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paceENSDF Decay data from ENSDF
Coincidence v — v and v — X-ray data

Open-source Python library paceENSDF on GitHub

ENSDF decay (all)

@ Python Archive of Coincident Emissions from ENSDF. -
a
@ Translated 3254 ENSDF-decay datasets to JSON format. 100 B
gt
@ Converted each ENSDF-decay dataset into RIPL format. o1
601
@ Generated 2394 JSON-formatted coincidence datasets,
w01
i.e., only those containing = rays.
01
@ Developed suite of Python modules enabling interaction, o *
. L 8 % w0 me w0 Zo w0
analysis, and visualization of the ENSDF-decay data and
derived coincidence v — v and v — X-ray data. ENSDF decay (with ~ data)
@ Docstrings provided for all methods. a
100+ B f
@ JSON schema keys documented extensively in README. . epT -
@ 283 unit tests (multiple virtual Python3 environments). ©
@ Installation, testing scripts, and Jupyter Notebooks. “
0
@ JSON and RIPL files bundled with software.
ol
@ Over 5000 downloads. 0 * w2 “ e

git clone https://github.com/AaronMHurst/pace_ensdf.git
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paceENSDF D ta from ENSDF
Coincidence v — vy and v — X-ray ta

paceENSDF on the Python Package Index (PyPl) repository

4 CEE—

paceENSDF 0.4.0

pip install paceENSDF:

paceENSDF: chive of Coincident NSOF. nipulat I Visualization of

Navigation Project description

ENSDF) project 1UR202:

ackage

The pace€NSDF (Python Archive of Caincident
. oo

(834), 5 (1141, and €/

le (ENSDF) brary

& Downloadfiles he .
o 141,098 levels. Addiionaly « rameter Library
ated formatofthe corresponding decay-scheme data These dataset together
Project links it A schematicllustat ruclear chart o - a
ninthe
A vomepoge
20
10 I3
Statistics o
Github satitics: L
* stars: n @
P rorks:o w
© openissues:0
11 openprs:0
§ %W mo @ B %

@ pip install paceENSDF
@ FreeBSD License
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paceENSDF D ta from ENSDF
C

nce v — v and v — X-ray data

Accessing the decay («, 57, and €/57) and coincidence

(v — v and v — X) data using paceENSDF

$ ipython

In [1]: paceENSDF pe

In [2]: e = pe.ENSDFQ)

In [3]: edata = e.load ensdf() # decay datasets

In [4]: cdata = e.load_pace() # coincidence datasets
| load ensdf(self)

| Function to assign all 3226 JSON-formatted ENSDF-decay data sets
| (alpha, beta-minus, electron-capture/beta-plus) to a list object
| variable.

| load_pace(self)

|
|
|

Function to assign all JSON-formatted coincidence-decay data sets
(gamma/gamma and gamma/X-ray) to a list object variable.

@ Run through Jupyter Notebooks from GitHub:

@ Decay data: decay_paceENSDF.ipynb
@ Coincidence data: coinc_paceENSDF.ipynb
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paceENSDF Decay data from ENSDF
Coincidence v — v and v — X-ray data

Supporting docstrings for all methods

Example: help(e.get_levels_and _gammas) method

$ ipython

In [1]: paceENSDF pe

In [2]: e = pe.ENSDF()

In [3]: help(e) # Method resolution order
In [4]: help(e.get_levels_and_gammas)

Docstrings are provided for all paceENSDF
methods with the following general
structure:

@ Function description.

@ Any special notes and/or references.
@ Arguments passed to the function.
@ What the function returns.

o

Examples of function use.
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paceENSDF Decay data from ENSDF

Coincidence v — v and v — X-ray data

Manipulating the ENSDF levels

Example: Properties of levels in %®*Tb following **Dy e decay

Find isomers in levels following %Dy 4 € — 155Tb

The retumed quaniies are explained in the docstings:

elp(e. find_isoners)
“The halfife information s returned in s best units o in units of ‘seconds’ depending on the keyword argument:

units
units

= “best

seconds

. 6, mode="ECBP", units="best")

i Lscunrs (siate,
for K,y in Lsoners.itens():
print(“Parent = {6} ({1} keV); Daugl

= {2)*.format (k[0],K[4] KIS5]))

index = {0); energy = {1 \xbl {2} keV; T1/2 = (3} \xbl {4} {5}
format(w(6], will, wi2l, wi3], wi4l, wis])

Parent = Dy155 (6.0 kev); Daughter = Tb155
-6.0

energy < 0.0 keV;
energy = 65.4609 = 0.0024 keV; T1/2

; energy = 155.783 = 0.003 keV; T1/:

; energy = 226.916 = 0.003 keV; T1/:

: energy = 250.028 + 0.004 keV; T1/:

Find levels in 15Tb with multiple J™ assignments

In (19)

e.find multiple jpi(edata, “Dyls5*, 0, mode="ECBP")
for kv in levels.items():

print(*index = (0); energy = {1} \xbl {2} keV; J = {3}; Pi = {4
format (o], w(1),w(2],w(5],w(6]))

43; energy
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paceENSDF Decay data from ENSDF

Coincidence v — v and v — X-ray data

Manipulating the ENSDF gammas

Example: ~-ray transitions in *>Tb following ***Dy e decay

>>> help(e.get_levels_and_gammas)

# Levels and gam daughter
lg = e.get_levels and *Gamnas (edata, 0y195" .0, modes- ECBP)
#for i in Tg: print

print(“Transition: {0} -> (1); {2} keV -> (3} keV".format(lg(0} (0], {111 90121, Lote1 1)
print ("Gamna-ray energy: (&) Wbl {1} kev:.fomat(1gl0] (6], lgle] (7

print(-Ganma-ray multipolarity: (0)".format(19(0] (16)))
print(CGamma-roy wixing ratio: (6) 1 (1) foraat(iglol 111, ato(121))
print (*Raw ganna-ray inten: o1 {13+ ormat (101 (21,
print(“Total ICC: (6)". fornat(iglo] (14]))

Daughter nucleus: Tblss A=
Transitions 1 ox 0] 65,4609 ke > u 0 kev
Gamna-ray energy: 65.450 + 0.003 ki
Gamna-ray multipolarity: ML+E2

Gamna-ray mixing ratio: ©.144 + 0.005

Raw goama-ray intensity: 2.68 » 0.

Total ICC: 7.

subshell = 'calc'

subshell = ‘suncalc
subshell = ‘ratio
subshell = 'expt

subshell = 'electron
Refer to the docstrings for more information:

>>> help(e.get_levels_and_ganmas_subshells)

gamma- dec

+ Tevels_and gammas subshelLs (6data, "Dy155-,0, modes"ECBP*  subshells"colc’)
print(

brint (*Ganna-ray aneroy: (6) \b1 (1) kev". forsat (1gs(0](61,1gs[01(71))

print(*Total ICC: (0}".format(lgs(0](14]))

print("K-shell 1CC: {0} \xbl {1}".format(1gs[0](16],1gs[0](17]))

print("L-shell 1CC: {0} \xbl {1}".format(lgs(6](18],1gs[0](19]))

{0) \xb1 {1}"format (lgs(0](26],1gs(0](211))
{0} \xbl {1}".format(1gs[0](22],1gs[01(231))
{0} \xbl {1}".format(lgs[0](24],1gs[01(251))
{0} \xb1 {1}".format(lgs(0](26],1gs(0](27])

print(-shell ICC: {6} \xbl {1}".format(1gs(0](28],19s(0](29]))

Daughter nucleus: Tb155 2=65, A=155
Gamma-ray energy: 65.459 =+ 0.003 keV.
58

P-shell ICC: 0.000464 + 7e-06
0-shell ICC: 0.0 +
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paceENSDF Decay data from ENSDF

Coincidence v — v and v — X-ray data

Querying the ENSDF data

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

§  Superaliowed 0* =0

Transition  log(ft)
SA 35
A 4-75 A RRRRR O CE IR
1*F  6-9 ‘

ond F 10 — 13
39F  14-20
4th F ~ 23

B WO NN R OOl —

| & First forbidden

& First forbidden unique

@ Angular momentum

log(ft)

selection rules for firm J™
assignments.

@ Examine trends and

anomalies. s o
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paceENSDF Decay data from ENSDF

Coincidence v — v and v — X-ray data

Hindrance factors in o decay

1§ 226Ra - 22Rn +a = I
w (3
N
10° *>
>
10? ->
10t >
10°
5
1072 -
107 *>
=
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. c— 1 —0.57
—0.57 1

@ Negative correlation.
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paceENSDF Decay data from ENSDF
Coincidence v — ~ and v — X-ray data

Data needed for coincidence calculations

@ Each transition is described by 3 quantities: Iy, e, and T,
=Ty +Te=T,(1+a), 1)

where oo = T¢ /T, [T. Kibedi, Brlcc (2008)].

@ Individual gamma-ray (7;), internal-conversion-electron (&), and total transition
(T;) branching ratios (b) are normalized to the sum of all (N) total-transition
intensities deexciting a given level:

My, e, rr.
bw;:%; béi:%; br, = m i, (2)
> T 2T > T,
i=1 i=1 i=1

@ K-shell electron contribution for each transition above Ex: e, = INyak.

@ X-ray intensity contribution from each Ey > Ek, e.g., Ko subshell:
IxKa, = fKa, Texc- (3)

where i = 1,2, or 3, and fx_ . is the X-ray BR [R.B. Firestone, “Table of
Isotopes”, 8th Ed. (1996)]. Total projection Ixk,  is given by sum over all
transitions with Ey > Ek. Similar for K3 subshell.
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paceENSDF Decay data from ENSDF
Coincidence v — ~ and v — X-ray data

Hypothetical decay scheme: Coincidence calculation

4 .
r’743 I—643
A decay s soncion— and - branin sl
spectroscopy applications
3
r’Y32 rt‘«‘32
2
r721 re21 @ For each transition: 'y, I'e, and 'T.
1 0 Nt =Ty+Te=T4(1+0).
@ 721 — 7jj coincidence intensities:
21 — 710 = bryyoMynys
r710 Fem v 710 Y10! Y21
Y21 — Y32 = by s

0 Y21 — a3 = byy b1y, T3

@ Similar considerations for vv/ex coincidences.
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paceENSDF Dec ta from ENSDF
Coincidence v — ~ and v — X-ray data

Hypothetical decay scheme: Coincidence calculation

rfy43 r €43 A decay database of coincident y—y and y— X-ray branching ratios for in-field
spectroscopy applications
3
T3 T3z
— 2
T. @ Two parallel cascade paths between levels 3
21 and 1:
]_ e Path 1: T3;.
e Path 2: T3> Tp;.
r’Ylo relo @ Need to combine parallel paths to correctly
determine 7109/7a3 coincidence intensity:

0 Yo — V43 = by bT31 Mz + by bT32 bry, @
= byl (bT31 + bT32 bT21 )
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paceENSDF Dec ta from ENSDF
Coincidence v — ~ and v — X-ray data

Hypothetical decay scheme: Coincidence calculation

4
r’743 I—643
3
A decay database of coincident y -~y and y - X-ray branching ratios for in-field
spectroscopy applications
T3 T32
— 2 [Ty)0]
T2
1 @ Impose timecut Ty /5 [s].
@ Transitions through isomer removed from
r'ylo relo cascade:
0 Y10 — 743 = bryyo b7y M-
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paceENSDF

Decay data from ENSDF
Coincidence v — ~ and ~

— X-ray data

The first database with v — ~ and v — X-ray coincidence

energies and intensities

"decayCoincidences": [
{

"unitEnergy”
ganmatateLevel IndexIni tial

2
"gamnaGateLevelEnergyInitial": 2505.748,
"ganmaGatelevelEnergyFinal: 2158.612,
"ganmaCoincidencelevelIndexInitial": 2,
"gannaCoincidencelevelIndexFinal": 1,
"gammaCoincidencelevelEnergyInitial®: 2158 612
annaCoincidencelevelEnergyFinal"
"absoluteCoincidenceIntensity”: 0 006475000590701808
"dAbsoluteCoincidencelntensity”: 0.0007640713835275946,
nitIntensity’ reent”,
"numberParallelCascadePaths
"coincidenceCascadesequences
{

“pathNumber”: 0,
“indexedTransitionSequence”
2,
1

t

1.

“ganmaGatelevellsoner": true,
anmaGatelevelHal fLifeBest": 3.3,
GammaGateLevelHalfLifeBest": 1.0,

“unitGammaGatelevelHal fLifeBest”: "ps”

"gammaGatelevelHal fLifeConverted"

“dGammaGateLevelHal fLifeConverted": le-12,

“unitGammaGatelevelHal fLifeConverted": "s"

e

3.2999999999999997e-12,

"gammaXrayCoincidences"
{

+

. for every coincidence pair in every decay scheme.

Aaron M. Hurst

v — X data

"gammaEnergy”: 1332.492,
levelIndexInitial': 1,
levelIndexFinal": 0
XrayEnergy": 7.478,
“labelXrayTransition": "Kalphal®,
absoluteCoincidencelntensityGanmaXray
dAbsoluteCoincidencelntensityGanmaXray”
“unitEnergy”: "keV",

"unitIntensity": "percent”

0.0036023243682508413,
0.000172631750774979,

"ganmaknergy" mz m
"levelIndexIniti.
levellndexFinal":
"XrayEnergy": 7.461,
“labelXrayTransition”: "Kalpha2!
absoluteCoincidencelntensityGannaXray
dAbsoluteCoincidencelntensityGanmaXray"
unitEnergy”: "kev",

“unitIntensity": "percent”

0.0018311815538608442,
9.363336817623271e-05,

“gammaEnergy”: 1332.492,
levelIndexInitial®: 1
“levelIndexFinal"
“XrayEnergy": 8.265,
“labelXrayTransition": "Kbetal",
absoluteCoincidencelntensityGannaXray" :
dAbsoluteCoincidenceIntensityGanmaXray"
"unitEnergy": "kev",

“unitIntensity": “percent"

0.00043227892419010094,
2.0428890285136585€-05,
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paceENSDF Decay data from ENSDF
Coincidence v — ~ and v — X-ray data

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

Cascade sequence between coincidence gammas: g(347.14 keV)-g(1332.492 kev)
(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) [1332.568 keV -> 0.0 keV]

Out[3]: [[(3, 2), (2, 1), (1, ©)]]

In [4]: # Show the cascade gamma-ray sequence between the 9->6 and 1->0 transitions in 147Pm following
# 147Nd beta-minus decay (G.S.)
e.show_cascades (cdata, "BM", "Nd147",0,9,6,1,0)

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

Path number 1:

Transition sequence: 9 -> 6: g(53.1 keV) [685.899 keV -> 632.85 keV]
Transition sequence: 6 -> 3: g(222.27 keV) [632.85 keV -> 410.515 keV]
Transition sequence: 3 -> 1: g(319.41 keV) [410.515 keV -> 91.1051 keV]
Transition sequence: 1 -> 0: g(91.105 keV) [91.1051 keV -> 0.0 keV]
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.
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paceENSDF Decay data from ENSDF
Coincidence v — ~ and v — X-ray data

Impose timecut on v ray cascade following *?Mo 3~ decay
get_gg_timecut method cf. get_gg method

Remove transitions through the
E =142.7-keV (J™ =1/27) 6-h isomer: Include only those transitions through the,
e.g., 6-h isomer:

~+

= 21,600 s
t = 21,600 s

print("\nhumber of coincidences = {a}". fornat(len(gq));

Wunber of coincidences

[1656.3, 166511, T 5%, 0. iaaes, T e 0l o0l

Mmber of coincidences = 16

Maber of coincidences = 28

@ Re-build project using transient-equilibrium data
sh installation.sh --transient

@ cf. regular build (see README)
sh installation.sh

Aaron M. Hurst


amhurst@berkeley.edu

paceENSDF Decay data from ENSDF
Coincidence v — ~ and v — X-ray data

Decay v-ray emission from radioactive nuclides
Example: ©°Co — ©Ni + B~ [Ty, = 1925.28(14) d]

Delayed ~ rays observed in %°Ni some time after n-interrogation of 9Co: Activation
signatures from paceENSDF (Python Archive of Coincident Emissions from ENSDF).

@ ~
2 8
s 8 8
= 9 38
b 5 R
2500 =
2 2 Total projecti
3 g otal projection
g8 ] Py
2000
= . Ni60 decay y singles
g g o m— Ni60 X-rays
~ &
B 100 2
o il 1
2 "
5
5 =
2 1000
o o
£
S
X
w
500 b
v P o = 3 oo
E, [kev]
0 Vo

60N}
2gNi
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paceENSDF Dec ta from ENSDF
Coincidence v — ~ and v — X-ray data

Decay v-ray emission from radioactive nuclides
Example: ©°Co — ©Ni + B~ [Ty, = 1925.28(14) d]

Delayed ~ rays observed in %°Ni some time after n-interrogation of 9Co: Activation
signatures from paceENSDF (Python Archive of Coincident Emissions from ENSDF).

w

2500

.— 347.14
826.1

2158571

N

Gate on 3 — 2 transition (347 keV)

2000

NGO y - 347.14-keV

Ni6O X — 347.14-keV
1500

1332.492

1000 =

Excitation energy [keV]

E, [kev]

60pN;
2gNi
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paceENSDF Decay data from ENSDF
Coincidence v — ~ and v — X-ray data

Decay v-ray emission from radioactive nuclides
Example: ©°Co — ©Ni + B~ [Ty, = 1925.28(14) d]

Delayed ~ rays observed in %°Ni some time after n-interrogation of 9Co: Activation
signatures from paceENSDF (Python Archive of Coincident Emissions from ENSDF).

b1
=
b 3
2500 =
5
! : :
I 3
S = “ ” “ ”
d 2 Before” and “after
2000
E 5 o —Ni60 decay v
= < NGO X-rays
3 1500 2 - — NGO v - 347 14-keV
o = 1 Ni60 X — 347.14-keV
©
c w
S =
S 1000
o]
= w0t
S
X
[}
500
o 500 1000 1500 2000 2500
E, [keV]
o Yo

60pN;
2gNi
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paceENSDF Decay data from ENSDF
Coincidence v — ~ and v — X-ray data

Forensics applications: Search for v —~ and v — X-ray pairs

7-ray singles search:

X-ray singles search: find_gamma
find xray ~ — ~ coincidence search
v — X-ray coincidence search: find_gamma_coinc
find xray_coinc n (37
- o
xray. coinc (cdats Out[3
o S ——
[ oeas 7 D o o o o
Lo R s 1 ez o 00 Pum bemsoxs  wew w2
r oo In (38]: # Tune the tolerance to expand the search window to +/- 2.0 keV
+ N 0 e.find_gamma_coinc(cdata, 106, 392, 2.0)
pmo R PR —
See o = T
o s o oo 1 Fr27 0 00 Ra227 betaMinusDecay  107.306 39157
s nam 0 00 P ceomcpusenpisomeey 1051 5953
o 135t e P o 00 mmo beaMnsDecay 10605 3926
e ot e e = o 00 o cecmcapsenpisoneey 070 522
= o e oy 1052 01

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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BEApR

BEApR: BErkeley Alpha and proton Radioactivity

60 BEAPR nuclides .
T.=0 e
01 W T,=-15 of
= o s
40
N 30
20
@ Led by J.C. Batchelder. . j,.w"'ﬂ
i
@ Work in progress: Downloadable PDFs . % = 5 = S —
—4 < Tz < +49/2. A
.
@ Arranged by T, and Z/A. > T A
. . } tEgy
@ JSON format developed. , o4 M [ Hi
S ¥
@ Python project development underway. Z Iﬂi
o 6 - CRIS 3
@ Built up from many source datasets, e.g., & S te
Poatiegett i 0 (Tz=-15)
.- P (Tz=—15)
3 G = % E3

N9/ /dx.d01.0rg/10,1088/1674- 1137/ abadat

30 % =
Ca € decay Z [daughter]

[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).
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Table 1

Observed and predicted f-delayed particle emission from the odd Z. T: = -3 nuclei

Unless otherwise stated. all Q-values are taken from [2021Wal6] or deduced

Nuclide  J* T, 0. 0, BR,

i

o Experimental

232804 199850
2420(53%  2L6ASOH
241940 2174E0H
226000% 200360

19.95G30)%

16.18(40)%
15.29G0)%

Isospin T, = -3 (0dd-2) 24661F  193560# 1995600 154060)%
105w 20880 TS09G0W 79900 1424300  1303GDF  [1992Bo07]
Donmlasdaiedocumentton: 19745 18020660 16626500 1LTSG0MW 127360
2068608 1817600 1387608 13
25564 20515k 1695500 163051
28908 208343 1980400 1733657
0ddz
Tz=3
Table 2
Particle emission from odd Z. T. = -3 nuclei. Unless otherwise stated. all Q-values and separation energies are taken from [2021Wal6] or deduced from values
i
i Nuclide S, BR, BR, Qu Experimental
& 2780714 124(64
L 1.608)* 100% 2.72(54M 8187 1) (2018Mu18]
27440} 87164
2796} 826(50)#
214660 6112
00 0506 THEDR TI992B007]
04351 S16(58)#
12361 6.0378)#
a 28264 43978
“As 3445 332500 423641

* from [2018MulS], -3.49G30)# in [2021Wal6],
¥ Inferred from Halflife.

@ All data can be retrieved/downloaded from website in PDF format.

Disseminate new format in due course.

@ Includes Q values and S energies for all known direct and delayed charged-particle emissions

with complete listing of refernces.

@ Generally different to AME (fine structure to excited states) and ENSDF (update currency).
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