retrieved automatically from the EXFOR library. 0.8 s . . .

Graphic user interface (GUI) will allow the evaluator to adjust 0 5 10 15 20

boundaries of resolved and unresolved resonance regions, the Incident Neutron Energy (MeV)

average resonance parameters and their energy dependencies

in order to reproduce measured cross sections. The con J%)f"' Rfel‘;t'vle SeI”Z'“V't_y of various re?‘Ct'r?n channels tl(é?t}ze pertur-
GUI for the resonance module is shown in fig. 3. Mergi O'A?n of the level density parameter in the target nucleue) oy
of the resonance region with the fast-neutron part of the ™
evaluation will be performed with the existing code ENDRES.
To obtain the sensitivity matrix, the most relevant model

parameters in EMPIRE (optical model, level density and

=] Resonance module [ol =T =] preequilibrium strength) are varied independently around the
Fle View felp optimal value, to determine theiffect on cross sections (see
ain Y figs. 4 and 5). Sensitivity matrix elements are calculated as a
mput: output: change of a given reaction cross sections in response to the
[T e (e T e | phange of a particular model parameter. A sgrigs of scripts
s wave rarave e camative plot | is employed to transfer such sensitivity matrix information
SF:  [a10e-05 5 008-04 310805 e ——— | along with the eXperlmental data to the KALMAN code, and
Gg:  [13400 30000 20 to prepare adequate input.
Total 1 EMDFfB-VII

D: 3200.00 spin cut-off : 373

Fig. 6 shows an example of the correlation matrix. We
note, that final uncertainties are adjusted to reproduce er-

Scattering | i JENDL-3.3

d region

fmas 30000 S O SR | B ror bars on the best measurements by preventing errors on
Gno_cut: Callent Resonance parametors | model parameters (initially set at 10 %) from falling below
— Allas of Neutron Resonances | reasonable limits (3 %). This procedure is necessary since
B T2 gPoer | [F5 L the Kalman _filter tends to reduce uncertainties on model
Emax - onergies: [35 N PTANAL parameters if many consistent gxpenmental de}t.al are wv_all
= Enorpy dependent D and neutran width for s-wave S reproduced by the model calculations. The sensitivity matri-
W Energy dependent D and gamma width for p-wave ces turn out to be very valuablefepin of the covariance
B Energy dependent D and gamma wilth for d-wave i calculations. They allow for a deeper insight into the reaction

mechanism, andfter extremally useful guidance in adjust-

‘ ing model parameters. Full set of sensitivity plots allows to
Fig. 3. Conceptual design of the future graphic user interfaggatermine which parameters should be changed in order to
controlling the resonance module of EMPIRE. Average resonanggnieve required change in the cross section. At the same
parameters are retrieved form the Atlas and can be adjusted by #h8e the @fect of the change on other reaction channel can
evaluator. Statistical analyzes of the resolved resonances (CumUIaﬂléepredicted and collateral damage minimized. Figs. 4 and 5
plots and Porter-Thomas analysis) are accessible through a cliclgm)w that the fect of variation of some of the parameters
a bu_tton as is also_the graphical comparison of r_econstructed CrPSSeal marked and flicult to anticipate energy dependence.
sections with experimental data and other evaluations. Therefore, combined adjustment of several parameters might
be very dfective in reproducing experimental data with theory.
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An alternative approach is to achieve such precision in the
Y(n,y) microscopic data that there is no need for any adjustments
to reproduce integral experiments. This can be attempted
by incorporating integral measurements into the evaluation
procedure. Recent progress in nuclear reaction modeling,
0.2 b~ R 1 qualitative jump in the computing resources, current status
of modern transport calculation codes, and availability of
key libraries such as RIPL (model parameters), EXFOR (mi-
croscopic experimental data) as well as the comprehensive
compilation of benchmark experiments (ICSBEP) provide
justified expectation that such an ambition task is technically
feasible. Our confidence builds on the follwing:

Atarget

Relative Sensitivity
o
o

0 5 10 15 20 — simultaneous evaluation (model calculations) of the entire
Incident Neutron Energy (MeV) library (or a considerable part of it) and its benchmarking

against hundreds of integral measurements will consider-
ably increase constrains on the adjustments of the micro-
scopic data,

— adjustment of model parameters instead of cross sections
will greatly reduce number of quantities to be adjusted

If such an adjustment is done on a large scale it should produce réinforcing the éect of the previous point,

improved global set of model parameters. — comprehensive sensitivity calculations coupled to the ad-

vanced statistical methods (e.g., KALMAN filtering) will
ensure that the adjustment is optimal.

Fig. 5. Relative sensitivity of neutron capture 8RY to the 10%
perturbation of various model parametegssfrenght perturbed by
20%).

157Gd(n,y) Such a project, known as Global Nuclear Data Initiative,
has recently been gaining support within the US nuclear data
community.
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40 The EMPIRE code has reachedfistient level of robust-

ness and reliability to provide substantial support for the

development of ENDB-VII.0. Several important extensions

0 and improvements were introduced. Recently, the code has
been embracing new territories: neutron resonances and the
covariances. Our vision for future goes even further - consider
the library as a single entity, rather than as the collection of
isotopes. The dream is to construinsistentset of (short)

i input files that, together with the nuclear reaction code, could

replace the entire library of cross sections. Ultimately, if the

physics is right, there should be only one input!
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Fig. 6. Correlation matrix for thé>’Gd neutron capture cross sections
in the fast neutron region obtained with the EMPIRE-KALMANReferences
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