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SM-3 research reactor

EEEE Vertical and horizontal
« 100 MW thermal power " sections of SM-3
reactor

» Compact core 42x42x35cm
 Highly enriched 23U fuel

 Separated rooms for
experimental setup

 The laboratory is poorly
protected from cosmic rays
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Antineutrino detector in
passive shielding

Due to some peculiar characteristics of its construction, reactor SM-3 provides the most favorable conditions to
search for neutrino oscillations at short distances. However, SM-3 reactor, as well as other research reactors, is
located on the Earth’s surface, hence, cosmic background is the major difficulty in considered experiment.



Movable and spectrum sensitive antineutrino detector

detector (5x10 cells)
internal active shielding
external active shielding
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Gamma background in passive shielding does not depend neither on the power
of the reactor nor on distance from the reactor
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The background of fast neutrons in passive shielding does not depend
neither on the power of the reactor nor on distance from the reactor

—a— Fast neutrons. Reactor ON.

— —— = —> 121 —e— Fast neutrons. Reactor OFF.
Fast neutron flux 103stcm, - W
cosmic background level E T

=
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. v 4 |
outside (near reactor wall) =
inside
0 20 40 60 80 o0— -
Reactor power, MW 6 7 8 9 10 11

distance from reactor core center (m)

The background of fast neutrons in passive shielding is 10 times less than outside.
The background of fast neutrons outside of passive shielding is defined by cosmic rays and
practically does not depend on reactor power.



Absence of noticeable dependence of the background
on both distance and reactor power was observed. As a
result, we consider that difference in reactor ON/OFF

signals appears mostly due to antineutrino flux from
operating reactor.
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8-10 days

Measurements with the detector have
started in June 2016. Measurements
with the reactor ON were carried out

(ON — OFF)/ OFF

for 480 days, and with the reactor = 50%
OFF- for 278 days. In total, the reactor
was switched on and off 58 times.
2-5 days ON 2-5 days ON 2-5 days ON
OFF 8-10 days OFF 8-10 days OFF
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Probability of antineutrino disappearance
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The method of the analysis of experimental data should not rely on precise knowledge
of spectrum. One can carry out model independent analysis using equation (2), where

numerator is the rate of antineutrino events with correction to geometric factor 1/L.2 and
denominator is its value averaged over all distances.

Z(:[(Rf’;p — Ritn‘()2 /(ARie’ﬁp)z] = x*(sin? 26,,,Am%)
L
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2 .
The results of the analysis of optimal parameters Am14 and 3|n2 201 4 using ;(2 method
( A Ritﬂ]()z /(ARﬁ)k(p)z] = Zz (sin® 2914’Am124)
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It seems that the effect predicted in gallium and reactor
experiments Is confirmed, but at sufficiently large values

AmM?, = 7.35B° sin®20,, =0.39+0.12

The mixing parameter appears to be large enough In
comparison with existing limitations from the Daya Bay
and Bugey-3 experiments, but the difference between

the results 15 0.19 -

- (0.18, 1.e. one standard deviation.

Therefore, there Is no clear contradiction.



2 :
The results of the analysis of optimal parameters Am14 and sin? 20, using )(2 method
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The method of coherent addition of results of measurements allows us

to directly observe the effect of oscillations
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Am124 ~ 7>B*
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The expected effect at the different interval for distance

and for energy (right part of equation 2)
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The first observation of oscillation of reactor antineutrino in sterile neutrino
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« Sectioning of the detector The test with a source of fast neutrons

16
 Problem of fast neutrons
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Test of systematic effects

To carry out analysis of possible systematic effects one should turn off antineutrino

N(L, E}¥N(L.E})yverage

[a—
|
i

f—
—

=
e

flux (reactor) and perform the same analysis of obtained data

o predicted. sm2=7.34eV2, sin?20)=0.39
& BRackground deviation

s Observed. Background.

=]
§ 0.2- 'l o~
L ]
- ""
I Q _I_"F"iﬁ tTr:an Vo lh L lesh
—A—+ — T o
[ ol - i é {I{I * J l I—HL HM rt E-'_..H 'i_'* ¥ .
S W ik -
i T E 1 ’ ‘ _; .' .‘..
= % 4 » X 0yt
e
4 2 o *Am=T3eV sin'(20) =044 £ 12029017
< Zero rDoF 181319
10 | L5 | 2.0 | 2.5 L0 | 15 1 20 | 25
LE *,

data analysis using coherent summation method
analysis of the results on oscillation parameters plane

Thus no instrumental systematic errors were observed. 18
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Additional dispersion of measurement result which appears due to
fluctuations of cosmic background
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Sensitivity of other experiments NEOS , DANSS , STEREO and PROSPECT together with Neutrino-4
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Experiment Neutrino-4 has some advantages in sensitivity to big values of ~ Am{, owing to a compact reactor core, close minimal
detector distance from the reactor and wide range of detector movements. Next highest sensitivity to large values of Am124 belongs
to PROSPECT experiment. Currently its sensitivity is two times lower than Neutrino-4 sensitivity, but it recently has started data
collection so it possibly can confirm or refute our result. 70



Some advantages of experiment Neutrino-4

Experiment Neutrino-4 has some advantages in sensitivity
to big values of Am?, owing to a compact reactor core,
close minimal detector distance from the reactor and wide

range of detector movements. In total, the reactor was
switched on and off 58 times.



Present status of Neutrino-4 experiment search for sterile neutrino
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Future prospect of experiment
search for sterile neutrino

1. New measurements with detector Neutrino-4 and new scintillator with
more high concentration of Gd and with PSD quality

2. Creation of the second neutrino laboratory at the reactor CM-3

3. The development and manufacture of a new detector Neutrino-6 with
a sensitivity of 3.1 times higher



New measurements
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The results of the analysis of optimal parameters Am124 and sin? 2014
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Analysis of experimental data with two sterile neutrino
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Analysis of experimental data with two sterile neutrino
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MC simulation of experiment DANSS
and analysis of experimental data DANSS with two sterile neutrino
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Future plans: Experiment Neutrino-6

Neutrino laboratory on the SM-3 reactor in room Nel70

Neutrino |
Laboratory No. 1 e s
SM-3 reactor
2
Scheme of two detectors AS
AS AS \(active shielding)
1 [
% = Fe 10cm
= CH,B 50cm
. PMT 9354
Neutrino (25%2)

Laboratory No. 2

FIG. 22. Scheme of a new experiment on search for neutrino

oscillations in room No. 170 of the SM-3 reactor.



Arrangement of new detector Neutrino-6 on the reactor SM-3 = -
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Expected increasing of accuracy for NEUTRINO-6 experiment

m Consequence Increasing accuracy factor

4 detectors 3x larger volume 1.6
Gd concentration  4x less accidental background 1.5
PSD 4x less correlated background 1.3
Total

The project is planned to be implemented with participation of
colleagues from DANSS and NEOS collaborations.
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« Sectioning of the detector The test with a source of fast neutrons

16
 Problem of fast neutrons
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time, us

24 central and 16 side cells for full-scale detector i
Experimental average

mm angular cell |in all cells percentage of multi-start

a2% 22 19% @ events for full-scale detector
Calculated percentage of multi-start events T (37 £ 4)% 36
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Independence of identification of effect of oscillations of a form of a neutrino spectrum
3 different ranges were chosen : 1) U-235, 2) Expetiment, 3) Monte-Carlo

A Observed, 24p, 500keV
expected, 24p, 500keV, U-235

*  predicted, 24p, 500keV, experiment
159 + predicted, 24p, 500keV, Monte-Carlo

oL % .
e T ORIy VN e 3 -+
| \"*m%**g tJ‘ j '%'”}Ji# i HLH*::“F f s~—-+*

:' rl]_ —A—

Inexact measurement of energy
influences to definition of: Amg,

N, E)YN@L,E)_. .

0.5 +

1.0 1.5 2.0 2.5
L/E

Apparently there is no difference. It also should not be because spectra are strictly canceled in formula (2)

N(E;, L)L B [1-sin® 26, ,sin*(1.27Am;, L, / E;)]

RIK = =R" @

K‘lgN(Ei Ly L2 ) K1%[1—sin226’145in2(1.27Aml2 Lk /Ej)]
” K ” 4 39



Test of systematic effects

To carry out analysis of possible systematic effects one should turn off antineutrino

N(L, E}¥N(L.E})yverage

[a—
|
i

f—
—

=
e

flux (reactor) and perform the same analysis of obtained data

o predicted. sm2=7.34eV2, sin?20)=0.39
& BRackground deviation

s Observed. Background.

=]
§ 0.2- 'l o~
L ]
- ""
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—A—+ — T o
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e
4 2 o *Am=T3eV sin'(20) =044 £ 12029017
< Zero rDoF 181319
10 | L5 | 2.0 | 2.5 L0 | 15 1 20 | 25
LE *,

data analysis using coherent summation method
analysis of the results on oscillation parameters plane

Thus no instrumental systematic errors were observed. 40
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Analysis of possible difference in efficiency of rows of the detector,
using the background of fast neutrons which is given rise into the building from cosmic muons.

100 Selfshilding from
1200 \ fast neutrons inside
1000 __ deteCtor f
:,a 300 — -
§/ 600 —| - -
200 —_ B background

The background of fast neutrons is asymmetric
because of structure of the building.

|
J E | 23000 é] [
[l 5 . 1 —
000

Antineutrino detector in
passive shielding

Active zone

deviation (%)

30
20 -
10 —

O

-10 .
20 .
-30 J
10 .
-50 .
rete) .
70 .
RO .
—00 .

upper limit
less than 4804
-— —a L = = & g -
C ] L
- background dcviation

-100

row numbcr

The dispersion on a background when moving the
detector is within the same 8%.

We use only 8 internal rows,
the first and tenth are protective. 41



Averaging of detector rows efficiencies due to movements (above estimation)

L(m) Numbers of detector row Average efficiency at various distances

6.4025
6.6375
6.8725
7.1075
7.3425
7.5775
7.8125
8.0475
8.2825
8.5175
8.7525
8.9875
9.2225
9.4575
9.6925
9.9275
10.1625
10.3975
10.6325
10.8675
11.1025
11.3375
11.5725
11.8075

20

20 4
Average squared deviation ~ 2.5%

-40 4

deviation (%)

-60

-80
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distance (m)

42



N(L, E¥YN(L.E)

Test of stability of the effect by means of removal of extreme positions

& Observed, 24p, 500keV, withoul first 2 positions
- AmI=7.34ev7, sin (20) = 0.39
1.5
Ll o 1
od ¢ -L '-li'l _;"‘ .?%F%%%E%ﬂ_.d-j i‘t—%
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1.0 1 2:“ 2:5
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A Observed, 24p, 300keV, without last 2 positions
CAm=n eV sin (20 =029
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average

4 Observed, 24p, 500keV
2 2 .2
s Am =7.34eV ,sin (20) = 0.39
1 "Ll_' ?{ll F klﬂ
wf b aifﬁp& P4
-~ ! ®
| o, ¥ L1
l 1
0.5 4 Am*=7.34eV?, sin’(20) = 0.39 y/DoF 10.26/17 GoF 0.89
Unity 2/DoF  22.29/19 GoF 0.27
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T
1.0

L/E

& (bserved, 24p, 500keY, without first 2 and last 2 positions
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L0

25

Conclusion
There 1S no reason to

consider that the effect can
be caused by structure of the
detector. The possibility of

averaging of efficiency of

the advantage of our
experiment.

various sections by placing
them at the same distance Is
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The source 22Na is
installed above the
detector at distance
about 0.8 meters and
irradiate  about 16
sections at once. PMTs
were normalized to one
energy scale by
selecting voltage on
them. Simultaneous
calibration of several
sections is required. For
all detector only 6
positions of the source
were used.

Overlapping of the
irradiated sections
unifies the calibration.

Energy calibration of the full-scale detector

Pu-Be neutron source

22 Na- gamma source

b - e - ey - —- -

’
BN T S =S ST F =18 XS

The neutron Pu-Be source
irradiated all sections at once.
This method has advantage
relatively to using of internal
sources.  The difficulty of
calibration at energy 8MeV is
that quanta from neutron
capture by gadolinium can't be
absorbed in the same row.
Therefore the detector
calibration should be
conducted on a diffuse edge of
spectrum.
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Energy calibration of the full-scale detector

200 | | | | ‘ ;
| 8000— ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —
180 - i —— Pu-Be neutron source ] E[keV] = '162 +2, 53 X[Channel] |
: -~ *Na 0004 i
160 ~ 1 | | | | : |
. e R e S
140 4 | 3 3 : : : :
- 111 511 keV e
% 120- '\ 2Na é)/
=z <
& 100 |4 Z 4000
< 1 S L R O R T
“» 80 i 1 A A N B
2 )ik 1274 keV 2200 keV 8000 keV 1 3 | 3 3 3 |
604 | 1§ np,dy Gd ny 2000 o N R
111t ' 1 ‘ i i i i i
404 14 1000 - A oo e
111 11 - - | |
01 ———
o] 0 500 1000 1500 2000 2500 3000 3300
L B e S B LA S S SR S B S S S . a—
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 x (channel)

E, keV

In the left - ranges of sources. In the right - the calibration of gamma quanta scale.
Registration of positrons includes inevitable loss of a part of energy of 511keV gamma-quanta. Because of the
threshold of registration in the adjacent section we have to increase errors up to £250 keV.

It is the calibration which needs to be used at data processing.

45



Energy calibration of the full-scale detector

(0.5114 0.142) MeV E-E  +08MeV
v~ —promt .
100 — =
L 20 — L
- Na™ y-source 50; Pu-Be fast neutron source Pu-Be fast neutron source
80— L
= 40?
L + 142 keV b
60 3 30
< 30r
- (1.274% 0.217)MeV = & c
40— 20j promt
: (2.2 + 0.276) MeV
20— + 217 keV “r 276 keV
- S e S 1o 2000 3005 4008 5000 'son 7005 s0be 500010008
0 _ L AR IR T SO T AN TR SO SO W R R SR 0 500 1000 1500 2000 2500 3000 energy, keV
0 500 1000 1500 2000 Energy, keV E E promt
Energy, keV E promt
promt

AE, I E, (2MeV) = 21% AE, | E, (3MeV) =18% AE, | E, (6MeV) =14%

AE, (2MeV) = 440keV/ [ AE. (3MeV ) = 550keV ] AE, (6MeV) =830keV
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Accidental background practically does not depend on reactor, but it is rather
big at low energies.

E —+—— 7.11m distance. Reactor ON. Exposition time 383h. Accidental background.
600 — 4= 7 11m distance. Reactor OFF. Exposition time 314h. Accidental background.
— !
[ 1
500 —
s 2
2 400 —
X —
) —
& 300{— 7.11m distance. Reactor ON. Accidental background.
D | —
= - Integral 857.5
200 - 7.11m distance. Reactor OFF. Accidental background.
— Integral 743.8
100 —— .
o= T / gl
0 1000 2000 3000 4000 5000 6000 7000 8000
Energy, keV

Threshold for delayed coincidences 3.2MeV



