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EGAF disseminated in printed form and through the IAEA

Database of Prompt Gamma Rays
from Slow Neutron Capture for
Elemental Analysis
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Open-source Python library pyEGAF on GitHub

@ Translated all 245 ENSDF-formatted EGAF datasets to a oo o -

new JSON format.

@ Generated RIPL-format EGAF for reaction calculations.

Developed suite of Python modules enabling interaction,

analysis, and visualization of the EGAF (n, ~) data. SRR —

Docstrings provided for all methods.

Nuclear Inst. and Methods in Physics Research, A

JSON schema keys documented extensively in README.

224 unit tests (multiple virtual Python3 environments). EGAF:

Activation File

ii»

e 6 6 ¢

Installation, testing scripts, and Jupyter Notebooks

provided.

ENSDF, RIPL, and JSON files bundled with software.

@ Over 800 downloads.

git clone https://github.com/AaronMHurst/python_egaf.git

Aaron M. Hurst NSDD 2024
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Reactions ?\yEGAF

ghdad Atlas

pyEGAF on the Python Package Index (PyPl) repository

PYEGAF 1.0.0

pip install pyEGAF O Released: Sep7,2023

Allows for interaction, manipulation, and analysis of thermal-neutron capture gamma-ay data from the EGAF library.

Navigation Project description

Project links

# Homepa « EGAF (n.y)targets -
EGAF (n.y) residuals

Statistics

@ pip install pyegaf
@ pyEGAF 1.0.0: Production/stable development release.
@ FreeBSD License.

Aaron M. Hurst NSDD 2024
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What data is in EGAF?

@ Courtesy: E.V. Chimanski,
BNL

8,172 primary ~ rays.

29,605 secondary =y rays.

.
I h
FEg ey

12,564 levels.

Cross sections: o, 0o

Number of y rays

Associated nuclear

structure properties, e.g.,
Ty

I"II I"Il @ «, 6, AL for improved
I RIPL and ENDF libraries.
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Assess completeness of capture-y data using pyEGAF

bs 8Si(n,v)»Si
[ + @ —_— @? i’,bg .
- \b‘ 3

a X :
8000 \ v
@ The cross section for fusion in entrance channel vy "
(a) is given by the sum of cross sections for g w0 ry
decay to all final channels (b;): g T H
5 w0
H
N N k) 512+
. X 3%
_ C . _ primary o "
or(a) = E Cass; - O0= . . ”
b; i=1
° 172+
N fsi
@ Compare > a,pyrl_'ma'y from pyEGAF to oyo. w0 - si28(0, v primary
i=1
w0
L3

|
1000 2000 3000 4000 5000 6000 7000 8000
E, [kev)

N .
ofmY = 0.185(2) b [pyEGAF]
=1

i

oo =10.177(5) b [Adopted]
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Modeling the (n, ) reaction using pyEGAF methods

@ Statistical-model analysis of
(n,v) reaction, e.g.,
28Si(n, ).

@ Compare modeled

population of levels to
experimental data.

§ B8R OB R W

@ Establish critical energy E..

. Hurst u NSDD 2024
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CapGam cf. pyEGAF

CapGam

12C(N,G) E=TH !
Target: 12C
Product: 13C

Last modified: 06/01/2023
PoE

Strongest Transition
Ey) = 1945301 = 0003
1= 67.47 £ 092

‘Thermal Neutran Capture Cross Section (2006MuZX):

12C(N,G) E=TH

energy )

) BEY) MY
Type ) =4 A V)

Secondary 595013 0011 03357 o016
primary 1261764 o012 119621 9225
Prmary 18367160012 2371 oo152
Secondory 308904 0020 o373 00309
Secondary @21 0023 wew0  Ls
Prmary 4945301 000 loooooo  ro233
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pyEGAF
APGAA
Baghdad Atlas

capgam

PyEG

conpound_nucteus = (13
dree.comomtetta, 61" mmmm pour

4.to_csv("capgan st e Toraat compount nucleus).
Brinter to_s e ing{indereraise))

Torget nuctevs:

Residual trﬂmnumd nucteus): €13

AF

index=False)

n
. iue st st ron-cpture cross secton = .00 b + 0.3
Retarence: so1i
Morinua 3 0. 0RdE380710000000004 b ot € = 4945301 keV; R = 100
i i CU
secondary 555,015 0.008 0363985 0.015326
Pihary 61763 .00 47.36a370 1.idosis
Drinary 1ss6.7i7 o.oes aaarsas o-oisye
sclondary Joss 0l 0000  oeirisa o.ddesss
Secondary 3663.920 0.008 do.74a0ss 1145508
Tiaory 45,301 0.003 100 coanes 151505
plot of data(dfl'E"], dfl'RI'], *{6}". format(compound nucleus))
Fue
2]
10°Y wum 22¢(n, y)3C
— 10t
X
>
100]
I
1000 2000 3000 4000 5000
Ey [keV]

# €+ 0B
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CapGam cf. pyEGAF: : capgam

CapGam pYEGAF: ‘more’

In 141 1 nucte erin

12C(N,G) ESTH Compound_mucievs = 1615
Target: 12¢
: 13 5] o ey in e
Product: 13C e capoon(aaata, (5 - formacompouns. nocteus)
.20, Sov(*capgan style. (0)-cov . fornat{compaun nucleus). index-Fatse)
Last modifed: 060172023 print(af.to.string{index-Faise))
Torget nuctevs: (12
poE Residual (compound nucleus): C13
L2013
Stronget Tt Total rodiative thernal neutron-capture cross section = 0.00367 b = Je-05
E = 4945.301 0,003 Rererence: z01omay
o700 Macinan 0. 6G363ESTI0000000008 b 3t € = 4345201 kevi A1 = 100
Type 3t B W
secondary 2 1 3684.480 3080.451 c.om  o3cass o.ewine
Thermal Neutron Capture Cross Secton (2006MZX): Srimry 3 3 asMesll lderase 167G oloss 4 dewms ©imosis
000353 b 000007 > primary 3 1 4046311 3089451 1856717 0.069  0.237548 0.015326
sccondary 1 0 J0G.4SL . 0.000 3069057 0003 0632104 0.030652
. Sicondary 2 0 3604480  0.000 3693920 0.003 46.743295 1.19508
12C(NG) E<TH primary 3 0 494611  0.000 545,301 0.083 100.000000 1.515539
plot f data(dfl'E'), 4f['RI'), -(0}". fornat(compound nucleus))
Figure 1 n
107 ]
= m—2C(n,y)"°C
. — 104
X
=
10°4
ey 6ev)
P ) BEY) M gy 1000 2000 3000 4000 5000
(ev) (ke) *100 b= E, [keV]
Secondary 595013 0011 Dass7 00156 v
ry o176 o012 79621 05225 .
primary 1856716 0012 02371 00152 olm
Secondary 3089049 0020 06373 00309 #lejr|*|O]B
Secondary 3683921 0023 476360 Lug2
Primary swsa0 0003 1000000 19253

PYEGAF also displays associated level information.
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Attenuation in Prompt Gamma Activation Analysis

@ C++ implementation for calculating attenuation
integrated over sample thickness (t):

m
x=t x=t _P(Tj ) X
Ey

.
%fdx:fexp — | dx.

Nuclear Instruments and Methods in Physics Research B

x=0 x=0 Determination of the effective sample thickness via radiative capture

AML HUrSC, NC Summers", L Szentmikidsi®, R, Firestone”, M.5. Basumia®, ., Escher”,

@ Build project out-of-source with CMake.

Finds unique solution for effective t

corresponding to observed attenuation.

@ Project bundled with mass-attenuation
coefficients for 100 elements (H (Z = 1) to Fm
(Z = 100)) taken from XMuDat. Al

@ Interpolated energies from 1 keV to 20 MeV. "

Program can also be used to calculate simple S ——
attenuation for elemental (e.g., Re, La...) or
stoichiometric compound (e.g., ReCl3,

LaCl3 - 7TH0...) samples.

 (mm)

[D.A. Matters e al. PRC 93, 054319 (2016)]

Aaron M. Hurst NSDD 2024
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las

The “Baghdad Atlas”: Fast-reactor (n, ) database

®© 6 6 ¢

Energy-integrated (n, n’y) data disseminated in

book format.

~ 7000 ~ rays (E,, Iy, E.) from 105 samples: 76

natural and 29 enriched.

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

Unique *°Fe 847-keV 2] — 0, ~-ray normalization.
Digitized database, open source dissemination.
Downloadable SQLite platform built with Makefile.

Enhanced mathematical functionality provided by
shared-object library compiled from C module during
build.

Interact with data using SQL scripts or Jupyter
Notebook.

Future: Deploy to GitHub and develop PyPI project.

Aaron M. Hurst NSDD 2024
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Flux at the Baghdad Research Reactor

— Watt
parametrized fit o == Modified Watt
~= optimized fit Maxwellian
100 + IRTdata w0 Normalized Fit (p)
-- Normalized Fit (o)
1
<10° ,
10° '.\"‘ hd
~ 10
..
~, 1
10 .,
\ 10
~\' 10
2 4 6 8 10 00 25 50 150 125 150 75 200
E, [MeV] E, [Mev]
Flux satisfies normalization condition:
Flux described by compound function: +oo
*
[ " Es(ENdEn =1
@(En) = Maxwellian(E, < 1.5)+Exponential(E, > 1.5). —oo

Watt (E,) = 2.00 MeV.
@ Adjust kT in X2 minimization using 56Fe data to
optimize flux: Modified Watt (E,) = 1.98 MeV.
5 U — Maxwellian (E,) = 1.94 MeV.
X" = (Bre — BxkT)V™ " (Bre — Bi1)-

Parameterized IRT-M (E,) = 0.88 MeV.

@ 50Fe data well reproduced for the three strongest

transitions: Ey = 846.8, 1238.3, 1810.8 keV.
Aaron M. Hurst NSDD 2024

@ Optimized IRT-M (E,) = 0.63 MeV.
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Convolution of flux with °°Fe(n, n'y) reaction calculations
and data libraries

(a) —— CoH: 0y [Fe(n, n)] (b) —— CoH: 0yt [Feln, )]
== CoH: 0jey(21) 1 == COH: 0e,(2])
- CoH: 0,(847 keV) | «vv. CoH: 0,(847 keV)
2000 2000 |

— -+ ENDF/B-VIIL.O MF=3 MT=51
ENDF/B-VIIL.O MF=3 MT=4

1500 1500

o [mb]

1000 1000

500 500

4 6 4 6
E, [MeV] En[MeV]

@ Deduce flux-weighted averages for all graphed quantities for OFe.
(oCoH) (~ENDF)

~ lev

~ .
(e 7 (FRPF)

@ Results indicate:

. ENDF enpry (@52
@ Find (6577") = (0 ><U;CY°LH>‘
Of

@ CoH calculation and ENDF are consistent for Fe(n, n’~v).

Aaron M. Hurst NSDD 2024
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Validation using the flux: 28Si(n, n'y); E, = 1779 keV

1 1200
— COH: it [22Si(n, nY)] — COH: Gror [22Si(n, ny)]
=+ CoH: 0jeu(2]) =+ CoH: 0ie(2])
1000 + =+ CoH: 0,(1779 kev) 1000 1 i + e CoMig,1779 keV)
o | | ENOF/BILO MF=3 HT=51
ENDF/5 VIO MF—3 MT=
800 800 | ENore
o g
£ 600 £ 600
o o
400 400
200 200
0 0
2 6 8 10 2 6 8 10
En [MeV] En[MeV]
Tlev)
Source (o~) [mb] (0tot) [mb] (olev) [mb] Uti\é)
CoH 55.69 55.84 53.45 0.957
ENDF 48.17 48.30 46.59 0.965

Baghdad Atlas 47.1(94) — -
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Validation using the flux: 32S(n, n’y); E, = 2231 keV

600 600
— COH: i [725(n, N} = CoH: 01t [25(n, Y]
- Cob: 0(21) =+ CoH: auu(2)
5001 »»+ CoH: 0,(2231 keV) 5007 ==+ CoH: 0,(2231 keV)
— — ENDF/B-VIILO MF=3 MT=51
ENDF/B-VIILO MF=3 MT=4
400 400
= S
£ 300 € 300
o ©
200 200
100 100
0 0
2 3 4 5 6 7 8 9 10
Ey[MeV]

Source (o) [mb] (opor) [mb] (olev) [mb] (1ev?

Ttot)
CoH 26.57 27.91 23.95 0.858
ENDF 21.67 22.76 19.98 0.878

Baghdad Atlas 26.3(53) - - —

Aaron M. Hurst NSDD 2024
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Reproduction of known data in *°Fe, %S, and 28Si using
the flux

! £
=3 1 3 e 325 (CoH)
= *
=, o 29Si (CoH)

I 3 25(BA)

! e ¢ } 3 2Si(BA)

200 e CoH

e ENDF

%‘ 0 % Norm
E 56
’b;ll)o Fe 285i
- 32

% 3 S

[
1000 1500 2000 2500 3000 3500 2000
E, [keV]

@ Absolute flux-weighted quantities from CoH and ENDF reproduce known absolute I, data
in the Baghdad Atlas.

@ Explore additional isotopes covering broader energy range.

Neutron flux at the Baghdad Research IRT-M Reactor is well characterized in
region 0.862 < E, < 5.0 MeV. }

Aaron M. Hurst NSDD 2024
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BEApR
paceENSDF

BEApR: BErkeley Alpha and proton Radioactivity

@ Led by J.C. Batchelder.

@ Work in progress: Downloadable PDFs
—4 < Tz < +19.

@ Arranged by T, and Z/A.

@ JSON format developed.

@ Python project development underway.

@ Built up from many source datasets, e.g.,

elactrancapture
¢

b y

39 SR,

Ca € decay y e

[2021Wa16]: M. Wang, W.J. Huang, F.G. Kondev, G. Audi, S. Naimi, “The AME
2020 atomic mass evaluation”, Chin. Phys. C 45, 030003 (2021)

Aaron M. Hurst

&0 BEAPR nuclides .

. T:=0
01 W T,=-15

N
30
2
of
0 20 40 60 80 100 120
)
.
hd * . * s
2 .
3
o P I iy
*
= 2 == * s iiﬁ
= 3
2 EF
= T i
o | - Ty [
-8 I' et
3 oetiegntt I QT=-15)
-10
- t Qu(Tz=-15)
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BEApR
Structure and Decay paceENSDF

Open-source Python library paceENSDF on GitHub

® 6 6 6 o o

Python Archive of Coincident Emissions from ENSDF.

ENSDF decay (all)

Translated 3254 ENSDF-decay datasets to JSON format. 100 B

gt
80+

Converted each ENSDF-decay dataset into RIPL format.

Generated 2394 JSON-formatted coincidence datasets,

a0
i.e., only those containing ~ rays.

20

Developed suite of Python modules enabling interaction, o

8 s 10 10 20 20

analysis, and visualization of the ENSDF-decay data and
derived coincidence v — «y and v — X-ray data. ENSDF decay (with ~ data)

Docstrings provided for all methods.
JSON schema keys documented extensively in README. "
283 unit tests (multiple virtual Python3 environments).
Installation, testing scripts, and Jupyter Notebooks.

20 o

JSON and RIPL files bundled with software. ’Wi

[ 50 160 150 200 20

Over 2500 downloads.
git clone https://github.com/AaronMHurst/pace_ensdf.git

Aaron M. Hurst NSDD 2024
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BEApR
Structure and Decay paceENSDF

paceENSDF on the Python Package Index (PyPl) repository

{ R

EP) Web of Conferences 284, 15002 (2023) itpdoi org/ 10,108 picon 202326415002
D2

paceENSDF 0.4.0

Hoveen Bioject description A decay database of coincident y -y and y - X-ray branching ratios for in-field
spectroscopy applications

AM. Hurst"*, B.D. Pierson?. B.C. Archarmbul?, LA Bernstcin'”, and .M. Tannous'

& oowncsar i, 94720, USA
Califomia, 94720, USA
prjecinks Abstract. .
e . o
pyr— e he fvion roducts
“ and shorived. sampl, dence datsbse
wl & T pparofambus ponsble yand ax
sutities e s Xy i
“oltare y
" 7t by he
datahse decribd i this work i he st of it Kind an ontans coinidence y -y ad Y- X-rsy
o and - with auxilary me cd withcach decay

@ pip install paceENSDF

@ FreeBSD License @

Aaron M. Hurst NSDD 2024
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Structure and Decay paceENSDF

Querying the ENSDF data

Superallowed transitions in €/8" and first-forbidden transitions in 3~ decay

¥ Superallowed 0 »0°

Transition  log(ft) |/
SA 35 0 ,
A 4-75 0 B e e
IstF 6-9 1 ' '
2 F  10-13 2
39F  14-20 3 ) o
4t F ~23 4 o o
@ Angular momentum gm
selection rules for firm J™ <,
assignments.
@ Examine trends and
anomalies. ’ * T

Aaron M. Hurs NSDD 2024
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Hindrance factors in o decay

Structure and Decay

BEApR
paceENSDF

1§ 226Ra - 22Rn+a = :{
(3
w
N
10° *>
-
10? *
10t -
10°
5
1072
1073 >
-
o 100 200 300 400 500 600
E [keV]
@ Low-lying levels populated in o decay of 226Ra — 222Rn. V= 14.91 —80.80
—80.80 1368.72

@ Variance and correlation between I, and hindrance

factors.

@ Negative correlation.

NSDD 2024
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BEApR
Structure and Decay paceENSDF

Delayed v-ray emission from radioactive compounds
Example: °Co(n,v)®Co — ®Ni + 8~ [Ty, = 1925.28(14) d]

Delayed ~ rays observed in %°Ni some time after n-interrogation of 59Co: Activation
signatures from paceENSDF (Python Archive of Coincident Emissions from ENSDF).

& 8
< N &
& 14 i
2500 by
3 3 Total projecti
< & otal projection
& N 2
2000
< 60 decay y singles
g 5 m— Ni60 X-rays
- o
& 1500 3
o 1
c 1
7}
5 =
S 1000
T
=
53
]
500 v
E, [keV]
0 Vo

SONi

Aaron M. Hurst u NSDD 2024
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Structure and Decay paceENSDF

Delayed v-ray emission from radioactive compounds
Example: °Co(n,v)®Co — ®Ni + 8~ [Ty, = 1925.28(14) d]

Delayed ~ rays observed in %°Ni some time after n-interrogation of 59Co: Activation
signatures from paceENSDF (Python Archive of Coincident Emissions from ENSDF).

w

2500

— 347.14
826.1

2158.571

N

Gate on 3 — 2 transition (347 keV)

2000

NGO y - 347.14-keV
Ni60 X — 347.14-keV

1332.492

1500

1000 <

Excitation energy [keV]

500

£, [kev]

SONi
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BEApR
Structure and Decay paceENSDF

Delayed v-ray emission from radioactive compounds
Example: °Co(n,v)®Co — ®Ni + 8~ [Ty, = 1925.28(14) d]

Delayed ~ rays observed in %°Ni some time after n-interrogation of 59Co: Activation
signatures from paceENSDF (Python Archive of Coincident Emissions from ENSDF).

<
3
3
2500 = 3
5
— 0
l S 4
“ ” «“ "
© ~2 Before” and “after
2000
E 5 1ot W Ni6O decay v
= < - Ni60 X-rays
2 1500 2 w —Ni60 y - 347.14-keV.
a — 1 Ni60 X — 347.14-keV
c
o
c
° =
= 1000
T
= w00
S
X
w
500
E, [keV]
o Yo

SONi
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Parallel paths in ~-ray cascades

>>> help(e.show_cascades)

In [3]: # Show the cascade gamma-ray sequence between the 3->2 and 1->0 transitions in 60Ni following
# 60Co beta-minus decay (

e.show_cascades (cdata, "BM","C060",0,3,2,1,0)

Cascade sequence betyeen coincidence gamas: g(347.14 kel)-q(1332.492 kel):
g(3 [2505.748 keV] -> 2 [2158.612 keV]) - g(1 [1332.508 keV] -> 0 [0.0 keV])

Path number 1:

Transition sequence: 3 -> 2: g(347.14 keV) [2505.748 keV -> 2158.612 keV]
Transition sequence: 2 -> 1: g(826.1 keV) [2158.612 keV -> 1332.508 keV]
Transition sequence: 1 -> 0: g(1332.492 keV) [1332.508 keV -> 0.0 keV]

0ut[3]: [[(3, 2), (2, 1), (1, 0)]]

In [4]: # Show the cascade gamma-ray sequence between the 9->6 and 1->0 transitions in 147Pm following
# 147Nd beta-minus decay (

.5.)
e.show_cascades (cdata, "BM", "Nd147",0,9,6,1,0)

Cascade sequence between coincidence gammas: g(53.1 keV)-g(91.105 keV):
9(9 [685.899 keV] -> 6 [632.85 keV]) - g(1 [91.1051 keV] -> 0 [0.0 keV])

Path number 1:

Transition sequence:
Transition sequence:
Transition sequence:
Transition sequence:

-> 6: g(53.1 keV) [685.899 keV -> 632.85 keV]

-> 3: g(222.27 keV) [632.85 keV -> 410.515 keV]

-> 1: g(319.41 keV) [410.515 keV -> 91.1051 keV]
0: g(91.105 keV) [91.1051 keV -> 0.0 keV]

Lrwoo

>
Path number 2:
Transition sequence: 9 -> 6: g(53.1 keV) [685.899 keV -> 632.85 keV]

Transition sequence: 6 -> 1: g(541.79 keV) [632.85 keV -> 91.10851 keV]
Transition sequence: 1 -> 0: g(91.105 keV) [91.1051 keV -> 0.0 keV]

Outl4]: [[(9, 6), (6, 3), (3, 1), (1, @)1, [(9, 6), (6, 1), (1, 0)]]

Allows for «y-ray cascade reconstruction and re-calculation of coincidence
intensities if required.

Aaron M. Hurst NSDD 2024
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Forensics applications: Search for v —~ and v — X-ray pairs

1o

Structure and Decay

v — X-ray search

e.find_xray_coinc cdata, 52,

Puen_ Decaynden_Ex.Energy_Onsgher

< ons T 00 T ecvorcummbeamae | Koew 1w 6o
e.find xray_coinc/cdata, 52, 688, 6.15

paren_Decay ndex_Ex. Energy_ Davgier

BEApR
paceENSDF

v — 7 search

In (37): isotopes cof dence pair of
# and 392 ke ( nce=0.5 ke
e.find_ganma_coinc|cdata,

out(3

Parent DecayIndex Ex.Energy Daughter  DecayMode Gammal Gamma2

o cm2is ) 00  Pu2s9  aphaDecay 10647 3924
1 np2so o 00 Pu2i9 beMnusDecay 10647 3924

In (38]: # Tune the tolerance to expand search window to +/- 2.0 keV
e.find_ganma_coinc(cdata, 106, 2.0)

out(38

Parent Decay Index Ex. Energy Daughter Decay Mode Gamma1 Gamma 2

0 Laus o 00  Bass electonCaptreBetPlusbecay 10732 30208
1 R o 00 Ra227 betaMinusDecay 107306 391.57
2 cmas o 00 Pz aphaDecay 10647 3024
3 N o 00 P33 electonCapureBetPlusbecay 1051 3933
4 w0 o 00 R0 betaMinusDecay 10605 3926
5 ko o 00 R0 beaMinusbecay 10692 3926
6 s o 00 HgI9 clectonCapureBetPlusecay 1070 3922
7 np2so o 00 Puzs beuMinusDecay 10647 3924
8 Molos o 00 Teos betaMinusecay 1052 3931
9 csus o 00 Baus betaMinusDecay 10594 39115

Search methods for single v rays and X rays also implemented in
addition to v — v and v — X-ray pairs.
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