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Where the
problems are!

Fission products of reactors’ fuel Far detector
fissile isotopes are e N N T

i' neutron-rich,
'@ undergo f~ decay, and
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| Large scintillator detectors use
the Inverse Beta Decay reaction

U,+p— e +n)
to detect reactors’ v

Near (400 m) and far (1050 m) v, detectors
placed at the Chooz nuclear power plant.




__An anomaly! | Another problem!
Measurements of reactors’ v, at close | After renormalization, reactors’ 7,

distances (near baseline) showed a deficit in the| energy spectra shapes do not coincide
detected v, flux compared with predictions. l with the predicted spectra everywhere.

i Reno experiment. Near
15000 detector (120 m).
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| Comparison of flux ratios to theoretical

calculations faking info account oscillations
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| of 3 (red line) and 4 (blue line) v flavors. S The “bump”!
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Possible sources of the RAA and the bump

Possible cause explored
by the e-shape
collaboration!

I . a .
| Incomplete nuclear models and inaccurate relevant

nuclear data use for the prediction of U, spectra.
L ——————————————————————————
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Sosible solufionz]—s  Measure accurate p~ decay spectra of reactors’ fuel
' fission products to calculate reliable v, spectra predictions.
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How to calculate predictions of reactor v, spectra?

e ] )
' The Summation (SM) method (Gb initio | , Sk . aggrelgafe ﬁ_ speéfrum of k
 method). A reactors U, spectrumis | I reactors fissile isotope.

constructed from the sum of all of its | |®@A, . : i daughter isotope activity.

‘ ip : P feeding fo the b level /i branch.

King & Perkins, PR 112, 963 (1958 _ |
ing & Perkins, PR 112, 963 (1958) @S, : D level § branch = spectrum (S)).]

Alfernative metho




TAGS [
readings TAGS Techmque
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HPGe detectors facilitate
measuring individual y-rays.

| Possible problems with High
Resolution Spec'rroscopy (HPGe)!

— Real situation Pandemonium effect N

~~ But! | ZAN TTITIIIIT? TITIIIIIIR,
| & Pandemonium Effect & B B Overestimated g] \
| Due to HPGe detectors' low efficiency for / \\ "\ feeding | ]
: low intensity and high-energy y-rays, p —r 2 T

. g A |
| feedings to low-energy levels are Jear/ |
. " ceding 1) u

| overestimated because y-transitions - - y2
| information is lost. \ B

Hardy et al., Phys. Lett. B 71-2, 307 (1977)

‘ 2 WA Unobserved y
E Z iy L7 transition

The Total Absorption Gamma MV A
Spectroscopy (TAGS) technique ‘Y 1
| TAGS use high efficiency detectors to solve

~, = -
H ! 11
+1YN 1

the Pandemonium. Provides better f feedings.|
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| Improved p~
Hspec:'rm shapes

Shape Correction Factors

e

Different models of ;ha;e

experimental data.
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Hayen et al. shape correction
factors:
® [ (Z,W): Finite size of the

® R(W,, W): Radiative correction.
® S(Z, W): Atomic screening.

® X(W): Atomic exchange.

|® r(Z, W): Atomic mismatch.

® Ry(M, W,, W): Nuclear recoil.

|
h‘ O(Z, M, W): Distorted Coulomb
| Potential due to Recoil.

Hayen et al., RMP 90, 015008 (2018)

|
|
P
| nucleus.
|
|
|
P

correction factors for /~ spectra
can be tested to reproduce the

Shape of f~ decay spectra

e e e e e e ———

5,,(W) o< qW(Wy = WY Fy(Z, W) C(Z. W) K(Z. M. Wy, W)

o nW(W, — W)?%: Statistical factor.
_|® Fy(Z, W): Coulomb Fermi function.

e C(Z,W): Nuclear shape factor. J
o K(Z,M,W,, W): Other shape correction factors.

r e e

| Huber shape correction factors:
nucleus.

finite size of the nucleus.
|® Gﬁ(Z, W): Radiative correction.

® Si(Z, W): Atomic screening.
® H, (W): Weak magnetism.
Huber, PRC 84, 024617 (2011)

|® Ly(Z, W): Finite size of the

|
|1® C (Z,W): Weak interaction
|

' Standard

shape

e e E—

Nuclear shape factor:

® For allowed transitions, C(Z, W) ~ 1.
® For forbidden transitions, the factors

| depend on W . Require the

calculation of matrix elements.

Hayen et al., PRC 100, 054323 (2019).
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Hayen et al., PRC 100, 054323 (2019)

B Spectrum (Arbitrary Units)

Spectrum shape change (%)

| Nuclear shape factors
calculated for relevant
| 1st forbidden transitions
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partially solved reactors’ 7, flux
| dlscrepanC|es respect to previous predlchons

TAGS achievement

U, flux difference reduced up to
1 9% with subsequent TAGS data!

PRL 123, 022502 (2019)

o, [cmz/fission] e

Es’rlenne e’r al.,

1st forbidden shape corrections can help

to solve the “"bump” as well?
Daya Bay

0 f--¢-—¢-4--4-

Spectral change (%)
ol

I
U

Prompt energy [MeV]

Hayen et al., PRC 100, 054323 (2019)
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Fixing Reactors 7, spectra

1074

Solving the RAA with
SM and TAGS!

-
-~ -
- -
-
-
-
- -

-
-~ -
-
-

-~
....

N

0.36
F239

_Theory expectations. .

,6 decay shape correction factors accoun’rlng

for 1st forbidden transitions can be

| essenflal fo solve U, anomalies in reactors.

Hayes et al PRL 112 202501 (2014)
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directly measure f~ decay spectra.
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Plastic-Si coincidence specfm are dominated by

electrons, as y-rays are rejected due to the
small thickness (0.527 mm) of the Si detector.
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. The AE — E electron detectors Ie-shape de’recforsl ;
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IGISOL at JYFL
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. o w JYVASKYLAN YLIOPISTO
We need clean radioactive beams |

' "= emrera o tir. . ]
composed of the isotopes of :r The IGISOL facility

interest to measure their [~ decay | |(university of Jyvdskyld,
spectra without contaminations. Finland) can provide

isotopically pure
radioactive beams that

uit ou !
| Suit our needs! |

—

B e e —

Table of relevant 1st

forbidden f~
transitions for solving
the RAA and “bump”.

Hayen et al., PRC 100, 054323 (2019)

v by

el 137

1420
; 86BI‘
86 B

o E., BR FY
Nuclide (MeV) MeV) (%) Jr— 7 (%) AJ
89Br 8.3 0 16 3/2 — 3/2% 1.1 0
) 6.6 0 33 0~ — 0F 45 0
TKr 6.8 0.11 18 5/2t — 5/2- 35 0
”2Rb 8.1 0 95.2 0~ — 0F 48 0
»Rb 7.5 0 35 5/2= = 5/2%F 35 0
' 4.9 092 396 2= — 2+ 65 0
*>Rb? 9.3 0.68 59 5/27—5/2* 1.7 0
%5Sr 6.1 0 56 1/2+ — 1/2- 53 0
% 7.1 0 95.5 0~ — 0F 60 0
Y 6.8 0 40 1/2= — 1727 49 0
By 9.0 0 18 0~ — 0t 19 0
33Sn 8.0 0 85 7/2 — 7/2°F 0.1 0
135Te 5.9 0 62 (7/2—)—7/2+ 33 0
1358h 8.1 0 47  (7/24)— (7/27) 01 0
136my 7.5 1.89 71 (67) —> 6% 1.3 0
136my 7.5 226 134 (67) — 6% 1.3 0
6.0 0 452 72t = 7/2 3.1 0
7.3 0 56 0~ — 0F 27 0
7.3 0 15 (17) = 0F 1.6 1
7.3 1.6 13 (17) > 27 1.6 1
%7Se 7.5 0 32 3/2F — 5/2° 0.8 1
%Br 8.3 0.03 16 3/2- — 5/2% 1.1 1
TKr 6.8 0 9 5/2t — 3/2~ 34 1
»Rb? 9.3 0.56 6.0 5/2-—((7/2Y) 17 1
%Rb 9.3 0.68 59  5/2- —3/2% 1.7 1
134mgh 8.5 1.69 42 (7—) — 67T 0.8 1
134mQh 8.5 240 54 (77) — (6V) 0.8 1
136Te 5.1 0 8.7 0t — (17) 3.7 1
1381 8.0 0 26 (1-) —» 0t 1.5 1
140Xe 4.0 0.08 8.7 0f — 1~ 49 1
40¢s 6.2 0 36 1~ —> 0 57 1
43¢Cs 6.3 0 25 3/2% — 5/2° 1.5 1
*Rb 5.3 0 76.5 2~ — 0F 36 2
' 4.9 0 41 2- > 0t 6.5 2
*>Rb 9.3 0 0.1 5/2= — 1/2*F 1.7 2
9Xe 5.1 0 15 3/2- = 7/27F 50 2




Offline 1on
source station
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IGISOL (Ion Guide Isotope
Separator On-Line) facility.

Cyclotron NS,
beam

line

D'P0|e magnet Electrostatic &
beam swutchyard

lsnL separahon : <h

stage at dipole ’ ‘

*

:.—‘ b
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Target magnet by A/Z | <[P
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OH o+ o helium , 353
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Icyclotron

The cyclotron

produces a proton
beam of 30 MeV.

e-shape
experimental
setup




1235 Expenmem

IGISOL faculn‘y

- e | Schematic representation
' S | of the e-shape setup.
BT 0 JYFLTRAP
— ] = - 7 Trap's Valves
Ol 1 o ;‘- — Ra— \ and Beam Tuning e-shape
’" ' Tf:tf_ "?".- ~ ! | ] = : ;) Systems Chamber
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RS S W ; : l Extension B
1. = 2_'«7_7 By A e \ ~ N P JYFLTRAP Y f-—/ \——\
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Z o e - *_' l
= T = A ’ . Beam
| ‘ | Radioactive Collimators
< - Beam Magnetic
Tape

| We measured the =~ spectrum
of the *’Rb and **Cs, among
other cases of interest and

thhe 1233
experiment ran
| for 2 weeks.

| Jan-Feb 2022.

Lateral view from the right side of the
perspective of the radioactive beam.

_

calibration.




Internal view of the e-shape
chamber, with one detector installed.

e-shape setup during the
1233 experiment.
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collimators

The radioactive beam is
implanted in a movable magnetic
tape inside the chamber.




Tools for .
Ifhe mlvsis!l Deconvolution of the Data

Careful! i -
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Measured i~ decay spectra are 10’
deformed due to the energy
distribution of electrons in the
plastics detector!

e — e — e — P — e — P — e — P e

|

Low energy tail due to
lincomplete energy absorptions!

T e e e ——

L, e e e e e —
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e

Example

r R e ———— e ——— e ———— E— e

11 MeV simulated monoenergetic
electron spectrum in the
plastic detector.
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& Cano-0tt, NIMPR A 571, 728 (2007)
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Analysis of the Experiment

Simulations must be validated

r e R I — e I R — e R e

| The 14Pd + 11%Ag allowed f~decay

was measured to validate the Monte
Carlo model for the deconvolutions.

114Pd

t1/2: 2.42 min t1/2: 46 S

§ 114Ag .

4
Quvar= 1.440 MeV Quvai= 5.087 MeV

- .
The relative differences
are lower than ~3%

corrections are applied.

Criterion for
'validation fulfilled!

L S — T ———— e — —_— =

Relative Differences

- .
o) | § Counts

10

X
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o
W

Exp.

—— Backag.

Fermi (x?/df = 7.8)
Hayen (x?/df = 5.5)
—— Huber (x?/df = 13.9)
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0.25 17 e “°Rb Decv. -
 ENSDF eis0.0 l Results vs. models |

i Zakari | (x*/df=8.9) -
Zakari Il (x?/df=9.3) |92Rb deconvolufionl

Rasco | (x?/df=13.0)

O
N

0.15

Rasco Il (x?/df=14.7)

”ZRb G.S. to G.S. p feeding:
® ENSDF — 95.2(7)%

® Zakari et al. — 87.5(25)%
(PRL 115, 102503 (2015))

'@ Rasco et al. — 91(3)%
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O
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O
O
5

5 Spectrum (Arbitrary Units)

= 4.48 S
172 N 92Sr
Qval: 8.095 M€V

92Rb

S S e e — v_—T:J
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L L L L I L L L NI NN L (pRL117,092501(2016))
30 . et
32 = -
%’ 20 1. ENSDF G.S. to G.S f feeding (red)
ST 4 © {not properly determined due to the
= 5 - Pandemonium effect.
5 5
¢ -10 - The experimental E;;“&'{ and
© _oQ . spectrum coincide /
> - : s Huber (II) shape
T _30 - with predictions corrections yield

| | | ] | | | - Hassocua’red with TAGS
9

S TR Y S e S - S similar results.

u ts.
Kinetic Energy (MeV) measurements




1420 deconvolution

| 192Cs G.s. to G.S. p feeding:
® ENSDF — 56(5)%

® Wolinska et al. — 40.6(20)%
(PRC 107, 034303 (2023))

e e ——

e

be——

e e

ENSDF [ feedings (red) suffer
from the Pandemonium effect.

e e

The experimental spectrum
coincide with predictions

associated with TAGS
measurements.

R R R - R R R

Hayen (I) and Huber (II)
shape corrections yield
similar results.
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1233 experiment results compared with previous experiments.

. 003~ ———— 3 oo e,
the 1233 f~ |5 *%°F il | - 1283 Exp. |45 ©%%°F §ooH ] Hf 1233 Exp. | -
spec'rra differ § 0.02 *III:WIII”I fm;;;},‘. —:g 0.02— ‘I' +I ""-;,,* IJ[IH J[ —
| from those |= - A ki 18 - T ., 11 -
: < 0015 # ! ]I =< 0.015F # . J[I —
previously | ¢ S III# A 15 S =] i 4 -
reported. |5 o.01F |l %I 48 o001 +III =T ; -
Rudstam et al., 2 00055 'Z;M I'II+ _E 2 0005%‘} - f‘I I _E
ADNDT 45, 239 (1990) | aﬁf M N | %--% N
rrtttr1 0 ...|....|....|....|....|....|....|..i3i‘€m.|.: O:"' | | | | | |‘%“"w
’ RUdS'I'am 61_ al. 10 % L L L L Pl AL L L % 10 %' vl I I I ol I L %‘
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® e-shape detectors record accurate f decay spectra.

® TAGS data is essential to describe the f~ spectra of isotopes relevant for
the RAA and “bump”.

e 1st forbidden (A = — 1) nuclear shape factors for AJ = 0 are negligible.

Complementary experiments conducted at IGISOL-4

® 1241: TAGS experiment with Rocinante (Sep. 2022) — Improve / feedings of
isotopes of interest for the RAA and "bump”.

® 1233add: e-shape experiment (Dic. 2023) — Measure [/~ spectra not recorded
in the 1233.
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