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The vGeN experiment is aimed to investigate neutrino properties using antineutrinos from the reactor of
the Kalinin Nuclear Power Plant. The experimental setup is located at about 11 meters from the center of
the 3.1 GWy, reactor core. Scattering of the antineutrinos from the reactor is detected with low energy
threshold high purity germanium detector. Passive and active shieldings are used to suppress all kinds of
backgrounds coming from surrounding materials and cosmic radiation. The description of the experimental
setup together with the first results is presented. The data taken in regimes with reactor on (94.50 days) and
reactor off (47.09 days) have been compared. No significant difference between spectra of two datasets is
observed, i.e., no positive signals for coherent elastic neutrino-nucleus scattering are detected. Under
Standard Model assumptions about coherent neutrino scattering an upper limit on a quenching parameter

k < 0.26 (90% CL) in germanium has been set.

DOI: 10.1103/PhysRevD.106.L051101

The neutrino is one of the most mysterious particles in
modern physics. Precise knowledge of its properties is
important for particle physics, astrophysics, and cosmol-
ogy. To investigate fundamental neutrino parameters, it is
required to have simultaneously a very strong source of
neutrinos, advanced detection methods, and apply various
methods for the suppression of background events.

The coherent elastic neutrino-nucleus scattering (CEvNS)
is a process predicted by the Standard Model [1,2]. For a
spin-zero mass of the nucleus M the differential cross section
can be expressed as [3]:

ddiG%z MT| .
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where T is the nuclear recoil energy, E, is the neutrino
energy, Q is the transferred momentum, F(Q?) is the nuclear
form-factor, and M is the mass of the target nucleus, G is
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Fermi constant and Qy = N — (1 —4sin”y,) is a weak
charge. Due to the small momentum transfer, neutrino
interacts simultaneously with all nucleons, and its cross
section is enhanced by several orders of magnitude in
comparison with other neutrino interactions at the same
energy. Since the predicted value of Weinberg angle at
low energies is sin” 8y, = 0.23867 £ 0.00016 [4], the cross
section ¢ is increased proportionally to the number of
nuclear target neutrons squared N2.

The COHERENT experiment reported an observation of
CEvNS using neutrino emissions produced by SNS accel-
erator [5,6]. At the neutrino energies of ~50 MeV, the
resulting signal includes partly the incoherent scattering [7].
Therefore, the investigation of the low-energy antineutrinos
from nuclear reactor can provide a precise information about
the coherent elastic scattering. This is a key to the search for
nonstandard neutrino interactions, test of the Standard
Model, tests in nuclear physics, and other investigations
[8]. The search for other effects, like the neutrino magnetic
moment [9] can be performed at the same time.

© 2022 American Physical Society
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The key factors needed for CEvNS detection are a high
neutrino flux, a low background level, a big mass of the
target, and a low energy threshold. For example, for
semiconductor germanium detector, it is necessary to detect
signals below 0.4 keV, at the rates below a few counts per
month. The discrimination from the noise of the low energy
signals produced by nuclear recoils is one of the main
experimental challenges. Furthermore, signals can be
mimicked by some type of background, for example by
neutron scattering.

Extensive scientific efforts are focused on the search for
CEvNS in close vicinity of commercial power or exper-
imental nuclear reactors. Different experimental techniques
are used to detect and investigate CEUNS. There are several
experiments, which are currently running or under con-
struction: CONUS [10], Ricochet [11], NUCLEUS [12],
CONNIE [13] and many others. Currently, the sensitivities
of these experiments are approaching to the possibility of
CEvNS detection.

The vGeN experimental setup is located at Kalinin
Nuclear Power Plant (KNPP) in Udomlya, Russia, near
the 3.1 GWy, reactor unit #3 of WWER-1000 type [14].
The current distance from the detector to the center of
the reactor core is 11.835 m, where the neutrino flux is
3.9 x 10" ecm™s~! according to calculation method in
[15]. The closer position to the reactor core with a higher
neutrino flux is planned to be explored as well. This
neutrino intensity is several times higher in comparison
to other groups worldwide, except the sideway site of the
Dresden II reactor [16]. Moreover, the available place at
KNPP is located just under the reactor, which together with
surrounding materials provides about 50 m water equiv-
alent shielding from cosmic rays [17].

Custom-designed high purity germanium detector made
by Mirion Technologies (Canberra Lingolsheim) [19] is
used to detect CEvNS. It has been specially produced to
achieve energy threshold as low as possible by taking into
account low-radioactivity requirements. First measure-
ments at KNPP were performed with the Ge detector with
an active mass of 1.41 kg. The germanium crystal has a
cylindrical shape with a diameter of 70 mm and height of
70 mm. The detector is installed inside the cryostat made of
low background aluminum and copper. It is equipped with
an electrically powered pulse tube cooler model Cryo-Pulse
5 Plus [20]. The cooling temperature of the detector was
optimized to the value of —185°C.

The system of passive and active shielding has been built
around the detector to suppress ambient background (see
Fig. 1). The most inner part of the shielding is made of 3D
printed nylon in order to get rid of radon. The further layers
are 10 cm of oxygen-free copper, 8 cm of borated (3.5%)
polyethylene, 10 cm layer of lead, another layer of 8 cm of
borated polyethylene, and a 5 cm thick active muon veto
made from plastic scintillator panels. Radon level inside the
shielding is further decreased with the help of expulsion by
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FIG. 1. Scheme of the vGeN shielding. Top view.

nitrogen. The experimental site has various vibrations
coming from the reactor equipment. Therefore, the detector
is placed on an active antivibration platform TS-C30 [21].

Ionization energy losses inside the HPGe detector result
in a charge, collected on the electrodes. The charge is
converted into voltage amplitude pulses by integrated cold
and warm electronics. The electronic feedback resets the
accumulated charge after a certain level. Even in near-zero
background conditions, i.e., without signals, the leakage
current through the detector causes the output to drift,
requiring a reset. Thus, the reset frequency depends on
the sum of the detector leakage current and the counting rate.
For the vGeN detector, the reset rate is about 5 Hz. Figure 2
shows a diagram of the components involved in data
acquisition. The preamplification cascade is equipped with
two similar amplitude outputs (OUT E and OUT E2).
Additionally, during the reset, a logical Inhibit signal is
generated. Information about each event corresponding to its
energy together with timestamps is produced by the multi-
channel analog to digital converter CAEN VME Realtime
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FIG. 2. Scheme of the acquisition system.
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ADC V785N. A positive signal suitable for use with the
ADC is provided by spectroscopic shaping amplifiers. The
primary purpose of the vGeN experiment is to perform
spectroscopic measurements in the energy region where
CEvNS signal can be detected, i.e., few hundred eV range
(electron energy scale). During a preliminary set of mea-
surements, it has been found that the lowest energy threshold
and best energy resolution are achieved with 6 us shaping
time. Each of the E outputs of the preamplifier is connected
to two ORTEC 672 spectroscopic amplifiers (four in total).
The main energy spectrum is a result of averaged signals
processed by amplifiers with the 6 us shaping tuned for
measurements below ~13 keV. Comparison of the signals
obtained with different amplifiers (same and different
shaping times—6 and 10 us) allows efficient noise dis-
crimination [22,23]. Additionally, a wide energy region up
to 700 keV is measured with ORTEC 672 amplifier (labeled
HE at Fig. 2). Timestamps from the muon veto system
and Inhibit signals are processed by the same ADC. CAEN
VME V976 trigger unit issues an acquisition command on
input conditions corresponding to: (1) low energy HPGe
signal; (2) high energy HPGe signal; (3) inhibit logical
signal; (4) muon veto. The acquisition software has been
previously designed and commissioned for the DANSS
experiment [24,25].

Due to KNPP safety restrictions, the experimental hall
does not have internet access, so the data is periodically
copied for offline analysis. The setup has supplementary
detectors used to control neutron and y- backgrounds. The
temperature and humidity in the room are continuously
recorded.

The measurements have been carried out since 2020.
Various tests, calibrations, and characterizations have been
performed. A high-energy part of the spectrum is calibrated
with the help of tungsten welding rods, which contains about
2% of natural thorium. The energy calibration for the low
energy part of the spectrum is determined with a help of the
cosmogenic 10.37 keV line of %®7!Ge and pulse generators
CAEN Mod.NTD6800D and ORTEC 419. The calibration
at the low energy part of the spectrum is verified with help
of the position of the 1.3 keV cosmogenic line of %371Ge.
The measurements demonstrated linearity of the energy
scale (see Fig. 3). The energy resolution obtained with the
pulse generator is 101.6 + 0.5 eV (FWHM).

The reset of the baseline produces small afterpulses,
which can be interpreted as a physical signal. Therefore, the
time period of 4.2 msec after each of the resets are not
considered for the analysis. In addition, we look at the time
intervals between two consecutive events to reduce the
influence of microphonic noise. Comparison and averaging
of the signals reconstructed with two different preamplifier
outputs allows us to suppress the noise appearing in the
electronic tract.

The efficiency of cuts application at low energy region in
combination with a trigger efficiency has been tested by
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FIG. 3. Energy calibration of one of the channels performed

with the pulse generator and cosmogenic line. Position of
1.298 keV line is used for verification of the calibration.

using the pulse generator. Depending on the energy of
generated signals, it has been found that the detection
efficiency is always higher than 80% for signals above
0.25 keV. For 0.3 keV signals it is about 95%, see Fig. 4.
Since the region of analysis is above 0.3 keV it provides
practically constant efficiency for all analyzed events. The
energy spectrum before and after application of quality cuts
and anticoincidences with muon veto is shown in Fig. 5.
The change in the intensity of the 10.37 keV line allows to
determine efficiency of cuts and muon veto. The obtained
value of efficiency is 83.4 & 2.5%.

Dedicated measurements for the search of the CEvNS
has been conducted since the end of 2020. The stability of
data taking is an important factor that affects further data
interpretation. The experimental hall is equipped with air
conditioners to provide a stable temperature within +1°C.
The stability of the energy scale is verified by periodical Th
calibration, the position of the cosmogenic 10.37 keV line,
and calibrations with pulse generators. The accumulated
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FIG. 4. Efficiency of signal detection measured with the pulse
generator.
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FIG. 5. Energy spectrum before (black) and after application of

quality cuts (blue) and anti-coincidences with muon veto (red).

days of the measurements and the thermal power of the
reactor are shown in Fig. 6.

The reactor shut down was for about 60 days in April and
May 2021, which allows us to accumulate 47.09 days of
statistics with the turned-off reactor. Measurements with
reactor on allowed to accumulate 68.45 days before and
26.05 days after its shut down (see Fig. 6). The periods with
temperature changes outside the £1°C range and noisy
periods were taken out from the analysis.

The reactor antineutrino energy spectra from the reactor
has been calculated with help of conversion from electron
spectra [26,27], taking into account the ratio of fusion
isotopes [28], and the deposed energy per one fission [29].
A continuous spectrum of up to 10 MeV has been
generated. The uncertainties in knowledge of the neutrino
spectra are significant for high energy part of the spectra
[26,27,30]. Such neutrinos have the biggest impact on
expected experimental spectrum from CEvNS. In this work
only central values of generated antineutrino spectrum are
considered. With the obtained neutrino spectrum and the
cross section (1), the recoil spectrum from coherent
neutrino-nucleus scattering has been calculated. The recoil
spectra from five stable isotopes of the germanium results
in a summation spectrum.

3200

z

i

MW
g 8
k canunn i

5 1800 ON1 OFF ON 2
3 1600 68.45 47.09 26.05
days days days

0
25.11.20 14.01.21 05.03.21

Date, d.m.yr

24.04.21 13.06.21

FIG. 6. Thermal power of the reactor unit 3 during measure-
ments and periods of data taking.

The vGeN germanium detector measures only the
ionization part of the energy deposition. The ionization
part of the energy deposition, the quenching factor, can be
described with a Lindhard model [31] with an adiabatic
correction [32]. There are several predictions and mea-
surements for the quenching factor and for the value of a
free parameter k£ of Lindhard model such as [32-35].
Depending on the recoil energy the experimental values
for the quenching factor are usually in the range of
[0.15..0.3]. After applying the quenching factor correction
and detector respond the continuous spectrum from CEvNS
with an endpoint of about 0.6 keV has been obtained.

The experimental data with the working reactor together
with the generated spectrum from CEvNS and the ratio of
these spectra are shown in Fig. 7. The expected contribu-
tion of the neutrino signal is estimated to be more than 3%
(with the Lindhard model parameter k = 0.179). The
region of interest (ROI) for the search of CEvNS of
[0.32..0.36] keV has been chosen to have maximum
sensitivity to the CEvNS and avoid the possible influence
of noises in the very low energy region.

The comparison of the low energy part of the spectra
taken during reactor on and off periods is shown in Fig. 8.
No any normalizations besides the measurement time have
been applied to the spectra. As one can see from the figure,
no significant difference in the background levels and the
shape inside and outside of the ROI has been observed
during reactor on and reactor off regimes. Therefore, with
the current data, there is no hint of the low energy excess
expected from CEvNS.

The residual spectrum (on-off) together with the expected
spectra from CEvNS are shown in Fig. 9. The experimental
and expected rates from CEvNS in the ROI of the spectra
are shown in Table I. The main systematic uncertainty is
expected to be connected with possible shifts in the energy
scale and the limited precision of the calibration. Such
uncertainty has been estimated by modifying the calibration
strategy and changing the parameters of the calibration curve
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FIG. 7. Comparison of the spectrum taken with the working

reactor with the expected spectrum from CEvNS. ROI indicates
an energy interval with a maximal sensitivity for CEvNS.
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FIG. 9. Residual spectrum (on-off). Red solid and dashed
lines demonstrate predictions from CEvNS with k = 0.179 and
k = 0.26 respectively.

within the uncertainty limits. The estimated systematic
uncertainty is expected to be 0.03 counts/(kg-d). The
obtained difference between rates in the spectra with the
reactor on and off is —0.017+0.2554+0.030 counts/ (kg-d).
Using a unified approach to the classical statistical analysis
[36] one can put an upper limit for a possible excess in ROI of
0.4 counts/(kg - d) with 90% CL. The expected contribu-
tion from CEvNS depending on the quenching parameter k is
shown in Table I. Comparison of data with the expected rates
from CEvNS disfavor quenching parameters with k > 0.26
with 90% CL. That is similar to result obtained in [37].
The present work describes the vGeN setup. Measurements
of 94.50 days with the working reactor and 47.09 days with

TABLE I. Experimental rates in the ROI obtained at vGeN and
expected contribution from CEvNS depending on the quenching
parameter k.

Measurement
Condition time, d Counts/ (kg - d) in ROI
Reactor on 94.50 2.32 +£0.15
Reactor off 47.09 2.34 +£0.21
On-off —0.017+0.255+0.030
CEvNS expectation:
k=03 0.657
k=0.26 0.415
k=0.2 0.140
k=0.179 0.078
k=0.16 0.058

the turned-off reactor have been performed. The measure-
ments show that achieved background level allows searching
for CEvNS at KNPP. Analysis of the first data shows no
significant difference in background level during reactor on
and off regimes. No excess at low energy connected with the
CEvNS has been observed. The upper limit on the quenching
parameter k < 0.26 with 90% CL has been obtained.

The data taking continues, and various effects will be
searched within the vGeN project. Several new detectors
with masses of about 1.0 kg and 1.4 kg will be added to the
setup. An internal Nal veto and new electronics will be
tested with the aim of background index reduction.
A special movable platform has been constructed and
commissioned to move the experimental setup toward
the reactor core. The distance from the HPGe detector to
the center of the reactor core is estimated to be 10.869 m
and 11.935 m for higher and lower position, correspond-
ingly. This allows changing the value of the flux by 21%.
All this measures will further improve sensitivity to the
search for neutrino scattering.
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supported by the Ministry of science and higher education
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Development Fund-Project “Engineering applications
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