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Comprehensive calculations of photon induced reactions on 233−238U targets for incident photon
energies from 3 up to 30 MeV are undertaken with the statistical model code EMPIRE-3.2 Malta.
Results are compared with the experimental data from EXFOR and with the current evaluations.
The differences and the similarities between the models and parameters used in calculations of
photon- and neutron-induced reactions on the same nuclei are discussed with focus on fission. The
role of the extended optical model for fission that includes partial damping in the continuum in
improving the description of the measured data is pointed out.

I. INTRODUCTION

The fission model and model parameters represent a
largest source of uncertainty when performing model re-
action calculations for actinide targets.

To address this issue, the International Agency for
Atomic Energy is coordinating an ongoing research
project to deliver comprehensive sets of fission param-
eters and corresponding well-documented models [1].
Newly proposed parameterized models are expected to
enhance the use of modelling in evaluation practice and
to meet target uncertainties for applications.

As pointed out in Ref. [2], “a consistent and reliable set
of fission parameters as model independent as possible is
the one which provides simultaneously a reasonable de-
scription of multiple fission chances induced by neutrons,
photons, protons or direct transfer reactions leading to
the same fissionable compound nucleus”. Such consistent
sets of fission parameters have been obtained for the Ura-
nium isotopic chain from the simultaneous description
of the experimental neutron-induced reactions cross sec-
tions and Neutron Standard cross sections [3, 4] by model
calculations in Refs. [2, 5–7]. The evaluations based on
those calculations for 235U and 238U have been produced
within the NEA CIELO project [8, 9], and have been
adopted by the ENDF/B-VIII.0 library [10]. Similar
calculations of neutron-induced reactions on the whole
Uranium isotopic chain have been performed by several
groups along the years, and can be found in Refs. [11–16].

A new step in obtaining “consistent and reliable” sets
of fission parameters for the Uranium isotopes is ad-
dressed in this work by testing the compatibility of the
fission parameters deduced from the fit of the neutron in-
duced fission cross sections in Ref. [2] with the input pa-
rameters specific to photon-induced reaction modelling.
For this purpose, photon-induced reaction cross sec-
tion calculations for 233−238U have been performed with
the statistical model code EMPIRE–3.2 Malta [17, 18] in
the incident energy range 3–30 MeV.
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Photon-induced reactions are important for a large
range of applications from radiotherapy and astrophysics
to transmutation of nuclear waste, forensics or shielding.
They provide useful information for the data evaluation
of reactions induced by other particles, the most known
and important being the photon strength functions, in-
volved in the calculation of capture cross section, iso-
meric state population, gamma spectra and so on. As
discussed in this paper, the photo-reactions also allow to
explore the fission barriers at low energies. In the last
decade, new photon sources became available and others
are under construction (e.g., the Extreme Light Infras-
tructure - Nuclear Physics (ELI-NP) [19]). In response
to the growing needs for photonuclear data, IAEA-NDS
initiated a research project on Photonuclear Data and
Photon Strength Functions [20], with the primary task
to create a new IAEA Photonuclear Data Library [21]
as well as a database of photon-strength functions [22].
Several evaluations based on photo-reaction calculations
performed with the EMPIRE code have been already in-
cluded in this library [21].

The calculated photo-reaction cross sections for
233−238U which are in agreement with the experimen-
tal data, as well as the models (e.g., the extended optical
model for fission) and the parameters (e.g., for the Giant
Dipole Resonances and for the fission barriers) reported
in this paper integrate into this context of scientific in-
terest.

II. REACTION MODELS AND PARAMETERS

The models and parameters implemented in the
EMPIRE–3.2 code [17] and used for the present photo-
reaction calculations on Uranium isotopes are briefly out-
lined, mentioning the differences and the similarities with
the models and parameters used in Ref. [2] for the cal-
culations of neutron-induced reactions on the same tar-
get nuclei. Initial values of the model parameters are
automatically retrieved in the EMPIRE code from the
Reference Input Parameter Library (RIPL-3) [23].
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A. Incident channel

The photo-nuclear excitation process is described by
two mechanisms: the excitation of the isovector Giant
Dipole Resonances (GDR) which dominates at low en-
ergies, below about 30 MeV, and the photo-absorption
on a neutron-proton pair (a quasi-deuteron, QD) which
dominates at higher energies.
The total gamma cross section is calculated in the EM-
PIRE code as the sum of two components [17, 18]

σγt(Eγ) = σGDR(Eγ) + σQD(Eγ). (1)

The QD component σQD(Eγ) has a small contribution
in the studied energy range and is not discussed in this
paper. The GDR component, σGDR(Eγ), is calculated in
terms of the photo-excitation (upward) strength function
−→
f

σGDR(Eγ) = 3(π~c)2 · Eγ ·
−→
f (Eγ). (2)

In RIPL-3 there are several Lorentzian-type closed-form

expressions for the dipole radiative (downward)
←−
f and

excitation (upward)
−→
f strength functions, as well as

microscopic Hartree-Fock-Bogoliubov plus quasi-particle
random phase approximation model predictions for these
quantities. Theoretical details about these formulations
can be found in [23]. All of them are implemented in the
EMPIRE code.

The phenomenological expression of the excitation
strength function for the cold and deformed nuclei (in
units of MeV−3) is the sum of two Lorentzian shapes

−→
f (Eγ) = c

2∑
i=1

σriΓri
EγΓi(Eγ)

(E2
γ − E2

ri)
2 + (EγΓi(Eγ))2

, (3)

where c = 8.674 ·10−8, and σri, Eri and Γri are the GDR
peak cross section (in mb), energy and width (in MeV),
respectively. The different closed-form expressions treat
differently Γi(Eγ), a quantity which takes into account
the collective state damping. After testing all of them,
in the EMPIRE code was selected as default option the
Modified Lorentzian 1 (MLO1) strength function that in-
volves the use of the Landau-Vlasov equation with a col-
lision term. More on the calculation of Γi(Eγ) in MLO1
approach can be found in Refs. [23–26].

If the excitation of the GDRs is considered the only (or
the dominant) excitation mechanism, one assumes that
only electric dipole transitions or only photons with zero
orbital momentum are involved. Because of the conserva-
tion laws which act as selection rules, the photo-excited
compound nucleus is populated only in states with spins
and parities J = J0 ± 1, π = −π0, where J0, π0 are the
spin and parity of the target in the ground state. In re-
ality this is true only at low energies, because at higher
energies, due to the gamma cascade, the compound nu-
cleus can have different spins and parities. In the reac-
tions induced by fast neutrons, which may have higher
orbital momenta, such a strict selectivity in spin and par-
ity does not appear.

B. Exit channels

According to the Bohr hypothesis [27], the compound
nucleus should have decay probabilities independent of
its formation. In photon and neutron induced reac-
tions the compound nucleus is not populated in the same
states, therefore the decay probabilities in the two cases
are not expected to be the same, but it is expected to
be described by the same models and parameters. This
assumption was tested by using, for the present photo-
reaction calculations, the same models and parameters
used in Ref. [2] to describe the outgoing channels in neu-
tron induced reactions.

The main outgoing channels up to 30 MeV incident
energy are gamma decay (γ, γ), neutron emission (γ, n),
(γ, 2n), (γ, 3n) and fission (γ, f). The charged particle
emission (p, α, d, t,3He) become comparable with the neu-
tron emission around 30 MeV, but have a small contri-
bution below 20 MeV. Not being relevant for the aim of
this paper, they are not further discussed, but are consid-
ered in calculations as competing channels. The photon,
neutron and charged particles emission have a preequilib-
rium and a compound nucleus component, while fission
is a compound nucleus process.

Preequilibrium emission was described by the one-
exciton model with gamma, nucleon and cluster emis-
sions implemented in the EMPIRE module PCROSS [28].
The Hauser-Feshbach model [29] with full gamma cas-
cade and exact angular momentum and parity coupling
was employed for the compound nucleus reaction calcu-
lations. It should be noted that width-fluctuation correc-
tions do not play an important role for photon-induced
reactions [30], nor the effects of deformation studied in
Ref. [31]. The particle transmission coefficients have been
calculated with the same optical potentials as in Ref. [2].
For the gamma transmission coefficients was used the
MLO1 radiative strength function with GDR parame-
ters obtained in this paper. The discrete levels for the
compound nucleus and the residual nuclei were retrieved
from RIPL-3. The level densities, both at the equilib-
rium deformation and at the saddle points, have been de-
scribed with the Enhanced Generalized Superfluid Model
(EGSM) and the same parameters as in Ref. [2].

The fission coefficients have been calculated with the
extended optical model for fission (OMF). In OMF the
main fission mode is associated to the nuclear vibrational
motion, so that the key role is played by: (i) the cou-
pling between the vibrational states with similar excita-
tion energies, the same spin projection on the symme-
try axis and parity, which are located in different wells
of the fission barrier, and (ii) by the coupling between
the vibrational states in each well and other degrees of
freedom which increases with increasing the excitation
energy above the bottom of the well.

The first type of coupling is responsible for the direct
resonant transmission across the multi-humped barrier
at the excitation energies of the vibrational states in the
wells. The second type of coupling which dissipates or
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FIG. 1. Triple-humped fission barriers of light actinides (explanations provided in text).

damps the vibrational strength of the states is interpreted
as an absorption out of the fission mode, and it is sim-
ulated by adding, to the real part of the deformation
potential, imaginary term(s) in the region of the well(s).
This second type of coupling is responsible for the indi-
rect transmission mechanism representing transmission
through the outer hump(s) after absorption in the well(s).

In the EMPIRE code it is implemented a very compact
and elegant formulation of OMF which describes trans-
mission through barriers with any number of humps and
absorption in any number of wells [2, 32, 33].

In the present work have been considered, as in Ref. [2],
triple-humped barriers for 231−237U (231,232U are respon-
sible for the second and third fission chances in 233U(γ, f)
reaction) and a double-humped barrier for 238U. The
model implemented in EMPIRE was applied before for
the neutron induced fission of light actinides with triple-
humped barriers as 232Th, 231,233Pa [34] and 232−237U
[2]. It is worth reminding that the evaluations performed
based on the model calculations for 232Th, 231,233Pa,
and 235,238U were adopted by the ENDF/B-VIII.0 library
[10], the evaluations for 235,238U being included also in
the CIELO library [8].

The OMF formalism and the parametrization of the fis-
sion barriers are fully described in Ref. [32] and rehashed
in Ref. [2], therefore only selected features of interest for
the present work are reviewed in this contribution.

In Fig. 1 it is sketched a typical triple-humped bar-
rier for light actinides as a function of deformation β
considered to have the inner hump (with height V1 and
curvature ~ω1) wider and lower than the outer humps
(with heights V2 and V3, and corresponding curvatures
~ω2 and ~ω3). The second well with height VII and curva-
ture ~ωII which accommodates the super-deformed (class
II) states is much deeper than the third well with height
VIII and curvature ~ωIII which accommodates the hyper-
deformed (class III) states (the class I states are the nor-
mal states situated in the first well VI corresponding to
the equilibrium deformation which is only shown in the
right panel of the figure). The bold black curve repre-

sents the fundamental barrier, with thinner black lines
representing the barriers associated to the fission paths
of the nucleus in different discrete excited states, and the
continuum spectra of the transition states represented in
gray shadows. The imaginary potentials W2 and W3 are
introduced in the wells region to simulate the damping
of the vibrational strength of the class II and III states.
As exemplified in the left panel of Fig. 1, for barriers
with parabolic representation the fission input parame-
ters are: (i) the heights Vi and curvatures or widths ~ωi

of the humps/wells (i= 1, 2, 3/II,III) of the fundamental
barrier, (ii) the sets εi(Kπ) representing the excitation
energy of discrete levels with respect to the fundamental
barrier at saddle points and in wells, the spin projection
along the symmetry axis, and the parity, for each discrete
barrier, (iii) the parameters defining the transition states
densities ρi(ε

∗, J, π), i = 1, 2, 3 for the continuum above
the humps Vi, and (iv) the strengths of the imaginary
potentials W2 and W3. Note that the barrier continuity
condition requires the same number of discrete levels in
all wells and barriers.

In the right panel of Fig. 1 the gradients in blue sug-
gest the vibrational strength’s degree of damping for the
class I, II and III states. The horizontal lines indicate the
excitation energy of the compound nucleus (CN) formed
in three situations: after absorption of photons with in-
cident energy of about 3 MeV (red line), after absorp-
tion of neutrons with incident energy of about 10 keV
by an even-N fertile target (blue line) and by an odd-N
fissile target (magenta line). The incident energies se-
lected for this illustration are the lowest ones considered
in the present work for photons and in Ref. [2] for neu-
trons. This picture reveals several aspects important for
the fission modeling below the excitation energy of ap-
proximately 6–7 MeV: (i) at 3 MeV the class I vibrational
states (in the minimum VI corresponding to the equilib-
rium deformation) are already completely damped, there-
fore the first well is not included in the parametrization of
the deformation potential shown in the left panel, (ii) the
different shades of blue (degree of damping) in the second

FIG. 1. Triple-humped fission barriers of light actinides (explanations provided in text).
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FIG. 2. Transmission mechanisms through triple-humped fission barriers (explanations provided in text).

and third well at the three excitation energies taken as
example explain the different behavior of the photon and
neutron induced fission cross sections at low energies, as
discussed in the next Section, (iii) the dashed line barrier
indicates that the class III vibrational states associated
to barriers with maxima in the continuum still can be
only partially damped, (iv) the full damping approxima-
tion implemented in most of the statistical reaction codes
obviously can not be used in this energy range.

Expressions relevant for photon-induced fission on nu-
clei with triple-humped barriers have been extracted from
the extended OMF formalism and will be discussed be-
low. In the left panel of Fig. 2 are represented the trans-
mission mechanisms through a triple-humped fission bar-
rier at the excitation energy E: the blue arrows represent
forward and backward direct transmission through one or
more humps, and the bent red arrows describe the ab-
sorption in the wells. The total fission coefficient is the
sum of the direct transmission through the entire barrier

(T
(1,3)
d ) and two indirect terms representing re-emission

in the fission channel after absorption in the second (T
(2)
i )

and third well (T
(3)
i )

Tf = T
(1,3)
d +R[T

(2)
i + T

(3)
i ]. (4)

The normalization factor R, defined by Eq. (8), takes
into account the infinite sequence of shape transitions of
the nucleus between wells ensuring the flux conservation.
The indirect transmission coefficients have the expres-
sions

T
(2)
i = T (1,2)

a

[
T

(2,3)
d∑
T (2)

+
T

(2,3)
a∑
T (2)

· T3∑
T (3)

]
, (5)

T
(3)
i = T (1,3)

a

[
T3∑
T (3)

+
T

(3,2)
a∑
T (3)

·
T

(2,3)
d∑
T (2)

]
, (6)

where: T
(h,h′)
d represent the direct transmission coeffi-

cients through the humps h ÷ h′, T (w,w′)
a represent the

absorption coefficients from well w into well w′, and Th
stands for the transmission through the hump h (Th =

T
(h,h)
d ). These transmission coefficients are calculated us-

ing the recursive procedure presented in Ref. [33], having
as starting point the expressions for a double-humped
barrier proposed by Bhandari in Ref. [35]. These expres-
sions are derived in the first order JWKB approximation
[36, 37], in terms of momentum integrals for the humps
and the wells of the real barrier and for the imaginary
potential(s). The denominators in the above equations
represent the sum of the transmission coefficients for the
competing channels specific to the second and third wells∑

T (2) = T1 + T
(2,3)
d + T (2,3)

a + T (2)
γ (7)∑

T (3) = T
(2,1)
d + T3 + T (3,2)

a + T (3)
γ .

The gamma-decay in the second and third wells has been
considered in an approximate way, but the contribution
of the isomeric (delayed) fission has been ignored. From a
super-deformed state a shape isomer would decay mainly
by gamma-emission, while the fission of a hyper-deformed
shape isomer would occur at energies higher than the
third well (≈ 5 MeV) where the delayed fission contri-
bution would be negligible. However, this subject needs
further studies.
The normalization factor R reads:

R =

[
1− T

(2,3)
a∑
T (2)

T
(3,2)
a∑
T (3)

]−1
. (8)

The right panel of Fig. 2 presents two particular situa-
tions: transmission at an excitation energy E1 lower than
the third well, and transmission at an excitation energy
E2 at which full-damping limit of the vibrational class II
and III states is reached.
Below the third well the absorption coefficients T

(1,3)
a ,

T
(2,3)
a are zero and Eq. (4) becomes an expression typical



5

for the fission coefficient of a double-humped barrier

Tf = T
(1,23)
d + T (1,2)

a

T
(23)
d

T1 + T
(23)
d + T

(2)
γ

. (9)

In the full-damping limit (which is equivalent to full flux
absorption) corresponding to the excitation energy E2,
the direct transmissions through more than one hump

disappear (consequently T
(1,3)
a → 0), and the transmis-

sion across each hump is fully absorbed in the next well

T
(1,2)
d → 0, T

(1,3)
d → 0, T

(3,2)
d → 0 (10)

T (1,2)
a → T1, T (2,3)

a → T2, T (3,2)
a → T2.

As expected, the Eq. (4) takes the classical form

Tf =
T1T2T3

T1T2 + T1T3 + T2T3
. (11)

Another important aspect for the description of the
fission cross section at excitation energies lower than 5–6
MeV is the treatment of the fission channels in the lower
part of the continuum spectrum. The Eqs. (4)–(11) re-
fer to the transmission coefficients for a single barrier.
However, the spin and parity (Jπ) dependent fission co-
efficients (which we call effective fission coefficients) enter
the Hauser-Feshbach formula for the compound nucleus
cross sections [29]. Those effective coefficients represent
the transmission through all the barriers associated to
the discrete and the continuous spectrum of the transi-
tion states with the same Jπ. Therefore, the single-hump
transmission and the direct and absorption coefficients
are the sum of two contributions corresponding to the
discrete and to the continuous part of the transition state
spectrum. The calculation of these effective fission coeffi-
cients is presented in detail in Refs. [2, 32]. In this paper
only simplified expressions for the continuum contribu-
tion are reproduced in which the explicit dependence on
energy, spin and parity is omitted.
The continuum contribution to the transmission coeffi-
cient across the hump h is calculated as

Th,cont =

∫ ∞
Ech

ρh(ε∗)dε∗

1 + exp
[
− 2π

~ωh
(E − Vh − ε∗)

] , (12)

where Vh, ~ωh are the parameters of the hump h of the
fundamental barrier (h = 1, 3), ρh is the transition states
density function, E is the excitation energy and Ech is
the energy where continuum starts with respect to the
top of thump h (see Fig. 1).
For a triple-humped barrier with a deep second well
and a shallow third well the continuum contribution to
different direct and absorption coefficients is different.
The super-deformed (class II) vibrational states are com-
pletely damped at the energies where the transmission
across the barriers in continuum becomes significant, so
there is no direct transmission via these states, only full

absorption in the second well (obviously there is no direct
transmission across an entire barrier in continuum)

T
(1,2)
d,cont = 0, T

(3,2)
d,cont = 0, T

(1,3)
d,cont = 0

T
(1,2)
a,cont = T1,cont, T

(3,2)
a,cont = T2,cont .

On the other hand, the hyper-deformed vibrational states
might not be fully damped at the excitation energies
where the transmission through the barriers in contin-
uum becomes important (see the dashed line barrier in
the right panel of Fig. 1). As explained in Refs. [2, 32],
the treatment of partial damping for discrete barriers
which cannot be applied for those in continuum is re-
placed by a surrogate for the optical model for fission
[38–40]. In this approach, the degree of damping is simu-
lated by using a linear combination of a direct transmis-
sion coefficient through the outer humps corresponding
to the zero-damping limit, and an indirect transmission
coefficient corresponding to the full damping of the class
III vibrational states. The continuum contributions to
the direct and absorption coefficients involving the third
well are

T
(2,3)
dir,cont = (1− p3)T

(2,3)
d(0),cont

, (13)

T
(2,3)
abs,cont = p3T

(2,3)
a(f),cont

.

The expression for direct transmission coefficient corre-

sponding to the zero-damping limit T
(2,3)
d(0),cont

is provided

in Refs. [2, 32], and T
(2,3)
a(f),cont

→ T2,cont. The definition

of the energy dependent weight p3 given in Refs. [2, 32]
was changed to become valid at excitation energies lower
than the third well and became

p3 =
E2

V 2
d exp[−(E − Vd)/b3]

, (14)

where Vd is the excitation energy where the full-damping
limit is supposed to be reached and b3 is a parameter
which controls the energy dependence of the weight.
Considering the partial damping of the fission channels
in the lower part of continuum represents the extension
of the optical model for fission.

The impact of the optical model for fission and of its
extended version on the photo-fission cross sections of
odd- and even-N Uranium isotopes is shown in Fig. 7
and commented in Section III C.

III. RESULTS AND DISCUSSIONS

The results of our calculations performed with the EM-
PIRE code for the photo-absorption, (γ, n), (γ, 2n) and
(γ, f) cross sections are compared to the available experi-
mental data from the EXFOR library [41] and to the eval-
uated data from JENDL/PD-2016 (JENDL-PD) [42] and
IAEA-Photonuclear Data Library 1999 (IAEA-PD) [43].
To explain some of the similarities and differences be-
tween EMPIRE calculations and evaluations, it is worth
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mentioning that JENDL-PD relies mainly on model cal-
culations performed with the CCONE code [44] (which
in many respects is close to EMPIRE code [45]), while
IAEA-PD is mostly based on least-squares fit of the ex-
perimental data.

A. Photo-absorption cross sections

The photo-absorption cross section is defined as the
difference between the total gamma cross section Eq. (1)
and the elastic scattered gamma σγγ cross section.

σabs(Eγ) = σγt(Eγ)− σγγ(Eγ). (15)

Generally, the reaction evaluated data libraries include
the photo-absorption as nonelastic cross section and do
not include the total gamma cross section [46]. In IAEA-
PD this formatting rule is applied, but in JENDL-PD it is
assumed that the nonelastic is equal to the total gamma
cross section (except for 237U). Therefore, in Fig. 3 both
total gamma and photo-absorption calculated cross sec-
tions are presented for comparison. From the Fig. 4 one
can notice that the total gamma cross section (light-red
line) is visible only in a small energy range around the
fission threshold, being overwritten at lower energies by
the gamma emission cross section and by the nonelastic
cross section at higher energies.

For photon-induced reactions, the total gamma and
photo-absorption cross section calculation requires GDR
parameters, see Eqs.(1)–(3), the same way the optical po-
tentials are needed for the total cross section calculation
in the particle-induced reactions. For particle-induced
reactions, in particular for neutrons, the global or re-
gional optical potentials are usually quite reliable, pro-
viding accurate total cross sections, as well as a proper
partition between direct elastic and nonelastic cross sec-
tions. For photon-induced reactions on actinides there
are not enough experimental information for a reliable
parameterization of the GDR parameters [25, 26], and
the available microscopic strength functions (e.g., from
Refs. [22, 47]) are useful to set trends but the normal-
ization is typically more uncertain as judged by com-
parison to those case where experimental data are avail-
able. Therefore, if in the neutron induced reactions the
nonelastic cross section provided by optical model calcu-
lations has to be distributed in the outgoing channels, for
those photon induced reactions where no experimental
photoabsorption data are available, the order is somehow
reversed: the GDR parameters are adjusted to produce a
nonelastic cross section equal to the sum of the cross sec-
tions for the open channels which fit the corresponding
experimental data. The GDR parameters used in this
paper and presented in Table III A have been obtained
by adjusting the RIPL-3 “experimental” parameters (de-
rived as explained above) to improve the description of
the experimental data.

Fig. 3 shows that our calculations agree well with the
experimental data, and that there are not significant dif-

TABLE I. GDR parameters for 233−238U used in the present
work.

Eγ1 Γγ1 σγ1 Eγ2 Γγ2 σγ2
CN (MeV) (MeV) (mb) (MeV) (MeV) (mb)
233U 11.3 3.0 320.0 14.0 4.3 360
234U 11.2 3.2 370.0 14.1 4.3 380
235U 11.0 2.8 370.0 14.1 4.0 380
236U 11.3 3.4 320.0 14.0 4.5 320
237U 11.2 3.2 360.0 14.0 4.3 380
238U 11.0 3.3 316.0 14.1 4.4 320

ferences between our calculations and the two evaluations
around the GDR energies, except for 237U. The behav-
ior at low energies (underestimation of the JENDL-PD
total gamma cross section and the agreement with the
IAEA-PD nonelastic cross section) is related mainly to
the description of the fission cross section, as can be seen
in Fig. 8. The lower values of the IAEA-PD nonelastic
cross section at higher energies are reflected in the corre-
sponding values of the fission and (γ, 2n) cross sections.

237U is different from the other isotopes for several
reasons: (i) no experimental information is available, (ii)
there is no IAEA-PD evaluation, (iii) JENDL-PD evalua-
tion is based on other codes than the CCONE used for the
rest of the isotopes, and provides the photo-absorption
cross section as nonelastic. Fig. 3 shows a big differ-
ence (4̃0%) between EMPIRE and JENDL-PD absorp-
tion cross sections, confirming that without experimental
constraint, the model predictions can be very discrepant.

Small differences between JENDL-PD and IAEA-PD
evaluations on one side, EMPIRE calculation and Gure-
vich experimental data [48] on the other side, appear for
238U also. The main reason is that the evaluations and
our calculations describe different sets of experimental
data for the (γ, f), (γ, n), and (γ, 2n) processes, as dis-
cussed in the next Sections.

B. Neutron emission cross sections

The decay probabilities are constrained by the consis-
tency of the preequilibrium and compound nucleus mod-
els and by the input parameters (optical potentials, dis-
crete level schemes, level densities, fission parameters).
The absolute values of the cross sections can be scaled by
adjusting the GDR parameters. As pointed out in Sec-
tion II, the decay of the photo-excited nuclei is treated
with the same models and parameters used in Ref. [2] for
the decay of the compound systems formed in neutron
induced reactions.

The EMPIRE neutron emission cross sections are com-
pared in Figs. 5, 6 with JENDL-PD and IAEA-PD eval-
uations and with the experimental data from EXFOR.
The significance of the evaluated curves and of the ex-
perimental data from these figures is clarified in the next
paragraphs.
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FIG. 3. JENDL-PD total cross section (green line), IAEA-PD nonelastic cross section (red line), calculated total (dashed blue
line) and nonelastic (blue line) cross sections for 233−238U compared to experimental data from EXFOR [48, 49]. Note that the
photo-induced reactions (γ,non) and (γ,tot) are denoted in legend as (G,NON) and (G,TOT), correspondingly.

Most of the EXFOR data are presented as the sum
(γ, n)+(γ, np) cross sections, but according to calcula-
tions, the second contribution can be neglected. How-
ever, the high values above the (γ, 2n) threshold would

suggest that the experimental data include multiple neu-
tron emission also. Considering these aspects, the EM-
PIRE neutron emission cross sections of 233−236U iso-
topes are in good agreement with the experimental data.
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FIG. 4. Photo-reaction cross sections for 233−238U calculated with EMPIRE code: total (light-red), photo-absorption (green),
fission (black), (γ, γ) (red), (γ,n) (blue), (γ,2n) (magenta), (γ,3n) (light blue). Note that the photo-reaction cross sections
(γ,...) are denoted in legend as (G,...), correspondingly.

An exception is the 235U(γ, 2n) which overestimates the
experimental data of Caldwell [50].

JENDL-PD contains evaluations for the nonelastic (in

reality total gamma) and fission cross sections, and a
lumped cross section for the other channels: (γ, γ), (γ, n),
(γ, 2n), and (γ, 3n). This lumped cross section symbol-
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FIG. 5. Calculated neutron emission cross sections ((γ,n) blue solid line, (γ,2n) blue dashed line, (γ,3n) blue dotted line) for
233−238U compared to evaluated (G,X) cross sections (JENDL-PD green line, IAEA-PD red line) and the experimental data
from EXFOR [49–51]. Note that the neutron emission cross sections (γ,...) are denoted in legend as (G,...).

ized as (G,X) is represented in Figs. 5 and 6. One can
identify in these cross sections the high tail at low ener-
gies as the (γ, γ) contribution and the bumps at higher
energies as produced by the (γ, 2n), and (γ, 3n) chan-

nels. For 233−236U isotopes the EMPIRE neutron emis-
sion cross section is in good agreement with JENDL-PD
evaluation around the maximum.

IAEA-PD includes an explicit evaluation for the (γ, 2n)
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FIG. 6. IAEA-PD evaluation (red line) and EMPIRE calculation (blue line) for 238U(γ,n) (left panel) and 238U(γ,2n) (right
panel) compared to experimental data from EXFOR [50, 52–56]. Note that the (γ,n) and (γ,2n) cross sections are denoted in
legend as (G,N) and (G,2N), correspondingly.

cross section, but ignores the (γ, γ) and (γ, 3n) contribu-
tions, so that the (G,X) evaluation represents in fact
the (γ, n) cross section. The calculated (γ, n) cross sec-
tion is in good agreement with IAEA-PD evaluation for
233U, while for 234−236U isotopes, the agreement stops
around 10 MeV incident energy. The differences between
EMPIRE calculation and IAEA-PD evaluation above 10
MeV for the (γ, n) cross sections are reflected also in the
(γ, 2n) cross section where they become even larger, es-
pecially for 234U.

In case of 237U, the significant discrepancy between the
calculated photo-absorption cross section and JENDL-
PD evaluation is also reflected in the neutron-emission
cross sections as depicted in Fig. 5.

The same is true for 238U of which (γ, n) and (γ, 2n)
cross sections are plotted also separately in Fig. 6 with
the corresponding experimental data. Using the param-
eters from Ref. [2] and the GDR parameters from Ta-
ble III A, a simultaneous accurate description of Veyssiere
[52] and Bergere [53] data for the neutron emission
(Fig. 6) and fission (Fig. 8) cross sections has been ob-
tained, but also of the Gurevich photo-absorption data
[48] (Fig. 3). Impressive is the perfect fit of the (γ, 2n)
cross section. On the other hand, both evaluations follow
the Caldwell data [50] overestimating the experimental
photo-absorption cross section. Caldwell data [50] are
measured at Lawrence Livermore National Laboratory
while Veyssiere [52] and Bergere [53] data are measured
at CEA-Saclay Nuclear Research Centre. There is a con-
troversy in literature regarding the experimental data
measured by the Livermore and Saclay groups. There
are not sufficient information to conclude that our model
calculations support the data of one of these groups, but
for 238U Saclay data seem to be more consistent.

C. Fission cross sections

The main purpose of the present calculations is to de-
scribe photo-fission cross sections using the optical model
for fission and to check the compatibility of the fission
barriers deduced from the fit of the neutron induced fis-
sion cross sections of Uranium isotopes in Ref. [2] with
the input parameters specific to photo-reaction model
calculations.

When judging how well the fission parameters from
Ref. [2] describe the photon-induced fission cross sections
one has to consider at least two specific features of the
photo-excited compound nuclei: the access to lower ex-
citation energies (due to the lack of photon separation
energy), and the selectivity in spin and parity.

In Fig. 7 is presented the impact of the class II and
III vibrational states’ damping on the fission cross sec-
tions of 233U (representative for the odd-A isotopes), and
234U (representative for the even-even isotopes). This fig-
ure reveals the striking behavior of the contributions of
the discrete and continuum fission channels correspond-
ing to partial and full vibrational strength damping at
excitation energies not reachable in the neutron-induced
reactions. The first thing to notice is the different weight
of the fission channels in continuum for the two types
of nuclei at low energies. The explanation is that for
the odd-N nuclei the continuum starts at lower excita-
tion energies and the level densities are higher than in
the even-even nuclei. A similar behavior was observed
in the neutron-induced fission as shown in Ref. [32] for
235U and 236U fissioning nuclei1. For the odd-A nuclei
it is impossible to describe the fission cross section be-
low and above the “threshold” with the same parameters

1 less severe effect because of the higher excitation energies in (n,f)
reactions
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FIG. 7. The effect of considering different degrees of damping of the class III vibrational states corresponding to discrete fission
barriers and to barriers in the lower limit of continuum on the fission cross section of 233,234U. fission cross sections (red line),
the contributions of the discrete fission channels (blue line) and of the channels in continuum (black line), considering partial
(solid line) and full (dashed line). Note that the (γ,f) cross sections are denoted in legend as (G,F).

of the triple-humped barrier without considering partial
damping of the class III vibrational states associated to
barriers with maxima in the lower part of the contin-
uum spectrum. Interesting is also the contribution of the
transmission through the discrete barriers at excitation
energies lower than the third well, especially the role of
the resonant direct transmission at energies correspond-
ing to the class II vibrational states partially damped.

In Table II the parameters of the fundamental fission
barrier used in the present calculations are compared to
those from Ref.[2]. The heights of the first (lowest) hump
V1 are within 150 keV (which is the lowest possible fission
barrier uncertainty estimated by mass models), except-
ing 236U where a too large difference of 500 keV is listed,
which certainly deserves further studies. The new val-
ues generally show an slight increase with increasing the
mass number. Even if no information on the wells could
be extracted from the neutron-induced reactions [2], the
values adopted based on educated guesses are generally
confirmed by the present calculations (excepting the pre-
vious out of range values – 2.30 MeV and 5.57 MeV– for
the second and third wells in 237U). The heights of the
outer humps V3 are also within 150 keV. Probably the
most important confirmation is the value around 5 MeV
for the bottom of the third well VIII. Note that fission
cross section calculations for neutron induced reactions
on even-even targets are very sensitive to the highest of
the barriers, on odd-A targets usually the sensitivity is
lower. Differences observed for second and third wells of
237U deserve further investigation of the neutron induced
fission on 236U.

For a fair and realistic analysis one should remind the
reader that the role of the fundamental barrier is af-
fected by the selectivity in spin and parity. In fact the
barrier values in 236U CN may show the effect of spin-
population differences between neutron and photon in-

duced reactions as the target ground-state spin of 235U is
7/2 (the highest of uranium long-lived isotopes) vs the
target ground-state spin of 0 for 236U. If not known oth-
erwise, to the fundamental barrier it is assigned the spin
projection and parity equal to the spin and parity of the
ground state of the fissioning nucleus. Considering the
spins and parities of the target nuclei, of the neutron and
of the photon, it is obvious that by GDR photo-excitation
the nuclei will never be populated in states of spin and
parity which belong to the fundamental rotational band,
while the compound nuclei formed by absorption of neu-
trons (which may carry higher orbital momenta) can. In
other words, the transmission through the fundamental
barrier and through the barriers associated to the ro-
tational band built on it, which represent a significant
contribution to the neutron-induced fission cross section
at low energies, is practically forbidden in photo-fission.

For example, for the even-even isotopes 234,236U which
are populated in states with Jπ = 1−, the transmission
through the discrete barriers is determined by the ab-
solute excitation energies of the rotational band-heads
Kπ = 0−, 1− and less by the parameters of the funda-
mental barrier which has Kπ = 0+.
However, the heights and widths of the fundamental
humps enter together with the level density functions in
the calculation of the transmission coefficients through
the barriers in the continuum spectrum (Eq .12). So,
the role of the fundamental barrier remains very impor-
tant for photo-fission also, especially at higher excitation
energies, where the fission channels in continuum have
the dominant contribution. Considering that the param-
eters of the level densities at saddles used in the present
work are those from Ref. [2] adjusted in the limit of 5%,
the agreement of the calculated photo-fission cross sec-
tions with the experimental data above 7 MeV represents
a real test of the fundamental barrier parameters.
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TABLE II. Fission barrier parameters for description of neutron and photon-induced reactions on uranium isotopes. V1(~ω1),
V2(~ω2), and V3(~ω3) are the fission barrier heights (curvatures). VII(~ωII), VIII(~ωIII) are the second and third well heights
(curvatures).

V1 ~ω1 VII ~ωII V2 ~ω2 VIII ~ωIII V3 ~ω3

CN (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) Reaction

233U 4.70 0.70 1.70 1.00 5.85 1.30 5.00 1.00 5.80 1.30 233U(γ, f)
4.70 0.70 1.70 1.00 5.70 1.30 5.05 1.00 5.70 1.30 232U(n, f)

234U 4.70 0.60 1.70 1.00 5.83 1.40 5.00 1.00 5.83 1.40 234U(γ, f)
4.60 0.60 1.60 1.00 5.90 1.30 5.20 1.00 5.70 1.30 233U(n, f)

235U 4.90 0.60 1.75 1.00 6.20 1.45 5.18 1.00 5.90 1.45 235U(γ, f)
4.80 0.60 1.60 1.00 6.10 1.45 5.20 1.00 5.78 1.45 234U(n, f)

236U 5.10 0.60 1.60 1.00 5.87 1.45 4.90 1.00 5.65 1.45 236U(γ, f)
4.60 0.60 1.60 1.00 5.90 1.45 4.90 1.00 5.64 1.45 235U(n, f)

237U 5.10 0.60 1.60 1.00 5.90 1.45 4.88 1.00 5.73 1.45 237U(γ, f)
5.25 0.50 2.30 1.00 6.18 1.50 5.57 1.00 5.80 1.50 236U(n, f)

238U 6.15 1.00 1.60 1.00 5.50 0.60 - - - - 238U(γ, f)
6.30 1.00 1.60 1.00 5.50 0.60 - - - - 237U(n, f)

The most uncertain fission parameters are those of the
discrete transition states, especially for the odd-A nuclei.
For even-even nuclei, there are collective states within
the pairing gap with Kπ = 0+, 2+, 0−, 1− and with ex-
citation energies at the saddle points correlated with the
nuclear shape asymmetry at the corresponding deforma-
tions. But in general, if no other information are avail-
able, the sets (ε,Kπ) are chosen to fit the experimental
fission cross section.

The results of EMPIRE calculations are presented in
Figs. 8 and 9 together with JENDL-PD and IAEA-PD
evaluations and the experimental data from EXFOR.
Once again, one can notice that JENDL-PD is based on
model calculations. The shape of the JENDL-PD fis-
sion cross section at low energies indicates the use of a
double-humped fission barrier in the full damping limit
of the class II vibrational states. This is the reason why
JENDL-PD fission cross sections overestimate the exper-
imental data at those energies. IAEA-PD on the other
hand, is based mainly on a non-model fit of the experi-
mental data, the most evident example being 235U case.

The experimental data for 233−236U(γ,f) cross sections
are too scarce below 5 MeV to reveal a clear resonance
structure. Still, for the even-even isotopes, for which the
distance among the class II vibrational states is higher,
hence their damping is lower, one can notice a resonance
around 4.8 MeV for 234U and a sequence of three reso-
nances around 3.4 MeV, 4.3 MeV and 5.3 MeV showed
by the 236U(γ,f) cross section. These resonances are not
sharp enough to be generated by the class III vibrational
states, therefore one can confirm that the energy associ-
ated to the bottom of the third well should be around
5 MeV. The opening of the fission channel, the absolute
value and the slope of the fission cross sections, the damp-
ing of the resonance and the distance between them have
been used to extract information on the first hump and
on the second well. This information is not available in

neutron induced reactions where the fission barrier can-
not be explored at such low excitation energies.

In the energy range 5–8 MeV there are more exper-
imental data, but the discrepancies among the different
sets are significant. As shown in Fig. 4, there is an abrupt
behavior of three cross sections in this range: gamma
emission drops while fission and neutron emission rise.
Therefore, the interpretation of the experimental fission
cross section (Figs. 8, 9) must consider the behavior of
all cross sections shown in Fig. 4 because what seems to
be threshold or resonance might be a structure generated
by other causes.

The neutron separation energy decreases while nuclei
become neutron richer, but has also a strong odd-even
effect, so that for 233U, 234U and 236U there is an en-
ergy interval between the opening of the fission and of
the neutron emission channels. As gamma emission falls
quickly once fission channel opens, in this energy inter-
val fission remains the dominant decay and the photo-
absorption and fission cross sections become almost equal
(see Fig. 4). So, what looks at the first glance as a
threshold is in fact a limitation imposed by the photo-
absorption cross section and it is not directly related to
the height of the fission barrier.

The neutron induced fission cross sections of even-N
light actinide targets (e.g., 232Th, 231Pa, 234,236U) show
in the same excitation energy range (5–8 MeV) a very
clear resonance structure attributed to the low-damped
class III vibrational states [2, 34]. There are no simi-
lar resonances in the photo-fission cross sections, except-
ing 234U which has such a resonance around 5.6 MeV.
More studies are needed to understand if this different
behavior is related to experimental limitations or has
other causes. The photo-fission cross sections of 233U and
238U have also maxima around 5.6 MeV and 6.1 MeV re-
spectively, which can be mistaken as resonances. In fact
the resonant-like shapes are the effect of the dips around
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FIG. 8. EMPIRE calculations (blue line) and JENDL-PD (green line), IAEA-PD (red line) evaluations for the photo-fission
cross sections of 233−238U compared to experimental data from EXFOR [49–53, 55–80]. Note that the (γ,f) cross sections are
denoted in legend as (G,F).

6 MeV and 6.6 MeV respectively, caused by the opening
of the neutron emission channel. The calculated photo-
fission cross sections of all isotopes have such a decrease,
which does not appear to the same extend in the experi-

mental data. One can notice the similar behavior in this
region of the EMPIRE calculations and the JENDL-PD
evaluations of 234,236U(γ,f) cross sections.

At these energies (5–8 MeV) the calculated fission cross
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FIG. 9. EMPIRE calculations (blue line) and JENDL-PD (green line), IAEA-PD (red line) evaluations for the photo-fission cross
sections of 233−238U in the incident energy range 5-20 MeV compared to experimental data from EXFOR [49–53, 55, 56, 58–80].
Note that the (γ,f) cross sections are denoted in legend as (G,F).

sections are most sensitive to the excitation energies of
the discrete transition states, especially at the second
and third saddle points, but also to the density of the
transition states in continuum.

In the energy range 8–12 MeV the fission channels in
continuum are the dominant contribution. Those fission
channels are described by the EGSM level densities for
the first fission chance. Depending on the neutron sepa-
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ration energies, the second and third fission chances open
around 6 and 12 MeV and become significant around 13
and 20 MeV respectively. For the first and second resid-
ual nuclei the same fission parameters from Table II have
been used. Our calculations agree well with the experi-
mental data, and with the JENDL-PD evaluation in this
energy range, excepting the already discussed cases of
237U and 238U.

IV. CONCLUSIONS

Photo-reaction cross section calculations for the Ura-
nium isotopes have been performed with the EMPIRE
3.2 code in the energy range 3–30 MeV. The results give
a comprehensive and systematic description of the photo-
reaction experimental data better than in existing eval-
uations. A set of GDR parameters consistent with all
available experimental data is provided.

Except for the incident photon channel, the same reac-
tion models for the neutron induced reaction calculations
in Ref. [2] have been used. The extended optical model
for fission proved again to describe accurately the exper-
imental fission cross sections at excitation energies below
7 MeV, in this case for photon induced reactions.

The parameters of the fundamental triple-humped fis-
sion barriers derived from the analysis of the neutron-
induced reactions on the Uranium isotopes are close to
those used in the current work for photon-induced re-
actions, with the exception of the inner barrier height of
236U and well heights of 237U. Most of fission barrier/well
heights for neutron and photon-induced reactions agree
within 150 keV, which is about the estimated potential
energy uncertainty from the best mass-model calcula-
tions. The inner V1 (lowest) fission barrier of 236U is
estimated to be 500 keV higher for photon induced reac-
tions2. Relatively large differences were also observed for
237U well heights. Unfortunately, lower fission-barrier
and well heights are very poorly constrained by cross
section calculations in neutron induced reactions for fis-
sile targets as discussed in Ref. [2]. Target-spin and

associated CN-spin differences for photon- and neutron-
induced reactions may also impact derived barrier height
especially for 236U reactions. Further studies of these
inconsistencies are needed.

The required barriers’ adjustment causing differences
in the fission parameters sets have been expected con-
sidering : (i) the different treatment of the entry chan-
nel, and (ii) the specific and different sensitivity of the
neutron- and photon-induced fission cross sections to fis-
sion parameters, (iii) the model imperfections. Both
fission parameter sets describing neutron- and photon-
induced reactions are subjects for improvement. A future
work to reconcile these differences is required in order to
obtain a single fission parameter set which describes si-
multaneously the experimental data for both neutron-
and photon-induced reaction cross sections. The access
to low excitation energies allowed to narrow the uncer-
tainties of the first hump and second well fission parame-
ters, and also confirmed the shallowness of the third well
of which the energy of the bottom of the well is around
5 MeV.

This type of theoretical study which involves reactions
induced by different projectiles leading to the same com-
pound systems can identify data discrepancies, improve
the models and reduce the uncertainties of the model in-
put parameters, and thus enhance the accuracy of the
nuclear reaction data.
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