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Fig. 14. The DANCE detector (picture credits: LANSCE-NS
LA-UR-0802953).

processed into physical quantities, like the total γ cascade
energy, γ multiplicity, individual gamma ray energies, and
neutron time of flight. After analysis of these data and sev-
eral corrections (calibration, dead time correction, back-
ground subtraction) the neutron radiative capture cross-
section σ(n,γ)(En) is obtained. Results are presented here
for three energy ranges: i) thermal energy, ii) resolved res-
onance region, and iii) above 1 keV in the unresolved res-
onance region.

i) For an incident neutron energy of 0.025 eV, the mea-
sured cross-sections for 175Lu(n, γ) and 176Lu(n, γ), are in
good agreement with published values [64] while improv-
ing their precisions. The thermal capture cross-sections of
Lu are important for nuclear reactors, where they are used
to measure the core temperature.

ii) The analysis of the neutron capture experimental
data in the resolved resonance region allows the determi-
nation of the energies of resonances as well as their radia-
tive and neutron widths, and spins. For that purpose, we
rely on a R-matrix code to fit the experimental cross-sec-
tions and determine the characteristics of the resonances.
Figures 15 and 16 display the radiative capture cross-sec-
tions measured for 175Lu and 176Lu, respectively. These
new measurements agree with previous experiments [65,
66]. Moreover, since γ multiplicities have been measured,
spin values could be attributed to several resonances.
In the resolved resonances domain, the analysis of mea-
sured data allowed to extract values of the mean radia-
tive width (⟨Γγ⟩), the mean s-wave level spacing (D0)
and neutron strength function (S0). These values are use-
ful for connecting the evaluations performed in the re-
solved resonance region (using R-matrix) with evaluations
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Fig. 15. Cross-section for the 175Lu(n, γ) reaction measured
with a natural Lutetium sample in the resolved resonance
range.
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Fig. 16. Cross-section for the 176Lu(n, γ) reaction in the re-
solved resonance range.
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Fig. 17. Cross-section for the 176Lu(n, γ) reaction in the con-
tinuum energy region.

performed in the continuum (using the Hauser-Feshbach
model).

iii) For the Lu isotopes, the unresolved resonance re-
gion extends from a few keV to 1MeV. Unlike the re-
solved resonance region where models only produce a
parametrization of experimental data, continuum mod-
els like the optical model potential can describe experi-
mental data in a more predictive way. Figure 17 displays
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Figure 33.  Central Slice of Case 2 (Configuration B) Showing the Glory Hole Fill. 
(Scales are in centimeters.) 
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After review, the assembled beta library was processed and 

tested; results from testing guide further development 

  Sanity tests 

•  “zaloops” 

•  “gamma loops” 

•  Simple format and  
physics tests 

  Critical Assemblies 

•  Bare assemblies, e.g. 

Godiva, Jezebel 

•  Reflected assemblies 

•  Complex geometries 

  Activation Ratios 

•  Foils in Godiva, Jezebel, 

Flattop25 and BigTen 

  LLNL Pulsed Spheres 

  Oktavian Spheres 

0 100 200 300 400 500 600 700
time-of-flight (ns)

0.0001

0.001

0.01

0.1

1

co
u
n
ts

/n
s/

so
u
rc

e 
co

u
n
ts

experiment

ENDL.trunk
ENDL2009

LLNL Pulsed-sphere experiment
tof_w

Mon Oct 25 14:44:22 2010

W 

Integral  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Processing

Validation

Application

Experimental data Visualization

Structure data Visualization

Experiment Lost data

Data starts here.   
 
It can take years to plan and  
execute an experiment.   
Then it can take another  
year to publish. 
 
That's just the beginning…

Compilation: collect unevaluated 
data together
•EXFOR: Reaction data compiled  
here within ~6 mos. - 1 yr. 
(international collaboration) 

•EGAF: Prompt gammas 
(IAEA project)

•XUNDL: Structure data  
compiled here within 1 week to  
a few months (USNDP project)

Evaluation: combine all available 
information into one set of 
recommended values & covariance
•ENDF: Reaction evaluations can  
take anywhere from ~1 month  
(“easy isotope”) to ~3 years  
("hard isotope” e.g. 238U, 235U,  
239Pu, 56Fe, …).  Prioritization  
and funding is done on a  
per-program level.  If no one  
funds it, it doesn’t get done.  
(CSEWG collaboration, includes  
USNDP, DP, NCSP, many others)

•ENSDF: Structure evaluations  
typically take a few months to a  
year; all nuclei are re-evaluated on  
a ~7 year cycle.  The process  
can be sped up with additional  
funding. (USNDP project) 

•Other libraries:  
•RIPL: inputs for models (IAEA) 
•Atlas: neutron resonances (NNDC) 

Processing: prepare data for use 
in an application code
In US, there are 3 main processing  
codes, each tied to specific  
application codes:  
•NJOY (LANL): serves MCNP
•AMPX (ORNL): serves SCALE
•FUDGE (LLNL): serves LLNL codes

Additionally, MIRD library used in  
medical physics.  Processing is done 
on an ad-hoc basis so can take  
~6 mo. - 1yr. to get results.

Validation: test data in simulation 
of a non-trivial but well 
understood nuclear system  
There are several sources of high 
quality benchmark data:
•ICSBEP: Criticality safety (NEA 
coordinated, large NCSP 
investment) 

•IRPhEP: Reactor physics (NEA 
coordinated, large US investment) 

•SINBAD: Shielding (NEA 
coordinated) 

Testing done on ad-hoc basis so 
results may not be available for ~6 
mos. - 1 yr.

Publication 
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Library
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Library

Processed  
Library

ENDF  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Publication in journal, 
proceedings, lab report, etc

Theory

EGAF  
Library

www.nndc.bnl.gov/exfor

www.nndc.bnl.gov/nudat2

www.nndc.bnl.gov/sigma

The Nuclear Data Pipeline

David Brown 
8 Apr. 2016 It can take years after an experiment is 

performed before the change appears 
in an application code
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Nuclear data library development

NSR

ENSDF

RIPL

ENDF

Users
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Nuclear Structure

Nuclear Reactions

NSR: Nuclear Science References
RIPL: Reference Input Parameter Library
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ENSDF data types

Standard records, e.g., the Level L record (E , Jπ, T1/2 . . . );
the Gamma G record (Eγ , Iγ , α . . . ).

Continuation records, e.g., L: particle-decay modes (α, β−,
etc.); G: reduced transition probabilities (B(M1), B(E2), etc.).
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ENSDF-to-RIPL translator for reaction calculations
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Application: Calculate
(n, γ) γ-ray spectrum
as function of increasing
En. Requires structure
data and reaction-model
parametrizations.

Reaction calculations often use RIPL-formatted data sets.

Reaction codes: CoH, EMPIRE, TALYS.

RIPL may be out of date (RIPL-3 2009).

Structure data sets often prepared in ENSDF format.
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Application processing methodology

Edit ENSDF
Translate to
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Tune
CoH@En

Calculated γ
spectrum

Optimal
agreement?

No

Yes

Iterate over
En mesh-
points

Augment
ENDF
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ENSDF-to-RIPL: Representative translation for 243Pu
242Pu(n, γ) data set
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Requesting structure data needs

ENSDF-to-XML: 133Cs gamma (G) record
133Ba ε-decay data set

Interpreted numeric ENSDF
data useful

XML output can be verbose

No longer space limited

Numerical accuracy and LSD
no longer an issue

Level indexing: include final
levels associated with γ
decay
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Nuclear Physics Databases
ENSDF applications
Requesting structure data needs

ENSDF-to-XML: 133Cs T1/2 (T) and δγ (MR) quantities
https://escholarship.org/uc/item/23v3f35g

Allows for inclusion of
derived quantities

Derive τ from parsed
T1/2 field

Symmetrization
methods for handling
asymmetric
uncertainties
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Implicit ENSDF ⇒ Explicit XML
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Nuclear Structure Experimental Issues Website
http://nucleardata.berkeley.edu/hpnsrl

“Create website of high-priority nuclear structure and decay-data
measurements for information and guidance.”
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New request page
http://nucleardata.berkeley.edu/hpnsrl

Aaron M. Hurst amhurst@berkeley.edu Exotic Beam Summer School 2019, Oak Ridge National Lab

http://nucleardata.berkeley.edu/hpnsrl
amhurst@berkeley.edu


ENSDF
EGAF

Baghdad Atlas
Demo
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Raised experimental issues
http://nucleardata.berkeley.edu/hpnsrl

86Sr: Discrepant branching ratios for the 184.5-keV γ ray.

23.7(14)%; 8.1(10)%; 3.2(2)%; ENSDF ⇒ 5.7(25)%.

γ-γ coincidence measurement may help.
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Improving the decay scheme

The EGAF project

Evaluated Gamma-ray Activation
File (EGAF)

IAEA initiative led by Rick
Firestone (LBNL) and researchers
from the Budapest Reactor

Thermal-capture cross-section data

Isotopes close to stability

Natural targets Z = 1− 82, 90, 92
except for Z = 2, 61

∼ 32, 000 prompt and ∼ 3, 000
decay γ-ray lines
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The EGAF database

Database of Prompt Gamma Rays from
Slow Neutron Capture for Elemental
Analysis (IAEA, Vienna, 2007).

Handbook of PGAA with Neutron Beams,
Ed. G. L. Molnár (Kluwer Academic,
Dordrecht, the Netherlands, 2004).

http://www-nds.iaea.org/pgaa/egaf.html

EGAF 2007 - present: Prompt γ-ray
analysis and statistical modeling enriched
isotopes.

Peer-reviewed publications.

Eγ , Sn, σγ , σ0, Γ0, Jπ, δγ .
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PGAA @ Budapest Reactor: Experimental Facility
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Nondestructive assay (NDA) of materials

Enable NDA: Guide Evaluated Nuclear Data File (ENDF)
library development using high-resolution HPGe-quality γ-ray
line data from EGAF.

Improved capture-γ and inelastic-γ data needed for high-priority
isotopes for accurate simulation of interrogation systems.

Interrogation system: Evaluating
munitions for presence of explosives,
chemicals or nerve agents.

SF, DD, DT neutron sources.

Characteristic γ rays (primaries).

(Gus Caffrey, Ed Seabury, INL)
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“NA-22” Priority List
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Z Element Z Element Z Element

1 H 26 Fe 74 W

3 Li 28 Ni 75 Re

4 Be 29 Cu 77 Ir

5 B 31 Ga 78 Pt

6 C 39 Y 79 Au

7 N 40 Zr 82 Pb

8 O 41 Nb 84 Po

12 Mg 42 Mo 88 Ra

13 Al 46 Pd 90 Th

14 Si 57 La 92 U

22 Ti 63 Eu 93 Np

23 V 64 Gd 94 Pu

24 Cr 73 Ta 95 Am
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“NA-22” Priority List
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(n, γ) analysis published
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Thermal neutron capture: 139La(n, γ)
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Jπ
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quasi continuum
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1

E c

140
La

5.161 MeV

= 3
_

T = 293 K ⇒ En = 25.3 meV

s-wave capture (l = 0):
compound @ E ≈ Sn

Capture-state spin (JCS) is
related to G.S. spin (Jgs) of
target:

JCS = Jgs + l + s

πCS = πgs(−1)l

Beneath threshold for particle
evaporation

Deexcitation via γ emission

Bohr’s extreme statistical model
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EGAF case study: 139La(n, γ)

APPLICATIONS
139La is abundant fission product with significant cumulative
yield from thermal- and fast-n fission of 233,235U and fast-n
fission of 239Pu.

Neutron-capture cross sections for 139La provide useful
ingredient for nuclear-reactor fuel-related applications.

BASIC SCIENCE
139La(n, γ) reaction to probe statistical properties of nuclei
near N = 82 shell closure.

Assess decay-scheme nuclear structure information for the
compound nucleus 140La.
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Prompt γ-ray energy spectra: 139La(n, γ)

La2O3: TIRR = 2.7 h; φ ≈ 2.3× 106 n/cm2/s (thermal).

extract partial γ-ray cross sections σγ(Eγ)
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Simulation of the γ-decay cascade
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Monte Carlo approach

Generate (n, γ) decay scheme simulations
originating at Sn
All levels and γ rays below Ec are taken
from experiment

All levels and γ rays above Ec are
randomly generated

Primary γ rays from experiment when
known

Adopted photon strength function (PSF)
and level density (LD) models to calculate
simulated level-feedings and compare to
experimental data
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Model assessment
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La140La(d,p)139

La138)αHe,3La(139

PSF constrained by high-energy (γ, n)
data (Giant Dipole Electric Resonance).

BA: Brink-Axel
GLO: Generalized Lorentzian
KMF: Kadmenski-Markushev-Furman

BA, GLO describe (γ, n) data rather
well.

GLO, KMF describe low-energy
Oslo-type data rather well.

Assess PSF systematics approaching N = 82 shell closure.

PSF for 140La (N = 83) is best described using models that
“flatten out” as Eγ → 0.

Aaron M. Hurst amhurst@berkeley.edu Exotic Beam Summer School 2019, Oak Ridge National Lab

amhurst@berkeley.edu


ENSDF
EGAF

Baghdad Atlas
Demo

Introduction to EGAF
Prompt Gamma Activation Analysis
Thermal neutron capture
Improving the decay scheme

PSF in nuclei near N = 82
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Simulated level populations in 140La
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Fair treatment requires assessment
of PSF + Nuclear Level Density
(NLD) model combinations.

Residuals indicate all levels below
Ecrit adequately reproduced by all
PSF + NLD model combinations.

Only model combinations with
|R| > 2σ invoke BA PSF.

Adopted width Γ0 = 50(2) meV: Combinations invoking KMF
and GLO (+ nuclear level density) generate 〈Γ0〉 within 2-σ.
All PSF+NLD combinations yield statistically-consistent
ground-state feeding (P0).

Average total radiative-capture cross section σ0 = 9.36(74) b
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Low-lying levels in 140La (compound nucleus)

Partial decay scheme from ENSDF for EL < 350 keV
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Interpretation of 140La low-lying levels

Below excitation energy EL . 600 keV in 140La: single-particle
states.

Orbitals near Fermi surface: π(1g7/2) and π(2d5/2)
quasiprotons coupling with ν(2f7/2) quasineutrons [and to a
lesser extent ν(3p3/2)]:

|π(1g7/2)⊗ ν(2f7/2); Jπ = 0−, 1−, 2−, 3−, 4−, 5−, 6−, 7−〉,
|π(2d5/2)⊗ ν(2f7/2); Jπ = 1−, 2−, 3−, 4−, 5−, 6−〉.

14 levels expected based on above configurations with mixed
and pure state vectors.

Can we interpret known decay scheme based on above
multiplet of states?
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139La(n, γ): Statistical-model analysis using ENSDF data
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Measured σγ taken from
139La(n, γ) and are consistent with
Iγ (branching ratios) from the
Evaluated Nuclear Structure Data
File (ENSDF).

Internal conversion (α), mixing
ratios (δγ) and spin-parity (Jπ)
data taken from ENSDF.

Compare calculated population of
levels to experimental data.

Residuals show good agreement
implying well-characterized decay
scheme for Ec = 285 keV?
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139La(n, γ): γ-ray intensity balance for 140La
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γ-ray intensity balance for all levels
decay scheme:

∆Iγ =
M∑
i=1

Iγi (in)−
N∑
j=1

Iγj (out)

Condition:
N∑
j=1

Iγj (out) ≥
M∑
i=1

Iγi (in)

Upper plot: ENSDF data for α and
δγ

Lower plot: α and δγ optimized
according to measured Iγ from
139La(n, γ)
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Statistical-model analysis using optimized γ-decay data

ENSDF:
Jπ(EL = 103.8) = 6−
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Statistical-model analysis using optimized γ-decay data

ENSDF:
Jπ(EL = 103.8) = 6−

139La(n, γ):
Jπ(EL = 103.8) = 5−
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Changes to 140La decay scheme

New Jπ = 5− for EL = 103.8 keV [previously Jπ = 6−] from
statistical-model analysis.

New Jπ = 6− for EL = 322.1 keV [previously Jπ = (5−, 6−)]
from expected multiplet of states.

322.1-keV Jπ = 6− level ⇒ pure π(2d5/2)⊗ ν(2f7/2)
configuration.

α and δγ optimized according to ∆Iγ balance for low-lying
γ-ray transitions.

No evidence for tentative ENSDF-reported levels at (92.8),
(106.1), and (320.2) keV.

Physical Review C 99, 024310 (2019).
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Properties of the 140La low-lying levels

( ENSDF )
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Properties of the 140La low-lying levels

EGAF: 139La(n, γ)
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Augmentation of the nuclear data libraries

ENSDF

RIPL

ENDF

Users
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Augmentation of the nuclear data libraries

ENSDF

RIPL

ENDF

Users

EGAF

XUNDL EXFOR
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The Baghdad Atlas
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Inelastic (n, n′γ) reactions

Radiative-capture (n, γ) reactions provide diagnostic for NDA
applications

But is it the most useful γ-ray signature?

σ(n,γ)(En = thermal) is high; σ(n,γ)(En > thermal) is small

Can we learn anything from high-energy neutrons?

Other reaction channels are open

(n, n′) is primary energy-loss mechanism for fast neutrons in
heavy nuclei ⇒ look for (n, n′γ) signatures in NDA

Improved (n, n′γ) data needed for accurate simulations of
interrogation systems [NDNCA Workshop, LBNL (2015)]
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Current status

239Pu(n, n′γ) yeilds
measured at LANL, but
focus was 239Pu(n, 2n):
L. A. Bernstein et al.,
PRC 65, 021601 (R)
(2002); (EXFOR 2015)

Available data are scattered amongst published literature

LANL, GELINA, Ohio, Kentucky (structure)

Gamma Energy Neutron Energy Spectrometer for Inelastic
Scattering (GENESIS) @ 88” Cyclotron LBNL
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“The Baghdad Atlas”: Fast neutron γ-ray data from (n, n′)

Compilation of energy-integrated
inelastic neutron-scattering (n, n′γ)
data disseminated in book format

∼ 7000 γ rays (Eγ and BR) from
105 samples: 76 natural and 29
isotopically-enriched targets

Set of consistent measurements
performed under identical
conditions

Ge(Li) viewing filtered fast-neutron
beam line at the IRT-5000
Reactor: NRI, Baghdad, Iraq

Nearly lost!
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The IRT-5000 Reactor
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The IRT-5000 Reactor flux
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Atlas exponential: exp(-0.7E

φ(En) ∝ exp(βEn); ∀En & 1.5 MeV
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The Baghdad Atlas: (n, n′γ) data
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Cubic spline

Extract σγ(Eγ) relative to 847-keV 2+
1 → 0+

gs in 56Fe for all data sets.

Convolve IRT-500 spectrum 56Fe(n, n′γ847) from ENDF-B/VIII.0:

〈σγ〉 =

En=10∫
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φ(En)σγ(En)dEn
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≡

N∑
k=0

φ(En)σγ(En)∆En

N∑
k=0

φ(En)∆En

.
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Direct and indirect feeding of the 56Fe 2+
1 state

Flux-weighted 〈σγ〉 = 979(13) mb
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Development of relational database I
http://nucleardata.berkeley.edu

Serves applications community (nonproliferation, NDA)

Nuclear data evaluation: benchmarking reaction models in
fast-fission neutron-energy range

Limited use ⇒ data was only available in printed form

Data now compiled into a set of CSV-style ASCII tables

Developed suite of Python scripts and C modules to build
SQLite relational database

Downloadable software platform hosted at:
National Nuclear Data Center (NNDC)
http://www.nndc.bnl.gov/lbnlatl.html

Nuclear Science and Security Consortium (NSSC)
http://nssc.berkeley.edu/research/nuclear-data/atlas/
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Development of relational database II
http://nucleardata.berkeley.edu
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Jupyter Notebook: Automating cross-section calculations
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Tarball contents

Approach: Distribute database to expert user community in as
general a form as possible

Source code to build database locally

Source CSV-style data sets for all 105 samples

SQL scripts and Jupyter Notebook provided to exemplify
methods for retrieving and interacting with the data

HTML documentation installation instruction and help pages
(offline viewing)

A PDF of the original book by A. M. Demidov et al.

Total package size: ∼ 22 Mb
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Installing the Baghdad Atlas

Linux or Mac OS X only (not Windows)

Requirements: SQLite3 database engine, The GNU C compiler
gcc, Python libraries

Jupyter Notebook requires Python 2.7 or 3

More info: nucleardata.berkeley.edu/into.html

A Makefile is provided to automatically detect OS and
Python version
Download in $HOME and build:

cd ∼/BaghdadAtlas/src
make # build C extension-functions library

make run # build the SQLite database

make install # install the library and database

To cleanup any of the C, Python, SQLite artifacts, Notebook
objects, or remove database: make help

More info: nucleardata.berkeley.edu/install.html
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Terminal-based access

sqlite3 engine: terminal-based front-end to SQLite libraries

Evaluate SQL queries interactively (or use batch/shell)
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SQL scripting methods

Useful for complicated
queries

Several SQL scripts
provided

Schema defined in
HTML documentation

Manipulate data in sample (normalization) and nucleus

(γ-ray properties) relational tables

Convert enriched 110Pd intensities to partial σγ(n, n′γ) i.e.
calculate relative to 〈σγ(n, n′γ)〉 for 2+1 → 0+gs in 56Fe

Condition on γ-ray energies: 300 ≤ Eγ ≤ 1000 keV

Display selected variables
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Interaction using the Jupyter Notebook

Execute Python code in Jupyter
Notebook

To run sample Notebook provided
requires a few additional Python
libraries: numpy, sqlite3,

matplotlib, seaborn

SQL query: Convert natural
rhenium intensities to cross
sections for all lines with
Eγ < 1000 keV and plot the results

Inline visualization

Share workflow with colleagues
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Using GUI to access data

SQLite Manager add-on for Firefox browser

Connect to database to browse and view data

Manipulate data and execute SQL code through GUI
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