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* Fission, antineutrino
« Antineutrino
oscillations

« Antineutrino
spectrum, problems
Beta decay

« Pandemonium

» Total absorption

« Some measurements
 Goal: the neutrino
anomaly?
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Disclaimer: apologies for repeating
many trivial things that you know



Fission process and beta decay
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Every fission is approximately followed by 6 beta decays (sizable amount of energy)
Reactors are the largest (manmade) pacific sources of neutrinos. Produces 1020 v/s



The relevance of reactors In
the discovery, project Poltergeist

Neutrino postulated by Pauli, 1930
Nuclear reactors are the strongest
(peaceful) human source of

antineutrinos .
Reines, Cowan,1956

V+p —e +n
5 Cd—"""Cd—'"CCd +y

Incident
antineutrino

Gamma rays

Gamma rays

Neutron capture

Neutrino flux at the Savannah River
reactor: 5 X 1013 neutrino/s.cm?

They detected 3 neutrinos/h
L ScRimLIox Science 20, vol 124 no. 3212 pp. 103-104

and cadmium

Positron
annihilation



(Elusive) neutrino, oscillations,
oscillation probability, mixing angles

*In the weak interaction neutrinos are produced and detected in flavours
(electron, muon, tau)
*The Hamiltonian (of the propagation) depends on mass (free moving particle)

(v,) (cos® —sin@) v,
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Vi) \sin@ cos6 v,

P(v, —>Vv,)=sin’(20)sin*(1.27Am"L/E)
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Am :mz_m1 [Linm, Ein MeV, Am?in eV?]

Evidence that there is physics beyond the standard model



Example of reactor neutrino oscillation experiment:
Double Chooz, ©,5(see also Daya Bay, RENO, etc.)
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Determination of the primary antineutrino

spectrum

* “Pure conversion procedure”: using the beta spectrum
measured by Schreckenbach et al. from different fissile nuclides
(23°U,239241Py) at ILL and more recently 238U (Haag et al.), which
requires complex conversion procedures and assumptions
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» “Huber-Mueller model’: revision in 2011 of the conversion proc.

« “Summation calculations”: for many years the only posibility for
238|



Remaining problems with the antineutrino
spectrum
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Reactor anomaly
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Spectrum distortion (~5 MeV)

RENO results, PRL 116,211801 (2016)
also seen in DAYA BAY
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Summation calculations for the antineutrino
spectrum and decay heat

Beta decay () Spectrum for each transition
J.,TT, ., —>J, 7,
]f ’ﬂf Spectrum for the decay (n)

S (E)= X@S(Q —E,.Jm,.J,x,)

Z+1AN-1

Anti-neutrino rate per fission (see Vogel 1981)
S(E)=) A,N,S(E)/r=Y CFY,S,(E)

n
Decay heat summation calculation

f)=) EAN(1)



The problem of measuring the [-feeding
(I=P*100)

~
2N

Real
situation
Igs =1
1,81 — O
(Iyz — yl)

Y2

lzl

Y1

NS

Z+1AN-1

A
L ) B, Si det
L T )
" Y, Ge det
.:a': Y ,:'.EYZ
I R
Ey1 E, .

» Ge detectors are conventionally
used to construct the level
scheme populated in the decay

From the y intensity balance we
deduce the B-feeding



The problem of measuring the [-feeding

(15=P5*100)
o B N4 .
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What happens if we miss some
intensity?
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Pandemonium (The Capital of Hell)

introduced by John Milton (XVII) in his epic poem Paradise Lost

John Martin (~ 1825), presently at Louvre  Hardy et al., Phys. Lett. 71B (1977) 307



Pandemonium effect
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Beta feeding



Total absorption spectroscopy
(applied to beta decay studies)

B, Si det.
{ : y, Ge det.
YZ \\, { Y
—_— S Y1 £Y2
N | >
Y 1 ‘ y, TAS det.
\/ \"\__ﬂ'_\_—_/__ $r ‘:: .'-.‘ Y11Y2 ‘
E

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.



Counts/channel

5x107

Real spectra

“Small” detectors
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Pandemonium and summation
calculations for decay heat and antineutrino

Real situation Pandemonium situation
zAN LA
B- decays B- decays
Y
Y

W Ll

z+1AN-1 2+1AN.1
As a result of the Pandemonium, betas Eﬂ overestimation
and neutrinos are estimated with higher — g timati
energies from databases. This is why Ey undaerestimation

TAS data is very important



The complexity of the TAGS analysis:
an ill posed problem

d=R(B)-f

Primary question: f determination =
but there is an incomplete knowledge of the j )
o

[l

statistical

level scheme populated

E
Steps: cut

1. Define B (branching ratio matrix)
2. Calculate R(B) (MC sim.) T ‘ known
3. Solve the equation d=R(B)f using an ”

appropriate algorithm

|
A

Expectation Maximization (EM) method: (f d ) (d |f) (f)
modify knowledge on causes from effects ZP(d 1£)P(f)

. (s+D) _ ijfj(S)di
Algorithm: fi ZR Z ZRik 2

l] [

Mathematical formalization by Tain, Cano, et al.



Typical total absorption experiments

Calorimeter
constructed
with a
scintillator
material

Radioactive o
beam 5

Total absorption spectrometer
Tape + ancillary detectors (beta, Ge det., etc.)
System




Our favorite place for “polar” experiences

Published cases until know:
102,104,105,106,107T . 105Mo. 101Nb

86,867,888, 91 92,94Rp 100gs,mNp | 102gmN
Ongoing: '*2Cs, 2°Y, etc, ... see INDC-NDS-0676
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Odd ISOL case: The ion guide technique

500V o—

30 kv oo 10 kv

Generic ion guide: the nuclear
reaction products are stopped

> in a gas and are transported
—\ N ..°° eium  through a differential pumping
°o "o o 00 oSl ‘. d\\’ mput  system into the accelerator

stage of the mass separator.

target The process is fast enough for

the ions to survive as single

tracti I . .
S ectode skimmer acee erator charged ions. The system is

chemically insensitive and very
fast (sub-ms).
100 1074 1 100 mbar




Why JYFL(IGISOL)?: ion guide technique + a bonus

space for
post-trap
decay

spectroscopy

setups
N 2l i@ \f “.
N \_1

—
X

Electrostatic
beam switchyard
: (ground),
‘ carbon cluster ion _
TOF &00 B source (HV) 55 deg dipole
detection 1,;70 ‘ magnet, R=500
with MCP ;
(ground) @

—
30 keV beam from IGISOL

{3/

\ RFQ (HV)
«! JYFLTRAP - o
R~100 000 Penning traps (HV) Purification scan
1400
1200
The main reasons are the B v - 20
. . egr s . . VOB  p/aM = 145
chemical insensitivity (ion guide . OOO\
technique), high purity by % o
means of purification of the 200 Y
beam using the JYFLTRAP and 0

acceptable erIdS' 1064700 1064750 1064800 1064850 1064900

Frequency [Hz]



Impact of some of our earlier data:
102,104,105,106,107Tc. 101Nb. 195Mo

239
EEM of #°Pu M. Fallot et al., PRL 109.202504 (2012)
; 3 — : EEM ENDF/B-VII.0 : 229 241
— 07‘ — : EEM ENDF/B-VII.O + TAGS PU Pu
s 0.6:— : Tobias compilation :_
a.\;“"_’ 8% @3-4 MeV}
D ’E‘g -
= T O%F 3
= g 0.86F -
D 0.945— —
1 10 . 102- 10° 10* g 0.92_7..1...1.“....1...1...““...... -'...1...1...1..,1...1...1...1.“1.
Cooling time [s] " § 1.06:— 238U - msU
Dolores Jordan, PhD thesis o '
D. Jordan PRC 87, 044318 (2013) S 102 C 0 )
Algora et al., PRL 105, 202501, 2010 o F\ h.5%@2.5-3.5 MaV
0'995— \/ é \,./_
0.965— -
s 3.5%@2.5-3 MeV
I M I T T
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
Energy (MeV)

Ratio between 2 antineutrino spectra built
with and without the
102’104’105’106’107TC,105M0,101Nb TAS data. On|y
5 Pandemonium cases




Is this feasible?: role of individual decays

Intensity

[ 235U thermal BM Spectrum |

E+40 & - i
spectrum
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———#7 35-Br- 85

———#3 35-Br- 83

%17 35-BI- 90
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—#11 26-Kr- 32
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| |——#4 37-RB- 93

—#4 37-Rh- 94
%2 30-Y- 06
#339-Y-98
@0 38-7- 38M
%19 39-7- 99
#13 39-¥-100
18 41-Nb-104

—#16 50-5n-133
——#15 51-5B-135
——#1053-1-128

—#3 55-C5-142
s 2 ENDFIE-YIL

m L

———#20 4$1-ND-104M

600 850 900

How to identify
the main players

sLarge cum. fission
yields

sLarge decay Qpeta
Large beta feeding to

gs

Taken from A. Sonzogni
using ENDF VII.1

75% of the spectrum can be accounted by 50 or fewer transitions
Sonzogni et al., PRL 119, 112501 (2017) (not all decays are equal, remains G.Orwell)



92Rb: star case, nuclear data matters

TABLE 1. Main contributors to a standard PWR antineutrino
energy spectrum computed with the MURE code coupled with
the list of nuclear data given in Ref. [12], assuming that they have
been emitted by 2*°U (52%), >*°Pu (33%), **'Pu (6%), and >*3U
(8.7%) for a 450 day irradiation time and using the summation
method described in Ref. [12].

4-5MeV  5-6 MeV  6-7 MeV  7-8 MeV
22Rb 4.74% 11.49% 24.27% 37.98%
0y 5.56% 10.75% 14.10% o
2¢s 3.35% 6.02% 7.93% 3.52%
100N 5.52% 6.03% co co
?Rb 2.34% 4.17% 6.78% 4.21%
sy 2.43% 3.16% 4.57% 4.95%
135Te 4.01% 3.58% co oo
104m N 0.72% 1.82% 4.15% 7.76%
P0Rb 1.90% 2.59% 1.40% .
SSr 2.65% 2.96% cos co
%4Rb 1.32% 2.06% 2.84% 3.96%

Identification of the most

relevant players by the
Nantes Group

92Rb GS to GS feeding
Evolution

94(+6-20 )(<2000)
Olson et al.

51(18) % (<2012)

NDS 2000

95.2(7) % (2012)

NDS 2012

G. Lhersonneau

(PRC74 (2006)017308)
New experiment ????

Table from
Zakari-Issoufou et al.
PRL 115.102503(2015)

92Rb contributes alone to 16% of the spectrum in the 5-8 MeV range



VTAS in Jyvaskyla (November 2009)
86,87,888r, 91,92,93,.94Rp

Main goal: beta delayed neutron

emitters, but we included already
some cases of interest for
antineutrino physics

Si detector endcup

|sotopically pure

beam from the
JYFL trap Segmented BaF2 detector

with optically separated crystals




Residue[%)]

92Rb: TAS measurement (2009 exp.)
Analized by the Nantes group

%Rb: TAS B tagged
— Experiment

10° e e Recalculated
; R(B)*ffinal

Zakari-Issoufou PhD thesis,
Nantes

Zakari-Issoufou et al.
PRL 115.102503(2015)

. Another recent

T TIT "~ | measurement by
Rasco et al.

PRL 117.092501 (2016)
(Oak Ridge group)

0 1000 2000 3000 4000 5000 6000 7000 8000
Energy [keV]



92Rb: star case,

not really a Pandemonium case

_I LI L O AT AT U | I | L I UL I | L I | L | L | l_
1.4— -
» *Rb: ]
12— -
B :TAS Experiment -tagged ]
11— ]
- & 000 :ENSDF (High resolution) 7
gg (18:?' —E
0.6/ ]
ol S.
E 1 2
0.2~ 1
BEEE NErE o N ( R et :: T

1000 2000 3000 4000 5000 6000 7000 8000

Energy [keV]

Zakari-Issoufou et al.
PRL 115.102503(2015)

Gs to gs feeding
Evolution

94(+6-20 )(<2000)
Olson et al.

51(18) % (<2012)
NDS 2000

95.2(7) % (2012)
NDS 2012

G. Lhersonneau
(PRC74 (2006)017308)

87.5(2.5)% (2015)
Zakari-Issoufou et al.
PRL 115.102503(2015)
VTAS result

Later, Rasco et al.

PRL 117, 092501(2016)
91(3)%, MTAS



92Rb: comparison of the impact with respect
to earlier used gs to gs feeding values

125 2
N E Hpy
T ;o . 92Rb impact
115 F ¥ 2 - Zakari-Issoufou et al.
. 1F i 3 PRL 115.102503(2015)
w "PE 3 o Black: with respect to the
I é-------—-vwsa;}";,;--------é---—-—-é-n_w;a;;.&;._....__E........... value used in D. A. Dwyer et
3 e : o al. PRL 114,012502
2 o9sF 5 =
g ' [ | 1 (used 51% gs feeding,
; | | | | | | | .
E e - earlier ENSDF)
fe) - 238U - 235U
o 12p - Green: with respect to
o - .
115 F - A. A. Sonzogni et al.
x ; ' PRC91, 011301(R)
e g P (used 95 % gs feeding)
1.05 |- &~ » : '
. i : : : Red: with respect to
L ?""'”"""““MM@:%:.::f;izé“"‘"‘f"m"”"‘*”v?e'.;;'.; """ i | M.Fallotetal,
0.95 F 2 iy PRL 109, 202504
N P Y NS e Herorsusraes s S N S SN SN (N SN SN U NN U e | (preV|ously Rudstam data
2 4 6 8 10 2 4 6 8 10
was used)

Energy (MeV)



DTAS at Jyvaskyla (Feb. 2014)

(proposal with Subatech, spokespersons: Fallot,Tain, Algora)

R e




Example: the challenging 1°%:192Nb cases
(from 18(+5) relevant decays measured)

07 T.1s 07 295
1()()Zr \lB_ 102ZI' \ﬁ_
ht o 313 8- |t 94 _
o0\ f0 N\
(5=6396 keV T \ 900  (p=T262 keV o2y, \ 135
0™ 15 0™ 435
CFY of the order of 5%

and ~1 % respectively
(for both 235U and 239Pu)



Counts

Residuals

Lo

1029sNb decay (4+ state)

: DTAS B-gated
: —— Reconstructed
: ——— Summing-Pileup

[TITT T TTI

Reconst. =R(B)ffinal

EE. .-g'. i l ........... 102mNb
= |
" :
F= B ="
i |
I |
! |
|
I
T '
= I
| | | 1 ; |
0 2000 4000 6000 8000 10000

Energy [keV]
V. Guadilla et al., PhD thesis
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V. Guadilla et al., PRL 112.042502



Counts

Residuals

102mNp decay (1+ state, 94 keV)

10*

10

[ 1]

10° 5_ '

Pt

DTAS B-gated
— Reconstructed
——— Summing-Pileup

p— — — — S S SN S S SN SN S SN S S SN S S —

2000 4000

V. Guadilla et al., PhD thesis

6000

8000 10000
Energy [keV]
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V. Guadilla et al., PRL 112.042502




Impact on the neutrino
summation calculations

Neutrino summation
calculation
Courtesy of M. Fallot,
M. Estienne et al,
PhD thesis of V. Guadilla

Impact of the 4 new Nb
decay studies, with
decaying isomers.
Large impact in the
region of the spectral
distortion !!!

= s
E‘-:._’- o
Y J

3 —All
- h

_ _— 100m _
' _ u - 1029%% _ U

1O2mNb

ety [
BT Lins™ "r,\\::b___:

Energy (MeV)

V. Guadilla et al., PRL 112.042502




Is the reactor anomaly dead?

Results from the application of a updated summation calculation
including all our TAS measurements. The discrepancy with the
antineutrino meas. within this model is of the order of 2 %
in the region that dominates the flux

M. Estienne. M. Fallot. A. Alaora. et al. PRL 123. 022502 (2019)

= 11F Subatech
g - Calculations
T TE ofemre- Estienne,

g —_—y 4 % Fallot, et al.
o - | ___ pe/sm-2018 | o
® 08F | ~vwe DB/SM-2017 - Summation is
L = ¢ DB/H.M. - now better
= 19 " "/ " | " than the
= E Hueber-

c% = Mueller

o - .

S oo conversion
= - model

Energy (MeV)



Is the reactor anomaly dead?

Effect of the successive inclusion of TAS data

(Pandemonium free data) in the summation model
x10™* Careful selection of

- the pandemonium
0.63— free data + TAS data
. 0.621— SM-2012:
IS 5 102;104;105;106;107 ¢,
B 061 105Mo, and 19'Nb
o - SM-2015:
g 0.6[— 92:94Rb, and 87:88Br
- » SM-2017:
0.59F 91Rb, 86Br
- SM-2018:
0.58 :_ 100;100m;102;102mNb
= 1 I L 1 L I 1 1 L I 1 [ 1 I L 1 1 I 1 L 1 DB: Daya Bay
0.24 0.26 0.28 0.3 0.32 0.34 0.36
F239
_ do f = .
o'f(F239) =87+ : (F239 — F239). M. Estienne et al. PRL 123, 022502 (2019)

dF 339



Spectrum (1/MeV)

Antieutrino summation calculations:
reactor spectroscopy

Fine structure of the antineutrino spectrum from a reactor reflects what is going on
inside a reactor

1 ¥ 1 > I ! I p ?
. (=} 4
(a) Phase Space @ 123 — 95y
- = —— 98Np 92Rpb
; £ 100 | — "0'Nb
3 N~ — 1027,
1 * 1 . E
E 9
(b) Electrons - ‘.’s 75 | 96y
3 % 50 1 W
] o
T E Q.
(c) Antineutrinos 3 ‘g
£ 25/
5
[
=
< 00 ; : - ~ :
0 1 2 3 4 5 a 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5
a Antineutrino Energy (MeV)

Energy (MeV)

. FIG. 6. Calculated Daya Bay IBD antineutrino spectra from all
A. SOnZOgnl et al., PRC 98.014323 the fission products, highlighting the *Y, **!°'Nb, and '"*Tc ones.

Window to “new physics” and applications: it can be also relevant for
antineutrino experiments of new generation like JUNO and TAO, that address
fundamental questions like the mas hierarchy



Another application: prediction of the neutrino
spectrum from reactors for non-proliferation

235U 239Pu
Released E per fission 201.7 MeV 210.0 MeV
Mean neutrino E 2.94 MeV 2.84 MeV
Neutrinos/fission >1.8 MeV ~ 1.92 1.45
Aver. Int. cross section 3.2x10%3cm?  2.8x1043cm?

V4 p —>e’ +n (threshold 1.8 MeV)

nllTlTll

Relevance for non-proliferation studies
(working group of the IAEA). Neutrino flux
can not be shielded. Study to determine 0.03
fuel composition and power monitoring.
Non-intrusive and remote method.

Arbitrary Scal

TI"‘IIT]TT

e

=3

N
|




Message

| hope that | have shown that the TAS technique can
contribute to the improvement of nuclear data for neutrino
applications, in particular for summation calculations.

Our results come from careful measurements and
analyses. Special care have been devoted to the purity of
the beams (trap assisted spectroscopy) and to the
characterization of the detectors

There are still several cases measured to be published
from the top contributors to the neutrino spectrum, but we
are working on that, since this is part of our highest priority
research lines. New proposal approved for JYFL. Other
groups are also working on the topic (Oak Ridge group)

We thank the IAEA for the continous support of the related
activities
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What is TASTES? The TASTES anomaly

Even Bohr was challenged by the question

Inspired by the quantum mechanical teachings of J. Wood
(and also a bit by shape coexistence, and two level mixings)

Yrastes = PscHooL ?
Yr1asTEs = PcONFERENCE ?

Urastes = APscroort V1 — A% PconrErENCE

what is the value of a ”?



