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ENDF/B Decay Data Sub-library

Decay data for all known
nuclides, 3,821 materials,
that is, stable and long-lived
ground state and isomeric
levels.

Mostly based on the
Evaluated Nuclear Structure
Data File (ENSDF).

New JSON format coming
soon!

Z=28
L

Z=20
L

Z=82

Z=50

“N=82

LLL1
lllll
111

“N=50

Z=8

1111
lllll

“N=20

L? Brookhaven

National Laboratory

1 TN=28

IAEA 2023 TM Antineutrinos — A.A. Sonzogni et al.

Il
IIIIIII

N=126

Atomic data using BRICC,
LOGFT codes to calculate
vacancies and EADL data to
propagate vacancies out.

Incorporates theoretical (CGM
code, T. Kawano et al.)
gamma, electron, antineutrino
and neutron data for neutron-
rich nuclides with non-existent
or incomplete decay data.
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ENDF/B Contains TAGS data for 55 materials:

{ %°Br (ORNL), 87:88Br (Valencia),
90,90m,91.93Rp (INL), %4Rb (Valencia),
| 93Sr (Greenwood), %Y (INL),
5 9'Nb (Valencia), 103.1%4Nbm (MSU),
105\o (Valencia), 102.104.105,106,107T¢ (Valencia),
140,141Cs (INL),'42Cs (ORNL),
| 141,142,143,144,1458 5 (INL),
142,143,144,145 g (INL),
| 145,146,147,148C ¢ (INL),
146,147,148,148m,149,151Pr (INL),

149,151,153,154,155N d (|N|_)
152,153,154,155,156,157Pm (|N|_)

g 157.198Sm (INL), "™8Eu I(INL).

\ IB adjusted to match the electron spectra
8 measured by Tengblad et al. for:

8 82)Ac 89Br 0By 95.96Rp. 9899y 134GQp 138

ENDF/B available from the NNDC’s GitLab server
A




Consistency Issues

In ENSDF, absolute gamma + CE, Iy, and beta
intensities, IB-, are related by the intensity balance at

each level.
In ENDF/B we use TAGS data for beta intensities and \ IYi
ELP, <Ee->, and EEM, <Ey>.

IB-

The use of TAGS data in ENSDF and ENDF/B breaks
the intensity balance, creating inconsistencies, that
must be documented to alert the user. ENSDF
evaluators often give the TAGS IB- as comments

If the ENSDF data agrees within 10% with the TAGS
data, then we use ENSDF to avoid inconsistencies.

There are also inconsistencies if we use ELP, EEM and
IBs from TAGS and theoretical gamma, & neutron if
present, spectra from CGM.
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Intensity balance
IB- = ly, - Iy;




TAGS data effect
on 233U electron
spectrum

Ratio of 23°U electron
spectra measured at ILL by
Schreckenbach et al. to two
different summation
calculations

Below 5 MeV, the use of
JEFF-3.3 decay data
overpredicts the spectrum
because it doesn’t include
beta intensities from TAGS.

For higher energies, the
underprediction is mainly
from the lack of theoretical
spectra in JEFF-3.3.
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New Stuff!

National Laboratory
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ORNL delayed gamma and electron data

o A couple of NNDC
library bookshelves
collapsed in May . ... e
2020.

Delayed Beta- and Gamma-Ra
P roduction Dug tg ;
Thermal-N eutron Flssm‘r‘\_(c:)a‘
230py: Tabular and Qrap tl :
spectral Distrit?uuons (:een
Times After Fission Betw
2 and 14000 SecC

o Among them we
found three very
valuable reports with
delayed electron and
gamma spectrum
following the thermal

\ABORATORY
TREDERNNTHENY OF RNERSY

- - | E NATIONAL LABORATORY J. K. Dickens
fISSIOn Of 235U and | ‘,g,ﬁyggmgrf;mﬂﬂmmmau-runmn T R Eﬂg‘ﬂnd
o ; A. Love

239,241p|. | 1 W. McConnell
J. F. Emery
K_ J. Northcull
R. W. Peelle

Only one report available online, which can’t be searched by content.
L? Brookhaven
National Laboratory 7
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We knew of this data because it is the only decay heat measurement at times shorter than 20 seconds,
and that for larger times agree quite well with the Yayoi measurements.

1.6 e total
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= 14 F = = sgamma
E ® Yayoi(total)
R (7 © Yayoi(beta)
& Cb o Yayoi(gamma)
5 i m  ORNL(total)
= 1.0 m ORNL(beta)
- E 0O ORNL(gamma)
= 08
= 06
‘3:-3 -
=0 L
a 0.2 -
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Time after Fission Burst (s)

Reconsideration of the Theoretical Supplementation of Decay Data in Fission Product
L? Brookhaven Decay Heat Summation Calculations

ok N. Hagura, T. Yoshida, T. Tachibana, Journal of Nuclear Science and Technology, 43:5, 497 (2012)
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Pioneer 235U
antineutrino
spectrum

We later learned that
the antineutrino
spectrum derived by
Dickens from this data,
published in 1981,
agrees quite well with
that from Huber
published in 2011.

Cited by P. Vogel 1981
seminal summation
work,
but not cited by anyone
else.
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Antineutrino Spectrum (MeV-! fission™)

0.001
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235(n thermal, fission)
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®
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~J. K. Dickens, Phys. Rev. Lett. 46, 1061 (1981).
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ORNL irradiations

Irradiation | Delay | Counting Number of
time time time measurements
14

235| 1.7 s 110 s

239p, 1s 1.7s 130 s 15
e 1s 1.7 s 130's 15
235( 10's 10.7 s 795 s 14
239p, 5s 17.7s  1,198s 15
241Py 5s 17.7 s 1,198 s 15
235U 100 s 69.7 13,500 s 15
239p|, 100 s 250s  13,950s 13
241py, 50 s 195 s 13,975 s 14
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We are grateful to SULI interns Zharia Harris, Becket Hill, Bryan Palaguachi and Matthew Seeley,
who help digitizing and understanding the data.
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Beta-delayed electrons

a

Qg

Measurements are
compared with
summation
calculations,
ENDF/B-VIII.1B
decay and JEFF-3.3
yields, which
highlights the 25
most important
contributors.

Good agreement is
seen for 23°U, in this
case 1-second
irradiation, 6.7-
second waiting
period, and 3-second
counting interval.

©

Brookhaven

National Laboratory

Electron spectrum per fission

E-2

E-3

E-4

—41-100-0 5.541E0 % 5.541E0 %
— 41-101-0 4.691E0 % 1.023E1 %
— 39-96-0 4 603ED % 1.484E1 %
— 40-100-0 4.591E0 % 1.943E1 %
— 37-92-0 4.180E0 % 2.361E1 %
— 56-144-0 3.514E0 % 271261 %
40-99-0 3.326E0 % 3.045E1 %
37-93-0 2.974E0 % 334261 %
— 41-102-0 2.844E0 % 3.627E1 %
— 36-91-0 2.638E0 % 3.891E1 %
—54-140-0 2.626E0 % 4.153E1 %
— 41-99-0 2.547ED % 4.408E1 %
56-143-0 2.515E0 % 4.659E1 %
— 38-95-0 2.390E0 % 4.893E1 %
— 55-141-0 2158E0 % 511461 %
— 40-98-0 2111E0 % 5.325E1 %
— 56-145-0 2.041E0 % 5.529E1 %
52-135-01.905E0 % 5.720E1 %
—41-93-0 1.851E0 % 5.905E1 %
—38-97-01.763E0 % 6.081E1 %
— 36-90-0 1.655E0 % 6.247E1 %
—&57-146-0 1.581E0 % 6.405E1 %
— 40-101-0 1.526E0 % B.55TE1 %

| |——54-139-01.489E0 % 6.707E1 %

—53-137-01.495E0 % 6.857TE1 %

3.:30 4.00 5.:30
Electron Energy (MeV)

0.0 1.00 2.00

8.00




. ' — Sum
- 23%UY(n thermal, fission) | ong irradiation T 1ee0n 2450 %
| | Dickens et aI | —— 57-142-0 5.539E0 %

—— 53-134-0 5.020E0 %
— 38-93-04217E0 %

10+0,09 ® ¥} ' Beta.de|ayedGammas —— 54-138-04.018E0 %

—— 56-142-0 3.095E0 %
——— 36-89-0 3.067E0 %
—— 42-101-0 2.792E0 %
—— 51-133-0 2.669E0 %
—— 39-95-0 2.642E0 %
——— 38-92-0 2.562E0 %
53-136-0 2.362E0 %
| ——53-135-0 2.208E0 %
— 38-94-0 2.139E0 %

—— 43-104-0 2.080E0 %
—— 52-133-0 2.049E0 %
—— 36-68-0 2.024E0 %

— 56-141-0 2.012E0 %
—— 51-131-01.775E0 %

Gamma spectrum per fission

For the 100-second
irradiation and 3 hours
counting time, the gamma

spectrum can be accounted

10-3 .. ]
it R [ | ; well by summation
AT _\‘I"‘f 4\ iAVEAS | | H. calculations.
| AT I | , '!| 1 i i A ] . \ , + T
r| lf b l I!II _ ' ..‘I' I';l,. 0\ '\ . / _. ; T * +l++
| I ||I-5 J | ‘ .' i '. '.l1.|i. LA ' I | I l
0.0 1.00 2 00 3. DD 4.00 5.00 6.00 7.00 8.00 15
Gamma Energy (MeV)




What percentage of the equilibrium spectrum do these
irradiations capture?

0.9 ! I .' I .' T ' ' | ' 1 ' T
{ = ENDF/B short 235
O The 1-second irradiation 0.8 4~ ENDF/B medium; U -
captures about 30-65% of the 1~ ENDF/B long
equilibrium spectrumin the 1 to 8 2 0.7~ JEFF short -
MeV region. ECY_‘U Jereeees JEFF medium
c Y JEFF long
. The medium and long irradiations § 1
capture considerably less, o 097
therefore correctionis larger, that (% | I
Is, more reliance on the S 0.4 7 s
summation method. =
8 0.3 -
Q Differences between JEFF-3.3 W,
and ENDF/B-VIII.0 decay data '
are due to the implementation of 01
TAGS data in the ENDF/B.
0.0

L? Brookhaven 0 1 2 3 4 5 6 7 8
National Laboratory 10

AE/ Electron Energy (MeV)




Issues

L We don’t have the full
data set, despite that we
searched for it, with the
help of David Glasgow
from ORNL.

0 We can calculate ratio of
electron spectra similar
to Kopeikin et al, but
corrections are needed.

O The uncertainty of the
sum spectra are not
available, need to fix
that.
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Electron Spectrum Correction Factor

0.4 4 |—— ENDF/B medium
—— ENDF/B long
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0.2 ... JEFF medium
1 === JEFF long
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Electron Energy (MeV)
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2.0 1

Issues "
18 235U

O To check and possibly

1.6
reassure ourselves, we .

can calculate the ratio of

the medium/short
irradiation and apply

corrections.

1 The corrected ratio

should be closed to one.

O Uncertainties include |
summation model 0.4

Electron Spectra Ratio

medium / short

uncertainties using a

y e Experiment
Monte Carlo method. 0.2 P

s Equilibrium %3

0.0

1 | 2 | 3 | 4 | 5 | 6
Electron Energy (MeV)
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Results!
2.6

i |
_ | { o ILL
J Both summation and derived 24 Summation
ORNL values are lower than ILL ) Kopeikin 21

ones. 294 ¢ ORNL long

| o ORNL medium
204 ° ORNL short

J For energies lower than 3.5 MeV
the ORNL values are very close
to Kopeikin’s.

J At4 MeV, the ORNL values are
about half-way between ILL and
Kopeikin's.

Electron Spectra Ratio

J Note that for energies higher than
7.5 MeV, ILL and Kopeikin's

values unexpectedly drop, which 0+ 235U / 239|;>u il .4
.

is not supported by summation
calculations, a 23°U or 24'Pu 0.8
contamination in the *°Pu target 1 2 3 4 S 6 7 8 9

could be the reason. Electron Energy (MeV)

W «” National Laboratory
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2.0 ——

Results! [ o
Summation N
1841 o ORNL long _
o ORNL medium 1

16 e ORNL short T | L3 ah '

d Both summation and ORNL
values are lower than ILL ones.

d Seems to indicate that the 2*°U
ILL electron spectrum is too high.

W ILL ratio shape agrees with
summation for high energies.

Electron Spectra Ratio

0.6

1 2 3 4 5 6 7 8 9
Electron Energy (MeV)

¢ Brookhaven
National Laboratory 20
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Results!

J Both summation and ORNL
values are higher than ILL
ones.

J Normalization issues in the
239Py and #"Pu ILL electron
spectra are possibly present.

 ILL ratio values at high energies
disagree with summation
values. 24'Pu fission products
are more neutron rich than
23°Pu ones, therefore they
produce more energetic
electrons. A contamination in
the 2°Pu target could be the
reason.

L? Brookhaven

National Laboratory

Electron Spectra Ratio

2.0 : :
o ILL Rk
Summation |
184 ¢ ORNLIlong 1
o ORNL medium T 7!
e ORNL short w B i ZZI<_
(1]
16 _ _TTT T_l ¥
| BT NG e 98 PadtiiE
e |
14 T Y’ir‘!'i-"‘ll:_fj ': 1 __iI Jj:_—]—i =
1.0
241|:)u l 239Pu
0.8
1 2 3 4 5 6 7 9
Electron Energy (MeV)
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Additionally, e

U The modified Kopeikin 2**U and 1.15
238 antineutrino spectra combined
with Huber’s 2**Pu and #*'Pu do

S 1.10
not agree that well with the Daya ge. '
Bay spectra 9

O

® 105

J The overprediction (dip) at 2-5 o

MeV and underprediction (bump) N
at 5-7 MeV persist. LSB 1.00

©

1 We definitely need newly o
measured electron spectra to a 09

properly account for the
antineutrino spectra produced by 0.90
nuclear reactors.
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Daya Bay High Energy
Neutrinos




What's the upper energy limit

for the conversion method?

We fitted 31 branches, and for

E > 7 MeV reliably decreases quickly.

Note that that some branches

correspond to physical cases, ex %Y

for 7.103 Q, a=7.77E-2, larger than
CFY=4.65E-2. °2Rb for Q=8.095

a=6.62E-2, larger than CFY=4.37E-2.

ron Spectrum (1/MeV Fission)

E-1 1

E-2 1

E-3 1

Target=235U), #branches=31, Conversion on ILL data

FittData

Target=235U, #branches=31, Conversion on ILL data
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— 3.000E0 51 3.08E-1
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Target=235U, #branches=31, Conversion on summation

F.0000E+1 )
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Target=239Pu, #branches=20, Conversion on ILL data

%Y, a=3.98E-2, larger than

' T
E+D 5 T Jr— S R . - S, e o B i CFY=2.87E-2. 92Rb a=2.71 E-3,
] | | : : | | | | ——1.320e048) emallar than CFY=1 70F_2I
_ Target=239Pu, #branches=20, Conversion on ILL data
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We are unable to
reproduce the Daya Bay
high energy segment of

the spectrum with our
current summation
calculations

Antineutrino Spectrum

—t#7 1 1

=7
A
:‘-'.—-{ e
5

1.00E+1

Antineutrino Energy (MeV)
< Brookhaven
+ National Laboratory 27
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What’s the maximum antineutrino spectrum a beta-
minus decaying nucleus can have?

Maximum energy electron and
antineutrino production

Z,N : Z,N

Z+1,N-1 Sensitivity study: We will replace the
ENDF/B theoretical antineutrino

- T— spectra with this parameterization to
O Jreboibobdot find out the most likely contributors.
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We are able to better
reproduce by
adjusting 192gmY gnd
104Nb

Other important cases
are 9293Br, %6As,
140|, 144CS, 104Y

L? Brookhaven

' National Laboratory

Antineutrino Spectrum

IR

7.00
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|

r i
L =) Fpr— ]
3 |

1.00E+1
Antineutrino Energy (MeV)



Fine structure, yes? no?
may be? who knows?




—s— Diata —— H-M model x 0.95 — SM2018 model = 1.00

Analysis of Daya Bay’s > 0 @
- = E
arXiv:2102.04614v2 =
= 6
data - B
s F
. . . . = 2
Spectrum and its covariance given with 5 =
50 keV prompt energy bin. 1.05 E-
— = I
35 E
0.9 E_ _ I hill
j: 1.1 E_ o ongk ':3-. Y I"-'!I-li:llll
We will re-bin the data and obtain new Y = . ' t |
covariance matrices using: o 004 T Tid) 1 m |
Fﬂ\,:.: I{}.Gé E_ [T el o II. [T AL B BT B T Y ek I TYL T .l ' .Ill i"' I,!i"” e
170,02 E [T E PFE T o T I S T T | | I!|'!"III‘| |
ooap 4N U |
‘ . . 1 2 3 4 5 6 7
cov(aX + bY,cW + dV') = ac cov(X, W) + ad cov(X, V) + Prompt energy [MeV]

-be cov(Y, W) + bd cov(Y,V)
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1.5

The presence of individual fission |
products (Fine Structure) is revealed 14 -
using the ratio of adjacent spectrum ]
values: 1.3 7
= Si/Si+1, 12-
with uncertainty given by: KK ]
w_ <
2 -2
—_ 0.9 -
525 410’;4_1 i+1 — - e Daya Bay
0.8 - Summation
_3 ] — — -Huber-Mueller| |
28:8, 510041, | —
2 3 4 5 6 7

With G the covariance matrix. 0.5(E +E_ ) (MeV)

To better reveal fine structure you need to reduce the spectrum uncertainty and increase
the adjacent spectrum points correlation!
L? Brookhaven

National Laboratory 32
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Our 2018 analysis
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Phys. Rev. C 98, 014323 (2018)
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Binning
Results
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Chi-square per point

1.0000E+2
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For this particular
case, the sweet spot to
reveal fine structure
seems to be a 250 keV
binning.

Note:

To understand the
possible individual
fission product effects,
we really need the
spectrum as function of
the antineutrino energy.
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Conclusions

U We really need to remeasure the big 4’s electron spectra with modern techniques and 25 keV
bins.

0 We absolutely need TAGS data to predict decay heat and nuclear reactors antineutrino spectrum.
There are still approx. 20 nuclides waiting for a measurement.

0 Keep in mind that most relevant fission yields have not been measured directly, isomers can be a
problem.
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Electron
spectra

O Electron spectra
measurements were
benchmarked with the well-
known beta-minus decay of
SSMn(n,y)°°Mn.
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AZSstat(E) = AZSstat(E) + AZSsys(E)

A Sstat(E) = Cstat81/2(E)

A4 Ssys(E) = C

I L? Brookhaven
National Laboratory
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