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Why neutrinos

* One of the most common yet elusive particles in the
Universe (while | was saying that, over 100 trillion
neutrinos flew through each of us).

* Contain information about phenomena and the
processes that produce them, thus allow us to study
events at great distances from us in time (the early
Universe) and space (galactic nuclei, stars, including
our Sun, the inner part of the Earth, ...). In addition,
they allow us to remotely see the operation of a nuclear
reactor.

* The properties of that particle itself are unique and
their study allows us to understand the fundamentals of
physics.
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Why reactors

¢ On average, 200 MeV of energy is released per fission;

® 38.3% Coal
23.1% Gas

@ 16.6% Hydro

@ 10.4% Nuclear

@ 5.6% Solar, Wind,
Geothermal & Tidal

Total
25,082 TWh

% On average, 6 v, per fission (beta decay of fission g
products);

% Working WWER1000 emits 6 x 10?° v_ each seconds! | .

The most powerful artificial neutrino source on Earth! TS AT alE
Today there are about 440 nuclear power reactors in 32

countries, with a combined capacity of about 390 GWe. In

2021 these provided 2653 TWh, about 10% of the world's

electricity. About 60 power reactors are currently being et ti

(PWR) China, South Korea 307 292.8 enriched UOz water water
Boili

. USA, Japan, Sweden 60 60.9 enriched UO. water water
COHStruCted’ Canada,p India 47 243 natural uo: heawy  heavy
reactor (PHWR) water water
Russia 11 7.4 enrichedUO,  water graphite

‘4l b Advanced gas-cooled natural U
In addition, about 50 countries have a total of 225 research [~ o7 o o e

enriched UO,

reactors (used not only for science, but also for medicine, [Fe il P TR

BRI P O China 1 0.2 enriched UO;  helium graphite

cooled reactor (HTGR)

education, isotope production). o

https://www.world-nuclear.org/




Nuclear fission

235 + n —> 144Ba + 9OKr + 2n + about 200 MeV
2351 + N — 41Ba + 2Kr + 3n + 170 MeV
235 + n > 9%Zr + 139Te + 3n + 197 MeV
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Note that both scales are logarithmic.
Source: NEA, Plutonium fuel — an assessment (1989); Taube, Plutonium — a general survey (1974)
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* Antineutrinos come from several thousands of beta
decay branches

» Huge uncertainty in decay schemes, especially for
high energy levels (short time living isotopes)




235U + n > “Ba + 92Kr + 3n + 170 MeV

321827 m w\
" 92
1;;83 s 36Kr g
Q 5987
Q, 3216
@2+ 3.92h
141 LY
57La i
ot 271h
Q, 2502 92
’ 35T §° z__354h
92y
7= 32501d Q, 1911 39 B-
141 LY
SSCE B- Q, 3625
OPESO.Y
512%
141 B
5P rom Part2 of 2
40
92
3EKr
Q, =5987
Part 1 of 2
1840s
92
o S¥snes,
Q, =5987 VR L
013% 48 Qéié\ ) 2079.43
177% A7, (17 _—TT7 pa— 203885
gt
BT
Fsi
023% 88 o - . 1663.54
AR
SRRTOLEY
B 0 SRS
43 1+ 4| Wity 1360.89
0.27% 7.0 — |
g j—
0.15% 73 |
0.44% 88 R
0.8% 88, — — =
1,2) |—  —
1- 142308 75 o an ‘
a5 O 94402 ;: ! 142,308 75 s
] 0
g;Rb 4492s



v, flux [fission".MeV ]

—d
o

L 235U
1l - 238U
E fns 239Pu
10—1; 241Pu
10‘2é—
103¢ P Pr—
- fissionv,
10°-  spectra
P L |
107, 2 4 6 8 10

Energy [MeV]




Methods for studying reactor neutrinos

* Inverse beta decay;,

« electron scattering;

 nuclear scattering (coherent scattering).
V+p > e+n  ccp o = 63x1044 cm?/fission E,, = 1.8 MeV
v+d>e+n+n ccd o = 1.1x10-%* cmé/fission  E;, = 4.0 MeV

vV +d>V+n+p ncd o = 3.1x10* cm?/fission Ey, = 2.2 MeV
vV +e>V+e el sc o = 0.4x10* cm?/fission E,,q, 1-6 MeV



In 1946 Bruno Pontecorvo, proposed the use of the inverse beta process (v + Z — e+
[Z+1]) to detect neutrinos, pointing to the famous chlorine-argon reaction (v+ 3Cl —
e+ 3Ar), and noted the Sun and nuclear reactors as significant sources of neutrinos.
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Inverse beta Processes

» Experimental discovery of neutrinos (1956);
« Solar neutrinos;

« Search, direct confirmation of neutrino oscillations (solving the problem of
solar neutrinos) and determination of oscillation parameters with preC|S|on
accuracy (1990 - present day); :

« Search for sterile neutrinos (our days);

 Reactor monitoring (our days).

E: Remes and C. Cowan at the Control Center
of the Hanford Experiment (1953)




Experimental discovery of neutrinos (1956)

The experiment performed 1953-1956 yy
(Savannah River, South Carolina, USA.)

Reines and Cowan

400 liters of cadmium chloride solution in water.
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Monitoring reactors with neutrinos

The idea was expressed by
L.A.Mikaelian in 1977 during the
international conference Neutrino 77 in

Baksan.

YIAK 530.123

3e I want to talk about the develiopment of the new technique
of the remote reactor diﬂoatics bx the neutrino radiation; Due
to the novelty of the problem the consideration naturally will be
incomplete and limited by two questions only:

~ determination of the reactor power Rroduction and in pros-

pect

.= determination of the cg of the fissi igoto bur-
ning-out and accumulation (mainly !,50 and !!!;u).

The principle promises of the proposed technique seem to be
the remote analysis and fixing the plutonium accumulation immedia-
tely in the place of its production. This technique (if developed
successfully) will be sufficiently important from the point of
view of the control on the leakage of fissing materials and on
the non-proliferation of nuclear weapons, and also for the econo-

mics of nuclear fuel recycling.|lore detail consideration of these

Loroblems on this conference seems to be irrelevant,

AtomHas sHeprus. Tom 44, Beim. 6. — 1978,

B03MOKHOCTH NPAKTHIECKOTO MCHOJb30BAaHMA HEHTPHHO

BOPOBOR A, A,, MBKASJIAH JI, A,

MaJuioe cewenue BaaumoneiicTeun HeRTPHEO C Be-

H B [NEPCNeXTHBEe BO3MOKHOCTBIO oOnpeJeieHusn

MEeCTROM BCerjla Kasaioch HeOPeojloNEMEM upe-
DATCTBHEM HA NYTH NPAKTHYECKOro HCIOJbH30OBA-
HEA 3T0TO M3nyvenms. Xora ReHTPHHHEE HCCALN0-
BAHRA OKA3WBAIM W OKA3HBAIOT BARAHNEE HA CAMIP
pasamunsie ofracT GMSEKE W TeXHMKW BKCHepH-
MEHTa, NPAMOro BHXOAa B OPHKJANHNE 3ajlavM
oun me mmewr. Ilpencrasasercs, dro ceiivac,
KOrla passmTHe AAEPHOH OHEPreTHKH NpHBERO
K COSAANMI0O PeaKTOPOB MONINOCTHIO NECKOABKO
THICAY MEraBaTT, MOABWIMCH YCAOBHSA JJAA Heuo-

ANHAMMEN BRTOPAHMA M HARKOIJICHMA ACAAMMXCH
HYKIAHJIOB B AKTWBHON 30He,

AHTHHeHTDHAO BO3HMKAWT B peaxkTope B pe-
ayavrare fB-pacuafos ockoaxos (mecTs Ha 0AHO
neaenne). [lorox sTmx wacram wa fgerexTop onpe-
NeAALTCA MONUIIOCTHI) PeaKTopa ® reoMerpued:

= 1.6-10“—,(:—, s CM™2.c71,

rie Q — rennosas mowmocrs, 'Br; R — addex-
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Rovno
WWER440
18 meters from the core

The detector: 500 liters of LS (Gd
loaded)

First results: 1984!

18 m
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Solar neutrino problem,
neutrino oscillations

Since the late 1960s, neutrinos have been detected from
the Sun, where they are produced in huge quantities in
thermonuclear reactions.

The number of registered neutrinos turned out to be 2-3 \Y
times less than expected from the model of the Sun and T
our knowledge of thermonuclear reactions.

v, —V,

One possible explanation for the neutrino deficit is \/\/\/\/

neutrino oscillations: each neutrino is a superposition of
mass states, so the probability of observing a particular
type of neutrino, such as an electron neutrino, depends

on the distance from the neutrino source. R T e A

1000 2000 3000 4000

P = [—sin’ 29-55}7‘7[1.274‘”752; J

probability

-

L/E (km / GeV) 15



Solar neutrino problem,
neutrino oscillations

Am? in eV?

By 2000, a considerable amount of conflicting data from e
different solar neutrino experiments had accumulated. 1=

10 °

The problem was solved using reactor neutrinos in the 10 -

KamLAND experiment (Japan).
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KamLAND
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After KamLAND 1401
1201 https://pdg.Ibl.gov/2023/
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Why all mixing angles are E
large, except 05 ? g oo e I ]
a0 ?«Cfi.?i?‘ g B ]
_ _ 2~ e ™ E
The question was answered in I e % ol _-
reactor neutrino experiments S + + = :
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Figure 14.8: Energy spectra for prompt events at the far detectors for Daya Bay [141],
RENO [142], and Double Chooz [143].




In all 3 6,5 experiments, as well as in the NEOS experiment,
an excess of neutrino events over the expected energy

spectrum has been observed around 5 MeV.

New sterile neutrino(s)?

A search for sterile neutrinos at a nuclear
reactor was first proposed by L. Mikaelyan
and V. Sinev, Yad. Fiz. 62, 2177 (1999),
Phys. At. Nucl. 62, 2008 (1999).

Table 14.5: List of reactor antineutrino experiments for O(eV?) oscilla-
tions https://pdg.Ibl.gov/2023/
Name Reactor power Baseline Detector Detector op/FE S/B
(MWip) (m)  mass (t) technology @1 MeV(%)
NEOS 2,800 24 Gd-LS 5 22
DANSS 3,100 10-13 Gd-PS 34 ~30
STEREO 57 0-11 Gd-LS 10 0.9
PROSPECT 85 7-9 SLi-LS 4.5 1.3
NEUTRINO-4 100 6-12 Gd-LS 16 0.5
SoLid 80 6-9 Li-PS 14
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Geo reactor  Total Earth heat flux is 47+2 TW

Sources: gravitation, radioactive elements, geo-reactor (?)

«—— Period 1 Period 2 > Period 3

—4— : KamLAND data

: Reactor v,
: Reactor v, + other BG
:All BG + geo v,

v

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Year

Abe, S., et al. Geophysical Research Letters, 49, €2022GL099566. : The hypothesis that there may exist a natural
nuclear fission reactor in the Earth's interior, a so-called georeactor (Herndon, 2003), can be tested using
KamLAND data. The energy spectra are fit by adding a constant flux from the hypothetical georeactor assuming a
fission ratio of commercial power reactors with the averaged oscillation effect. The geoneutrinos from U and Th are
allowed to vary for the spectrum fitting.

The KamLAND data give a limit on the georeactor power of <1.26 TW at 90% C.L. -



Our days reactor neutrino projects in Russia

Kalinin NPP:

GEMMA: neutrino
electromagnetic properties
DANSS, DANSS-2: reactor
monitoring, sterile neutrino
vGeN: CEVNS

RED-100: CEVNS
IDREAM: reactor
monitoring

SM-3 reactor
(Dimitrovgrad, Russia):
Neutrino-4 (sterile neutrino)

Novovoronezh NPP:
place for new projects

21



What next?

» Mass scale

» Sterile neutrino(s) (Neutrino-4, DANSS-2, etc)

» Mass ordering (JUNO + others)

» Neutrino-antineutrino difference (JUNO + others)
» Electromagnetic properties (VGeN, etc)

New physics?

The influence of New Physics is expected to produce spectral
distortions in the energy region of recoil nuclei induced by
coherent neutrino scattering (CEvNS) below 100 eV.






DANSS Investigations of reactor antineutrinos at the KNPP
with an inverse beta decay detector

Segmental
solid plastic

2 5

last. sent.
(u-shield)

F

CH, +B

— (n-shield)

Pb

3

scintillator

(2500 cells) || NV

Sensitive
volume=1 m3

y-shield)

[ 1

Cu (carriage
frames =

I

—— —_ y-shield)

i

Compact (1 md3) highly segmented (2500 plastic
scintillator plates) neutrino spectrometer DANSS
aims at searching for oscillations in sterile
neutrinos, as well as monitoring with neutrinos the
reactor power and the composition ot nuclear fuel.

v,+pon+e”

— 1— \Ve
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DANSS is installed on a movable platform under
3.1 GW WWER-1000 reactor at Kalinin Nuclear
Power Plant

(Core:h=3.7m, @=3.1m) at Kalinin NPP.

~50 mwe shielding => p flux reduction ~6!

No cosmic neutrons!

Detector distance from reactor core 10.9-12.9m
(center to center) is changed 2-3 times a week

Trigger: XE(PMT)>0.5-0.7MeV=>Read 2600
wave forms (125MHz), look for correlated pairs
offline.

Main tasks: search for short-range neutrino

PR | PRYL R Ry Bl R R hd

Water

] . - 10.7

Fuel fission fractions: average,
start and end of campaign [%]
235U 54.1 63.7 44.7
239Pu 33.2 26.6 389
2380 73 68 75
241Pu 55 28 85
(for a typical campaign)
25



DANSS Detector design

3 WLs-fibers

Rear mirror ends of the fibers
/ -~~~ /////—

£

7

| 1cm

4 cm

Polystyrene-based scintillator
To PMT (R7600U-300)

in grooves

Gd-containing coat
(1.6 mg/cmz)

SiPM (512825-050C)

1 layer = 5 strips = 20 cm

Strips along X and Y — 3D-picture
Y-Module

X-Module

« 2500 scintillator strips with Gd containing

coating for neutron capture

e Central fiber read out with individual

SiPM

« Side fibers from 50 strips make a bunch of

100 on a PMT cathode = Module

JINST 11(2016)n011,P11011

B0 50 30 2x30
MPPC st | [}z || 2x
- ]

Copper frames
(= internal part
of the shield)

i

Hy| (H

Sensitive volume:
polystyrene-based
scintillator strips

The detector basement
(cooled copper plate)

Coclant
passage

SEGEE

; E\H SEEEEEREE R

» Two-coordinate detector with fine
segmentation — spatial information

» Multilayer closed passive shielding:
electrolytic copper frame ~5 cm, borated
polyethylene 8 cm, lead 5 cm, borated
polyethylene 8 cm

« 2-layer active p-veto on 5 sides
26



DANSS status

10! —
RAA+GA

90%, 95%, 9
allowed regions
* best fit

Am3,, eVv?

DANSS (90% CL)
mm CL_exclusion
., — Sensitivity
X 1072 107! 10°
5in%26,e

* Exclusion region was calculated using
Gaussian CLs method for E, in 1.5-6
MeV region

* The most stringent limit reaches
sin%20 < 4x107 level.

* A very interesting part of 4v parameters
is excluded.

» The most probable point of RRA+GA is
excluded at >5¢ confidence level already
in 2018

Total statistics accumulated is 6M IBD-events in 6 years and 4 reactor off periods
(4.4M events in oscillation analysis)

DANSS statistics accumulation

x10°
4(2 =
c C
L%’ 6000 Reactor off
A C [ ]Bottom
@ 5000 I Middle
= []Top
4000~ |— Total
3000E" Reactor off
2000
1000

04/16 10/16 04/17 10/17 04/18 10/18 04/19 10/19 04/20 10/20 04/21 10/21 04/22

Date, MM/YY

Neutrino reactor power monitoring with 1.5% accuracy in 2 days during 6 years

33500, T
= , e Bk i i _ . 2 _
5_3000 ¥ " e ﬂ.l' T, T'l o M
g 1 !
S 2500{H , '
2000} )
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1000 [H f Up
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DANSS upgrade

Main goal:
to reach resolution 13%/\E

current very resolution is 34%/VE.

New geometry:
Strips: 2x5x120 cm,
2-side 4SiPM readout
Structure: 60 layers x 24
strips: — 1.7 times larger
fiducial volume
Setup uses the same
shielding and moving

platform.

Gd is in foils between layers.

New scintillator strips

2 50
<10 >

I
U

1.5
WLS fiber positions were optimized for better
uniformity of response
New fast (4ns decay time) YS2 fiber will be used
8 saof Longitudinal profile Odml ot v BEST:
3 260F- " L ol
o 3 5 1.5 years of Ry
S220F- =Sl A data taking | 2
S200F )
180F + Whole Strip 84 after l:] lo
160F- P | 4 * b.fp.
140F- e 7] upgra P
120F- e .
1008 &= = 80 p.e./MeV ~ 6 1
80F, L L L 1 L 1 L N>
—-600 —-400 -200 o 200 400 600 1
Position, mm ) 54 £l
(3 F .
S-280F- Transverse profile Y
2260F O aaan W ot 3 4- |
S 240F v ¥
£ 2208 ek 3 [1DANSS sensitivity-|
5200 “ SideB after upgrade
o i 2 [1DANSS 90% C.L.
MIGE. .= e Simims: i iz Jb exclusion
120E - N S 1‘! = - W Neutrino-4 result |
1:2%: l 2% fluctuation rm.s. () o —p——p——p——————————
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Position, mm

sin26



Coherent elastic neutrino nucleus scattering (CEvNYS)

For low energy the cross section is 2-3 orders above of other
channels

* Astrophysics and cosmology (early Universe, SN)
* The background for DM search

2
* Parameters of the Standard model do(E,,E;) G% , 1 my E, F2E
*  Search for New physics r @ v
0.245 RGE Running 7 Q. = N — Z(1 — 4G
¢ Particle Threshold 3
Measurements -
P 1 Eplev] AlGe Pb
0.240 F SLAC E158 E 10‘%
5 - lAPV Ques | N ; 10°
T 0235 | AN 3 X Average recoil energy, E,, for
£ eDIS : various nuclei as a function of
3 P E 10’; neutrino energy, from Phys. Rev.
F Tevatron sLC FLHC ] - D30, 1984, p2295
0.230 | N —: X
- 3 10'E
0.225 R RTTIT B R TTIT B AW R TTTT SRR TTT AR TTTT MW RTTTT SRR TTTT BN R L
104 1073 102 107! 1 10 102 103 10* 10° it
1 [GeV] 1 10 100

The influence of New Physics is expected to produce spectral distortions in the energy region of recoil
nuclei induced by coherent neutrino scattering (CEvNS) below 100 eV. 29
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-1 experiment: search for CEVNS and other rare processes

The experiment vGeN is aimed at studying the properties of reactor’s
antineutrinos. The search for the coherent elastic neutrino-nucleus scattering
(CEVNS) and other rare process (search for neutrino magnetic moment, etc) is
performed. The projects is conducted mostly by JINR group.

CEvVNS is a process for low energy neutrino, E ,< 50 ®
MeV (full coherency below ~ 30 MeV) R
Cross section is enhanced by several orders of magnitude
Proportional to the number of neutrons squared, N2 @b e-
Recoil energy is very low — less than few keV "qy
Often only a small part of recoil energy can be detected Additional EM
due to quenching (<25% for HPGe). component

AY 1072

No energy 107

threshold 10-8

Neutrino cross sections

Coherent scattering

inverse beta decay

2 4 6 8

10 10

1do/7dT [10*°cm?/ MeV /fission / electron ]|

100047

1004

dG,,/ dT (1)

-

-
-~
~

A magnetic moment is a
fundamental parameter of neutrino
and its investigation may lead to
results beyond the standard
concepts of elementary particle
physics and astrophysics. The
observation of NMM above 104
pg  would be a New Physics
beyond the SM and indicate
Majorana nature of neutrino,




W eN experlment search for CEVNS anc other rare processes

L

T

oOWm@aEo e

1]

,,,,,,,,,,,,,

The experiment vGeN is aimed at studying the properties of antineutrinos
from the reactor of the Kalinin NPP (Udomlya, Russia). The search for the
coherent elastic neutrino-nucleus scattering and other rare process (like search
for neutrino magnetic moment) is performed.

A

Distances to the
center of reactor
core: 11.1 -12.5m

Spectrometer vGeN is located under the reactor
unit #3 (3.1 GW,, — thermal power)

Distance to the center of the reactor core is about
11 m, this gives ~ 4-10*3 v/(sec-cm?)

Overburden ~ 50 m w.e. — good shielding against
cosmic radiation due to reactor’s surrounding?




W -, lexperiment: search for CEVNS and other rare processes

To detect signals from neutrino scattering we use a \ ; - “ml 70 AN\
specially produced by CANBERRA (Mirion, | 5 e : ST y
Lingosheim) low-threshold, low-background HPGe \
detectors. At the moment, only one detector with a
mass of 1.4 kg and e-cooling is used for the detection
at KNPP.

Active L veto—5cm

Borated polyethylene, 3.5% - 8 cm

Calibration pipe

Lead shielding— 10 cm

Borated PE, 3.5% — 8 cm
Oxygen free copper

Antivibration platform

The passive and active
shielding has been organized in
order to suppress background
from surrounding. Additional

CP5+

—
cooler —

3D printed nylon

systems to suppress radon
background and
microvibrations were
developed. Special acquisition
system has been developed to

AAatAamt varnnl, AtamsaAal~




experiment: search for CEVNS and other rare processes

2 - Reactor ON Analysis of the first data shows no significant difference in
+ t Reactor OFF background level during reactor ON and OFF regimes. No
B excess at low energy connected with the CEvNS has been
B observed. The upper limit on the quenching parameter k < 0.26
- with 90% CL has been obtained (dashed line). Red solid line for

" *ﬁ'H bl | quenching parameter k = 0.179.
o4 el ﬂi ﬁwiﬁﬂ”fﬁ ﬁ R o : —
02 ; t HI fttt H m  Measurements with the vGeN spectrometer at Kalinin Nuclear
N T T N I I . Power Plant are ongoing.
0.3 0.4 0.5 0.6 0.7 0.8 Engrgy keV

* First results have showed that achieved background level
allows to search for CEVNS at KNPP. No significant
difference between regimes with reactor ON and OFF has
been observed so far.

H W[\ * More than 1200 kgd of data has been accumulated so far.

L
HW i * | Ssince 09/2022 the data taking are performed at reduced
distance to the reactor core.
{ » The optimization of data taking is performed as well. New
e results with more statistics are expected soon.

0.9 33
Energy, keV




Why we want precision measurements?

do(E,,E,) G

2
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dE,
0.245 RGE Running
Particle Threshold
Measurements
0.240 F
C APV Qweak
=2 ¥
‘D 0.235 |
£ -
n [
0.230 |
[ R.L. Workman et al. (Particle Data Group),
E Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
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Why we want precision measurements of neutrinos from reactor?
arXiv:1707.06277v1 [hep-ph] 19 Jul 2017
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RICOCHET experiment: New physics with precision measurements of CEvVNS at reactors.
0O

o ™ W om om o om =

" CRYOCUBE
_________ Ge & Zn (& S1?)
-
-~

RICOCHET aims at building
the ultra low-energy CEVNS
neutrino observatory 7o i
dedicated to physics beyond 252
the Standard Model

3 HEISING-SIMONS

= |

A Coherent Neutrino Scattering Program

m I'- =
estsm (PAL il @ues

The CRYOCUBE: a compact
The first key feature of the RICOCHET tabletop size setup
program, compared to other planned or ongoing
CEvVNS projects, is to aim for a Kkg-scale
experiment with significant background rejection
down to the O(10) eV energy threshold.

50 eV energy threshold with
a 10° background rejection
down to the threshold

27 x 33 g detectors
8x8x8cmd

radio-pure infrared-tight copper box
37




Detector-bolometers developed by
Dark Matter search experiment
EDELWEISS-LT

§YE TN
E b i
O W0E :
E 1600V 1.3key  10.37 keV
0 TR
wiki W
2 l M‘ '{"‘ ﬂ
107 107! 1 10

DHepri, K3B

An unprecedented charge resolution of 0.53
electron-hole pairs (RMS) has been achieved
using the Neganov-Trofimov-Luke internal
amplification.

E: = E; + - EoAV

Charge/Phonon sensors

¥

<> prompt phonons E field

(R

Charge/Phonon sensors
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Coherent elastic neutrino-nucleus scattering (CEVNS)
The use of bolometers makes it possible to measure the energy of the nucleus directly (heat signal), in contrast to
semiconductor detectors that measure ionization.
This it the way to the precision measurements.
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Optimised for extraction of intense neutron beams

‘ High-(neutron)flux reactor of the ILL
* 58.3 IVIWthermaI

* Single compact fuel element:
O P40 cm X 80 cm
< Highly enriched fuel: 23°U (93%)
< 1 cycle ~50 days
<& 3-4 cycles/year

* Heavy-water moderated

' » Flux in moderator: 10*> n/cm?s

THE EUROPEAN NEUTRON SOURCE NEUTRONS
FOR SCIENCE
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RICOCHET: Searching for nuclear reactor site - ILL

58 MW nominal thermal power
Large neutrino flux: ~1x10%° v/s

* Sm from core: 40 evts/day/kg
* 7m from core: 20 evts/day/kg

3 to 4 cycles per year: excellent ON/OFF
modulation to subtract uncorrelated backgrounds

Significant overburden (~15 m.w.e)

Ricochet could make use of STEREO casemate
after its dismantling (2021 - 2022)

Ricochet would benefit from the strong STEREO
experience and background characterization

Monte Carlo studies ongoing to estimate the
expected backgrounds:

* reactogenic and cosmogenic
Lol submitted to ILL directors end-Feb

STEREO Coll., JINST 2018
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Site H7

Antineutrino source and site

*Baseline: > 8m

*Overburden:
15 m.w.e.

+Shielding
improved for
STEREO

*H6-H7 beam

tube removed,
or closed by plug

Advantages

* Pure 23°U spectrum, compact core
* Frequent on-off changes
* 15 m.w.e. overburden

 Profit from STEREO (site prep, reactor
spectrum)

» Scientific environment and technical
support

/ \(.,
Water channel /
footprint |

Disadvantages

PR T —
ctor\ | /e oi____§ |
— “i o l--lgr
SV

= \‘. 78
17 4 > &
\ WA
:/,/

j Movable
spectrometer

P Heavy concrete

B Lead
I Polyethylene

Boron-loaded rubber

* Need to be close to core for high

flux = Signal/ReactorBG?

* Backgrounds from neighbour
instruments

* Limited crane access
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The experiment will deploy a kg-scale low-energy-threshold detector array combining Ge
and Zn target crystals 8.8 m away from the 58MW research nuclear reactor core of the ILL

mmmm CENNS ST

------------------------------------------- m—— Cosmogenic NR
Reactogenic NR

10?

10

Event rate [evi/kg/day/keV]

107 107 10°
Recoil energy [eV]
Cosmogenic Reactogenic Total (MC) CENNS (Ge/Zn)
Nuclear recoils [50eV, 1keV] (evts/day/kg)
No shielding (I) 1554 £ 12 53853 + 544 55407 £+ 545 -
Passive shielding (II) 4243 24403 44 +3 -
Passive + p-veto (I1I) T2 9+2 128 /11.2

The Ricochet experiment should reach a statistical significance of 4.6 to 13.6 ¢ for the detection of CENNS after one
reactor cycle. The start of the data taking in the experiment is planned for 2024. 43






Non-Standard neutrino-quark

Constraints on Z' searches ) . . .
interactions in the neutrino-

10° electron sector.
* Neutrino magnetic moment; 1.00
1071
/ 0.757
« Searching for new massive mediators o T e | s
Some extensions of the SM suggest the 107 y 0251
presence of an additional vector mediator r\ 28 000

\ W

boson [E. Bertuzzo et al., JHEP 1704, 073
(2017)], that couples both to the neutrinos and
the quarks, called Z'.

-
9
w
]
|
o
)
W
]

LHC maonojet

CHARM

Median 90% Upper Limit on gz

= =

o o

& L

1 |

I

I

w

o

1

107 o et
» Non-Standard Interactions o L hewesncerm | | Tl
New physics that is specific to neutrino- S THOOTRTTasETas Dy 0% 000 O 18
nucleon interaction is currently quite poorly Projected sensitivities of the Ricochet experiment, located at 8 m from the ILL
constrained, and is motivated in some beyond- reactor core, to new physics searches in the low-energy CEVNS sector
SM scenarios [J. Barranco, O. G. Miranda, § 10 v =101 4 v-flux: 102cm2st
and T. I. Rashba, Phys. Rev. D 76, 073008 E ok . Ge Target
(2007.)]. Ip the context of a model-'lndependent g TN Standard Model
effective field theory, the Lagrangian - R ,
describing the neutrino-nucleon interaction z = N -
leads to NSI operators, which can either 2 )
enhance or suppress the CEvNS event rate. g 10
1 4m? = 1.3 eV?
« Sterile neutrino. \
| | \IIIII‘ | | \I\III| | | \\\I\I‘-“ | L 1 L1l

-1
10353 107 107

1 10
Recoil energy [keV] 45




Precision measurements

Uncertainty on Parameter

Approximate uncertainty on CEVNS Rate

The thermal power Py, 1.4% 1.4%

Distance 0.3% 0.6%

E/fission ~0.3% ~0.3%

fission fractions o; <1% for 23U << 0.5%
5-10% 2%°Pu, 24'Pu

fission spectra S; Conversion: 2-3% 2-3%

Summation: 5-10%

CEVNS cross section o,

0.5% (6,,)
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Event rate [evts/kg/keV/day]
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Arbitrary location for
he experimental

WWER-1200
the exp
hall - 22.7 meters

zone:

length 8 m
height 3 m

First place proposed
-5.4 m (underground)
Strong basement,

No noise or vibrations

Maximal registered muon flux is 16.2 u m= srt sect,
About 7 times less with respect to the max of the sea level,
This corresponds to ~50 mwe.

Measured neutron flux: <10-°> m=2 sect,
More than 20 times less with respect to the max of the sea

level.

There is expected anisotropy (better shielding from the
reactor)




Neutrons

n+3He — p +3H + 764 keV

For thermal neutrons 6=5333 + 7 barns

For fast neutrons, the reaction has cross section ~1
barn.

There are also elastic scattering, (n,D) reaction, etc.

Study of ambient neutrons with He-3 detectors is
only possible when detector’s intrinsic a-
background is low.

Example of interaction of 2.5 MeV
monoenergetic neutrons with He-3

PHYSICAL REVIEW VOLUME 122, NUMBER 6

Interaction of Neutrons with He?®j

A. R. Savres, K. W. Jongs,* anp C. 5. Wu
Columbia University, New York, New York
(Received February 7, 1961)

3000 —— I [
He3(n,p)H>
PEAK FOR
Ep=2. 5 Mev H
EPITHERMAL \
2000 [— | He3(n,p)H® PEAK —]
1 .
i
N \
\_ \ 5%
. \} A RECOIL
Jaltele) \ 2! DISTRIBUTION
. k ~/ I
KI’-I-CO RECOIL i
+y\RAY BACKGROUNDS _ J‘/ \
o, P -
05 ) 00 150 200

PULSE HEIGHT

F1c. 3. Neutron spectrum observed with the He3-filled propor-
tional counter using 2.5-Mev neutrons from the H3(pn)He?
reaction. Backgrounds in the absence of He? are also shown. The
curves shown are the differences between runs taken with a
collimator and a solid cylinder.
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Counts per 50 keV, day

980 nmm

OXpaHHnoe
KOJIBIIO

960 vmm

CHI'HAJIBHAA HIITH ~_ /

Low background He-3 proportional
counter

CTCK/ISIHHBIC H30JISITOPBI
TpyOKa 13| [HepikaBeroeii cramm

1020 yvim

Why low background detector is needed is
demonstrated on the figure below (measurements at
Dubna)

0 Blue: usual He-3 detector
10° Red: low background He-3 detector
(measurements at Dubna, so high energy tail
10° are neutrons + own background)
Both detectors have same sizes and amount of
102
He-3
10
1
107"
1072 : . ! ! . e | t

2x10%  3x10? 10° 2x10° 3x10°

4
Energy, ke1\9

50

@320




Counting rate, ke V! day!

-
o
o

1071

1072

Neutrons at NVNPP, results

Energy spectrum accumulated for 8 days, all measurements performed during reactor ON

-
o
r s

-
o
w

E “He(num, p)l*H
— 764 keV Blue line : Dubna
- Red line : NVNPP
— ‘He(ngq, pP*H : En + 764 keV
1 0 ,!'\ elestic, (n,D) , etc
J -
- [ - background (<5 cpd allinterval > 1 MeV, <2 cpd for 1-3 MeV)
1 ' Fast neutron’s energy interval analysis
Bl | it
I | W' ‘” \ |
2x10? 3x10% 4x10° 10° 2x10° 3x10° 4x10° 10

Energy, keV



Thermal neutrons (764 keV ROI: 660-830 keV) Statisﬁ%« the flux is stable

= 100

60

= 2105 sec-! cm-2 x? / ndf 190.1 /185
oo Ptn=(6.010.5) x 10~ sec' cm 50 5517 4 0 53
80
: RN
’ | ! ’ (Wi

50 4
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Counting rate for thermal neutrons

30

20

10

IIII|IIII|IIII|IIII|IIII_E.u- I|IIII|IIII|IIII
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=
=

1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1
0 20 40 60 80 100 120 140 160 180

Time from start, h

o

Dubna 2 %1078 1
NVNPP 6 x 10° 89
ILL, reactor ON, place 1 1.2 x 101 0.02

LSM 2x10° ~1000 2



Fast neutrons

Place Counts above background (LSM) Ratio to Dubna
for 1 -3 MeV, day!

Dubna 50 1
NVNPP 2 (30 counts for 7.7586 d, and assuming bkg=1.8) 25
ILL, reactor ON, place 1 55 0.9
ILL, reactor OFF 6.8 7
1P2I 40 1.25
LSM 0 (assume all 1.8 cpd are background)

Thus, in agreement with low muon flux we found significant reduction factors for both fast and
thermal neutrons
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ok Enlevl AlGe Pb

. . e e e 10°k /
» Aim — signal/background discrimination; - Average recoil
energy, E,, for
various nuclei as a
function of neutrino
energy, from Phys.

Rev. D30, 1984,

Neutrinos from pulse reactor

» Neutrinos come from beta radioactive isotopes;

o ) ) 10’ - p2295
» Short living isotopes == high energy i
i E,[MeV]
Maximal recoil energy 2E */M 1o° ] 10 100

for Ge ~2.5 keV (10 MeV), 6 keV (15 MeV)
I.e. ionization ~ 0.5 keV and 1.2 keV

»High energy # high energy neutrinos

Background (shield from cosmogenic radiation)
Distance from reactor (i.e. flux).




Conclusion / outlooks

* The properties of neutrinos are fundamental to particle physics, cosmology and
astrophysics.

* A number of fundamental questions have been answered with reactor neutrinos,
from the first experimental confirmation of the existence of neutrinos, to the
precision measurement of the mixing matrix parameters of neutrino states.

» Advances in experimental techniques have and will continue to allow for new
research at the leading edge of science.

* The solution of fundamental problems with neutrino detection leads to the
possibility of application of the developed methods for remote control of reactor
operation.



224

2
o]
o]
©
o=




