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Why do we need reaction codes?56Fe
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There are 4635 plots with 
experimental data for 
56Fe+n; still:  

•single data points only 
available for: (n,np), 
(n,d), (n,t), (n,3He), (n,
4n), … 

•…and for (n,γ) above  
1 MeV 

•DDX  > 26 MeV: 60, 95, 
150 MeV only

All nuclei,  even the best measured,  have gaps in data
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Transport calculations require complete files 
(these can be up to 30 Mb (~106 numbers) without covariances)

( , )

Energy (MeV)

d2 σ
/d

E/
dθ

 (b
/e

V/
sr

)

0 5 10 15

10-10

10-8

10-6

10-4

56Fe(n,xn) Ei=14.1 MeV56Fe(n,xn) Ei=14.1 MeV

90o

130o

160o

45o

60o

Energy-angle spectra of neutrons

Reaction codes allow to:
• maintain physically sound energy, angle, 

spin, parity, and mass dependencies of 
observables 

• ensure unitarity and energy conservation 
• fill gaps in the exp. data 
• obtain exclusive spectra of ejectiles 
• discriminate between discrepant data

Reaction codes are indispensable tools in modern data evaluation

Reaction codes provide complete and consistent set of observables 
calculated using reaction physics models and constrained by exp. data.



Why EMPIRE?
Provided ~120 evaluations 
in ENDF/B-VIII.0b3; 75% full 
fast neutron evaluations 
including 238,235U, 232Th,  
56,56,57,58Fe, 90-96Zr, 55Mn 
Used for isotope production  
cross sections, including 
proton ones measured on 
BLIP 
Generated covariances  

ENDF/B-VII  
COMARA 
Low-fidelity project
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A third shallow hyperdeformed (HD) minimum in the
potential energy of light actinides was predicted more than 40
years ago by Möller et al. [60–62] to explain the so called
“thorium” anomaly, and it was experimentally confirmed
(e.g., see Refs. [63–69]). However, deeper HD minima were
found in some works [63–69]. Our own reaction modeling of
Ref. [33] supported a shallow depth of the HD minimum for
both 232Th and 231Pa targets. Recent theoretical calculations
[70–72] confirmed that light uranium and thorium isotopes
(among even-Z nuclei) appear to be the best candidates for
triple-humped fission barriers with shallow HD minima. This
theoretical prediction is also supported by the experimental
data on fission cross sections in neutron induced reactions. For
example, the experimental 234U(n,f ) cross section reveals
a resonance structure below and above the threshold (En ∼
0.8 MeV) as shown in Fig. 5. The fact that there is no change
of slope of the fission cross section below the threshold (which
is present for example in 233Th and 232Pa cases [33]) indicates
that the height of the first hump (V1 = 4.8 MeV) should be
lower than the neutron separation energy Sn = 5.3 MeV in
235U; therefore, the class-II vibrational states are completely
damped.

The resonance energies with respect to the fission threshold
suggest that the difference between the highest hump and the
third well is several hundred keV, confirming the hypothesis
of triple-humped fission barriers with a shallow third well.
As a result, the transmission across the intermediary and
the outer barriers in the lower part of the continuum have
also a direct component. In other words, the flux reaching
the third well through fission channels in the lower part of
continuum is not fully absorbed. Therefore, we have to use
for the discrete fission channels the transmission coefficients
defined in Sec. II B 1 within the optical model for fission, and

FIG. 5. 234U(n,f ) cross section calculated considering complete
damping for class-II vibrational states and different degrees of damp-
ing for class-III vibrational states associated with partial absorption
for discrete and continuum fission channel spectrum (full black line),
partial absorption for discrete and full absorption for continuum
fission channel spectrum (dashed blue line), and total absorption for
discrete and continuum fission channel spectrum (dotted red line).
Experimental data are taken from EXFOR [3].

the partial absorption for the fission channels in the continuum
above the outer barrier should be treated with the surrogate
optical model for fission described in Sec. II B 3.

The fission cross section calculated considering a full
damping of class-II states (full absorption in the secondary
well) and different degrees of damping of the class-III
vibrational states (partial absorption for discrete channels and
for those in lower part of continuum, and partial absorption
only for the discrete channels and total absorption for those
in continuum) is compared with selected experimental data in
Fig. 5.

As mentioned before, there is no unique set of models and
parameters which can describe accurately the fission cross sec-
tion. The 235U(n,f ) cross section has been typically modeled
using a double-humped fission barrier with parameters chosen
to reproduce measured data [47] and Eq. (1) for the fission
transmission coefficient. The main assumption is that the
class-II states are completely damped at the excitation energies
populated in the compound nucleus. However, according to
theory [70], the 236U fissioning nucleus should also have
a triple-humped barrier with an even shallower third well
than 235U.

For this even-even fissioning nucleus, there are collective
excited states along the fission path which fill the pairing gap,
whose excitation energies at the outer saddle points could
exceed the neutron separation energy, and in the third well
could be only partially damped. The degree of damping must
be higher than in 235U, therefore the damping is reflected only
in a decrease of the fission cross section at low energies and not
in a resonance structure. Because the third well is so shallow,
partial absorption in the third well is also expected for the
fission channels in the lower part of continuum, which more
significantly decreases the fission cross section. Following for

FIG. 6. 235U(n,f ) cross section calculated considering full
damping for class-II vibrational states and different degrees of damp-
ing for class-III vibrational states associated with partial absorption
for discrete and continuum fission channel spectrum (full black line),
partial absorption for discrete and full absorption for continuum
fission channel spectrum (dashed blue line), and total absorption for
discrete and continuum fission channel spectrum (dotted red line).
Experimental data are taken from EXFOR [3].
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A comprehensive formalism to calculate fission cross sections based on the extension of the optical model
for fission is presented. It can be used for description of nuclear reactions on actinides featuring multi-humped
fission barriers with partial absorption in the wells and direct transmission through discrete and continuum fission
channels. The formalism describes the gross fluctuations observed in the fission probability due to vibrational
resonances, and can be easily implemented in existing statistical reaction model codes. The extended optical
model for fission is applied for neutron induced fission cross-section calculations on 234,235,238U and 239Pu
targets. A triple-humped fission barrier is used for 234,235U(n,f ), while a double-humped fission barrier is used
for 238U(n,f ) and 239Pu(n,f ) reactions as predicted by theoretical barrier calculations. The impact of partial
damping of class-II/III states, and of direct transmission through discrete and continuum fission channels, is
shown to be critical for a proper description of the measured fission cross sections for 234,235,238U(n,f ) reactions.
The 239Pu(n,f ) reaction can be calculated in the complete damping approximation. Calculated cross sections for
235,238U(n,f ) and 239Pu(n,f ) reactions agree within 3% with the corresponding cross sections derived within
the Neutron Standards least-squares fit of available experimental data. The extended optical model for fission
can be used for both theoretical fission studies and nuclear data evaluation.

DOI: 10.1103/PhysRevC.93.034605

I. INTRODUCTION

Recently, the Nuclear Energy Agency started a new interna-
tional collaboration called CIELO (Collaborative International
Evaluated Library Organisation) with the main goal to improve
our understanding of neutron reactions on key isotopes that
are important in nuclear applications, especially in the area
of criticality safety and reactors [1,2]. Among the six nuclei
selected for the pilot CIELO project, a prominent role is played
by the three major actinides, 235,238U and 239Pu, for which
fission is the single most important reaction to be studied.

Fission cross sections for neutron induced reactions on
major actinides represent the largest amount of experimental
data compiled in the EXFOR database [3]. The abundance
of high-quality measurements allowed the least-squares eval-
uation of fission cross sections of major actinides for fast
neutron induced fission to be based exclusively on the available
experimental data. The latest least-squares evaluation was
undertaken within the Neutron Standards project [4,5] and
resulted in evaluated fission cross sections of major actinides
with tight uncertainties. However, a consistent evaluation of
all reaction channels in the whole energy range of interest
studied in the CIELO project [2,6] requires reaction models
that describe the evaluated fission cross sections (Neutron
Standards) within the evaluated uncertainty. Such description
allows proper modeling not only of the fission channel but also
of the main competing channels: neutron capture, elastic and
inelastic scattering, and multiple neutron emission [7,8].

In spite of great efforts devoted to the study of the fission
phenomena since its discovery in 1938 [9,10], our capabilities
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to predict fission cross sections for fast neutron induced
reactions remain limited (e.g., see Ref. [11] and references
therein). An extension of the R-matrix theory to the fission
deformation variable as outlined by Bjørnholm and Lynn
[12] has been recently suggested by Bouland et al. [13]. The
new model has been successfully applied to study neutron
induced fission of double-humped barrier plutonium isotopes,
and some predictive capability was achieved [13]. Further
theoretical studies are needed to meet the needs of nuclear
data evaluation of many actinide nuclei, as well as for a better
understanding of the observed fission cross sections in the fast
neutron range.

One of most successful approaches used to calculate the
fission cross section is the optical model for fission, which
has a history of more than four decades. It was realized by
Lynn in 1966 [14] that the treatment of the fission process
can be extended to consider other degrees of freedom by
treating excitation of the latter as simple absorption out of the
fission mode. A similar assumption is the basis of the highly
successful nuclear optical model describing nuclear particle
scattering [15]. Soon after the discovery of the secondary
minimum in the fission barrier by Strutinsky [16,17] it was
noted that the sub-barrier resonances in the fission probability
of different actinides, identified as vibrational excitations in the
second well (class-II states), were broader than the expected
penetrability of the two peaks [18–20]. This was similarly
explained by the coupling between the fission mode and the
internal degrees of freedom in the second well; in other words
by the damping of the class-II vibrational strength [20–22].
The damping was phenomenologically simulated by adding to
the real part of the deformation potential an imaginary term
in the region of the second well to absorb out flux from the
fission mode and to redistribute it into internal excitations

2469-9985/2016/93(3)/034605(13) 034605-1 ©2016 American Physical Society

234 U(n,f ) cross section calculated considering complete damping 
for class-II vibrational states and different degrees of damping for 
class-III vibrational states.
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The major asset: EMPIRE team - 15 developers over 20 years (mostly 
voluntary work!), active core of 8 (3 BNL) contributing 300-1000 commits/year
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Direct reactions, 
absorption,Tlj

Preequilibrium

ENDF

Compound 
nucleus

Atlas of n resonances



How big is EMPIRE?
EMPIRE core: ~ 113 000 lines         <= physics core  
utility codes: ~ 159 000 lines           <= evaluation support 
91 scripts: ~ 24 000 lines                <= ‘framework’ 
parameter library: 560 Mb               <= input RIPL-3+ 
EXFOR library: 1 Gb                        <= exp. data 

For comparison: 
NJOY  ~110 000 lines 

MCNP6.1 ~411 000 lines
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What would EMPIRE benefit from?
Better physics

Engelbrecht-Weidenmueller 
transformation (direct-compound 
interference) 
M1 scissor mode in γ-strength 
function (following T. Kawano) 
Direct-Semidirect capture 
K-dependent level densities (Grimes)

8

Modernization
Migration to Fortran90/95/… 
Implementation of unit-tests

New features
Support for the GND format 
Better parametrization for proton 
reactions -  NNDC/BLIP collaboration 
in support of DOE isotope production  
MINUIT-based non-linear fitting and 
covariances 

HPC (leverages 
‘Computational Science 
Initiative’ thrust at BNL)

Parallelization 
Adaptation to GPU


