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Abstract

A relational database has been developed based on the original (n, n′γ) work carried out by A. M. Demi-
dov et al., at the Nuclear Research Institute in Baghdad, Iraq [“Atlas of Gamma-Ray Spectra from the
Inelastic Scattering of Reactor Fast Neutrons”, Nuclear Research Institute, Baghdad, Iraq (Moscow, At-
omizdat 1978)] for 105 independent measurements comprising 76 elemental samples of natural composition
and 29 isotopically-enriched samples. The information from this Atlas includes: γ-ray energies and relative
intensities; nuclide and level data corresponding to the residual nucleus and meta data associated with the
target sample that allows for the extraction of the flux-weighted (n, n′γ) cross sections for a given transition
relative to a defined value. The optimized angular-distribution-corrected fast-neutron flux-weighted partial
γ-ray cross section for the production of the 846.8-keV 2+

1 → 0+
gs γ-ray transition in 56Fe, determined to be

〈σγ〉 = 143(29) mb, is used for this purpose. However, different values for the adopted cross section can be
readily implemented to accommodate user preference based on revised determinations of this quantity. The
Atlas (n, n′γ) data has been compiled into a series of CSV-style ASCII data sets and a suite of Python scripts
have been developed to build and install the database locally. The database can then be accessed directly
through the SQLite engine, or using alternative methods such as the Jupyter Notebook Python-browser
interface. Several examples exploiting different interaction methodologies are distributed with the complete
software package.

Keywords: Inelastic neutron scattering γ-ray data, partial γ-ray cross sections, relational database.

1. Introduction

Inelastic neutron scattering is a dominant energy-
loss mechanism for fast neutrons in heavy (A > 12)
nuclei and produces unique γ-ray signatures of the
material which the neutrons are incident upon. As

∗Corresponding author.
Email address: amhurst@berkeley.edu (A. M. Hurst)
URL: https://nucleardata.berkeley.edu/atlas

(A. M. Hurst)

such, a good knowledge of it is required for vir-
tually all branches of applied nuclear science rang-
ing from shielding calculations to the design of ad-
vanced nuclear-energy systems to international se-
curity and counter proliferation. The need for im-
proved neutron-scattering data was explicitly stated
in a number of recent nuclear data workshops, includ-
ing the white papers from the Nuclear Data Needs
and Capabilities for Applications Workshop [1], the
Nuclear Data Roadmapping Enhancement Workshop
in 2018 [2] and the Workshop for Applied Nuclear
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Data Activities in 2019 [3]. In addition to its util-
ity for nuclear applications, (n, n′γ) data provides
unique insight into off-yrast nuclear structure due to
the non-selective nature of the reaction (which can
include a significant compound component) and the
wide range of angular momentum states accessible to
fast neutrons.

Angle-differential (n, n′) data is challenging to
measure due to the difficulties involved in measuring
the neutron energy and large backgrounds from elas-
tic scattering. An alternate approach to determining
(n, n′γ) cross sections involves measuring the prompt
γ rays emitted from the excited states populated via
inelastic scattering. While these measurements lack
the angle-differential information that provides a use-
ful testing ground for neutron transport methods,
they can provide an important integral constraint to
the nuclear-reaction evaluation process and can be
used to improve modeling for non-destructive assay
of materials using active-neutron interrogation.

Unfortunately, there are no modern compilations of
inelastic-scattering γ-ray production cross sections.
This is in part due to a fundamental lack of data,
but also to the fact that since (n, n′γ) includes both
discrete γ-ray transitions and cross section data it
does not fit well into either of the two main compila-
tion databases: Experimental Nuclear Reaction Data
(EXFOR) [4, 5] for reactions, and Experimental Un-
evaluated Nuclear Data List (XUNDL) [6] for struc-
ture. The “Atlas of Gamma-rays from the Inelastic
Scattering of Reactor Fast Neutrons” published by
A. M. Demidov et al., [7] is one of the most com-
prehensive compilations of data on (n, n′γ) in exis-
tence containing 7375 γ rays (of these, 6870 repre-
sent firm assignments, while 505 are tentative) from
76 natural and 29 isotopically-enriched targets, mea-
sured at the IRT-M Reactor at the Nuclear Research
Institute, near Baghdad, Iraq. Until recently this
information has only been available in its [out-of-
print] book format. To enhance the utility of this
Atlas and increase its accessibility to the interna-
tional community, we have compiled the data into
a set of CSV-style ASCII tables and developed soft-
ware to build the corresponding SQLite (structured
query language) database locally. The software pack-
age is disseminated online through the Berkeley Nu-

clear Data Group [8] and the National Nuclear Data
Center (NNDC) [9]. This paper describes how the
data were originally obtained along with query-based
methods for extraction of absolute partial γ-ray pro-
duction cross sections from the reported [7] relative-
intensity data.

2. Inelastic-scattering (n, n′γ) data

The data in the “Baghdad Atlas” [7] comes from
a single lithium-drifted germanium [Ge(Li)] γ-ray de-
tector oriented perpendicular to a filtered “fast” neu-
tron beam line at the IRT-M reactor, formerly lo-
cated at the Al-Tuwaitha Nuclear Research Institute
outside of Baghdad, Iraq. While the details of the
neutron spectrum are not completely known, the ex-
perimental setup was designed to minimize the pres-
ence of low-energy neutrons. Their success is evident
in that there are only 30 transitions throughout the
entire Atlas known to arise from radiative-capture
(n, γ) reactions. However, it is possible that some of
these (n, γ) signatures are induced by resonance neu-
trons rather than thermal capture. In this paper we
only provide sufficient details of the neutron flux and
and spectroscopy measurements necessary to deter-
mine cross sections on an absolute scale for all data
contained in the Atlas. The experimental setup used
at the Baghdad reactor is described in greater detail
in Refs. [10, 11].

2.1. Neutron flux

The neutron spectrum is characterized as having
a monotonically-decreasing flux (φ) with increasing
neutron energy (En), ranging from approximately 0.5
− 10 MeV as shown in Fig. 1, where the measured
IRT-M data is taken from Refs. [7, 10]. To a first
approximation, the authors of the Atlas suggest the
reactor neutron spectrum at En > 1.0 MeV falls off
according to the exponential-attenuation law of the
form:

φ(En) ∝ exp(−βEn), (1)

where β = 0.7 [7]. However, in a previous interpre-
tation of the same measured spectrum, the authors
suggest the flux may be approximated in accordance

2
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Figure 1: The IRT-M Baghdad reactor neutron flux in arbi-
trary units [a.u.] shown as a function of neutron energy. The
data are taken from Ref. [7] and correspond to the fast-neutron
spectrum of the water-cooled water-moderated reactor after fil-
tration of the beam through a 10.1-cm layer comprising lead
(9 cm), boron carbide (1 cm) and cadmium (1 mm). The fit
(solid-orange curve) corresponds to an exponential of the form
exp(−βEn), where β = 0.7473 and φ0 = 32230 are determined
from a fit to the data in the region En ≥ 2 MeV. An exponen-
tial of the form exp(−0.72En) [10] is also drawn for comparison
(dashed-green curve); to obtain this function we fixed the value
of β to 0.72 and φ0 was treated as a free parameter determined
in an independent fit to the region En ≥ 1.5 MeV.

with exp(−0.72En): ∀ En > 1.5 MeV [10]. In ear-
lier work still, it is noted that this exponent may,
in fact, vary from approximately β ≈ 0.65 − 0.75
[12] depending on the reactor type. However, the
relative γ-ray intensities corresponding to transitions
from levels above 0.5 MeV are not expected to be
strongly affected by different values of β [7]. Because
the observed (n, n′γ) spectra from reactor fast neu-
trons are largely influenced by the increasing nuclear
level density with increasing atomic mass A (away
from closed shells), the γ-ray intensity data presented
in the Baghdad Atlas can be expected to be universal
for 235U-fission-based neutron sources [7].

In our attempts to fit the IRT-M reactor flux
data from Ref. [7] with a single exponential of the
form given by Eq. (1), we have determined a value
of β = 0.7473 corresponding to the energy region
En > 2.0 MeV, as shown by the fit in Fig. 1. Our

value of β is appreciably larger (approximately 3.8 −
6.8%) than the values reported in Refs. [7, 10], but
falls within the expected range defined in Ref. [12].
At lower neutron energies the authors suggest that a
more complicated function is needed to describe the
behaviour of the neutron flux. This is evident from
Fig. 1 where simple exponentials (assuming values of
β = 0.72 [10] and β = 0.7473) are inadequate at re-
producing the reported flux.

Accordingly, we have attempted to model the flux
in the two different regions of the neutron spectrum.
In the low-energy region (En < 1.5 MeV) we have
considered (i) a Maxwellian distribution of the form

φ1(En) = 2A1

√(
En
πkT 3

)
exp

(
−En
kT

)
, (2)

where A1 [arbitrary units] and kT [MeV] are ad-
justable parameters optimized from the fit to the
low-energy data. For the high-energy region (En ≥
1.5 MeV) we have used a simple exponential

φ2(En) = A2 exp(−βEn), (3)

where A2 [arbitrary units] and β are adjustable pa-
rameters optimized from the fit to the high-energy
data. From the initial fits to the two separate energy
regions, we have then modified the β parameter fur-
ther and introduced a smoothing factor, described by
an infinitely smooth hyperbolic tangent function, to
optimize the fit to both regions. Thus, the overall fit
to the data is given by

φ(En) = φ1(En) +

[
1 + tanh[K(En − 1.5)]

2

]
× (φ2(En)− φ1(En)), (4)

where K ∈ R+ and we have set K = 1.0 to pro-
duce the fit shown in Fig. 2. Equation (4) implies
that for En � 1.5 MeV, tanh(En) → −1 and there-
fore φ(En) → φ1(En), whereas for En � 1.5 MeV,
tanh(En)→ +1 and therefore φ(En)→ φ2(En). The
parametrizations optimized from this fitting proce-
dure are A1 = 84, 500 and kT = 0.39 MeV in the
Maxwellian region, and A2 = 36, 600 and β = 0.76 in
the exponential tail. The high-energy component of
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Figure 2: The black circles correspond to the IRT-M neutron-
flux spectrum digitized from Ref. [7], while the red circles are a
representative sample of those data points used for fitting pur-
poses. The resulting compound fit, comprising a low-energy
Maxwellian component and a high-energy exponential compo-
nent as described by Eq. (4), is illustrated by the solid line.

the neutron-flux spectrum is approximately asymp-
totic with the suggested parametrizations in the ear-
lier works of Refs. [7, 10] as En →∞. However, given
that we have constrained the Mawellian component
of the fit to En < 1.5 MeV, our fitted kT value is
significantly different to that which is expected for
the Maxwellian form of the fission spectrum for 235U,
kT = 1.29 MeV [13].

2.2. γ-ray spectrometry

All of the data in the Atlas were acquired un-
der identical conditions using the same experimen-
tal configuration with a single Ge(Li) γ-ray detector
oriented at 90◦ to the neutron beam line, with sam-
ples positioned at 60◦ relative to the incident neutron
beam in a 25× 25 mm2 holder [10]. A beam-spot di-
ameter of ∼ 30 mm was achieved at the sample posi-
tion [7] and spectra were collected for neutron irradia-
tion periods ranging from 3 − 44 h [7]. The irradiated
samples varied in mass from 1 g (Eu2O3) to 125 g
(Hg). Unfortunately, however, certain information
regarding the samples is lacking from the Atlas, such
as the density, thickness, and sample-size relative to
the beam spot. For measurements of most elements
and enriched isotopes, a 30 cm3 Ge(Li) detector with

an energy resolution of 3.8 keV at 1.2 MeV [7, 10]
was used; it should be noted, however, that the res-
olution of this detector deteriorated to 8 keV during
the course of the measurements because of neutron
damage, as mentioned in Ref. [7]. A 40 cm3 Ge(Li)
detector with an energy resolution of 2 keV at 1.2
MeV [7] was also used for the elemental-sample mea-
surements of chlorine, scandium, bromine, lutetium,
osmium, and iridium, along with the isotopes of tel-
lurium.

For each measurement, the Ge(Li) detector was
isolated from the fast-neutron flux by surrounding
it with shielding materials comprised of a 5-cm thick
iron plate, an 8-cm layer of paraffin mixed with boron
carbide (B4C), and a 10-cm thick lead plate. A 20-
mm diameter by 110-mm length LiH layer with a
density of 0.53 g/cm3 [10] was also placed into a col-
limating channel of the shielding material to filter fast
neutrons scattered by the sample itself and to reduce
neutron activation of the Ge(Li) detector.

Energy and efficiency calibrations of the Ge(Li) de-
tectors were performed using a variety of standard
radioactive (75Se, 182Ta, 110Ag, 72Ga, 140La, 24Na,
and 134Cs) and reaction [28Si(n, γ)29Si] sources for
energies below and above 3 MeV, respectively. All
γ-ray intensities (Iγ) were measured at 90◦ relative
to the neutron beam line and were corrected for self-
absorption effects in the sample. This configuration
also helps reduce the effect of Doppler broadening in
the γ spectra [7]. The measured γ-ray energies (Eγ)
are reported in the Baghdad Atlas [7] together with
uncertainties due to calibration and non-linearity of
the spectroscopic tract for Eγ . The associated uncer-
tainties for the Iγ measurements listed in the Atlas in-
clude statistical contributions (with 95% probability)
together with uncertainties due to detector-efficiency
determination and γ-ray self absorption.

The γ-ray transition intensities for all elements and
enriched isotopes reported in the Atlas are presented
in comparison to the 846.8-keV transition in 56Fe [14],
corresponding to the 2+

1 → 0+
gs transition observed in

the 56Fe(n, n′γ) reaction. The relative intensity of
the 846.8-keV line is defined to be 100% [7]. This
provides a unique normalization reference point for
all other elements (or enriched isotopes) since the
intensity of a reliable γ-ray transition belonging to

4



each element (enriched isotope) was determined rela-
tive to the 56Fe 846.8-keV γ line. The intensities for
all other γ lines from each respective elemental [en-
riched isotope] (n, n′γ) measurement were reported
relative to the selected elemental (enriched-isotope)
normalization γ ray; these normalization γ-ray lines,
together with their 56Fe-relative-intensity values, are
tabulated in [Table 2 of] the Baghdad Atlas [7].

3. γ-ray angular distributions

For isotropic-distributions, i.e., complete 4π solid-
angle coverage, the angular-distribution correction
factor W (θ) = 1 and no correction to the angular
distribution is required. Other distributions, where
W (θ) 6= 1, have some degree of anisotropy that needs
to be accounted for. The angular distribution correc-
tion to the inelastic-scattering cross section may be
deduced according to the following expression:

σinl =
dσ(θ)

dΩ

4π

W (Ω)
, (5)

where σinl is the angle-integrated inelastic-scattering
cross section, σ(θ) is the inelastic-scattering cross sec-
tion measured at angle θ, and Ω is the solid-angle
subtended by the detector. Thus, to find σ(θ):

σinl

4π∫
0

dΩ =
4π

W (θ)

σ(θ)∫
0

dσ(θ)

σ(θ) = σinlW (θ). (6)

According to the prescription outlined by Ya-
mazaki [15], the angular distribution function for a
transition from Ji → Jf may be adequately expressed
as

W (θ) = 1 +A2P2(cos θ) +A4P4(cos θ), (7)

where Ak are the anisotropy coefficients [15] and Pk
are the Legendre polynomials of order k. The first
three even polynomial terms may be derived as

P0(cos θ) = 1

P2(cos θ) =
1

2
(3 cos2 θ − 1)

P4(cos θ) =
1

8
(35 cos4 θ − 30 cos2 θ + 3). (8)

Equation (7) assumes complete nuclear alignment
of the state undergoing the transition, i.e., equal rel-
ative populations of the magnetic substates speci-
fied by the population parameter Pm(J) = P−m(J),
whereupon the anisotropy coefficients−tabulated in
Ref. [15]−may be written as

Ak(JiL1L2Jf ) =
ρk(J)

1 + δ2
γ

[Fk(JfL1L1Ji)

+ 2δγFk(JfL1L2Ji)

+ δ2
γFk(JfL2L2Ji)], (9)

where ρk(J) is the statistical population tensor given
by

ρk(J) =
√

2J + 1 (10)

×
J∑

m=−J
(−1)J−m〈JmJ −m|k0〉Pm(J),

and the Fk distribution coefficients are also tabulated
in Ref. [15] and take the explicit form

Fk(JfL1L2Ji) = (−1)Jf−Ji−1

×
√

(2L1 + 1)(2L2 + 1)

×
√

(2Ji + 1)〈L11L2 − 1|k0〉
× W (JiJiL1L2; kJf ), (11)

where W (JiJiL1L2; kJf ) is a Racah recoupling coef-
ficient (6j symbol) [16]. For cases where the tran-
sition proceeds via a pure stretched E2 quadrupole,
L1 = L2 = 2, and the interference terms with the
γ-ray multipole-mixing ratio δγ in Eq. 9 vanish, thus
reducing the anisotropy coefficient to

Ak(JiL1L2Jf ) = ρk(J)Fk(JfL1L1Ji). (12)

For oriented states, ρk(J) is difficult to solve due
to unequal relative populations of the magnetic sub-
states. However, for a completely aligned state we
may replace ρk(J) in Eq. (10) with Bk(J), such that
the statistical tensor may be represented as

ρk(J) ≡ Bk(J) = (−1)J
√

2J + 1〈J0J0|k0〉, (13)

for integral spins, and as

ρk(J) ≡ Bk(J) = (−1)J−
1
2

√
2J + 1〈J 1

2
J − 1

2
|k0〉,

(14)
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for half-integral spins, and thus,

Ak(JiL1L2Jf ) = Bk(J)Fk(JfL1L1Ji). (15)

3.1. Theoretical angular-distribution correction for
the 2+

1 → 0+
gs γ ray in 56Fe

The 846.8-keV γ-ray transition in 56Fe (the nor-
malization transition of the Atlas) proceeds via a pure
stretched E2 quadrupole (L1 = L2 = 2) from an ini-
tial state Ji = 2 to a final state Jf = 0. Assuming
complete nuclear alignment, the population tensors
for k = 2 and k = 4 may be evaluated in accordance
with Eq. (13):

B2(2) =
√

5〈2020|20〉
B4(2) =

√
5〈2020|40〉.

Using the angular momentum coupling coeffi-
cient calculator distributed with this project, the
above Clebsch-Gordan coefficients are evaluated as

〈2020|20〉 = −
√

2
7 and 〈2020|40〉 = 3

√
2
35 , thus, we

find B2(2) = −1.19523 and B4(2) = 1.60357. These
computations are in exact agreement with the corre-
sponding Bk values presented by Yamazaki in Table I
of Ref. [15]. The Fk distribution coefficients can then
be evaluated using Eq. (11) where the Racah recou-
pling coefficient is represented by a 6j symbol of the
form Ji L k

L Ji Jf

 = (−1)Ji+L+k (16)

× 1√
2Ji + 1

1√
2L+ 1

,

given that one of the angular momenta, in this case
Jf , vanishes [16]. Thus, for both k = 2 and k = 4,
we find  2 2 k

2 2 0

 =
1

5
,

which upon substitution for W (2222; k0) in Eq. (11)
gives

F2(2220) = −
√

5〈212− 1|20〉
F4(2220) = −

√
5〈212− 1|40〉,

0 15 30 45 60 75 90 105 120 135 150 165 180
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En = 0.86 MeV
En = 1.0 MeV
En = 1.5 MeV
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Figure 3: Angular distribution functions plotted for the 846.8-
keV γ-ray transition in 56Fe. The theoretical distribution is
plotted assuming maximum alignment of the initial J = 2
state in 56Fe (dotted gray curve). Experimental a2 and a4 co-
efficients [17] at the specified incident-neutron energy En indi-
cated on the plot have been used to obtain the corresponding
experimental distributions.

yielding evaluated coefficients F2 = −0.59761 and
F4 = −1.06904. Again, these computations are in
exact correspondence with the Fk values presented
by Yamazaki in Table II of Ref. [15]. The over-
all anisotropy coefficients can then be deduced using
Eq. (15), thus, A2(2220) = 0.71429 and A4(2220) =
−1.71429. These results are also in exact agree-
ment with the tabulated Bk(J)Fk(JiL1L2Jf ) val-
ues of Yamazaki [15]. Substituting these A2 and
A4 coefficients into Eq. (7) provides the theoretical
angular-distribution correction factor as a function
of angle assuming complete alignment in 56Fe for the
2+

1 → 0+
gs transition. This angular distribution func-

tion is presented in Fig. 3.

3.2. Experimental angular-distribution correction
for the 2+

1 → 0+
gs γ ray in 56Fe

The theoretical scenario described in Sect. 3.1 as-
sumes complete nuclear alignment. In real physical
problems, the alignment is usually only partial and
an anisotropy-attenuation coefficient ak is needed to
describe the degree of alignment, where

ak =
ρk(J)

Bk(J)
. (17)

6
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Figure 4: Anisotropy-attenuation coefficients: (a) a2, and (b) a4, used to describe the angular distribution as a function of
incident-neutron energy for the 846.8-keV γ ray corresponding to the 2+1 → 0+gs transition in 56Fe. In each plot, the data
points have been digitized from the fitted curves published by Savin et al. [17]. A cubic spline is used to provide a smooth
interpolation throughout the range of the digitized sample.

Longer-lived states tend to undergo greater amounts
of deorientation leading to a greater attenuation in
the alignment of the magnetic substates that will af-
fect the measured ak values. A correction factor due
to the solid-angle subtended by the detector Qk also
impacts the observed angular distribution such that
Eq. 7 may be recast using the more realistic expres-
sion

W (θ) = 1 +
∑
k=2,4

akQkPk(cos θ). (18)

For a 4π-array detector system Qk → 0 and the
angular-distribution effect washes out, while at the
other extreme, in the case of a point-like detector
Qk → 1. In this work, the single Ge(Li) detector
positioned perpendicular to the beam line approxi-
mates that of a point-like detection system and thus,
implies the correction factor Qk ≈ 1 in Eq. (18).

Experimental anisotropy-attenuation coefficients
are needed as a function of incident-neutron energy
to describe the angular distribution for 56Fe(n, n′γ).

To obtain these quantities, we have digitized the fit-
ted a2 and a4 data for the 846.8-keV γ-ray transition
from Ref. [17] as shown in Fig. 4. These fitted exper-
imental data were produced from a collation of sev-
eral evaluated neutron-data libraries and experimen-
tal measurements over a range of incident-neutron
energies from the threshold of the level-excitation en-
ergy up to 14 MeV. The energy dependence reflects
the fact that the population parameters of a state
are highly dependent on the formation process of the
state [15]. The effect of the incident-neutron energy
on the expected angular distribution can be assessed
by interpolating the ak coefficients in Fig. 4 using,
e.g., a cubic spline interpolation method as shown,
and calculating W (θ) in accordance with Eq. (18).
Figure 3 illustrates experimental W (θ) functions us-
ing interpolated ak coefficients corresponding to neu-
tron energies from the level-excitation threshold in
56Fe for the 2+

1 state up to 10.0 MeV. The increas-
ingly “washed-out” effect is apparent as the incident-

7
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Figure 5: Experimental W (90◦) function determined ac-
cording to the interpolated ak coefficients [17] over a range
of incident-neutron energies from level-excitation threshold to
14 MeV for the 846.8-keV γ-ray transition in 56Fe. The fitted
cubic spline used for interpolation in the analysis is shown.

neutron energy increases leading to increasingly ori-
ented states that rapidly diverge from the theoretical
case of maximum (or complete) nuclear alignment.

The absolute γ-ray intensity data presented in
the Atlas [7] correspond to measurements at 90◦ to
the neutron beam line. The extracted experimental
W (90◦) correction factors, plotted in Fig. 5 as a func-
tion of incident-neutron energy, are therefore required
to determine an appropriate angular-distribution cor-
rected flux-weighted cross section for the 846.8-keV
transition, as described in the next section.

3.3. Angular distributions for other γ rays

As shown in Sect. 3.1, the quantum mechanical
properties associated with a γ-ray transition demon-
strate that different γ rays, even those described by a
common radiation field, may have quite different an-
gular distributions. The experimental a2 anisotropy
coefficients for the 1238.3-keV (4+

1 → 2+
1 ; E2) and

1810.8-keV (2+
2 → 2+

1 ; M1 + E2 with mixing ratio
δγ = 0.18 [14]) are shown in Figs. 6a and b, respec-
tively, as a function of incident neutron energy. Using
the interpolated coefficients from Fig. 5 and Figs. 6a
and b, the corresponding the W (90◦) functions for
each of the three strongest transitions in 56Fe are

shown in Fig. 6c. Figure 6c shows that all three γ
rays have different angular distributions and, thus,
mandate different correction factors as a function of
neutron energy.

Because we are able to deduce an angular-
distribution-corrected cross section for the 846.8-keV
normalization transition (σγN ), as described in the
next section, this result can be used to generate scaled
intensities (σγi) for all other γ-ray transition intensi-
ties (Iγi) reported in the Atlas according to,

σγi = σγN IγN Iγi , (19)

where IγN is the 56Fe-relative-intensity normalization
scaling factor, required in the two-stage normaliza-
tion, for a given isotopic or elemental data set listed
in Table 2 of Ref. [7]. In reality, however, the angu-
lar distribution factor may be significant; preempting
the discussion in the next section, we find corrections
of the order of approximately 13 − 18% are deter-
mined for the 56Fe γ-ray cross sections. In fact, the
authors of the Baghdad Atlas state that the correc-
tion may be as high as 30% in some cases [7]. Thus,
in general angular distribution corrections should be
considered for the data presented in the Atlas and,
therefore, Eq. (19) should be modified to account for
this correction

σγi = σγN IγN IγiWγi(90◦), (20)

where Wγi(90◦) is the corresponding angular-
distribution correction factor for the transition γi.

4. Cross-section calculations

The γ-ray intensities reported in the Baghdad At-
las [7] have all been deduced using the two-stage nor-
malization procedure described in Sect. 2.2. This
method allows for all Iγ(90◦) values to be presented
on an absolute scale relative to an assumed absolute
intensity, or cross section, for the 846.8-keV 2+

1 → 0+
gs

transition in the 56Fe(n, n′γ) reaction, as formulated
by Eqs. (19) and (20). We have therefore deduced
a value for the flux-weighted cross section for this
transition, 〈σγ847〉, to permit for the determination of
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Figure 6: Experimental a2 anisotropy coefficients [17] for γ-ray transitions in 56Fe at (a) 1238.3 keV, and (b) 1810.8 keV. The
W (90◦) functions, deduced according to interpolated experimental ak coefficients, are compared in (c) for the three strongest
γ-ray transitions in 56Fe at 846.8, 1238.3, and 1810.8 keV.

partial γ-ray production cross sections for all Atlas-
reported Iγ(90◦) data [7]. This expectation value
can be determined by convolving the neutron flux
spectrum shown in Figs. 1 and 2 with γ-ray pro-
duction cross-section data corresponding to (n, n′γ),
corrected for the angular distribution measured at
θ = 90◦ with respect to the neutron beam line.

4.1. γ-ray production cross section

The cross-section data available in neutron-data
libraries, e.g., the Evaluated Nuclear Data File,
ENDF/B-VIII.0 [18], are deduced from models
guided by experimental information where avail-
able. One of the well-benchmarked reaction codes
frequently used to provide modeled cross-section
data is known as the Compact Optical model
and Hauser-Feshbach code (CoH3) [19]. The suc-
cess of CoH3 in reliably predicting cross sections
from inelastic-scattering reactions is well docu-
mented, e.g., Ref. [20]. This code is an optical
model, exciton-preequilibrium and Hauser-Feshbach
statistical-decay code that solves the Schrödinger
Equation for a defined set of optical model poten-
tials and calculates the differential elastic-scattering,
reaction, and total cross section for several incident
light projectiles: n, p, d, t, 3He, and α particles. In
this work we have used CoH3 to calculate the produc-
tion cross section for the 846.8-keV γ ray over a range

of incident-neutron energies from 0.87 to 10.00 MeV
for the 56Fe(n, n′γ) reaction. These calculated γ-
production cross sections are shown in Fig. 7.

To construct this calculation we have used opti-
cal model potentials describing the neutron [21], pro-
ton [21], and alpha [22] particles. For the coupled-
channels calculation, we have coupled all levels in
56Fe up to the 2-phonon triplet: 0.0 (0+

1 ground
state), 0.8468 (2+

1 1-phonon), 2.0851 (4+
1 2-phonon),

2.6576 (2+
2 2-phonon), and 2.9415 MeV (0+

2 2-
phonon). Additionally, we have assumed a deforma-
tion parameter β = 0.23 based on (p, p′) scattering
measurements, where it is suggested that the first
2+ state in 56Fe is known to exhibit rotational be-
haviour [23]. However, the calculations were found to
be largely insensitive by adjusting the β parameter to
values expected for a near-spherical nucleus [24]. The
transmission coefficients determined from the opti-
cal model are then fed into the multistage statistical-
model Hauser-Feshbach calculation. For this compo-
nent of the calculation, we have adopted: (i) the giant
dipole resonance (GDR) parametrization of nearest-
neighbouring even-even isotope 54Fe [25] using exper-
imental parametrizations to describe electric dipole
E1 radiation: centroid EG = 19.39 MeV; width
ΓG = 5.69 MeV; peak cross section σG = 145.35 mb,
(ii) the GDR parametrization in accordance with the
spin-flip model [26] for magnetic dipole M1 radia-
tion: EG = 41/A1/3 = 10.72 MeV; ΓG = 4.0 MeV;
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Figure 7: Calculated γ-ray production cross section as a function of the incident neutron energy obtained using the reaction
code CoH3 [19] for γ-ray transitions in 56Fe at (a) 846.8 keV, (b) 1238.3 keV, and (c) 1810.8 keV. See text for calculation
details.

σG = 1.0 mb, and (iii) a global parametrization
[27, 28] for the giant quadrupole resonance according
to the isoscalar plus isovector model of the photon
strength function to describe the electric quadrupole
E2: EG = 63/A1/3 = 16.47 MeV; ΓG = 6.11 −
0.012A = 5.44 MeV; σG = 1.5 × 10−4 Z2E2

G

A1/3ΓG
=

1.32 mb. The CoH3 calculation method also in-
cludes a two-component exciton model to describe
pre-equilibrium particle emissions. Default two-body
matrix elements controlling the pre-equilibrium emis-
sion strength are used [19]. Finally, the CoH3 calcula-
tions also invoke a direct/semi-direct capture model,
whereupon the default parametrizations used to de-
scribe the non-locality correction for the distorted
wave (empirically known to be 0.85) together with
real and imaginary potentials describing the cou-
pling strength of the semi-direct process, have been
adopted [19].

4.2. Flux-weighted cross section

The flux-weighted cross section for the 846.8-keV
2+

1 → 0+
gs γ-ray transition corrected for the angular

distribution can be determined according to

〈σγ〉 =

10.00∫
Eth

φ(E)σγ(E)Wγ(θ = 90◦;E)dE

+∞∫
0

φ(E)dE

, (21)

Table 1: Definite and numerical-approximation flux integrals
corresponding to the measured spectrum reported in the Bagh-
dad Atlas [7, 10] according to the parametrization of Eq. (4) de-
duced in this work. The method column refers to the adopted
scipy [29] integration method. The results shown in the final
column are in arbitrary units.

Method Type
+∞∫
0

φ(E)dE

quad Analytical; definite 88,737

trapz Trapezium ; numerical 88,658

simps Simpson; numerical 88,689

where the lower limit Eth is the reaction threshold
for an energy level with an excitation energy EL and
is deduced as

Eth = EL
A+ 1

A
, (22)

and thus, Eth = 0.862 MeV for the 2+
1 state. We have

determined values for the denominator in Eq. (21) us-
ing numerical integration methods: both the trapez-
ium method and the Simpson method yield statisti-
cally consistent results. As an additional check, we
have also calculated this result analytically using the
quad method from the scipy.integrate [29] third-
party Python [30] library, which again gives a con-
sistent result to those obtained using the aforemen-
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Figure 8: Experimentally-deduced W (90◦) correction factors (data points) compared to the overall W (θ) angular distribu-
tion function (dotted curves) corresponding to the deduced flux-weighted neutron-expectation energy giving rise to the three
strongest 56Fe γ rays at (a) 846.8 keV [2+1 → 0+gs; E2], (b) 1238.3 keV [4+1 → 2+1 ; E2], and (c) 1810.8 keV [2+2 → 2+1 ; M1+E2].

tioned approximation methods. The results of these
integration methods are tabulated and compared in
Table 1.

Convolution of the flux spectrum φ(E) given by
Eq. (4) with the CoH3-calculated cross section in
Fig. 7a together with the angular-distribution correc-
tion function in Fig. 5 permits for the evaluation of
the numerator in Eq. (21), above. Using this method
we find 〈σγ〉 = 200(41) mb. The overall uncertainty
is dominated by an estimated 20% contribution from
the CoH3 calculations [31], combined with an addi-
tional 2% contribution [17] assumed for the angular-
distribution correction. In the absence of the angular
distribution correction, however, Eq. (21) reduces to

〈σγ〉 =

10.00∫
Eth

φ(E)σγ(E)dE

+∞∫
0

φ(E)dE

, (23)

and the uncorrected cross section becomes 〈σγ〉 =
244(49) mb. As shown by Eq. (6), the ratio of the
corrected to uncorrected flux-weighted cross sections
provides an average angular distribution correction
factor, in this case W (90◦) = 0.82(16). Here, we
have assumed an overall uncertainty of only 20.1%
due to the highly-correlated uncertainties in the CoH3

calculations. This result is presented in Fig. 8a.
Similarly, we have used Eqs. (21) to (23) to de-

duce flux-weighted cross sections for the other two
strongest γ rays in 56Fe, with and without the cor-
rection for the angular distribution (see Fig. 6c for
the experimental W (90◦) angular distribution func-
tions), at 1238.3 keV (4+

1 → 2+
1 ; E2) and 1810.8 keV

(2+
2 → 2+

1 ; M1 + E2). The CoH3-calculated cross
sections used for these two γ rays are shown in
Figs. 7b and c, respectively, and the corresponding
flux-weighted cross sections are listed, together with
the 846.8-keV result, in Table 2. Our flux-weighted
cross sections are compared to the original Iγ data
from the Atlas [7] by calculating branching ratios
for the 1238.3- and 1810.8-keV γ rays relative to
the 846.8 keV. The Atlas branching ratios are de-
noted BA while our values, deduced using the flux
parametrization of kT = 0.39 MeV and β = 0.76
to describe the measured neutron flux φ(E) given by
Eq. (4) in Sect. 2.1, are denoted BkT . Explicitly,
these branching ratios are calculated according to

BAi =
Iγi

Iγ846.8
and BkTi =

〈σγi〉W
〈σγ846.8〉W

. (24)

We can then assess the differences between these re-
sults by calculating the residuals in units of standard
deviation [σ] assuming

R =
|BA −BkT |√
dB2

A + dB2
kT

. (25)

Here, we find our flux-weighted measurements agree
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Table 2: Flux-weighted γ-ray production cross sections, with [〈σγ〉W ; Eq. (21)] and without [〈σγ〉; Eq. (23)] correction to the
γ-ray angular distribution. The thresholds [Eth, Eq. (22)] and corresponding initial excitation energies (EL) are listed for each
γ ray (Eγ). The Atlas branching ratios (BA) are deduced using the Iγ [7] data and the BkT branching ratios have been deduced
assuming kT = 0.39 MeV from the parametrization of the Atlas-reported neutron flux φ(E) given by Eq. (4). Residuals (R)
are listed in the final column.

Eγ [keV] EL [keV] Eth [keV] Iγ [%] BA 〈σγ〉W [mb] 〈σγ〉 [mb] BkT R [σ]

846.8 846.8 861.9 100.0 1.0 200(41) 244(49) 1.0 −

1238.3 2085.1 2122.3 10.5(5) 0.105(5) 14.9(30) 17.4(35) 0.075(21) 1.4

1810.8 2657.6 2705.1 6.9(4) 0.069(4) 9.5(19) 10.9(22) 0.048(14) 1.4

with the Atlas-reported branching ratios at the
1.4σ level, implying reasonable consistency. Fur-
thermore the intensity ratio for the high-energy γ
rays, Iγ1283.3/Iγ1810.8 = 1.52(11), is in excellent
agreement with the corresponding cross-section ratio,
〈σγ1283.3〉/〈σγ1810.8〉 = 1.57(45). Because a neutron-
energy threshold of E > 2.1 MeV is required to
induce observation of these γ rays, this result sug-
gests that our parameterized neutron-flux spectrum
for φ(E) is well understood in the region E & 2 MeV.
However, at lower-neutron energies further optimiza-
tion of the flux parametrization is required, as de-
scribed in the forthcoming Sect. 4.6.

4.3. Flux-weighted expectation energy

Using a similar procedure to that outlined above,
and considering only neutron energies that lead to
excitation of a particular γ-ray-emitting state in 56Fe
listed in Table 2, we can deduce the corresponding ex-
pectation value of the incident-neutron energy spec-
trum with the following relationship

〈E〉 =

10.00∫
Eth

φ(E)EdE

10.00∫
Eth

φ(E)dE

. (26)

Again, using both the trapezium and Simpson meth-
ods to evaluate the integrals in Eq. (26), we find sta-
tistically consistent results for the deduced expecta-

tion energies 〈E〉. These results are presented in Ta-
ble 3. Interpolation of the ak attenuation-anisotropy
coefficients (see Figs. 4 and 6) at the deduced 〈E〉 pro-
vides the appropriate the angular-distribution func-
tion, whereupon the corresponding correction factor
W (90◦) can also be interpolated. These 〈E〉-deduced
angular-distribution functions are shown in Fig. 8 in
comparison to the experimentally-deduced W (90◦)
values determined in accordance with Eq. (6) for each
of the three γ rays listed in Table 3. The plots re-
veal consistency between both approaches. The 〈E〉-
interpolated W (90◦) are also presented in Table 3 in
comparison to those deduced using Eq. (6). These
results generally indicate that as the neutron energy
increases, the angular-distribution correction factor
also increases, i.e., σ(θ)→ σinl cf. Eq. (6).

Table 3: Neutron expectation energies (〈E〉) above the
threshold (Eth) giving rise to the listed γ rays (Eγ). The
W (90◦)I correction factors are interpolated from Fig. 8 and
the W (90◦)E correction factors are deduced using Eq. (6) to-
gether with the extracted cross sections listed in Table 2.

Eγ [keV] Eth [keV] 〈E〉 [MeV] W (90◦)I W (90◦)E

846.8 861.9 2.035 0.852 0.82(17)

1238.3 2122.3 3.469 0.850 0.86(17)

1810.8 2705.1 4.012 0.909 0.87(18)
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Figure 9: (a) Calculated cross sections obtained using CoH3 [19]: total inelastic cross section for the 56Fe(n, n′γ) reaction
(solid red curve); direct excitation to the first 2+ state from inelastic scattering (dashed blue curve); γ-ray production cross
section for the 2+1 → 0+gs 846.8-keV transition (dotted green curve) in 56Fe. (b) The CoH3 calculations overlaid with the
corresponding ENDF/B-VIII.0 [18]data: MF=3 MT=4 represents the total inelastic cross section (dotted cyan curve); MF=3 MT=51

represents the direct excitation function for the 2+1 state in 56Fe (dashed-dotted grey curve).

4.4. Comparison with evaluated data

To help verify the integrity of the calculated cross
sections in this paper, we have compared our cal-
culations to the evaluated cross-section data from
ENDF/B-VIII.0 [18]. Figure 9a shows the following
quantities calculated using CoH3 [19]: (i) the total
inelastic scattering cross section for the 56Fe(n, n′γ)
reaction (σCoH

tot ); (ii) the direct excitation function
corresponding to the inelastic cross section for the
first-excited state (Jπ = 2+, E = 846.8 keV) in
56Fe (σCoH

lev ); (iii) the γ-ray production cross section
for the 2+

1 → 0+
gs transition at 846.8 keV (σCoH

γ ).
In Fig. 9b, these results are compared to the cor-
responding cross-section data from ENDF/B-VIII.0:
the total inelastic-scattering cross section for the
56Fe(n, n′γ) reaction in MF=3 MT=4 (σENDF

tot ); direct
excitation function for the first 2+ state in MF=3

MT=51 (σENDF
lev ). Unfortunately, ENDF does not pro-

vide partial γ-ray production cross sections directly
making it difficult to compare to the calculated γ-
production cross section determined with CoH3 for
the 846.8-keV transition. However, it is encouraging
to see that ENDF data for both the total-reaction
cross section and the direct-production cross section
of the 2+ state track closely the cross sections cal-
culated using CoH3. Accordingly, we may use this
information to obtain an estimate of the γ-ray pro-
duction cross section from ENDF (σENDF

γ ).
The CoH3 results and the data from ENDF in Fig. 9

implies that

〈σCoH
lev 〉
〈σCoH

tot 〉
≈ 〈σ

ENDF
lev 〉
〈σENDF

tot 〉
. (27)

The flux-weighted quantities in Eq. (27) can be de-
termined in a similar manner outlined earlier cf.
Eq. (23). Adopting this procedure we find for the
CoH3-weighted cross sections 〈σCoH

lev 〉 = 186.4 mb
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and 〈σCoH
tot 〉 = 250.3 mb, thus, 〈σCoH

lev 〉/〈σCoH
tot 〉 =

0.74. Similarly for the ENDF-weighted cross sections
〈σENDF

lev 〉 = 175.5 mb and 〈σENDF
tot 〉 = 232.0 mb, there-

fore, 〈σENDF
lev 〉/〈σENDF

tot 〉 = 0.76. Because these ratios
are in agreement in accordance with Eq. (27), it is
reasonable to expect the ratios of the γ-ray produc-
tion cross section to the total reaction cross section
should also be in agreement. We can, therefore, esti-
mate the γ-ray production from ENDF as

〈σENDF
γ 〉 ≈

+∞∫
0

φ(E)σENDF
tot (E)

σCoH
γ (E)

σCoH
tot (E)

dE, (28)

or, alternatively

〈σENDF
γ 〉 ≈ 〈σENDF

tot 〉
〈σCoH
γ 〉
〈σCoH

tot 〉
. (29)

Using the results for 〈σγ〉 determined in Sect. 4.2, to-
gether with flux-weighted values from above, Eq. (29)
gives 〈σENDF

γ 〉 = 185.7 mb corrected for the γ-ray

angular distribution, and 〈σENDF
γ 〉 = 225.9 mb with-

out the angular-distribution correction. Both esti-
mates are in close agreement with those obtained us-
ing CoH3.

4.5. Correction for 56Fe(n, p)56Mn

There is an additional contribution to the 846.8-
keV γ-ray yield from the 56Fe(n, p) channel due to
the β− decay of 56Mn to the 2+

1 state in 56Fe. In the
original work of Ref. [7], the authors were unable to
discriminate between (n, n′) and (n, p) channels and
so the measured yield for the 846.8-keV γ ray (Iγtot)
accounts for both contributions:

Iγtot = Iγnn
+ Iγnp

, (30)

where Iγnn
is the γ production for the 846.8-keV tran-

sition from 56Fe(n, n′γ) and Iγnp
is from 56Fe(n, p).

It is important, therefore, to assess the significance
of the (n, p) contribution. Figure 10 shows both
the CoH3-calculated cross sections and the ENDF/B-
VIII.0 cross-section data from MF=3 MT=103 for the
56Fe(n, p) reaction. The calculated flux-weighted
cross sections are determined to be 〈σCoH

np 〉 = 0.54 mb
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Figure 10: Cross sections for the 56Fe(n, p) reaction: cal-
culated using CoH3 (solid magenta curve) and taken from
the MF=3 MT=103 file from the ENDF/B-VIII.0 library (dashed
black line).

and 〈σENDF
np 〉 = 0.47 mb, hence, in close agreement.

These results are statistically insignificant in com-
parison to the flux-weighted cross sections from the
(n, n′γ) channel, 〈σCoH

np 〉 is less than 0.3% that of
〈σγ〉, and no further correction to the γ-ray yield re-
ported in Ref. [7] is required.

Throughout the Baghdad Atlas, for most γ-ray
transitions in most nuclei Iγtot ≈ Iγnn

[7]. However,
for the four to six lowest-lying levels [7], such cor-
rections may need to considered for nuclei where ad-
ditional reaction channels, other than (n, n′γ), may
pose a significant source of contamination.

4.6. Neutron-flux optimization

The residuals in Table 2 already demonstrate rea-
sonable agreement between the Atlas-reported inten-
sities [7] and the flux-weighted cross sections, as-
suming kT = 0.39 MeV to describe the low-energy
Maxwellian component of φ(E) in Eq. (4). However,
we may also treat kT as an adjustable parameter in
the determination of the flux-weighted branching ra-
tios BkT , given by Eq. (24), in order to optimize
agreement with the corresponding Atlas branching
ratios BA. Because the γ-ray intensities (or cross sec-
tions) are correlated, a covariance matrix V is needed
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Table 4: Optimized flux-weighted angular-distribution-corrected γ-ray production cross sections (〈σγ〉W ) for the three strongest
transitions in 56Fe, deduced assuming the best-fit value kT = 0.155 MeV. For comparison, the corresponding average flux-
weighted cross sections (〈σγ〉FRM) obtained from the FRM-II measurement [32] are also listed. The final column shows the
Baghdad Atlas cross sections scaled by the ratio of expectation energies deduced from the two facilities in accordance with
Eq. (34).

Eγ [keV] BA BkT R [σ] 〈σγ〉W [mb] 〈σγ〉FRM [mb] 〈σγ〉S [mb]

846.8 1.0 1.0 − 143(29) 586(41) 521(106)

1238.3 0.105(5) 0.096(27) 0.33 13.7(27) 58(5) 49.9(98)

1810.8 0.069(4) 0.061(18) 0.44 8.7(18) 37(3) 31.7(66)

to describe the χ2 minimization

χ2 =

N∑
i=1

N∑
j=1

[BAi −BkTi ][V
−1
ij ][BAj −BkTj ], (31)

where N = 3 represents the number of γ rays used in
the minimization procedure. Writing BA and BkT

as vectors of N elements each, we may then recast
the χ2 distribution in matrix notation as

χ2 = (BA −BkT )V −1(B̃A − B̃kT ), (32)

where B̃A and B̃kT are the transposed vectors ofBA

and BkT , respectively.
Given that we are working with only three data

points and one adjustable parameter, there will be
a small number of degrees of freedom (ndf): ndf =
3−1 = 2. In these circumstances and assuming Pois-
son statistics, the ideal χ2 6= 1; for ndf = 2 the
reduced χ2, i.e., χ2/ndf ≈ 0.35 [33]. We find that
a correlation coefficient ρij > 0.8 cannot reproduce
the expected χ2/ndf of 0.35. For the off-diagonal
matrix elements, values of ρij within the range 0 <
ρij . 0.75 reproduce the expected χ2/ndf consistent
with 0.125 ≤ kT ≤ 0.185 MeV. The range on ρij
seems reasonable given that many correlated uncer-
tainties cancel upon taking ratios to determine BA
and BkT . Accordingly, adjustments to kT demon-
strate that kT = 0.155(30) MeV satisfies the χ2

criterion. Our corresponding best-fit flux-weighted
angular-distribution-corrected γ-ray production cross
sections for the three strongest 56Fe transitions are

presented in Table 4, revealing improved agreement
to within 1σ in each case with the Atlas-reported
measurements [7].

The optimized kT -adjusted fit is shown in Fig. 11a
in comparison to the original fit given by Eq. (4) and
parameterized according to the IRT-M reactor data
[7]. Figure 11b shows the corresponding normalized
cumulative empirical distribution function (EDF) for
the sampled IRT-M data, together with the nor-
malized cumulative continuous distribution functions
for both the parameterized [CDF(p)] and optimized
[CDF(o)] fits to the data. We can assess the difference
between the sampled data and continuous distribu-
tion functions by performing a Kolmogorov-Smirnov
(KS) test [34]. The KS statistic is given by the supre-
mum between the sampled EDF and the hypothe-
sized CDF

DN = sup|φ(E)CDF(x) − φ(E)EDF|, (33)

where N is the number of data points sampled from
the EDF, and x refers to either the original param-
eterized (p) or the optimized (o) CDF. In our test,
N = 67 and we find D67 = 0.030 for CDF(p), while
D67 = 0.236 for CDF(o). Critical p-values for dif-
ferent levels of significance (α) and confidence levels
(CL) are listed in Table 5. Here, the critical p-value
is given by p = 0.199 at α = 1% (CL = 99%), and
p = 0.131 at α = 20% (CL = 80%). Strictly speak-
ing, the KS test only applies when the distribution is
fixed beforehand, and therefore, it stands to reason
that the KS statistic for the CDF(p) is substantially
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Figure 11: (a) The solid cyan curve describes the overall fit to the sampled IRT-M data [7] embodied by Eq. (4). The dashed
magenta curve represents the optimized kT -adjusted version of this function. (b) The black curve illustrates the normalized
cumulative empirical distribution function (EDF) for the sampled IRT-M data, the cyan curve shows the corresponding pa-
rameterized continuous distribution function [CDF(p)] and the magenta curve represents that of the optimized continuous
distribution function [CDF(o)].

smaller than the critical p-value even at CL=80% be-
cause the derived CDF has already been fit to the em-
pirical sample data. However, the CDF(o) has been
optimized in such a way that the KS test illustrates
the degree of divergence from the original CDF(p),
where it is found that the KS statistic for the CDF(o)
is larger than the critical p-value even at CL=99%.
This suggests that the optimized kT -adjusted flux
spectrum is significantly different to the neutron flux
reported in the Baghdad Atlas [7]. Even though the
parametrized fit to the Atlas-reported flux can re-
produce the measured data to within 2σ, further in-
vestigations should be carried out to help pin down
an appropriate functional form of the neutron-flux
spectrum to help provide a better description of the
measured data. An additional limitation of the cur-
rent method is that the 56Fe data are only sensitive
to neutron energies above the excitation threshold of
861.9 keV.

Table 5: Critical p-values for a distribution described by N
data points for α = 0.01 (CL = 0.99) to α = 0.20 (CL = 0.80).
The final row shows the corresponding p-values for an N = 67
sample.

α 0.01 0.05 0.10 0.15 0.20

CL 0.99 0.95 0.90 0.85 0.80

p 1.63√
N

1.36√
N

1.22√
N

1.14√
N

1.07√
N

p(N = 67) 0.199 0.166 0.149 0.139 0.131

As a final consideration, we can also compare
our kT -optimized flux-weighted cross sections to
those from the recent 56Fe(n, n′γ) measurement us-
ing the Fast Neutron-induced Gamma Spectrome-
try (FaNGaS) setup at the FRM-II (Forschungs-
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Neutronenquelle Heinz-Maier-Leibnitz) research re-
actor by Ilic [32], where they have also determined
average flux-weighted angular-distribution-corrected
cross sections for the 846.8-, 1238.3- and 1810.8-keV
γ rays; presented in Table 4 for comparison. Al-
though our results are significantly smaller, Table 4
shows that all results are in proportion. The ab-
solute differences, however, are not surprising given
a much higher average neutron energy of 2.3 MeV
in the FRM-II measurement [32], while our kT -
optimized flux-weighted neutron expectation energy
is only 0.631 MeV according to Eq. (26), whereupon
we replace the lower-limit Eth with E = 0. Interest-
ingly, upon scaling our cross sections by the ratio of
neutron expectation energies

〈σγi〉S = 〈σγi〉W
〈EFRM

n 〉
〈En〉

, (34)

where 〈EFRM
n 〉 denotes the FRM-II neutron expecta-

tion energy [32], we find that our scaled cross sections
〈σγi〉S are in agreement with those from the FRM-II,
i.e., 〈σγi〉S ≈ 〈σγi〉FRM as shown in Table 4.

5. Database scope and structure

The data in the Baghdad Atlas is valuable
for many applications ranging from nuclear non-
proliferation, active neutron-interrogation studies
and benchmarking nuclear-reaction models in the
fast-fission neutron-energy region. However, its use
is limited by the fact that the data was only avail-
able in printed form [7]. To enhance its utility we
have compiled the data into a set of CSV-style ASCII
tables and developed software to produce a locally-
installed SQLite relational database. This allows for
far greater dissemination, increasing the database ac-
cessibility for the international community. The com-
plete package may be downloaded [8, 9] and contains
the following components:

• Scripts to compile the data into a SQLite
database for both Python 2 and Python 3. The
Makefile provided will test for the appropriate
version and run with the necessary settings.

• Open-source C-code to produce the shared-
object dynamic extension-functions library al-
lowing for enhanced functionality in SQL trans-
actions that are not part of the standard SQLite3
library. This library will then provide the user
with access to common mathematical (e.g., cos,
sin, tan, exp, log, log10, sqrt, pi, etc.), string
(e.g., replicate, replace, reverse, etc.), and
aggregate (e.g., variance, mode, median, etc.)
functions in SQL queries using the OS libraries
or provided definitions. The Makefile will es-
tablish the correct OS-kernel name and compile
the library accordingly.

• The complete set of CSV-style ASCII data files
compiled for 76 different elements in the range
3 ≤ Z ≤ 92. This includes data sets from 76 nat-
ural samples and 29 isotopically-enriched sam-
ples (105 data sets in total).

• A Jupyter Notebook illustrating Python-based
methods for interacting with and visualizing the
data.

• Jupyter Notebooks to reproduce the flux analy-
sis reported in this paper in addition to the an-
gular distribution analysis. An angular momen-
tum coupling coefficient calculator is also pro-
vided therein.

• Several SQL scripts based on standard SQL-
transaction methods exemplifying database
interaction. The compiled OS-dependent
extension-functions library will be initialized as
appropriate where required during the build pro-
cess.

• A PDF of the Baghdad Atlas [7] provided for
reference.

• An HTML manual describing the software-
installation procedure and data-retrieval meth-
ods. An overview of the Baghdad Atlas data
is also provided with this documentation. This
HTML manual is also available online [8].
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Figure 12: Example of a SQLite transaction using condi-
tional arguments to access information in the Baghdad Atlas
database. See text for details.

5.1. Database schema

The data structure for the (n, n′γ) data is de-
scribed using two relational tables in an SQL schema:
nucleus and sample. The nucleus table represents
the nuclear-structure type class of information in-
cluding: chemical symbol and atomic number along
with flags to indicate element or enriched isotope
identification, γ-ray energies and intensities together
with their associated uncertainties, excitation ener-
gies of the states populated, and residual-nucleus re-
action products. Associated properties of the afore-
mentioned quantities are also contained in this ta-
ble. The sample table contains all meta-data as-
sociated with the irradiated sample including: ele-
ment/isotope identification properties, atomic num-
ber, mass number, irradiation exposure period, chem-
ical composition, mass and enrichment data. Nor-
malization γ-ray properties (energies, scaling factors
and uncertainties) are also listed in this table. A de-
tailed explanation of the schema is available in the
supporting documentation [8].

5.2. Additional requirements

The software provided with this package is in-
tended to create a SQLite database on Linux and
Mac OS X platforms. Additional system require-
ments needed to build the database and run this
software include: the SQLite3 database engine [35];
the GNU C compiler [36]; Python 2.7 or Python 3
[30]. In addition, users that choose to run the pro-
vided Jupyter Notebook “as is” will require instal-
lation of several third-party Python libraries. These

requirements along with other recommendations are
outlined in the supporting online documentation [8].

6. Database-retrieval methods

Since we provide access to the source data itself,
together with descriptive documentation, this allows
users the freedom to parse and manipulate the data
sets according to individual needs. However, the
database utility and associated software described in
this paper offers users a readily-accessible and conve-
nient means for interacting with and visualizing the
data. Once built and installed to the appropriate lo-
cation, database queries can be performed by invok-
ing transactions based on the SQLite syntax. This
provides users with a variety of options for retrieving
customized data sets based on conditional arguments.

6.1. Terminal command line

The SQLite engine [35] is an embedded SQL
database engine providing a terminal-based frontend
to the SQLite library that is able to evaluate queries
interactively and display the corresponding results.
This method is particularly useful for rapid evalu-
ation of simple queries. Figure 12 illustrates this
concept using the SQLite “interpreter” to query the
Baghdad Atlas database and retrieve chemical sym-
bol, atomic number, sample composition, mass, and
exposure time information for selective entries from
the sample relational table that satisfy the atomic
number condition: 30 ≤ Z ≤ 40. Alternatively,
more complicated queries are better handled by read-
ing in scripts, either through the interpreter or, be-
cause the SQLite engine also supports batch-mode
processing, directly via the command line. Addi-
tionally, for users that prefer to interact with the
database through a graphical user interface, a variety
of open-source cross-platform distributions are avail-
able, e.g., Refs. [37], [38]. Several SQL scripts illus-
trating database interaction and suitable for process-
ing using the aforementioned methods are bundled
with the software package.

6.2. Jupyter Notebook

The Jupyter Notebook [39] provides users with
a browser-based frontend interface to interact with
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Figure 13: Absolute partial γ-ray cross sections for the
110Pd(n, n′γ) reaction extracted from the Baghdad Atlas
database using the Python Notebook automation methods.

the SQLite libraries. One of the main advantages of
creating Jupyter Notebook projects is that it greatly
enhances and facilitates project sharing among re-
searchers, allowing users to create collaborative and
reproducible narratives. Although this method re-
quires additional Python-code overhead, it provides
a convenient means for populating arrays and lists of
data that can be sorted and filtered according to spe-
cific requirements. Also, the Jupyter Notebook pro-
vides access to a wide range of other useful libraries
allowing for implementation of high-level methods to
augment the analysis of the data, as well as a high de-
gree of flexibility in displaying the results−including
inline visualization of the data for on-the-fly inspec-
tion.

Many nuclear data applications require informa-
tion regarding absolute partial γ-ray cross sections.
In recognition of this need, the Notebook bundled
with this software package has been developed with
automation processes to allow users to easily gener-
ate tables of cross sections (written to file) as well as
presentation-style plots according to a user-defined
nucleus: atomic mass, atomic number, and chemi-
cal symbol. For example, in the case of the enriched
isotope 110Pd, we simply define: Z = int(46), A =

int(110), and Chem symb = str(‘‘110Pd’’) in the
appropriate cell of the Notebook prior to execution
of the cell to generate the plot of energy-dependent
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Figure 14: Absolute partial γ-ray cross sections for the
natB(n, n′γ) reaction extracted from the Baghdad Atlas
database using the Python Notebook automation methods.

partial γ-ray cross sections in Fig. 13. For natural
samples of elemental composition, the atomic mass
is defined as A = 0. Thus, in the case of a natural
boron sample, for example, we define: Z = int(5),
A = int(0), and Chem symb = str(‘‘B’’) to gen-
erate the plot shown in Fig. 14. The CrossSection

class implemented in the Notebook that is used to
generate these normalized data sets contains con-
stants associated with the deduced flux-weighted av-
erage cross section for 56Fe, 〈σγ847〉 = 143(29) mb
(see Sect. 4). Adjustment of these class constants
also provides users with the freedom to renormal-
ize data sets according to different expectation val-
ues obtained from other neutron-data libraries or ex-
perimental measurements in a straightforward man-
ner. Moreover, revisions to the adopted normaliza-
tion cross section do not impact the source branching-
ratio data stored on disk. It should be noted that
the scaled cross sections described here are deter-
mined in accordance with Eq. (19). However, because
the angular-distribution effect can pose a significant
correction, if sufficient information is available then
Eq. (20) provides a more appropriate scaling method.

7. Summary and outlook

This first release of the Baghdad Atlas database is
designed to serve the needs of the applications com-
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munity. The energy levels, γ-ray energies and inten-
sities are those stated in the Atlas [7] itself and have
not, in general, been reconciled to match the adopted
values in the ENSDF database [40], although up to
date structure information has been used to identify
γ-ray doublets (reported as unresolved doublets for
now). Our intention is to issue periodic revisions
where the γ-ray and level-scheme information for spe-
cific nuclei has been updated to match modern val-
ues in ENSDF [40], that can subsequently be used for
more general dissemination to the wider-user commu-
nity.

In addition to its immediate use to the applica-
tions community, the Baghdad Atlas can serve as a
valuable resource to both the nuclear structure and
reactions evaluations communities. Since (n, n′) at
fast-reactor neutron energies proceeds via both direct
and compound processes it provides a non-selective
insight into the properties of off-yrast levels over a
far wider range of spins than thermal and epither-
mal neutron capture. This property of (n, n′) has
made it an attractive area of study to many research
groups in the international nuclear science commu-
nity. This is exemplified by the plethora of papers on
56Fe(n, n′γ) by groups from Russia [41], Los Alamos
[42, 43], GELINA [44], Dresden [45], and FRM-II
[32].

It should be noted, however, that our attempts to
model the flux with a simple Maxwellian or a modi-
fied Watt spectrum fail to reproduce the neutron-flux
spectrum reported in the Baghdad Atlas [7]. Only by
developing a compound function incorporating these
models in distinct regions of the spectrum were we
able to reproduce the reported flux. Furthermore,
our fitted parametrizations differ significantly to the
corresponding expectation values for a 235U fission
spectrum [13]. Accordingly, our interpretation of the
flux represents a significant source of uncertainty, and
perhaps imprecision, in the determination of the flux-
weighted cross sections. However, the treatment pre-
sented in this paper is largely for pedagogical pur-
poses and it is our hope that the adopted procedure
can also be employed with better-understood neu-
tron fluxes. In that respect, we aim to continue our
investigations into the nature of an appropriate neu-
tron flux to describe accurately the valuable data pre-

sented in the Baghdad Atlas.

Lastly, we hope that this SQLite database will pro-
vide a useful tool for the reactions evaluation com-
munity by providing easy access to energy-integrated
data to aid in the benchmarking process needed for
the validation of evaluated neutron-data libraries in-
cluding ENDF/B-VIII.0 [18], the Japanese Evaluated
Nuclear Data Library (JENDL-4.0) [46], the Joint
Evaluated Fission and Fusion File (JEFF-3.3) [47],
and the TALYS-generated Evaluated Nuclear Data
Library (TENDL) [48]. This use of the database has
already been demonstrated since the data were re-
cently compiled into the EXFOR [4, 5] library.
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