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A few days ago, | got a question ...

Data taken from a known
nuclear database
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Can | explain this? Probably wrong.
0+ Inconsistent with

selection rules
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Question: Data needed for describing properly a beta deca%g

Primary experimental information needed
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Beta decay studies are not simple S

Why is it so difficult?

Remember

Dear Radioactive Ladies and Gentlemen ...
A letter written by Pauli from Tlbingen
1930, made publicin 1933 in the Solvay

Conference

Intrinsic beaty: the possibility to study an
elusive particle for the first time
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How the problem is typically addressed?
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» Ge detectors are conventionally
used to construct the level
scheme populated in the decay

From the y intensity balance we
deduce the B-feeding
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What can go wrong”? Pandemonium effect
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What can go wrong? Other challenges

B i — — — — — Y _ _
A ZN A, Z+1, N-1 A-1, Z+1, N-2
Precursor Bn emitter Final nucleus
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Fission process and beta decay

Every fission is
approximately followed
by 6 beta decays (sizable
amount of energy)
Reactors are the largest
(manmade) pacific
sources of neutrinos.
Produces 2x1020 v/s
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Integral quantities for benchmarking fission yields

« Decay heat summation calculations
f(6)=) EAN()

. Decay energy of the nucleus i (gamma, beta or both)
l

A.  Decay constant of the nucleus i
l

Ni Number of nuclei i at the cooling time t

« Summation calculations of the antineutrino spectrum in reactors

S(E)=Y A,N,S,(E)/r=) CFY,S, (E)
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What was meant by “high quality decay data” for benchmarking

« Use of beta decay data that does not suffer from the Pandemonium effect

* Proper determination of the ground state to ground state feeding (it affects the
global feeding normalization, and can be helpful in the determination of

absolute gamma branches per decay of relevance for many applications.)

 In the case of beta decays that present beta delayed neutron emission,
determination of the gamma/neutron competition above the neutron separation

energy
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How the mean energies are determined ?
Measured or deduced (from beta decay studies)

DATA bases: Beta spectrum for a
feeding or beta — E beta transition
decay prob. f ()= @iN i(t) (to a defined level)

distributions
zAN A

Key ingredient: N End point E
beta feedings l

¥ E, =Y 1,(E)E,.) — e
JQQQML E}/ :Zl:]ﬂ(Ei)Ei

(Simplified way of calculation)

B- decays
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What can go wrong”? Pandemonium effect
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Effect of Pandemonium on summation calculations
(decay heat example)

Real situation Pandemonium situation
zAN zAN
B- decays
\ 4
YV
_Y_Y_Y_Y_Y_L -- l
z+1AN-1 z+1AN-1

* X %
*
*
* *

As a result of the Pandemonium,
betas are estimated with higher
energies from databases. Their
spectra is harder. Incomplete level
schemes can affect the
antineutrino calculations as well.
The gamma mean energies are
reduced since you detect less
gammas.

This is why you should avoid

using data suspicious of suffering
from Pandemonium
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Total absorption spectroscopy applied to beta decay studies/.

"'::::n. B- N & )

\ - B, Si det.

N ; o
‘ S— >
y 1 " y, Ge det.
2 YZ ; Yl :.". YZ
»
y 1 .-.Y' TAS det.
‘:: ‘,‘ Y1tY»

d — R(B) . f (note that f = Ig)

Requirements: clean spectrum or a proper treatment of the contaminants,
some knowledge of decay level scheme of the daughter, etc.
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How these challenging experiments are analyzed? ShE

Measured d — R( B ) f
spectrum without / . \ Beta feeding
‘ distribution

contaminants
(goal)

Response matrix

Needs/challenges:

Well controled Monte Carlo simulations

Excellent calibration (energy and witdh)

Knowledge of the (B), branching ratio matrix (level sheme)
Methods for solving the inverse problem

Control of contaminants
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Examples of spectrometers we use &

\

25cm

25cm \
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How these challenging experiments are analyzed? &

Needs/challenges d=R(B).f poste v ez
Control of contaminants. separate measurements, pile-up ;. m—~[\ <~ m
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How these challenging experiments are analyzed? =

Needs/challenges d=R(B).f
Another distortion: beta delayed neutrons, requires additional MC

4 —
N 10 = TAGS spectrum: 95Rb
= - Experiment
=S B .
o1 03 837 keV —— MC with |, from Kratz
&) . MC with | from ENSDF
T % \
' y A
107 5 7 Nl
V\"n’. - Rar
) Neutron |

10 capture

V. Guadilla et al., PRC 100, 044305 (2019) 0 2000 4000 6000 ?Eonoe?g; ([)koe({;)]
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How these challenging experiments are analyzed? =

Needs/challenges: response, inverse problem, algorithms

d=R(B)f

Primary question: f determination statistical
but there is an incomplete knowledge of '
the level scheme populated

Ecut

Steps:
1. Define B (branching ratio matrix) i P
2. Calculate R(B) (MC sim. ) known
3. Solve the equation d=R(B)f using an

appropriate algorithm |

Expectation Maximization (EM) method:
modify knowledge on causes from effects Mathematical formalization by Tain, Cano, et al.

Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of the European union or the European

Climate, Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the granting authority can be held responsible
for them.




A\
)}
[ ]
o u

How these challenging experiments are analyzed? =

Needs/challenges d=R(B).f
Validation of Monte Carlo simulations with well-know sources
Excellent calibration (energy and witdh), for both exp. and MC

5
- 10 i 24N
S 10° . Experiment
I — MC
10° — — Summing-Pileup
10°
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1 I | |
_ _ 0 5000 10000
V. Guadilla et al., PhD thesis Energy [keV]
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Typical total absorption experiments &

Calorimeter
Radioactive o Sv?tﬁsguaed
beam 5 scintillator
material
Tape
System Total absorption spectrometer

+ ancillary detectors (beta, Ge det., etc.)
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The beginning (for us) ...

239Py example

(fission pulse decay heat y component)
0.6 et

We got interested in the topic after the work of
Yoshida and co-workers (Journ. of Nucl. Sc. and
Tech. 36 (1999) 135)

AL L Jo A

o
Ut
!l!l'lfr'! Tlllll

239Py example (similar situation for 235.238J) : TR 4
0.4 E“ \\\ ’1, 1 -
Detective work: identification of some - Lowell X
nuclei that could be blamed for the “anomaly” 030 jﬁggggggigﬂal) - ]
. -_— - ]

102,104,105TC
Suggestion TAGS measurements !!!

----- JEF2.2(thermal)
—~-—--ENDF/B-6(thermal)

Decay Heat ¢x f(¢t) (MeV/fission)

Lo L L L

0.2 b Loa 100 b L L 1130l 1 1 ovosal i
10° 10! 102 103 10*
Cooling Time £ (s)
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Why JYFL(IGISOL)?: ion guide technique + a bonus = '~

Electrostatic
beam switchyard
(ground),
‘ carbon cluster ion )
space for TOF Sy N source (HV) 55 deg dipole
post-trap detection > magnet, R=500

decay with MCP

spectroscopy (ground)
setups

—

30 keV beam from IGISOL

“ i
\W\\\\“ DY

,w\i_‘
=\

yii |
R~100 000 Penning traps (HV)

Purification scan sz

1400

IO]Nb

1200

101
Zr

1000

JYFLTRAP - FWHM = 20 Hz

M/AM = 145 000

600 \

The main reasons are the chemical insensitivity (ion guide 200 S
technique), high purity by means of purification of the ’ —
beam using the JYFLTRAP and acceptable yields! Frequency [Hz]

=Y

Counts

* X %
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Impact of the earlier results for 239Pu: electromagnetic component &
Motivated by Yoshida et al. (Journ. of Nucl. Sc. and Tech. 36 (1999) 135) and WPEC-25

: EEM ENDF/B-VIIL.0
: EEM ENDF/B-VII.O + TAGS
- : Tobias compilation

T 107Tc 105Mo

101Nb 106Tc

o.2-!, .
1 10 - 10?
Results also confirmed by R. W. Mills using JEFF 3.1 Cooling time [s]

0.7

Algora, Phys. Rev. Letts. 105, 202505, 0.6

PhD Thesis D. Jordan,
K. P. Rykaczewsky
Physics 3, 94 (2011)

f,(t) t [MeV/fission]

II|IIII|IIII|IIII|IIII|II

DH Courtesy A. Sonzogni I,I|I03 - I”.I|I04
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Tables extracted from « Beta-decay studies for applied and basic nuclear physics »,

Some published
and on-going
cases for Decay

Heat and
Antineutrino
Spectrum
calculations

Funded by
the European Union

Algora et al. Eur. Phys. J. A 57 (2021) 85, 2020

Table 6. List of nuclides identified by the IJAEA TAGS Con-
sultants that should be measured using the total absorption
technique to improve the predictions of the reactor antineu-
trino spectra. These nuclides are of relevance for conventional
reactors based on ***U and *Pu nuclear fuels. The list con-
tains 34 nuclides [103]. Relevance (Rel.) stands for the priority
of the measurement. Isotopes marked with asterisks show the
measurements performed by our collaboration, m stands for
metastable or isomeric state.

Table 2. List of parent nuclides identified by the WPEC-25
(Nuclear Energy Agency working group) that should be mea-
sured using the total absorption technique to improve the pre-
dictions of the decay heat in reactors [48,49]. These nuclides
are of relevance for conventional reactors based on ***U and
3Py fission. The list contains 37 nuclides. Rel. (relevance)
stands for the priority of the measurement. Isotopes marked
with asterisks show the measurements performed by our col-
laboration. Nuclides marked with { are also relevant for the
233U /%**Th fuel, see additional cases in Table 3. The isotopes
are identified according to the Z-Symbol-A notation; m stands
for metastable or isomeric state.

7

Isotope Rel. Isotope Rel. Isotope Rel.
35-Br-86 | 1  41-Nb-99f 1 _52:Ted3pl 2
35-Br-877* | 1 [41-Nb-100 ] 1 15311360 1 1
35-Br-88™* | 1 | 41-Nb-101t| 1 o' 1
36-Kr-89° 1 | 41-Nb-102t*] 2 | 53-1-1371* 1
36-Kr-90t 1 | 42-Mo-103t*] 1 B Xem3r— 1
37-Rb-90m 2 | 42-Mo-105* 1 54-Xe139T 1
37-Rb-92"*| 2 | 43-Tc-1021* 1 SdXeddot 1
ST 2 | 43-Tc-103 1 |55-Cs-142° | 3
38-Sr-97 2 | 43-Tc-1041* 1  56-Ba-145 2
30-Y-961 2 | 43-Tec-105* 1 57-La-143 2
40-Zr-99° 3 | 43-Tec-106* 1 57-La-145 2
40-Zx-1007 2 L43-Tc-107* 2
41-Nb-98™*| 1 51-Sb-1321 1

Isotope Rel. Isotope Rel. Isotope
36-Kr-91 2 _39:-Y9Zm, 1
37-Rb-88 1 | 39-Y-98m! 1 TXe T30
_37.Rh00 1 [39-Y-99* 1 54-Xe-141
37-Rb-92* | 1 AU-Zr-101 1 55-Cs-139
37-Rb-93* | 1 [41-Nb-08° 1 [55-Cs-140°
37-Rb-94* | 2 | 41-Nb-100* 1 T
38-Sr-95* 1 | 41-Nb-101* 1 |55-Cs-142*
38-S1-U6 1 | 41-Nb-102* 1 Ta-
38-Sr-97 2 41-Nb-104m 2

39-Y-94 1 _52-Te-135 1

30-Y-95° | 1 531136 ! 2

39-Y-96* 1 531-136m 1

39-Y-97 2 53-1-137" | 1

Rel.

2
1
2
1
1
2
1
2
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DTAS at Jyvaskyla (Feb. 2014)

(Subatech-Valencia Collab., spokespersons: Fallot, Tain, Algora
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Example: the challenging '°0192Nb cases  “*
(from 18(+5) relevant decays measured)

_|.
0t Tlg ( 2.9 )
1007, \ﬂ‘ 1027, \/3
1T 9 _
5T 313 . p
0\ 05=7262 keV 0N
Qs=0396 keV —— .09 : "N\ L3
Nb \ 43
1.s
CEY of the order of 5% Cr_lallenge: smellll separation energy, simile.\r. ha!f—lives
and ~1 % respectively Trlcks: Productlon through the pargnt, purlflcathn cycles
(for both 235U and 239Pu) in the Penning Trap (Ramsey cleaning), separation

using different sorting times
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1020sNb decay (4+ state)

% . - : DTAS B-gated
5 10 =h I : —— Reconstructed
o) — . .
3 ils T I | ——— Summing-Pileup
1 03 z ﬁq..i: 1_-‘_‘%&#“#; ‘5“1 I ............ 102mNb
P Q.|
10° T TR P |
ii hﬁ:"ﬂ."“ I
10 4 R
Sy
3 I
1 ]
H |
L |
@ 1 L |
©
._s O ._.ll_llu_ | LA T |
- | | . 11 .
n 0 2000 4000 6000 8000 10000

Energy [keV]

V. Guadilla et al., PhD thesis and V. Guadilla et al., PRL 112.042502

* X %

*
*
*
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1020sNb decay (4+ state)

% 103 = DTAS

. — ENSDF
10", W,
107 £ LA
107 ¢
107

0 1000 2000 3000 4000 5000 _6000 7000

Energy [keV]

V. Guadilla et al., PhD thesis and V. Guadilla et al., PRL 112.042502
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@ - — I DTAS B-gated
c I —— Reconstructed
8 \ : ——— Summing-Pileup
10 & " 0 A
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V. Guadilla et al., PhD thesis and V. Guadilla et al., PRL 112.042502
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102mNp decay (1+ state, 94 keV)

2 10° 2
. 10 . No ENSDF data available
N
- i
10~ : Wt
10—2 i | " H ...... T
E |
107°
10 ol e
0 1000 2000 3000 4000 5000 6000
Energy [keV]

V. Guadilla et al., PhD thesis and V. Guadilla et al., PRL 112.042502

Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of the European union or the European

Climate, Infrastructure and Environment Executive Agency (CINEA). Neither the European Union nor the granting authority can be held responsible
for them.




103T¢c decay (an odd TAGS case) Bad luck or serendipity?

103 _ _
% i Tc BLASI[-gated TAGS analysis insensitive to
8103 = Summing-pileup the assumed ground state
O f """" MC response g.s.— Q.S feeding
102 = _ 5
1 . B 1 [9%]
N i —0
Ay 10Fm || —10
“irar " § Alf: N —20
: - U 1|"] 40
t é@ fF E ‘IO_1 = B 1[5 I - —50
é : g 111" Jh—60
it £ 102 ¢ Ll AU |-70
| shEAEIBE : I - —80
1000 2000 3000 Lol 1|11 | R | T AT AT
Energy (keV) 0 500 1000 1500 2000 2500
Guadilla et al. PRC 102, 064304 (2020) Energy (keV)
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A new method for determining the gs to gs feeding ==
from TAGS exp.

Corrected form in comparison with the earlier
work of Greenwood et al. NIM A317 (1992) 175

The method was tested with synthetic data.

Based on a comparison of the number of
counts detected in the beta detector (Ng)

with the number of counts detected in the

TAS in coincidence with the betas (Ng,)
@ 103Tc —— DTAS B-gated
| — e o (PP R
Ny &* 0 T
19 = L i q
B 0__zx g = I B
1 4 Nev 2% _ iy O SRy |
—rr = 1
N &gy €py "
0 1000 2000 3000
Energy (keV)

e[’;, eg], are average efficiencies to excited states

I3(193Tc) = 45.6(+1.5-0.9)
ENSDF value 34(8)

0 .0 . .
€p, €py average efficiencies to gs
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Ground state feedings obtained with the new method “*

Iy (%)
Isotope ENSDF TAGS dry — B
»Rb <0.1 0.0 500, —0.2(42)
10%eNb 50(7) 467118 40(6)
102m N7 _ 42,5J_f?b3_0 44.3(28)
‘®Tc 93.3(1) 93.9(5) 92.8(5) Guadilla et al. PRC 102, 064304
1055 34(8) — 45.6%53
132y 45.2(5) 50.81 45.8(13)
@5 35.9(17) 39042 36.0(15)

“For this decay the / g numbers include the intensity to the first excited
state in '’Ru at 2.81(5) keV.

Reduced uncertainties and consistency with the TAGS results
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Impact of the measurements for 23°Pu

06
= *» Tobias
0.55 —— JEFF 2.2 (1992)
= — JEFF 3.1 (2005)
05F- — JEFF 3.1.1 (2009)
~E | A' — JEFF 3.3 (2017)
=3 =
2 04 :
S _F V%
é 0.35 E_ ‘
= 03
- 0.25- #%py Thermal Fission \
= Nichols, Dimitriou, et al.,
02F Electromagnetic Heat Eur. Phys. J. A (2023) 59:78
= https://arxiv.org/abs/2212.10335
DA SN
= i r \
: | .‘IIIIII 1 II||III| 11 IIIIII| | IIIIIIII 1 IIIIIII| 1 1 IIIIII ‘Ikl" i
& 1 0 P 1 1t 4 1o Courtesy of L. Giot with SERPENT

Cooling time (s)
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https://arxiv.org/abs/2212.10335
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Impact of the fission yields for 23°Pu *
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03+ . https://arxiv.org/abs/2212.10335
0.2 ]
JEFF 3.3 Decay Data .
01 sl ol sl Ll

1 10 100 1000 10000 100000
Time after irradiation (s)

Courtesy of L. Giot with SERPENT
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Two problems have attracted considerable attention '~

2?7 Atm. oscillation Solar oscillation
. —A— — A \ Reactor anomaly ?
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—

\I
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—~ — -No oscillation
With oscillations (3 active v's + 1 sterilev)

short base lines, compared with the predictions
of the Huber-Muller model. It can be explained
by the existence of a sterile neutrino.

Mention et al. PRD 83.073006
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Reactor anomaly, the bump? S
Results from the application of a new summation calculation including
all our TAS measurements. The discrepancy with the antineutrino
meas. within this model is of the order of 2 % ,
= Subatech calculations

%\ » i_ Estienne, Fallot, et al.
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We continue working ..., this is a marathon

More than 35 decays measured.

In September 2022, a new experiment was performed in Jyvaskyla using
trap assisted spectroscopy.

Data has been analyzed by Julien Pepin, co-supervised by Valencia-
Nantes

85Se decay analyzed, more comming (cases promised for APRENDE,
new man power in the horizon)
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Other challenges

How to translate these data into databases
The BR matrix should be incorporated and this is not trivial.
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New frontier: beta shape measurements HE

Earlier attempts:

Tengblad, Rudstam, et al.

Nucl. Phys. A503 (1989)
136; Atomic Data and
Nuclear and Data Tables
45 (1990)239
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The continuous spectra was considered
important for testing beta decay data
consistency and for determining mean
beta (and gamma energies with other
setup) released in beta decays for decay
heat and for antineutrino summation
calculations.

Measurements performed at Osiris
(Studsvik) and CERN-ISOLDE

In principle these measurements are
free from the problems that can have
deduced spectra from other type of
measurements (assumptions about the
shape)
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Extra possible control of consistency
Comparison with shapes from TGAS results

S 004~ 86Br:
£ B —: Tengblad
S T — : ENSDF
= 0.03 - —: TAGS
2 i
Z —
[ I 87Br:
0.02 % 0.06 — i — : Tengblad
= i — : ENSDF
S I L A pooees : TAGS
0.01 = — : TAGS + bDN
[<= X
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Measurements of the shape of the beta spectrum :

1206, 1233, 1233Add IGISOL proposals, Univ. of Jyvaskyla
Spokespersons: A. Algora, M. Fallot, W. Gelletly, local contact: Tommi Eronen
Objetive: measure the shape of the beta spectrum of the most relevant fission

Products using isotopically pure beams (trap assisted spectroscopy)

Several works and publications emphasize
the need of such measurements:

Hayes et al. PRL 112.202501 (2014)
Sonzogni et al. , PRL 119.112501 (2017)
Hayen et al. PRC 99.031311 (2019)

Technical Meeting (IAEA, 2019), Report
INDC-NDS-0786

Valencia-Nantes-Surrey-
Jyvaskyla Collaboration
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How these challenging experiments are analyzed?

Needs:

Excellent calibration
(energy and withd)

Well controled Monte d S R
Carlo simulations _ . O
Methods for solving the
Inverz problem

Measured Original spectrum

spectrum without (goal)

contaminants .
Response matrix
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Independent test of TAGS measurements, &=
confirmation of shape corrections
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Test of the shape corrections applied for this important cases
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Summary

*\We hope we have shown that total absorption measurements can
provide useful data for applications related to nuclear reactors, in
particular for decay heat calculations and for anti-neutrino physics
applications

« We are running a research program related to this topic, that can
also have an impact in nuclear structure and astrophysics (not
discussed here)

 This data can be used to constrain fission yields -decay data in
those applications

» The experimental methods introduced can be employed to measure
additional beta decays needed to fix fission yields issues.
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Special thanks to the students who haLe worked in thel' project:
D. Jordan, S. Rice, A. -A. Zakari-Issoufou, |

. E. Valencia, V. Guadilla, L. Le Meur, G. Alcala, J. Pepir
Collaboration Discussions with and slides from: L. Giot, M. Fall
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APRENDE

Get in touch for more information:

© https://aprende-project.eu/

@ contact@aprende-project.eu

Thank you!
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