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EMPIRE scope

Ð Incident energies up to ~150 MeV  

Ð Projectiles: n, p, d, t, 3He, 4He, !, and Heavy Ions (HI) 

Ð Outgoing channels: projectiles (except HI), multi-
particle emission, discrete levels (including isomers), ! 
lines, fission 

Ð Reaction mechanisms: direct, pre-equilibrium and 
statistical model  

Ð Provides: reaction cross sections, residue production 
cross sections, angular distributions, spectra (incl. 
PFNS), angle-energy distributions of reaction products 

Ð Targets A > 20 (light nuclei excluded) 

Ð Low energy range for neutron reactions covered by 
interface to Atlas of Neutron Resonances (to be 
updated)
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EMPIREÕs convenience

Ð Operation via Graphic User Interface (GUI)  
Ð Easy input (extensive use of defaults, built-in internal logic)  
Ð Choice of reaction models (Fus. 7, Dir. 2, PE 3, LD 3, G-str. 6, Fiss. 5) 
Ð Manipulation and verification of ENDF-6 files 
Ð Interactive plots of experimental and calculated results  
Ð Automated calculation  

of sensitivity matrices  
for Kalman fitting and  
covariances

3





Atlas of n resonances

Direct reactions, 
absorption, Tlj

Pre-equilibrium

Compound 
nucleus

ENDF

Fitting & 
Covariances



Reaction models

¥Fusion 
Ð Spherical optical model (ECIS-2006),  
Ð Coupled-channels (ECIS-2006, OPTMAN) 
Ð Distorted Wave Born Approximation DWBA 
Ð Simplified coupled-channels for HI (CCFUS) 
Ð distributed barrier model for HI 
Ð deuteron absorption 
Ð photo-absorption for incident gammas 
Ð Ôread inÕ  

¥Direct inelastic 
Ð Coupled-channels (ECIS-2006, OPTMAN) 
Ð Distorted Wave Born Approximation DWBA (ECIS-2006)  

can be used in addition to CC & for levels in the continuum
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Reaction models (cont.)

¥Pre-equilibrium 
Ð TUL Multistep Direct (ORION + TRISTAN) 
Ð NVWY Multistep Compound with !-emission  
Ð Exciton model (PCROSS) 
Ð Iwamoto-Harada model for complex particle  

emission (PCROSS) 
Ð Hybrid Monte Carlo Simulation (DDHMS) 

with multiple PE emission 

¥ Compound nucleus 
Ð HRTW or Moldauer for widthsÕ fluctuation 
Ð Multi-emission Hauser-Feshbach model with 

full !-cascade  
Ð Engelbrecht-Weidenmueller transformation  

for direct-compound interference

7

¥Level densities 
Ð EMPIRE Superfluid Model with 

dynamical deformation effects 
Ð Gilbert-Cameron 
Ð HFB microscopic tables (RIPL-3) 

¥ !-strength functions RIPL: Reference Input Parameter Lib... NUCLEAR DATA SHEETS R. Capote et al.
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FIG. 42: E1 ! -decay strength function plotted against energy
"! for 90 Zr; experimental data are taken from Ref. [ 327].

in the GFL model were taken from table I of Ref. [303].
When experimental data on the lower quadrupole vibra-
tional states were unavailable for even-even nuclei and
for all odd-A and odd-odd nuclei, |β̄2| were used for β̄2
and a global parametrization was adopted for s2 [303]

s2 ! E2β̄2
2 = 217.16/A 2 MeV. (171)

The results shown in Fig. 41 were calculated for γ-ray en-
ergies that correspond to the mean energy �̄! of E1 tran-
sitions in the gamma/gamma-strength-exp.dat file. Ex-
perimental data were taken also from this file and they
were extracted by Kopecky from the average resonance
capture data at low energies.

Plots show that the GFL and MLO(ML02 variant)
models describe the experimental γ-decay data with �! "
Ui = Sn better than the EGLO and SLO models for
A # 220. GFL and MLO calculations are in very close
agreement.

Figure 42 shows calculated γ-decay strengths
$%
f E 1 for

90Zr; experimental data are taken from Ref. [327], and
GFL, MLO and EGLO data are calculated for the exper-
imental energies Ui and �! . The MLO and SLO models
for 90Zr describe the experimental data better than GFL
and EGLO, and the MLO representation is closer to the
experimental data than that of the SLO model.

Figure 43 compares experimental strength functions
taken from Ref. [289] with the calculated strength func-
tions

$%
f E1 for 144Nd, with the initial excitation energy Ui

equal to the neutron separation energy Sn (" 7.8 MeV).
EGLO, GFL and MLO results are characterized by a
non-zero limit and temperature dependence at low γ-ray
energies. All these models are in reasonable agreement
for �! # 2 MeV, and describe the experimental data much
better than the SLO model (which predicts a vanishing
strength function at zero γ-ray energy) [314, 328].

The photo-excitation strength function Eq. (133) is of
the same form as the γ-decay strength function, except
that the temperature of the initial state (Ti ) is adopted
instead of the final state temperature (Tf ). E1 photo-
excitation strength functions calculated by means of the
MLO(SMLO), GFL and SLO models are in good agree-
ment for cold nuclei over a wide range of gamma-ray en-
ergies near the GDR peak energy [314, 329, 330].
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FIG. 43: E1 ! -decay strength function of 144 Nd for Ui = Bn :
experimental data are taken from Ref. [ 289].

C. Microscopic approach to E1 strength function

The Lorentzian and previously described closed-form
expressions for the γ-ray strength su! er from various
shortcomings:

(1) they are unable to predict the resonance-like en-
hancement of the E1 strength at energies below
the neutron separation energy as demonstrated, for
example, by nuclear resonance fluorescence exper-
iments. This departure from a Lorentzian profile
may occur in various ways, such as a pygmy E1
resonance [275, 281, 331]–[335], which is observed
in fp -shell and heavy spherical nuclei near closed
shells (Zr, Mo, Ba, Ce, Sn and Pb);

(2) they are unable to describe isospin structure of
the RSF, specifically observed isospin splitting of
the GDR in light- and middle-weight atomic nuclei
[336]–[339];

(3) even if a Lorentzian function provides a suitable
representation of the E1 strength, the location of
the maximum and width still need to be predicted
from some underlying model for each nucleus, as
described in the previous sections. This approach
lacks reliability when dealing with exotic nuclei.

Therefore, microscopic models have been developed
with the aims of providing predictive power and rea-
sonably reliable E1 strength functions. Attempts
in this direction have been specifically conducted
within the quasi-particle random-phase-approximation
(QRPA). The spherical QRPA model (as well as the
microscopic Hartree-Fock-Bogoliubov plus quasi-particle
random phase approximation model (HFB–QRPA)) in-
cludes a realistic Skyrme interaction, and has been used
for large-scale derivations of the E1 strength function
[340]–[342].

The final E1 strength functions obtained by folding the
density of QRPA excitations for a given spin and par-
ity (QRPA strength) with a Lorentzian function (similar
as the general form of Eq. 135) also reproduce photo-
absorption satisfactorily, as well as the average reso-
nance capture data at low energies [340]. These afore-
mentioned QRPA calculations have been performed for
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Reaction models (cont.)

¥Fission 
Ð Symmetric, single barrier fission for HI  
Ð More advanced fission for incident n, 

p and !  
¥ multi-hump barriers 
¥ microscopic barriers 
¥ optical model for fission 
¥ multimodal fission 

¥Prompt fission neutron  
spectra (PFNS) 
Ð Los Alamos model 
Ð Kornilov model
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RIPL: Reference Input Parameter Lib... NUCLEAR DATA SHEETS R. Capote et al.

sented in sectionVIII A .
In addition, in RIPL-3 the estimation of the prompt Þs-

sion neutron spectrum using the ÒLos Alamos modelÓ is
provided.

A. Basic relations

The main concepts of nuclear Þssion theory are based
essentially on the liquid-drop model [375, 376]. Accord-
ing to this model, competition between the surface ten-
sion 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 Þssion. The penetrability of the barrier
determines the half-life for spontaneous Þssion. In the
liquid-drop model, the height of the Þssion barrier for
heavy nuclei decreases rapidly with increase ofZ 2/A , and
should disappear when (Z 2/A )cr ! 46" 48. The decrease
in height results in an exponential increase in barrier pen-
etrability. These barrier changes exhibit good agreement
with the behaviour of the spontaneous Þssion lifetimes of
the actinide nuclei, ranging from the long-lived isotopes
of uranium to the artiÞcially synthesized short-lived iso-
topes of fermium and mendelevium [377]Ð[381].

Early studies showed that, despite some successful re-
sults, the liquid-drop model cannot explain the major
peculiarity of spontaneous and low-energy Þssion of the
actinides, namely the asymmetric mass distribution of
Þssion fragments [382]. Initially, Þssion mass-asymmetry
was explained in terms of some modiÞcations of the
liquid-drop model predictions for conÞgurations close to
the scission point, although the strong inßuence of shell
e! ects on Þssion fragment formation was already fore-
seen.

Newly discovered phenomena in the 1960s, particularly
the spontaneously-Þssioning americium isomers [383]
and the intermediate resonance structures observed in
neutron-induced Þssion cross sections [384, 385], required
radical changes in the Þssion model. Calculations of
nuclear deformation energies based on the shell correc-
tion method by Strutinsky [ 386] played a crucial role
in explaining the above phenomena. The Þssion bar-
riers calculated for the actinides consisted of a double-
hump curve with a rather deep potential well between
the humps. This double-hump shape also identiÞed the
spontaneously-Þssioning isomers as the lowest states of
a Þssioning nucleus in the second potential well and the
intermediate resonances as excited states of a nucleus in
this well [53, 387].

Since the 1970s, many improvements have been made
in the liquid-drop-type models, although inherent prob-
lems related to the consistency between the macroscopic
and microscopic parts still remain. Fission barrier calcu-
lations have also been performed in the framework of
the Thomas-Fermi model [388]Ð[390], as well as more
recently the Hartree-Fock-Bogolyubov model [18, 391]Ð
[393]. While reßection asymmetry is always required for
a proper description of the outer barrier, only a few cal-
culations take the triaxiality of the inner barrier into ac-
count (e.g. [392]).
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FIG. 46: Double-humped Þssion barrier and associated pa-
rameters: Bf i is the height of the fundamental Þssion bar-
rier i , ! i (KJ " ) is the energy of the transition state i , and
Eci (KJ " ) is the cuto ! energy, above which the continuum
starts for a barrier i . Each transition state has an associ-
ated barrier above the fundamental barrier; ai and bi are the
classical turning points of Eq. ( 192).

Brießy, the concepts most important for Þssion cross
section calculations are: the double- or triple-humped
barriers of the actinides, the role of transition states (or
Þssion channels) played by the excited states of the nu-
cleus with deformations corresponding to the maxima of
the Þssion barriers (saddle points), and the inßuence of
the quasi-stationary states of the nucleus in the well(s)
(the class II or III states) on the transmission through
the barrier [394].

Presently all the codes involved in nuclear data eval-
uation use static, one-dimensional Þssion barriers, repre-
senting the energy of a nuclear state along the deforma-
tion path. Fission barrier is considered, in most cases, as
a function of the quadrupole deformation. Consequently,
there is a set of barriers corresponding to the entire spec-
trum of nuclear states as functions of deformation which,
for practical calculations, is divided into: a fundamental
barrier corresponding to the lowest state (ground state
at a given deformation), severaldiscrete barriers corre-
sponding to the low-lying excited states, and the barriers
described by level-density functions corresponding to the
states with higher excitation energies. Present knowledge
indicates that the pre-actinides have single-hump barri-
ers, while the actinides have double- or triple-humped
barriers. Usually, the barriers associated with the dis-
crete transition states are parametrized as a function of
the quadrupole deformation ! by inverted parabolas (see
Fig. 46):

Bi (! ) = Bfi "
1
2

µ~2" 2
i (! " ! i )2, i = 1 , N, (190)

where N is the number of humps, the energiesBfi rep-
resent maxima of the deformation potential, ! i are the
deformations corresponding to these maxima, the har-
monic oscillator frequencies" i deÞne the curvature of
the parabolas andµ is the inertial mass parameter, as-
sumed independent of! and approximated by the semi-
empirical expressionµ ! 0.054A5/ 3 MeV! 1, where A is
the mass number of the Þssioning nucleus.

Since comprehensive microscopic calculations have be-
come available, providing all the nuclear ingredients re-
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Needed to improve predictive power

¥Level densities  
¥Collective lev. den. enhancementsÕ dumping at higher energies 
¥Do out of stability line 
¥Spin distributions 

¥Multiple preequilibrium > ~30 MeV 
¥Reliable theoretical models for going out of the stability line orÉ 
¥Experimental data to calibrate phenomenological input parameters
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1.35 = 3.7 = 370%    5 emissions assuming 30%, fully correlated error for strong channels       
2.05 = 32  = 3200%  5 emissions assuming 100%, fully correlated error for weak channels


