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Abstract:

The RED-100 experiment with a liquid xenon target was carried out at Kalinin
Nuclear Power Plant. The goal of the experiment is the detection and study of the coher-
ent elastic neutrino nucleus scattering process (CEvNS) for the low-energy antineutrinos
in close vicinity to a reactor core. A good understanding of the external radioactive back-
ground is needed to achieve this goal. This paper describes the external background con-
ditions for the RED-100 experiment at Kalinin Nuclear Power Plant.

Keywords: Neutrino detectors; Noble liquid detectors (scintillation, ionization, dou-
ble-phase),very low-energy charged particle detectors, Neutron detectors, Gamma detec-
tors

Contents
1. Introduction
2. The RED-100 experiment at KNPP
3. Gamma background
4. Neutron background
5. Radon background
6. Muon and muon-induced background
7 Conclusion



1. Introduction

The process of coherent elastic neutrino nucleus scattering (CEvNS) was
predicted mort than 45 years ago [1, 2], but was observed only recently
by the COHERENT experiment [3, 4]. According to the Standard Model
of elementary particles (SM), the cross section of this process depends
guadratically on the number of neutrons in the nuclei. Therefore, for the
heavy nuclei, the CEVNS cross section is by two orders of magnitude
higher than the cross section of the inverse beta decay. The prevailing
cross section of CEVNS over all other known neutrino interactions
makes this process very interesting as a possible tool for nuclear reactor
monitoring and nonproliferation tasks [5]. On the other hand, the small
energy deposition of CEVNS is challenging to detect [6]. There are sev-
eral experiments around the World which are trying to measure CEvNS
at reactors [7-15]. RED-100 has the largest sensitive mass among other
CEvVNS experiments at reactors, and it is the only detector with liquid
xenon as a target. As with all other detectors, RED-100 meets extreme
conditions at a reactor site. For example, very high temperature varia-
tions with reactor operation can cause the instability of electronics
threshold levels and, consequently, result in deviations in background
rate. For the reactor CEVNS experiments it is very important to measure
the ambient background. Reactor correlated background can cause
events in the detectors which can mimic CEvNS events [16]. It also
should be noted that one could not just use the same background spectra
and rates obtained during the reactor OFF period in order to get the
background estimation during reactor ON since the rates and spectra
could be different. Thus, independent continuous monitoring of different
components of background is important. In this paper, we describe the
result of ambient background measurements and monitoring during the
RED-100 data taking period at the Kalinin Nuclear Power Plant (KNPP).
In section 2, a short description of the RED-100 experiment and the ex-
perimental site is given. Section 3 is devoted — 1 — to the gamma back-
ground measurements and monitoring. Section 4 is about neutron back-
ground. In section 5, we discuss the limits on possible radon background.
In section 6, we describe the main background in the region of interest
(ROI) for RED-100 caused mainly by muons. We also show in this sec-
tion our measurement of primary muons flux and the monitoring of the
main background count rate. Finally, conclusions are presented in sec-
tion 7.
7



2. The RED-100 experiment at KNPP

RED-100 is a two-phase liquid xenon detector that was built in order to
detect CEVNS in close vicinity of reactor core [17]. It was deployed un-
der the 4th block of Kalinin Nuclear Power Plant (KNPP) at 19 m from
the center of the active zone. The detailed description of the RED-100
setupcan be found, for example, in ref. [18]. In this section, a brief over-
view of the experimental setupis performed with a focus on ambient
background monitoring.RED-100 is located at the ground level, two lev-
els below the active core of the standard 3GW thermal power WWER-
1000 reactor unit. The estimated shielding from the cosmic background
in a vertical direction is about 50 meters of water equivalent (m.w.e.)
[19]. Also, this location is well shielded from the reactor itself by the
biological shield, the thick ceilings of two levels, and the moderately
high distance from the reactor. The passive shield of RED-100 consists
of 5 cm of copper and about 70 cm of water in all direction. The study of
passive shielding efficiency and its detailed description can be found
elsewhere [20]. Although this shielding suppress the ambient gamma
background at least two orders of magnitude according to our previous
study and it is almost opaque to the low energy

neutrons, it is important, nevertheless, to monitor the fluxes of external
backgrounds in order to monitor possible difference in count rate of the
detector between the periods of Reactor ON and OFF.

Four background monitoring detectors were installed and continuously
operated during the RED-100 data taking period: two domestic radon
indicators, the Nal[TI] detector for gamma background monitoring, and
the Bicron liquid scintillator (BC501A) detector for fast neutron
background monitoring. The latter two detectors were placed close to the
water tank of the RED-100 passive shield at ~180 cm above the floor,
approximately at the level of the RED-100 sensitive volume center. Al-
so, several additional campaigns were provided before and during RED-
100 operation to measure and characterize the gamma and radon back-
ground in place. The gamma background was characterized with the big-
ger Nal[TI] detector (see next section), which was used in our previous
laboratory measurements [20]. The radon background was measured by
the KNPP staff several times during RED-100 operation. According to
these measurements, the radon background was below the sensitivity of
their detectors which is 20 Bg/m3.



3. Gamma background

There were two independent sets of ambient gamma background meas-
urements. The first one was provided before RED-100 and the support-
ing structure was deployed. The scintillator detector with Nal[TI] cylin-
drical crystal of height 10 cm and diameter 15 cmwas used to scan the
experimental hall to find possible gamma background hot spots around
the future detector location. Its characterization and performance were
described in detail in [20]. During RED-100 data taking period the
gamma background was continuously monitored with a smaller detector
with Nal[TI] crystal of 8 cm height and 8 cm diameter. It was located
constantly at a height of about 180 cm from the floor, attached to the
supporting frame of the RED-100 detector. In both cases, an independent
electronics rack was used for the power supply and data taking. Signals
from Nal[TI] were amplified and shaped with the ORTEC 572A NIM
unit with further digitization with ORTEC 927 MCA. The laptop with
original MAESTRO Software was used to record and store amplitude
spectra acquired during 20-minute long runs. These spectra were ana-
lyzed then offline. To check the stability of the response and to obtain
the detector energy scale, Nal[TI] was calibrated weekly with ®Co and
B3Cs sources. Examples of spectra from these sources with subtracted
backgrounds are given in figure 1. The light yield stability based on
weekly calibration monitoring of the detector was at a level of ~ 2%
through the all data taking period. This number was taken into account
for the systematic uncertainty estimation for the count rate.
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Figure 1. Nal[TI] spectra from gamma sources: ®Co on the left and *’Cs on the right;
background is subtracted.



To extend the energy calibration range, the line of 208TI in the natural
background with maximum energy was used. The example of Nal[TI]
calibration and energy resolution plots is presented in figure 2. Good
linearity of the detector response in the energy range from 0.5 to 2.6

MeV was obtained. The detector resolution at the line of 137Cs is ap-
proximately 11%, which is enough for background monitoring purposes.
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Figure 2. Nal[TI] calibration and resolution

The energy resolution points were fitted according to the formula 3.1:

—FW;M = -\Xcﬁ + (\;—%)2 + (%)1 (3.1)

where a, b and c¢ represent constant, stochastic, and noise terms with the
obtained values 5.8%, 3.5%, and 5.5%, respectively. This energy resolu-
tion dependence was incorporated into the Geant4 [21] Monte Carlo
(MC) model in order to determine components of the background spec-
trum.

The first set of measurements in different locations of the experimental
hall has shown that thegamma background is mostly natural. In figure 3,
there is a comparison between spectra obtainedat KNPP (in red color)
and during the laboratory tests at MEPhI (in blue color). Deviations in
the 40K peak height can be explained by slightly different content of this
isotope in the concrete at thelaboratory and KNPP. The count rate at
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KNPP is by a factor of 4.8 higher than that in the laboratorytests due to
the much thicker concrete floor, ceiling, and walls. A lower count rate in
the high energy region in the KNPP data is associated with the lower
muons rate at KNPP due to almost 50 m.w.e.provided by the power unit
building and the reactor itself above the experimental hall.
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Figure 3. Comparison of the gamma Nal[TI] spectrum obtained at KNPP (in red) with
the one obtained in the laboratory measurements (in blue); on the left plot, normalization
is performed by total integral, on the right plot, the spectra are normalized by count rate.

During the RED-100 experimental run, the small Nal[TI] detector was
used for continuous external background monitoring. The spectra, ac-
quired over 20 minutes each, were stored duringthe detector operation.
Calibration of the detector with gamma sources described above was
done once a week for one hour per source. To get the plot of count rate
versus time, calibration periods and bad-quality 20-minute data collect-
ing bunches were excluded. These bad-quality data filesoriginated rarely
by manually switching off the data acquisition loop before calibrations
or for theroutine restart of the loop and their rate did not exceed one bad
20-minute file per 2-3 days. Then, the total amount of collected events
was normalized to the data collecting live time for each day.

The result of the average count rate per second per whole energy range
(0.05 — 10 MeV) during each day is in figure 4. As can be seen from fig-
ure 4, there was no influence of the reactor operation on the gamma-
background in the RED-100 experimental hall. The increasing count rate
trend started at the end of February and was caused by the draining of
the water from the RED-100 passive shield.
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Knowing that the count rate is independent of the reactor operation sta-
tus, having spectrum and rate in hand, the RED-100 response on the
gamma background can be simulated. The proportion of background
components (K40, U238 and Th232) is considered to be the same as in
our previous measurements [20]. Simulation of the RED-100 response
for the background components will be published in upcoming papers.

—é 560 — +

3 550¢
540::— +
5301
520; +
SOLH + b R
00k 27/01 03/02 1 0)’02 1 7:"02 24/02 03/03

time, dd/mm

Figure 4. Averaged count rate per day during RED-100 experimental run; red transparent
rectangle marks the reactor ON period; the increased count rate at the end of the monitor-
ing cycle corresponds to the water draining from RED-100 passive shielding.

4. Neutron background

One of the most important backgrounds in reactor neutrino experiments
is the neutron background. Neutrons can mimic CEvNS signal in the
ROI. It can provide a reactor-correlated background since the neutron
flux may increase with the reactor turning on as it was shown in previous
experiments [16]. The RED-100 experimental site is well shielded
against slow neutrons originating in the reactor by the biological shield
of thick concrete and by additional thick concrete ceilings at the level
above. Background measurements at the level above can be found in pa-
per [19]. The RED-100 passive water shield of 70 cm water in all direc-
tions eliminates neutrons background with energies below 1 MeV. Fast
neutrons can be produced by cosmic muons interacting with the building
constructions around the detector. As soon as different manipulations
with water levels in the reactor and fuel water pools occur during the
reactor OFF period, one might expect variations in the muon flux which
can provide variations in the neutron flux as well. To measure and moni-
tor the fast neutron background, a liquid scintillator BC501A Bicron was

12



used. An important feature of a liquid scintillator detector is the presence
of at least two components in the scintillation light with significantly
different decay times. The ratio between fast and slowcomponents inten-
sity depends on the interaction particle type [22]. Thus, it is possible to
use pulse shape discrimination (PSD) techniques to distinguish neutrons
and gamma interactions [23]. To check the ability of our detector to dis-
tinguish neutrons from gammas, specially dedicated measurements were
done in an adjoining room with reactor monitoring equipment containing
a PuBe source. Two scatter plots in figure 5 represent measurements
with and without PuBe source. PSD parameter was defined as the area of
scintillation signal obtained at the event tail to the total event area. To
increase the discrimination power of the PSD method the threshold be-
tween the event tail and the signal onset was varied taking the resolution
between two bands as a figure of merit. The best threshold was found at
23 ns from the beginning of the scintillation signal.

0 05 1 1.5 2 25 3
Area, a.u.

Figure 5. Dependence of PSD parameter on the area of the scintillation signal for the
PuBe source (left) and the background at the RED-100 location (right).

In figure 5, two separate bands are clearly seen for the data obtained with
and without the PuBe source. Only a few neutron events were observed
for the same period of time without a PuBe source which can be associ-
ated with neutrons generated by cosmic muons at the detector location.
Different energy spectra of gamma background at different sites explain
the difference in intensities of gamma bands. Since the BC501A liquid
scintillator is a light material it is hard to calibrate it using gamma
sources [24]. There are no photo peaks in the pulse height spectra ob-
tained with gamma sources,

only Compton edges are visible. Therefore, to perform a fit of the
Geant4 simulated spectra to the experimental ones, the energy scale and

13



resolution for each calibration source were varied simultaneously and
iterative to minimize the y2/ndf fit parameter. The final versions of MC
fit to the data for two gamma sources 60Co and 137Cs are shown in fig-
ure 6.
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Figure 6. Calibration data obtained with 60Co (left) and 137Cs (right) sources with the
Geant4 produced approximation.

A similar procedure was done to fit the gamma background spectrum in
the energy region of the 208TI Compton edge. The spectra of the main
background components (K40, U238 and Th232radioactive chains) were
simulated. The background spectrum was fitted with all 3 components
simultaneously using TFractionFitter ROOT class [25, 26]. The y2/ndf
parameter was minimized in the iteration process to get the best fit of the
measured background spectra with the simulated one.

Finally, a correspondence between the original event area obtained in the
analysis and energy in MeV of electron recoils (MeVee) was established
(see figure 7 on left) and the dependence of energy resolution (o) was
obtained (see figure 7 on right). Good linearity of the detector response
was achieved for the whole calibration range. The stability of the Bicron
detector during the data taking period was checked with a weekly cali-
bration procedure. It was observed that the value of light yield decreased
slightly during data taking reaching a maximum deviation of ~ 5%. This
was accounted for the systematic uncertainty estimation.
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Figure 7. Bicron scintillation detector calibration and resolution obtained with gamma
sources and background data; the energy uncertainty for the ®Co calibration point is
enhanced to fulfill the fact of the presence of two unresolved Compton edges for this
source.

To make a prediction of the neutron background in RED-100 one should
know the neutron flux and the energy spectrum at the detector site. Since
the energy deposition for neutrons and electrons of the same energy dif-
fers in liquid scintillators, one should use the quenching factor (QF)

for re-scale energy from MeVee to MeV nuclear recoils (MeVnr). We
use QF parametrization from ref. [27]. This parametrization along with
the measured detector resolution was incorporated into Geant4 model of
the Bicron detector. With this model, a procedure of energy unfolding
and flux normalization was performed. The limited experimental statis-
tics of neutron events don’t allow us to characterize possible features on
the neutron energy spectrum. Thus, an unfolding procedure was simpli-
fied to get only a general behavior of the energy spectrum as a power
law function of neutron energy [28-30].To find the power law which
provides the best fit of the simulated spectrum to the data thefollowing
iterative algorithm was used. Neutrons with a power-law energy spec-
trum were randomlygenerated in the Geant4 model from the flat square
source of 2 x 2 meters, located at a distance of one meter from the edge
of the detector. The angular distribution of the neutrons was isotropicin a
solid angle of 2rr to the same side where the detector was placed. The
energy deposition for the neutron events was quenched according to the
QF parametrization and additionally smeared by the obtained detector
resolution. Then, the data was fitted with the simulated spectra in the
energy region 0.6 — 4 MeVee. Low energy cut was used to avoid the re-
gion of low PSD power in order to avoid the reduction of efficiency due
to the PSD cut. The best fit of the power-law spectrum was determined
by minimizing y2/ndf and is equal to —2.9+0.1. The experimental neu-
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trons spectrum was collected through all the data taking periods and the
final MC spectrum is presented in figure 8.

o,
= e |
.

E, MeVee

Figure 8. Experimental neutron energy deposition spectrum (blue) and the MC simulated
one corresponded to a power-law neutron spectrum with E—2.9; axis at the top represents
energy in MeVnr scale with QF taken into account.

The number of MC neutrons, passed through the flat square counter of
2*2 cm, located at the central axis above the detector model in parallel
with the source plane, was determined. Having this number of neutrons
in hand, and the scaling factor from fitting the MC spectrum to the ex-
perimental one, the neutron flux at the experimental site normalized to
the obtained neutron spectrum can be calculated. The problem is that in
the energy range 0 — 0.6 MeVee the neutrons and the electrons bands on
the PSD plot are overlapping and it is impossible to calculate the exact
number of neutrons in this region. At the same time it can’t be lower
than the number of neutrons passed PSD cuts, so this number was set as
a lower limit of the neutron flux and was (9,2+0,5) x 10> neutr/cm’ s.
An upper limit was set in an assumption that the neutronspectrum con-
tinues to follow the E—2.9 power law down to the neutron energy of
about 1 MeVnr (~ 0.2 MeVee), which is at the edge of the Bicron sensi-
tivity. Thus, an upper limit of neutrons fluxwas estimated as (24.1 + 1.2)
x 10°° neutr/cm®s.

Using the upper limit on the neutron flux and a neutron energy spectrum
we estimated the associated background count rate in CEvNS ROI of
RED-100. Preliminary Geant4 simulation suggests that it is about one
event per day, which is of the same order of magnitude as the expected
CEvNS signal. Therefore, possible variations of the neutron flux with the
reactor operation have to be determined to estimate their potential influ-
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ence on the RED-100 sensitivity to CEVNS. For this purpose, the count
rate of neutron interactions in the Bicron detector corrected per unit of
live time was plotted versus the astronomical time (Figure 9).
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Figure 9. Count rate of neutron events obtained with the Bicron liquid scintillator detec-
tor; the red transparent rectangle represents the reactor ON period; horizontal error bars
show the duration of each run; the last point on the graph corresponds to the long run
after the water shielding of RED-100 was drained.
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One may notice that the mean neutron count rate during the reactor OFF
period is slightly higher than during the reactor was ON which is actual-
ly unexpected. The difference is ~ 10% with about 2.30 significance. At
the same time, it is unlikely that the reactor power ramping up can reveal
itself as a reduction in the ambient neutron flux. We suppose that some
technical preparations made by the KNPP staff a day or so before the
reactor was turned on could affect that. For example, it might be due to
increased boron concentration inside the primary circuit reactor water.
There are several stations to measure its concentration around the RED-
100 locations. Each station is equipped with a PuBe neutron source.
Thus, increasing the boron concentration can reduce the part of ambient
neutrons background associated with these sources. According to the
WWER-1000 reactor operation technology, the boron concentration
should be increased if the new fuel is installed which happened in our
case. We also have a confirmation from the reactor authority that the bo-
ron concentration has increased in that period.

5. Radon background

The #?Rn level was controlled by two radon indicators RADEX MR107

and MR-107+ with a nominal sensitivity threshold of 30 Bg/m3. As it

was reported in our previous paper [18], the measured radon level varied

from the detection threshold of ~ 30 Bq to ~ 100 Bq with few peaks of

up to ~ 300 Bq during the data taking. Now, we have got the full dataset
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of Nal[TI] detector analyzed. The calculated count rate of Nal[TI] in the
full energy range can constrain variations of “’Rn level with time in both
the water shield and the surrounding air. For that purpose Geant4 simula-
tion was performed and ?Rn concentration was limited at 95% confi-
dence level based on the absence within the errors of the diurnal Nal[TI]
count rate variations. These concentrations are 189+17 Bg/m3 for the air
and 3.2 £ 0.3 Bq/L for water if we don’t take into account the solubility
of radon in water. At the same time, the radon solubility in water is quite
low (0.0093 mol/kg/bar [31] at room temperature). The partitioning coef-
ficient of “?Rn between pure solvent and air is about 0.24 at room tem-
perature [32]. This can further reduce the possible variations of ??Rn in
the water shield for an additional two orders of magnitude. Having
Nal[TI] count rate behaviour which is more reliable than the domestic
indicators data the latterwere additionally constrained. Averaging the
measured level of ??Rn in the air by RADEX detectors through all the
data taking period, we estimated its rate as 41+15 Bg/m3. Also, we
didn’t observe any correlation of the ’Rn count rate with the reactor
operational status.

6. Muon and muon-induced background

Operating at surface RED-100 is exposed to the high flux of atmospheric
muons [33]. This background can be well identified and vetoed by the
special blocking trigger described in our previous paper [18]. At the
same time, muons cause secondary backgrounds. First, they can generate
secondary neutrons in the copper shield [34] and RED-100 has only a
few centimeters of water protection from these neutrons. Second, and the
most dangerous for CEvNS study, muons generate a huge energy deposi-
tion inside LXe followed by a long and intense tail of delayed single
electron (SE) signals background. Multiple coincidences of these SE
events can mimic CEvNS events [35-37]. It was shown previously [17]
that the latter kind of background dominated in the region of interest for
the CEVNS search. During the reactor OFF period and at the reactor
turning ON the amount of water in the pools above the RED-100 loca-
tion varied, which could cause changes in muon flux. Specially dedicat-
ed runs of RED-100 were carried out to measure muon flux within RED-
100. The muon count rate observed in these runs is presented in figure
10, and it is about 7 times lower than in the laboratory test. We also
didn’t observe any correlations with the reactor operational status. Thus,
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we expect the muon-induced background to be independent of the reac-
tor operational status. For the estimation of the muon-induced neutron
background originating in the copper shield, the following procedure
was performed. Muon tracks recorded with RED-100 were extracted by
sampling 250 us within the central part of waveforms (which have the
full length of ~ 270 us) into 50 equal 5 us pieces with the further recon-
struction of their spatial coordinates. Points with energy deposition
above a preset threshold were fitted by a straight line using the principal
component analysis method. Then, for the tracks passing through the
sphere which is concentric with RED-100 fiducial volume and has a ra-
dius of 13 cm (5 cm less than RED-100 internal radius) the polar and
azimuth angular distributions were obtained. In figure 11 the distribution
of the cosine of the polar angle (0) is presented. Azimuthal distribution
appeared to be isotropic in the RED-100 location. Itshould be noted that
the RED-100 angular acceptance with this method is not uniform for all
the polar angles. The efficiency of extracting horizontal tracks (90-
degree polar angle) is zero since it is visible in RED-100 as a single but
very intense point of interaction in the vertical direction

1 1
13/02 20/02 27/02
time dd/mm

Figure 10. Muons count rate measured with RED-100 itself; red shadowed rectangle
corresponds to the reactor ON period.

The efficiency becomes equal for the tracks with a polar angle below
around 75 degrees ((6) > 0.25).
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Figure 11. Muon angular distribution at the RED-100 location.

With this angular distribution, the number of muon tracks that pass
through the copper shield but are invisible by the RED-100 detector was
estimated with geantinos in Geant4 simulation. The average path in cop-
per per such tracks was calculated. Then, using the neutron yield per
cosmic muon of 2.1x10° r/em? and mean energy of 8.9 MeV [34] neu-
trons were randomly generated in the copper in Geant4 model. This re-
sulted in about 30 events per day in CEvNS ROI for RED-100.This
background is expected to be stable following the muon flux stability.

To check if the muon-induced SE background is stable during the RED-
100 data taking period, the single electron rate was measured in special
runs using a random trigger. This random trigger was generated with a 2
Hz frequency by the generator, independently from any events in RED-
100 except for muons veto. Waveforms with a duration of 300 us were
recorded. Then, single electron clusters were found on those waveforms
and their rate was calculated. This rate is presented in figure 12.
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Figure 12. Single electron count rate measured with random trigger in RED-100; red
shadowed rectangle corresponds to the reactor ON period.

20



It was rather stable during the data taking period. The difference between
the reactor OFF and ON periods is 1.9 + 1.2%. The count rate reduction
was about a factor of 9 in comparison with our laboratory test. The rising
up of the count rate at the end of the data taking period corresponds to
the water draining from the passive shield of the detector. The latter in-
creased the amount of high-energy gammas passed through the detector
which also contributed to the single electron noise. The higher suppres-
sion level with respect to the laboratory test of the SE background than
that of the muon rate can be explained, particularly, by the passive shield
around the detector at the KNPP which reduces the external background
flux contributing to the SE noise rate.

7. Conclusion

In this paper, we presented the data analysis of the ambient background
at the RED-100 location at KNPP. Having several supplementary detec-
tors for the background study and monitoring we measured the fluxes of
the most important backgrounds which will be used for the model of
background in the CEVNS search energy region of interest of RED-100.
We have shown that the ambient background count rate didn’t increase
with the reactor turning ON for all measured types of background which
could possibly mimic CEvNS rate. At the same time, we observed that
there was a decrease in the neutron background rate by about 10%
around the date when the reactor was on. Of course, it can’t mimic the
increase of the count rate with reactor ON since the downshifting in rate
is observed. Furthermore, ambient neutron flux provides about one event
in the CEVNS region of interest per day according to our preliminary
computer modeling. Thus, ~ 10% decreasing of its flux seems to be not
important for the CEvNS observation but has to be taken into account for
the precise CEVNS study. We have also shown that the main source of
background in the region of interest, a spontaneous single electron noise
produced by large energy depositions in the detector, was stable and
didn’t depend on the reactor operational status. The count rate of this
background decreased by a factor of ~9 in comparison with our meas-
urement in the laboratory conditions. This decrease was mainly due to
the decrease of the muon background at the RED-100 location in com-
parison with that at the laboratory.
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Abstract

RED-100 is a two-phase emission detector with an active volume containing 126 kg
of liquid xenon. The detector was exposed to the antineutrino flux of about 1.4 x 10® cm’
%5 at a distance of 19 m from the 3.1 GW Kalinin Nuclear Power Plant (KNPP) reactor
core. The comparison of data from 331 kg-days with the reactor on and 106 kg-days with
the reactor off shows no statistically significant excess and allows to put constraints on
coherent elastic interactions of antineutrinos with xenon nuclei.

I. INTRODUCTION

Coherent elastic neutrino-nucleus scattering (CEVNS) is a Standard
model process mediated by the neutral current of the weak interaction
[1,2]. The cross-section of this process dominates among other interac-
tions of low energy neutrinos (E, < 50 MeV) with matter due to interfer-
ence of neutrino-nucleon scattering amplitudes. The CEVNS cross-
section [3] can be written as

do  GpQuM r 2 2 (D)
W — AT (1 - Tmax)Fnud(q ):
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where G; is the Fermi constant, M is the mass of the nucleus and T is
energy of a nuclear recoil. The weak charge of a nucleus is

Qu=N-(1-4sin’d,)Z ()

where Z and N are the numbers of protons and neutrons in a target nu-
cleus, while sin d, is the electroweak mixing angle [4]. The cross-section
vanishes for the backward neutrino scattering corresponding to the max-
imal energy of a nuclear recoil

Tmax = 2 E,/(M + 2Ev), 3)

where E, is the incident neutrino energy.

The degree of interference of individual neutrino- nucleon scattering
amplitudes is characterized by the value of a nuclear form factor Fn2,,
depending on the value of momentum transfer squared ¢°. This form fac-
tor reflects a spatial distribution of nucleons within a nucleus relative to
the transferred momentum wavelength [5, 6].

The delay of more than forty years between the CEVNS prediction and
its first observation [7] illustrates the challenge of finding a combination
of a very bright neutrino source and an extremely sensitive detector.
While the suitable energy spectrum and flux magnitude are required
from the former, the latter should provide a sufficient target mass and a
low energy threshold. The field of CEVNS research includes experiments
at pion decay at rest sources (nDAR) [8-10], nuclear reactors [11-26] and
underground dark matter search experiments able to probe solar neutri-
nos [27-30]. At the moment of writing, three CEVNS detection results
are reported by the COHERENT collaboration [31] at the Spallation
Neutron Source (Csl [7, 32], Ar [33], Ge [34]) and two from the dark
matter search experiments with ton-scale two-phase xenon detectors [35,
36].

The experiments at nuclear reactors promise both valuable scientific and
technological results. The former include constraints on non-standard
neutrino interactions [37, 38] (particularly induced by low-mass medi-
ators), while the latter are associated with the CEVNS detectors potential
for nuclear nonproliferation [39-41]. The only CEVNS measurement at
reactors to date is reported by the Dresden-1l1 experiment [14] using a
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germanium detector. A tension between this claim and the recent con-
straint from CONUS [12] is to be resolved by further measurements.
RED-100 [42] is a two-phase xenon detector [43, 44] with the largest
sensitive mass and the heaviest target nucleus out of all reactor CEVNS
experiments to date. Such a combination together with the sensitivity and
scalability of the two-phase technique is promising for scientific research
as well as reactor monitoring applications. Recently another experiment
(RELICS) with a similar concept was proposed for CEVNS observation
at the Sanmen Nuclear Power Plant [45]. This work is devoted to the
first constraints on CEv NS from the RED-100 exposition at the Kalinin
Nuclear Power Plant (KNPP) [46].
Il. THE RED-100 EXPERIMENT
A. Experimental setup

The cylindrical sensitive volume of the RED-100 detector has a di-
ameter of 36 cm and a height of 41.5 cm and contains about 130 kg of
liquid xenon (LXe). lonizing radiation produces both excitation and ion-
ization of xenon atoms in the sensitive volume. The excitation leads to
the scintillation flash coincident with the moment of interaction. The
ionization electrons drift to the surface of the liquid and are extracted
into the 0.9 cm thick gas gap filled with the xenon vapor at about 1.3
atm, where the electric field is strong enough to cause elec-
troluminescence. It is generated all along the paths of electrons from the
LXe surface to the anode electrode. The light is collected by a PMT ar-
ray of 19 Hamamatsu R11410-20 units [47, 48] located above the anode.
Seven PMTSs of the bottom array facilitate the detection of primary scin-
tillation. The scheme of PMTs positions is shown in fig. 1. The drift field
strength in the largest part of the liquid volume but the upper 1.0 cm is
about 218 V/cm corresponding to the maximal drift time of 265 us to the
gas gap. The electric field strength in the 1.0 cm of the liquid above the
gate mesh electrode is 2.68 = 0.04 kV/cm [49], and 4.96 + 0.07 kV/cm in
the gas gap. The latter accounts for the 2 ps duration of electrolumines-
cence for a point-like charge.
The RED-100 setup was deployed at Unit 4 of KNPP in 2021 [42, 46].
The detector was exposed to the antineutrino flux of about 1.4 x 10" cm’
s at a distance of 19 m under the center of the ~ 3.1 GW thermal pow-
er reactor core. The reactor building and construction materials of the
unit provide about 50 m.w.e. overburden in the vertical direction and
overall reduction of the muon flux by a factor of ~ 7 [51, 52]. The detec-
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tor was surrounded by the 5-cm-thick copper layer and submerged into
the water tank, providing about 70 cm of water in any direction [53].

Bottom array

FIG. 1. The top-view scheme of the PMT arrays of RED- 100. PMTs B02, B04, and B06
(blue color) were operated at lower voltage (see text).

B. Data collection

CEVNS events produce very low energy depositions. For reactor antineu-
trinos and xenon targets, it is mostly below 1 keV, which results in only
several ionization electrons. A single electron (SE) signal in RED-100
manifests itself as 20-30 single photoelectron (SPE) signals detected by
PMTs and distributed almost uniformly across the electroluminescence
duration [49]. Thus a CEVNS event consists of dozens to hundreds of
SPE pulses distributed over a significant time span of 2 to 5 /is across 19
PMTs channels. These pulses are small with about 8 mV amplitude (af-
ter tenfold external amplification) and 20 ns duration. To effectively de-
tect such signals a dedicated data acquisition system (DAQ) trigger
based on pulse counting was developed [54]. Each PMT signal is fed to
individual discriminators CAEN V895 with a threshold low enough to
detect SPE pulses. The average measured SPE detection efficiency is
about 60%. The signals from the discriminators are sent to the complex
digital triggering circuit built using the CAEN V1495 module. The cir-
cuit counts SPE pulses from the top PMT array in a running 2 is window
which corresponds to the characteristic electroluminescence duration.
The CEvNS-like trigger detection threshold is set to 57 counts, i.e. about
3 ionization electrons to provide the lowest possible energy threshold
while keeping the total trigger rate below the 20 Hz maximum allowed
by DAQ.

As was shown by RED-100 [55, 56] and several other groups [57, 58],
the big energy deposition from the passing of cosmic muons through the
detector is a strong source of the background single electron (SE) like
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signals. This is important for the RED-100 detector operated with a low
overburden. The electronic shutter was added to the RED-100 electrode
structure in order to suppress this effect. It prevents ionization electrons
from extraction to the gas gap after the muon passage through the detec-
tor by reversing the electric field direction (see details in [17]). The mu-
ons are identified by their extremely large scintillation. The signals from
the bottom array PMTs (B01, B03, B05, B07 in figure 1) are sent to the
high-threshold (~1 V) discriminator and then to the majority two-of-four
logic. The shutter blocking duration varies in the range from 0.3 to 6 ms
depending on the muon energy estimated using the width of a scintil-
lation pulse measured by sum signal from PMTs (B02, B04, B06) oper-
ated at a lower voltage. The trigger is vetoed for a full shutter duration
plus 10 ps. Also, the trigger is vetoed for 300 ps after gamma events de-
tected by a sum of signals from the bottom PMT array. As an enhanced
measure to suppress time periods with high SE emission rates in the de-
tector (noisy periods), a dedicated veto looking for high SPE rate periods
was developed. It counts SPE pulses from the top PMT array in the 50 ps
period and vetoes the trigger if more than 50 pulses are observed. This
threshold is chosen to minimize the rate of triggers connected to random
coincidences of spontaneous SE signals down to the DAQ recording rate
of 20 Hz.

To handle CEVNS-like events effectively, fast electronics is used, and
detailed waveforms with a sampling period of 2 ns are recorded for all
PMTs by DAQ for further processing and analysis [59]. The xenon scin-
tillation light yield for nuclear recoils in the reactor CEVNS region of
interest is quite low (~3 photons for a 1 keV recoil [60]) making the de-
tection and identification of such a signal unlikely. We work in S2-only
mode which means only the secondary electroluminescent signal origi-
nating from the ionization electrons is considered in further analysis.
Hence, it is unnecessary to record data for the maximal ionization drift
time of 265 ps. For CEvNS data the recorded waveform duration is re-
duced to 30 ps. This choice is made to increase the data readout rate by
the cost of degrading the ability to suppress a background from multiple
scattering of gamma rays and neutrons. The trigger location within the
recorded waveform provides about 18 us before the candidate to exam-
ine the isolation of a signal of interest. We implemented direct measure-
ment of livetime during the acquisition by counting pulses from a 1 MHz
pulser vetoed in the same way as trigger. The average livetime over
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elapsed real time ratio with CEVNS trigger is about 60%. Accumulated
statistics for data collected with CEVNS trigger during reactor OFF peri-
od is 2.5M events for the 0.84 days livetime, while during reactor ON
period it is 10.5M events and livetime of 2.63 days.

1. CEVNS SIGNAL PREDICTION

Calculation of sensitivity of the RED-100 detector and evaluation of ex-
perimental limit require detailed simulation of CEVNS signals in the de-
tector. Such a simulation uses a proper antineutrino energy distribution
to obtain a nuclear recoil spectrum of interest. It should be converted
then into a spectrum in the units of ionization electrons generated in
xenon, which in turn can be recalculated to an observable light signal. In
this section, we describe each of these steps.

A. Antineutrino energy spectrum

The importance of the reactor antineutrino energy spectrum for the
CEVNS signal simulation is related to the challenge of low energy nucle-
ar recoils detection. The part of the antineutrino flux with E, > 8 MeV,
even low in intensity, can result in nuclear recoils above the detector
threshold facilitating CEVNS observation. Several models of reactor an-
tineutrino energy distribution can be found in literature [50, 61-71]. In
this work we consider spectra suggested by authors from Kurchatov In-
stitute (KI) [63, 64], one of summation models (SM2018) [65, 66], re-
sults from Daya Bay (DB) [69, 70] and recent evaluation by authors
from Institute for Nuclear Research (INR) [71] verified using the Double
Chooz data [72]. The first (KI) was used in the calculation of a CEVNS
count rate for the initial RED-100 sensitivity study [17] and lacks anti-
neutrinos with energy above 8 MeV. The second (SM2018) represents
the results of a summation approach. It includes the high energy part of
the antineutrino spectrum and allows recalculation for the arbitrary fuel
composition. We also compare these two models with the deconvolved
antineutrino spectra of DB and INR, both including parts with E, >8
MeV, however different in intensity.

The calculations performed based on all of these models assume iso-
tropic antineutrino flux produced by a 3.09 GW thermal power VVER-
1000 reactor. All spectra except DB 2 are recalculated for the main fissile
isotopes fractions of 71.7% (**U), 6.8% (***U), 18.4% (***Pu) and 3.1%
(**'Pu) provided by KNPP. These fractions were considered unchanged
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throughout the 3 weeks data taking period with the active reactor. The
average value of energy released per fission used in these calculations is
204.0 MeV [73, 74]. The spectra-averaged differential cross-section for
each model was used to obtain the nuclear recoil spectra for the RED-
100 as a differential count rate. The CEVNS nuclear recoil spectra calcu-
lated for each of the antineutrino energy distribution models are shown
in figure 2. These nuclear recoil spectra are used as input for the simula-
tion along with the properties of liquid xenon as a sensitive medium and
the detector characteristics.

The original works [69, 70] provide a single antineutrino spectrum for
the fractions of 56.4% (*°U), 7.6% (***U), 30.4% (*°Pu) and 5.6%
(**'Pu). As there are no spectra for each of the main fissile isotopes, the
recalculation for an arbitrary fuel composition is not possible.
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FIG. 2. Energy spectra of CEVNS xenon recoils for different models of reactor antineu-
trino energy distributions (see text).

B. CEVNS signal in RED-100

The simulation of liquid xenon response to nuclear recoils is performed
based on the NEST v2.4.0 model [60] with an input temperature of 169
K, pressure of 1.29 bar and 218 V/cm electric drift field strength. The
current NEST nuclear recoil model allows the simulation of ionization
signals down to 0.2 keV (including the low-energy phenomena reported
in [75]) covering most of the analytically calculated recoil spectra. The
output of the NEST-based simulation is a number of ionization electrons
generated by a nuclear recoil of a given energy at the site of interaction.

Before the electroluminescence, a cloud of ionization electrons under-
goes two types of losses. The first is a capture of drifting electrons by
electronegative impurities. The characteristic scale of this process is the
lifetime of a free electron in liquid xenon. It was measured to be 874+17
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ps in situ based on the signals from cosmic muons [42, 49]. The second
is the loss of electrons at the liquid-gas interface. It is characterized by
the electron extraction efficiency (EEE) coefficient of 32.8+2.8% evalu-
ated based on the gamma-calibration data described in [49]. The simulat-
ed CEVNS recoil spectra in units of ionization electrons prior to and after
these losses are shown in figure 3 (top). A drift of electrons in liquid
xenon is simulated taking into account diffusion of the electron cloud in
accordance with the formula described in [76] and [77]. This part of the
simulation is crucial for the correct prediction of electroluminescence
duration of CEVNS events.

The S2 part of every signal consists of several ionization electrons and
can be represented as a sum of single electron (SE) signals. The size and
duration of the electroluminescence signal produced by a few-electron
ionization are simulated using the measured SE parameters and the light
distribution over the PMT array which was calculated using light re-
sponse functions (LRFs). The evaluation of SE parameters and LRFs is
described in detail in [49].
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FIG. 3. Top: Simulated CEVNS spectrum in units of ionization electrons before (green
squares) and after (purple triangles) extraction. Middle: The resulting simulated energy
spectrum of the predicted CEVNS signal in units of detected PE. Bottom: The resulting
duration distribution of the predicted CEVNS signal. All of the plots assume SM2018 and
NEST charge yield fluctuations.
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IV. DATA PROCESSING

The 30 ps-long waveforms of CEVNS candidate events acquired at
KNPP are processed with the help of the REDOffline software [49]. This
software performs pulse finding and parameterization for further analy-
sis. Only pulses from the top array PMTs with areas larger than the
threshold are considered. The threshold is defined as two standard devia-
tions below the mean of a gaussian fit of the SPE area distribution for
each PMT. Sequences of 5 or more pulses, such that there is no more
than 500 ns between each two consequent, are identified as a cluster. A
cluster is considered to represent low-energy electroluminescence from
an interaction of ionizing radiation with xenon, although it can be asso-
ciated with the overlap of a few spontaneous SE signals and/or SPE from
the scintillation and dark current of PMTs.

The light collection efficiency depends on the cluster position in the hor-
izontal (XY) plane and decreases with radius. We perform reconstruction
of the position and correction of S2 area with a help of LRFs based on
calibration data (see [49] for details). In what follows units

of detected energy deposition, either PE or ionization electrons, refer to
the corrected quantities. The ionization electron number is evaluated
from a corrected PE number using the measured electroluminescence
gain of 27.0 PE per electron [49].

Prior to further discussion of the analysis cuts we define the CEVNS re-
gion of interest (ROI) in the following dimensions: duration, corrected
energy, and reconstructed spatial position in the horizontal plane. Cutting
on the vertical position of an energy deposition is not possible since S1 is
too small to be detected and hence drift distance is unknown for dis-
cussed events. We discard events with a duration of less than 1.7 us
since those are identified as technical background originating from the
detector’s edge rim. Also, we do not consider events with a duration of
more than 4 ps due to negligible expected CEVNS rate in this region. It
should be mentioned here that the duration we use is calculated from the
first SPE to the last one and hence it is bigger than the S2 duration calcu-
lated as the full width at half maximum. We also limit cluster energy to
be more than 4 and below 7 electrons (110 and 189 corrected PE corre-
spondingly). We only consider clusters within a reconstructed radius of
140 mm. This restriction is introduced due to a decrease in reconstruc-
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tion precision due to a decline in light collection efficiency near the edge
of the detector.

We introduce additional limitations of the ROI based on the check of the
count rate stability, as a significant correlation of the rate with the ambi-
ent temperature fluctuations is observed at KNPP. The data analysis sug-
gests that this correlation is caused by the dependence of discriminators’
offsets on temperature leading to changes of SPE detection efficiency by
the trigger. To cease this effect we exclude a part of the parameter space
with a lower number of detected photoelectrons and larger durations. In
particular, the difference between ON and OFF trigger efficiencies is
required to be under 1% in comparison with OFF efficiency. The shape
of this restriction is shown in Figure 4. This shape ensures that the trig-
ger efficiency relative to the clusters from ROI is close enough to 100%
so the variations related to temperature are negligible. This cut is more
likely to reject events near the edge of the detector since they have a
lower number of detected photoelectrons. The estimates of the trigger
efficiency are performed with the help of the toy Monte-Carlo simulation
and dedicated data from KNPP collected with gradually increasing CEv
NS trigger threshold. The stability of the count rate in ROI with de-
scribed requirements is verified within OFF and ON datasets.

We apply several selection cuts on characteristics of recorded waveforms
and reconstructed parameters of clusters. These cuts are optimized based
only on the OFF data and simulated CEVNS events by maximizing the
sensitivity of the analysis to CEVNS. All selections as well as position
and energy reconstruction procedure are applied both to simulated and
measured events.

Some clusters within the defined ROI are followed by FIG. 4.
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FIG. 4..Dependence of the duration cut on the energy. The events above the red line
are rejected. Bin values for the simulated CEVNS events are normalized to the reactor
OFF time. Bin values for the simulated CEVNS events are normalized to the OFF dataset
size.
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significant light emission not expected from CEVNS. Such events can be
related to enhanced local SE emission rate as well as multiple scattering
of neutrons or gamma-rays. We reject events with more than 10 pulses in
5.5 ps following the identified cluster. This cut rejects about 30% of
background (OFF data) while preserving 90.5% of livetime.

A non-negligible part of a background is connected to coincidences of a
SE electroluminescent signal with a scintillation or a short large-
amplitude pulse, which can originate from the ionic afterpulses of a PMT
or Cherenkov radiation in PMT glass. In such a coincidence a proper
duration of a cluster is provided by SE while the most of “energy” is
concentrated in a short time window. We suppress a contribution of
these events to ROI by calculating a ratio of integral in a time window of
-20 to +180 ns defined relative to the onset of the largest pulse to the
whole integral of a cluster. This ratio is required to be less than the con-
servative value of 0.4, discriminating part of the background but not af-
fecting the acceptance of regular S2 signals. We also introduce another
parameter to reject the remaining events with the Cherenkov-like pulse
shape. A ratio of a mean SPE integral to a pulse amplitude is calculated
for each pulse in a cluster. We restrict the lowest of these ratios to be
larger than 2.0, the latter value corresponds to an amplitude of about 40
mV, i.e. about 5 times larger than an average SPE pulse. Additionally,
we consider a time window of 1 us within a cluster that has the largest
fraction of integral in it. The ratio of integral within this 1 ps to the full
integral is required to be lower than 0.84. Such a parameter rejects coin-
cidences of an SE signal with low energy electroluminescence at the pe-
riphery of the detector’s horizontal plane. These peripheral electrolumi-
nescent signals have a characteristic duration of 700 ns due to the peculi-
arity of the anode electrode design. The total efficiency of these con-
servative cuts relative to CEVNS signals from ROI was estimated as 98%
based on the calculation of SPE overlap probability within a claster. Fi-
nally, for each cluster, we consider the likelihood of a point-like (PL)
light source in the gas gap to produce an observed distribution of light
over the top PMT array. Few spontaneous SE signals can overlap pro-
ducing a background event with a light distribution different from PL.
To mitigate SE-coincidence background, two neural networks were de-
veloped. The first neural network (NN) uses only a light distribution
over the PMT array normalized to the total amount of light registered. It
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consists of 19 nodes in the input layer corresponding to 19 PMTs in the
top array; 4 hidden layers with 70, 64, 72, and 44 nodes with ELU acti-
vation function [78] in each node; two batch normalization layers after
the first and the last hidden layers. The architecture of this network was
optimized with KerasTuner [79]. The second neural network (3DNN)
uses 3-D (x, y, time) 10x10x20 pixels *’images” of a signal. The network
includes 3 convolutional [80] layers 3x3x5 and 3 fully connected layers
with ELU [81] activation function and batch normalization after each
layer. To predict the probability of an event being PL, the last layer in
both neural networks consists of a single neuron with the sigmoid activa-
tion function. Events for training and validation datasets were simulated
using the procedure described in Section I1l. The area under receiver op-
erating characteristic curve [82] of neural networks on Monte-Carlo test-
ing data reached 95% with a slightly better score for 3DNN. A detailed
description of NN design and training will be provided in a separate pa-
per. We used a cut based on predictions of both networks (see figure 5)
to suppress the SE coincidence background. It can be seen that the OFF
dataset contains a significant number of events with a big probability of
being PL based on the NN scores. These events can be attributed to a
background from interactions of ionizing radiation or to the spatial coin-
cidence of spontaneous SE emission, e.g. originating from muon tracks

[55, 56].
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FIG. 5. 2-D distributions of the neural networks scores on the simulated CEVNS data
(left) and OFF data (right). The score means the probability to originate from the point-
like source (1 - pointlike, 0 - not-pointlike). The red line indicates the chosen cut bounda-
ries. Bin values for the simulated CEVNS events are normalized to the OFF dataset size.

The resulting influence of all cuts on the background and the expected
CEv NS signal is presented in figure 6.
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The background suppression is more than 99% while the CEVNS signal
loss is 75% in ROI. The example of a background event passing the cuts
is presented in figure 7.
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FIG. 6. Suppression of the background from reactor OFF data (top) and the CEVNS sig-
nal (bottom) under the assumption of SM2018 spectrum model.
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FIG. 7. Example of an event passing all cuts successfully. Channels corresponding to
PMTs of the top array are overlaid.

V. SENSITIVITY

The sensitivity of RED-100 to CEVNS is estimated based on the data
acquired during the reactor OFF period and simulated signal. We apply
the requirements described in Section IV to the data and use parameters
of clusters from the resulting selection to fill three histograms. The first
one is for corrected energy estimates (in PE units). The second is a his-
togram of clusters duration connected to the vertical coordinate of an
interaction through the broadening via diffusion of ionization electrons.
The last one contains a distribution of radius squared which is calculated
based on the candidates spatial position in the horizontal plane of the
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detector. We scale each of these histograms by the OFF exposition to
represent the background rate in units of counts per day per kg. In what
follows we refer to them as “scaled OFF histograms”. It is useful to de-
fine also three CEVNS prediction histograms in the same parameter
space and with all the selections applied (“scaled CEVNS histograms™).
Based on scaled OFF and CEvNS histograms we evaluate the “expected
ON histograms”. The values in channels of these histograms are equal to
the sum of the values in respective channels of OFF and CEVNS spectra.
The statistical uncertainties of values in expected ON histograms are re-
calculated to the exposition time acquired at KNPP during the reactor
ON period. After that, we define three “expected residual histograms” by
subtracting scaled OFF from expected scaled ON. By definition, the val-
ues in these residuals coincide with those from scaled CEVNS histo-
grams, while the statistical uncertainties are an uncorrelated sum of un-
certainties from scaled OFF and expected ON. The number of counts in
each channel of OFF histograms before scaling is enough to apply x*
statistics.

We evaluate the sensitivity of the experiment to CEVNS using the set of
expected residual histograms, a so-called “Asimov dataset” [83]. The
statistical analysis approach we use is based on a simultaneous fit of
three residual histograms to CEVNS expectation. The parameter of inter-
est is the amplitude of a CEv NS signal A relative to the Standard model
prediction, the only parameter varied in a fit. We consider the statistics
of Ay” = y*(A) - %*(Avest), Where Apes is a signal amplitude minimizing
¥*(A). For the “Asimov” residual Apes; = 1 and x*(Apes) = O by definition.
The 90% confidence level (C.L.) sensitivity, i.e. the median expected
limit, can be evaluated as A, such that Ay* (A) = 2.71. The sensitivities
derived for each variant of CEVNS prediction can be found in Table I in
parentheses and one of the corresponding Ay? profiles is shown in figure
9 with dashed line. It can be seen that a limit of about 60-90 times larger
than Standard model CEVNS is expected for the achieved energy thresh-
old and exposition time. The reasons for a modest sensitivity and its sig-
nificant dependence on CEVNS signal assumptions are discussed in Sec-
tion VII.

Statistical analysis of the residual ON-OFF count rate is justified if the
background is stable. For the background measurements, we used several
additional detectors continuously running during the whole RED-100
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data-taking period. Also, regular background monitoring runs were ac-
quired with RED-100 itself. These measurements show good background
count rate stability without any significant variations with changes in the
reactor operation mode. A detailed description of these measurements
and obtained results can be found in the dedicated paper [51].

VI. RESULTS

To evaluate experimental limits on CEVNS amplitude we repeat the
analysis from Section V, but substitute expected count rate histograms
and uncertainties with real ones based on the reactor ON data. Corre-
sponding residual ON-OFF spectra are presented in figure 8. When fit to
the CEVNS predictions they allow to produce Ay’ profiles like the one
shown in figure 9 and evaluate the experimental limits summarized in
Table I. It can be seen that the best fit amplitude does not contradict the
Standard model CEVNS prediction within the statistical uncertainty. The
evaluated upper limits are slightly larger than the sensitiyvities calculated
for the corresponding variants of a CEVNS prediction.
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FIG. 8. Residual ON-OFF histograms for corrected energy (top), duration of a cluster
(middle), and reconstructed radius squared (bottom).
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Limit (Sensitivity) at 90% C.L., xXSM
SM 2018 Kl DB INR
63 (58) 94 (90) 61 (56) 70 (64)

TABLE I. Upper limits (sensitivity) on CEVNS amplitude depending on the models of a
primary antineutrino spectrum.

Apart from the systematic uncertainty associated with the reactor anti-
neutrino energy spectra, there are two more effects significantly affecting
the strength of the evaluated limit.

4 Asimov dataset
— ON-OFF
~

0 20 40 60 80 100
Amplitude [ XSM]

FIG. 9. Profiles of for Ay? the sensitivity studies and constraints of CEVNS amplitude
under assumption of SM2018.

We illustrate the impact of these effects under the assumption of the
SM2018 antineutrino spectrum. The first one is the uncertainty of the nu-
clear recoil charge yield in xenon estimated within the NEST framework.
The change of the mean NEST charge yield to the lower (upper) edge of
the corresponding uncertainty band (see Fig.3, bottom in ref. [60]) shifts
the limit to 135xSM (27xSM). More low-energy nuclear recoil data for
the NEST input are required to suppress this effect. Another source of
uncertainty is the EEE value of 32.842.8%. Variation of EEE down (up)
within its standard deviation changes the limit to 78xSM (43xSM) for
the default nuclear recoil charge yield. The EEE value uncertainty evalu-
ated for the RED-100 exposition at KNPP is dominated by the accuracy
of the average energy required to produce an excitation quantum in lig-
uid xenon W =13.8 £ 0.9 eV (see refs. [49, 84]).
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VII. DISCUSSION

The modest sensitivity of the first run of RED-100 is caused by a combi-
nation of factors: relatively high energy threshold, higher than expected
background rate, and moderate exposition time. The energy threshold of
statistical analysis presented in this work is about 110 PE (4 ionization
electrons). Given the achieved electron extraction efficiency of 32.8 +
2.8 % and the ionization yield of xenon from NEST [60] this threshold
corresponds to about 0.2 keV of electron recoil and 2 keV of nuclear re-
coil equivalent. The maximum energy of a xenon recoil from CEVNS of
a 8 MeV antineutrino is about 1 keV. It means that only nuclear recoils
from the highest-energy antineutrinos, producing a signal smeared by the
fluctuations of ionization yield, extraction to the gas gap, and light col-
lection end up within the RED-100 analysis ROI. This consideration ex-
plains a significant dependence of the evaluated sensitivity estimates on
the model of the reactor antineutrino spectrum (see Table I). The ex-
pected energy threshold was not achieved due to the trigger efficiency
instability associated with significant temperature variations at the site of
the experiment.

The background rate observed in ROI at KNPP is significantly higher
than expected [17]. Our simulations allow us to conclude that both ambi-
ent and cosmogenic neutrons as well as gamma rays cause a count rate
much lower than that observed [51]. Another expected source of back-
ground is associated with spontaneous single electron emission. This
process significantly affects the operation of two-phase xenon detectors
at a shallow overburden. The SE rate observed at KNPP is reduced by
about an order of magnitude compared to the previous measurements at
MEPhI, down to 25 kHz [51]. The laboratory tests of the RED-1 proto-
type and the RED-100 detector demonstrated that the SE events flow is
not Poissonian and consequent single electron signals are correlated in
space [55, 56]. The presence of such correlations drastically undermines
the PL cut efficiency. Correlated SE emission may be possible explana-
tion of the observed background excess. Additional hints to this hypothe-
sis include decreasing of the background rate with energy (lower proba-
bility of more electrons to overlap) and increasing for a larger duration at
a given energy (more probable overlap within a longer time window).

The moderate time of the detector exposition at KNPP is connected to
technical issues on site. In order to estimate a potential of CEVNS obser-
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vation we extrapolate the sensitivity of RED-100 to an astronomical year
of operation at KNPP: a month of reactor outage and eleven months of
reactor operation. This extrapolation suggests an expected 90% C.L. lim-
it of about 15-20 times above the Standard Model prediction, still insuf-
ficient to observe CEVNS.

Despite the ability of RED-100 to detect single ionization electrons its
sensitivity to CEVNS is limited by a combination of a background and
low energy of xenon nuclear recoils. We consider the change of the ac-
tive medium from xenon to argon, which effect into account, e.g. consid-
ered in refs. [87-89]. The difference between models is due to the appli-
cation of particular fluctuation statistics at the steps of generation of total
guanta (light and charge), humber of ions, recombination, and quench-
ing. Verification of these models is complicated by the scarcity of the
low energy data both for xenon and argon. Though our tests show signif-
icant dependence of the CEVNS count rate above the detector threshold
on the ionization yield fluctuation model, the NESTv2 approach gives
the most conservative result. We note that the dependence of the result
on the fluctuation model wanes with the reduction of the energy thresh-
old and improvement of the detector resolution.

VI1II. CONCLUSION

The first run of RED-100 at Kalinin Nuclear Power Plant demonstrates
the feasibility of a 100 kg-scale two- phase noble gas detector operation
at NPP with a low threshold of about 4 ionization electrons. The data
analysis shows no statistically significant difference between 331 (192 in
FV) kg-days of reactor ON and 106 (61 in FV) kg-days of reactor OFF.
We obtain the first constraint on the coherent scattering of reactor anti-
neutrinos off xenon nuclei of about 60-90 times larger than the Standard
Model prediction, though dependent on the model of the primary anti-
neutrino energy spectrum and ionization yield fluctuations. The perfor-
mance of RED- 100 during the first run at KNPP is significantly affected
by the single electron background associated with high energy deposi-
tions. A detailed study of spatial and time correlations between SE sig-
nals would greatly benefit understanding of the background in the range
energy deposition range of a few ionization electrons. The sensitivity of
the RED-100 experiment extrapolated to an astronomical year of data
taking at KNPP is comparable to the first phases of other reactor experi-
ments, although insufficient for CEVNS detection. The change of the
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sensitive medium from xenon to argon is considered to facilitate obser-
vation of CEVNS at a nuclear reactor allows for larger energy of nuclear
recoils and larger electron extraction efficiency for the same electric field
strength [85]. The nuclear recoil charge yield is comparable for xenon
and argon in reactor CEVNS ROI [86]. The drawbacks of using argon
include lower total CEVNS cross-section, **Ar- related background, and
lower light yield of electroluminescence in combination with a challenge
of 128 nm light detection. The preliminary estimates of CEVNS count
rate in the argon-filled RED-100 can be found in ref. [46]. These esti-
mates suggest that the neutrino signal can be observed over the *Ar be-
ta-background in the energy deposition range below five ionization elec-
trons. It is not clear if the rate of spontaneous single electron signals in
argon is lower or larger than in xenon. The upcoming laboratory tests of
RED-100 with argon are to answer this question and show if the change
of the medium is beneficial for the detector’s sensitivity to reactor
CEVNS.

In the course of evaluation of the CEVNS count rate we encountered an
aspect of calculation we would like to highlight. It is a simulation of ion-
ization yield fluctuations of nuclear recoils. While the results presented
in this work are based on the fluctuations model from NESTv2 [60],
there are other approaches to taking this
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Abstract

We consider the potential for a 10 kg undoped cryogenic Csl detector operating at the
Spallation Neutron Source to measure coherent elastic neutrino-nucleus scattering and its
sensitivity to discover new physics beyond the standard model (BSM). Through a com-
bination of increased event rate, lower threshold, and good timing resolution, such a de-
tector would significantly improve on past measurements. We considered tests of several
BSM scenarios such as neutrino nonstandard interactions and accelerator-produced dark
matter. This detector’s performance was also studied for relevant questions in nuclear
physics and neutrino astronomy, namely the weak charge distribution of Cs and I nuclei
and detection of neutrinos from a corecollapse supernova.

1. INTRODUCTION

A scintillating CslI[Na] crystal was used for the first detection of co-
herent elastic neutrino-nucleus scattering (CEVNS) [1,2] at the Spallation
Neutron Source (SNS) at Oak Ridge National Laboratory. This detector
achieved a light yield of 13.35 photoelectrons (PE) per keV of electron
equivalent energy (keVee), which set a threshold nuclear recoil energy of
~ 8 keV,,, allowing detection of the low- energy nuclear recoils produced
in CEVNS interactions. This result has improved precision for measuring
the standard model’s predicted neutrino couplings and searching for
physics beyond the standard model (BSM) [3-10]. Though successful,
first-light CEVNS measurements suffered from limited sample statistics
and a relatively high detection threshold. The next generation of CEVNS
detectors must address both of these concerns to fully realize the power
of precision CEVNS scattering experiments to discover new physics.

The use of undoped, inorganic scintillators such as Csl and Nal oper-
ated at cryogenic temperatures [11-14] has been studied recently as a
potential improvement. At 77 K, the light output of such crystals more
than doubles compared to doped crystals at room temperatures. Detec-
tors using this technology have been proposed to measure CEVNS [15-
17]. Much colder undoped Csl bolometers have also been used to search
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for dark matter [18,19], in particular testing the DAMA [20-22] result.
Through a combination of increased light yield and reduction of after-
glow, long-lived scintillation activity following a MeV-scale energy de-
posit that becomes a background for CEVNS analysis, a cryogenic Csl
CEVNS detector could achieve a threshold lower than the original Csl
threshold by an order of magnitude, making a new and currently untested
kinematic region experimentally accessible. A lower threshold also in-
creases the fraction of CEVNS events that would be selected by data
analysis for a detector at a stopped-pion neutrino source. At a nuclear
reactor, such improvement would be necessary for CEVNS detection
[23]. A measurement of CEVNS on multiple targets, light and heavy, is
desirable to fully test the standard model prediction. Next-generation
detectors on argon and germanium, both relatively light, have been either
recently deployed at the SNS (Ge) or started construction (Ar). High-
precision data with a heavy nuclear target like Csl would supplement
these experiments.

In this work, we describe a broad view of the physics potential of a 10
kg cryogenic Csl detector as part of the COHERENT program at the
SNS [17]. Specifically, we consider three BSM scenarios; tests of neu-
trino-quark nonstandard interactions (NSI), potential to discover hidden-
sector dark-matter particles, and searches for a sterile neutrino through
BSM neutrino oscillations. We also study two areas where such data will
improve understanding of nuclear and astrophysics; measuring the weak
charge distribution of the nucleus and observing neutrinos from a core-
collapse supernova. We refer to this proposed detector as COH-CryoCsl-
1 throughout. Though we considered several of the potential new physics
signatures that a cryogenic Csl scintillator at the SNS may explore, the
list is not exhaustive. For example, this technology can also test neutrino
electromagnetic properties [24,25], a BSM neutrino magnetic moment
[3,9,25-29], and leptogquark models [30].

Il. COHERENT PROGRAM AT THE SNS

The SNS is currently the most intense terrestrial source of neutrinos
in the tens of MeV energy range. During SNS operations, protons are
accelerated to a kinetic energy of T, = 1.01 GeV and stacked in an ac-
cumulator ring. The protons are then extracted at a rate of 60 Hz and di-
rected to a mercury target. Each extraction results in a ~350 ns FWHM
pulse. The proton power upgrade [31] is currently increasing the proton
energy to T, = 1.3 GeV and beam power to 2.0 MW at the target. Re-
cently, steady operations at a record 1.7 MW power were achieved.
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Work is expected to be complete by mid 2024 with full power.

The SNS produces ©* mesons naturally as the proton beam is dumped
on the mercury target. The n~ capture in nuclei but the =" will stop in the
target and decay freely making a n* decay-at-rest (NDAR) neutrino flux,
1" — p’+v,, T =26 ns. Subsequently, the will then stop in the target and
decay, u* = " + v, +v,, m = 2.2 ps. Conveniently, the timescale of the
beam is between these two lifetimes so that the flux separates into two
components; a prompt, monoenergetic (29.8 MeV) flux of v,, and a de-
layed flux of v, and whose energy distributions are very well understood
from p* decay kinematics. At the SNS energy, the flux is a pure (>99%)
nDAR source with a very small contribution from decay-in-flight me-
sons [32].

Among artificial neutrino sources, a nDAR flux produces a large flux
of neutrinos in the 10 MeV to 50 MeV energy range. This energy regime
is very useful for astroparticle neutrino measurements [33,34]; ®B solar
neutrinos have a 15 MeV endpoint energy while supernova neutrinos
have a mean energy of 10-20 MeV.

COHERENT operates a suite of neutrino and background detectors in
“Neutrino Alley”, a basement utility hallway where beam-related neu-
tron backgrounds are measured to be small enough to facilitate low-rate
neutrino measurements. Taking full advantage of our low-background
environment and the unique energy and intensity of the SNS, we have
adopted a multitarget approach, measuring both CEVNS and inelastic
neutrino-interaction cross sections.

Beyond the first Csl[Na] detector, three COHERENT CEVNS detec-
tors are currently operating: COH-Ar-10, a 24 kg argon scintillation cal-
orimeter which has seen 3.40c evidence for CEVNS [35]; COH-Nal-
3500, currently 1500 kg of Nal scintillating7 crystals which will measure
CEVNS on *®Na and CC interactions on *'I; and COH-Ge-1, an 18 kg
germanium p-type point-contact (PPC) detector array [36-40]. Also tak-
ing data are COH-Nal-185 [41], a 185 kg array of Nal[TI] crystals which
has measured inelastic neutrino interactions on Nal and characterized
background for COH-Nal-3500; COH-Th-1, a 52 kg Th target surround-
ed by water bricks and Nal crystals to moderate and record neutron cap-
ture gammas which will measure the first neutrino cross section on tho-
rium [42-44]; COH-D20-1, a 590 kg heavy water detector which will
calibrate the neutrino flux by collecting Cherenkov light produced in ve-
d interactions [45]; and MARS, a neutron background monitor consisting
of plastic scintillator planes covered in Gd-loaded paint used to capture
neutrons [46].
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I. CRYO CSI DETECTOR PERFORMANCE

We propose the COH-CryoCsl-1 detector featuring a single, cryogen-
ic 10 kg crystal of undoped Csl scintillator. The conceptual design has
evolved since this technology was first proposed for SNS running in
[47]. Critically, we plan an operating temperature of 40 K to significant-
ly reduce afterglow backgrounds that plagued COHERENT’s first
CEVNS Csl measurement. Additionally, the detector sensitivity has been
updated in light of early threshold and background estimates. In [47], we
also showed that light yield is insensitive to crystal size, observing com-
parable performances in 1 kg and 0.091 kg samples, suggesting the tech-
nology is scalable while maintaining low threshold.

A conceptual diagram of the detector and shielding is shown in Fig.
1. Scintillation will be monitored with an array of ~400 SiPM detectors
affixed to one face of the crystal for a total active area of roughly 10 x 15
cm?. We are currently benchmarking and cold testing SiPM arrays from
commercial vendors for inclusion in the final design.

~“1m

Water bricks (~10 cm)

Top muon panel
Side muon panels
Vacuum chamber

PTR 1* stage
Infrared shield

§
|
i
I

~1.6m

PTR 2" stage

Cylindrical
undoped Csl

Height: ~6 inch
Diameter: ~6 inch
Mass: ~12 kg

FIG. 1. A diagram of the COH-CryoCsl-1 design showing a 10 kg undoped Csl crystal
fixed in a two-stage pulse-tube refrigerator (PTR) and surrounded by a multicomponent
shield assembly.

The crystal will be placed in a low-activity copper housing within a
vacuum chamber. A two-stage cryo-compressor from CryoMech (model
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AL630) will facilitate the estimated 75 W cooling needed at 40 K with a
significant safety margin.

A composite shielding, very similar to the original Csl detector
shielding, will be built to shield the detector from outside radiation from
the accelerator. An outermost layer of water bricks will block
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FIG. 2. The light yield as a function of operating temperature for undoped Csl scintilla-
tors. For undoped Csl, ~40 K is an ideal temperature. Figure reproduced from [50]. Data
from [51,52] based on alpha and gamma irradiation. Quenching is accounted for with the
alpha measurements.

prompt neutrons from the accelerator. A veto system built with plastic
scintillating panels will cover the top and four sides of the detector to
reject any cosmic activity. Between the veto and vacuum chamber, there
is a layer of lead and high-density polyethylene to remove external
gamma and neutron activity.

A modular upgrade based on the same technology, COH- CryoCsl-
2, is being considered for the SNS second target station with a total mass
of 700 kg [48]. This would enhance all physics goals described here. The
10 kg COH- CryoCsl-1 detector would also serve as a prototype for this
future expansion.

The COHERENT Csl detector that first observed CEVNS achieved a
light yield of 13.35 PE/keV,, but it was only able to achieve a threshold
of ~700 eV, due to a 9 PE coincidence cut to remove both Cherenkov
light in the photomultiplier tube (PMT) and the prominent afterglow ob-
served in doped CslI[Na] crystals [49] at room temperature. There are
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three strategies to improve threshold relative to the original Csl detector;
switch from PMT to silicon photomultiplier (SiPM) light detectors, re-
duce the afterglow scintillation rate, or increase the light yield. By
switching to a SiPM readout for COH-CryoCsl-1, all three of these will
be simultaneously met for undoped Csl crystals operating near 40 K
where light yield is optimized, as shown in Fig. 2.

COHERENT collaborators performed several tests of the light yield
of undoped, cryogenic inorganic scintillators [13,47,53] at the University
of South Dakota. From these, we have preliminarily estimated the ex-
pected COH- CryoCsl-1 detector performance. SiPM light detectors
yield the most favorable light collection, primarily due to their large 40-
50% quantum efficiency [54]. In these tests, the light yield of a small
cube of undoped Csl, outfitted with a SiPM array on two faces and oper-
ated at 77 K, was measured as 43.0 £ 1.1 PE/keV [53]. Yet unpublished
results have achieved >50 PE/keV,. using a wavelength shifting paint in
the setup. A SiPM dark-count rate of 0.2 Hz/mm? was measured at 77 K
[53]. A Monte Carlo simulation determined a rate of 10 pHz trigger rate
for COH-CryoCsl-1 after requiring a coincidence, At < 10 ns, of two PE
pulses observed in different SiPM arrays. When coupled with the small
duty factor of the SNS beam, ~30 x 10, this gives a negligible <1 se-
lected dark count per year from the SiPM assembly [53].

These results, extrapolated from 77 K to 40 K operations, would sug-
gest a noticeably higher light yield. For this work, we assume a light
yield of 50 PE/keVe, the highest measured at a test stand. Meanwhile,
the dark count rate in the SiPM arrays will be lower at a lower crystal
temperature, as will the afterglow rate in Csl [55]. Combined, we expect
a ~4 PE threshold (equivalent to 80 eV,) for the final detector after re-
quiring a 2 PE coincidence for selection and considering the scintillation
timing of the crystal.

The shielding used for COHERENT’s first Csl detector was very ef-
fective for the initial detector. Background levels below 18.7 keV, were
monitored in a 12 ps interval prior to the arrival of the beam signal both
during beam-on and beam-off data collection. The difference in count
rates during beam-on and beam-off operations was (-0.9 + 1.4)%, con-
sistent with no excess due to the increased radioactivity from the SNS.
As the COH- CryoCsl-1 detector will be operated at 40 K, a cryostat is
necessary and may introduce radiological backgrounds. The innermost
stage of the cryostat will be constructed of low-activity copper to avoid
this.

In Csl crystals, the principal intrinsic backgrounds are B" decays of
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8Rb, a primordial radionuclide that chemically contaminates the crys-
tals, and **'Cs. Attention must be given to the concentration of these im-
purities in the procured crystal. The first COHERENT Csl detector had
measured concentrations of 72 ppb, of ®Rb and 28 + 3 mBg/kg of **'Cs
[49]. Preliminary measurements of ®’Rb concentration from the SICCAS
crystal vendor show reduced ®’Rb concentrations, 1-4 ppb while **¥'Cs
concentrations are being assessed. As such, the backgrounds in COH-
CryoCsl-1 may be lower than in the first CEVNS detector. However, we
assume the background rate will be the same as in the first Csl detector,
shown in Fig. 3. Further, we extrapolate the background rate as constant
below 1.5 keV,, although background dropped below threshold in Csl
data. Background from the original Csl detector increased below 2 keV,
but we expect this is an artifact of afterglow scintillation rather than in-
creased background activity. As the afterglow rate is significantly re-
duced at 40 K, we assume this increase will not affect COH-CryoCsl-1.
A background simulation which includes intrinsic rates, afterglow de-
termined by characterization data, and external sources is currently being
developed to cross-check our current model. Further, since the signal to

Bkg/k V/kg/day

FIG. 3. The steady-state background model assumed in COHCryoCsl-1, based on ini-
tial data from COHERENT’s first Csl detector. The first two data points are suppressed
due to the original detector’s high threshold. We conservatively increase the estimate for
these points to 196 counts/keV/kg/day, the value in the third bin, in our model.

background ratio is >1, sensitivities are not strongly dependent on the

actual background rate.A beam-related neutron (BRN) background is

also expected with the expected rate taken from the initial Csl detector.

The neutron flux is known to vary over the length of Neutrino Alley; we

will place COH-CryoCsl-1 in the vicinity of the original Csl detector

location. We thus assume the neutron flux observed in that detector will
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also be incident on COH-CryoCsl-1. Correcting for beam power, detec-
tor mass, and detector threshold, this contributes ~21 neutron events per
year.

Inelastic neutrino interactions, described in [56], were studied as a
potential background but not included. These events would produce a
nuclear recoil and a gamma ray. In a fraction of events, the gamma will
escape, so that the interaction is mistaken as CEVNS. The selected back-
ground rate is low enough that it is currently neglected. Also noteworthy,
the doubling of the beam power (see Sec. 1) will also improve signal-to-
background relative to the first COHERENT Csl detector. Sensitivity
estimates assume the planned 2.0 MW running.

As a last but vitally important component required for calculating the
CEVNS signal prediction, we must assume a nuclear quenching. General-
ly, only a fraction of the energy deposited by a recoiling nucleus produc-
es scintillation light—much is lost due to ionization and heat. This
guenching factor depends strongly on material, doping, temperature, and
other parameters. COHERENT collaborators have taken quenching fac-
tor data with undoped Csl at 77 K at Triangle Universities Nuclear La-
boratory (TUNL). Though data analysis is underway, preliminary esti-
mates point to a roughly energy-independent quenching factor of ~15%.
We further assume a 10% relative uncertainty on that central value,
achievable in past measurements of quenching in inorganic scintillators
[57]. With this, COH- CryoCsl-1 would have a ~500 eV, threshold for
nuclear recoils. In undoped scintillators, the quenching factor can depend
strongly on temperature, shown recently in response to a recoils [58]. A
recent measurement of nuclear quenching factors at 108 K found values
more similar to room-temperature Csl than COHERENT work at 77 K
[59]. Consequently, COHERENT plans a more thorough measurement
of the quenching factor at different temperatures including at the planned
40 K operating temperature.

It is also worth noting that increased light yield, beyond lowering
threshold, will also improve both detector timing and energy resolution.
Recoil time for a CEVNS interaction is determined from the first ob-
served PE pulse in a reconstructed waveform. For a scintillator, this reso-
lution is the scintillation time constant divided by the number of PE
pulses observed. With its high light yield, COH- CryoCsl-1 will have
precise timing resolution, allowing excellent separation of prompt and
delayed CEVNS. Similarly, the energy resolution scales as 1/AN if pho-
ton
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TABLE I. A summary of assumed operation and performance

parameters for COH-CryoCsl-1.

Parameter Value
Operating beam power 2.0 MW
Operating temperature 40 K
Cooling power at 40 K W
Active mass 10 kg
SiPM coverage 10 x 15 cm?
Light yield 50 PE/KeVe,
Quenching factor 15% £1.5%
Threshold >0.5 keV,,
CEVNS rate 10471yr
Background level <120/keVee/kg/day
BRN backgrounds 21/yr

counting dominates the resolution. This will be advantageous for extract-
ing physics that distorts the CEVNS cross section’s dependence on mo-
mentum transfer, Q2 such as measuring nuclear form factors and testing
the weak charge distribution. A summary of assumed detector perfor-
mance parameters is shown in Table I.

I1. SEARCHING FOR LOW-MASS MEDIATORS OF NEW
FORCES

The earliest CEVNS results [2,35,60-62] have successfully demon-
strated CEVNS as a powerful probe of neutrino nonstandard interactions
(NSiIs) [6,7,9,63]. NSlIs would be a natural consequence of a new force
that couples feebly to standard model particles and gives rise to flavor-
dependent anomalous couplings between neutrinos and quarks. The pos-
sible NSls are usually described by a general effective Lagrangian para-
metrized by the tensor of couplings ¢ 9,5, Where a and f are initial and
final neutrino flavors (e, i, 7) and q is the quark flavor (u, d) [64-66].
The presence of neutrino NSIs would alter neutrino flavor transitions in
matter, leading to ambiguities in NSI and neutrino-mixing parameter
space [4,67-69].

Within the standard model, neutrinos propagating through matter ex-
perience an increased effective mass due to low-Q? forward v — e elas-
tic scattering. This is a purely neutral current (NC) interaction for v, and
v, flavors, but for v, neutrinos, both NC and charged current (CC) dia-
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grams contribute, leading to a higher scattering potential. Thus, the ve
flavor propagates with a different effective mass. This contributes an
additional term to the vacuum oscillation Hamiltonian of

I+z, Zep Fer (1)
H - Ijl ":Tl“;_'- E,LI,LI -'i‘l“f
Zre Efrp Srr

in the flavor basis where A = \/BGgNE,, Gr is the Fermi constant, N, is
the density of electrons in matter, E, is the neutrino energy, and g, have
been summed over u, d couplings weighted by the relative densities of
guarks and electrons in matter. By assuming &, = —2 with other cou-
plings 0 and adjusting the neutrino mixing parameters as in [4], the Ham-
iltonian is transformed as H — H*. This scenario preserves oscillation
dynamics and is not testable with oscillation experiments alone [70].
Further, since oscillations do not depend on the absolute mass scale, add-
ing a multiple of the identity matrix to H also has no effect. Thus, there
is a linear space of NSI parameters (e.e = —2 + X, &,= & = X) that
would imply dramatically different oscillation parameters from those
typically quoted such as A m’s; — - m%; and &, — 7@ - 8¢ [71,72].
These two solutions described by the absence or presence of NSIs are
termed the large mixing angle (LMA) and LMA-Dark solutions, respec-
tively. Data from scattering experiments are required to resolve this de-
generacy [70]. There must be NSIs for either v, (g, = —2), or v, and v,
(g = & = 2), for LMA-Dark to hold. COHERENT detectors, in the
multiflavor nDAR neutrino flux at the SNS, can test both &, and ¢.
Thus, COHERENT can address the LMA vs LMA-Dark question.

In effective field theory, early results from COHERENT’s first Csl
detector strongly disfavor NSI couplings required to satisfy the LMA-
Dark scenario. The COH-CryoCsl-1 and future upcoming 18 kg germa-
nium (COH-Ge-1) and 750 kg argon (COH-Ar-740) CEVNS detectors
will all improve on constraints of these NSI couplings [17]. However, for
mediator masses below the momentum transfer at the CslI threshold, ¥ Q?
~ 40 MeV, this approach of treating NSI effects as simple scale factors
becomes invalid and LMA-Dark remains viable. Fortunately, the param-
eter space is bounded; a mediator lighter than 3.1 MeV would affect big
bang nucleosynthesis and is ruled out by cosmology [73]. Thus, there is
an opportunity for upcoming CEVNS detectors to decisively resolve the
LMA vs LMA-Dark question by improving the thresholds of CEVNS
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detectors, bridging the gap between current constraints from cosmology
and neutrino scattering. With an u ~80 eV, threshold, multiple neutrino
flavors accessible in the SNS flux, and the detector’s fast timing, COH-
CryoCsl-1 is unique among COHERENTs future detectors in satisfying
all these requirements. It can conclusively clarify the ambiguity between
the NSI and neutrino-mixing landscapes ahead of precision oscillation
data with DUNE, T2HK, and JUNO [74-77].

A mediator of a new force with the same strength as the weak force
would yield neutrino NSI effects of order e ~ 1. There may be NSI ef-
fects of a similar strength to the standard model weak couplings, but
such small effects would be incredibly challenging to detect in strong or
electromagnetic interactions. Measurements with unprecedented preci-
sion, however, may detect the subtle influence of the new mediator. Per-
haps the most famous example is the g — 2 measurement of the muon
anomalous magneticmoment at BNL [78] and FNAL [79,80] which has
observed a notable discrepancy with standard model calculations [81].
This discrepancy is often attributed to a dark photon that interferes with
the standard model photon [82] and is also predicted to interfere in neu-
trino scattering amplitudes. Consequently, searches for neutrino NSIs at
CEVNS experiments are an additional and direct probe of new mediators
that may explain g — 2 by testing flavor-dependent NSI effects in neu-
trino scattering.

The standard model differential CEVNS cross section can be approx-
imately written as

do  Q} {l 2myE,

dE, 2r E?

}IF(Ql)R )

where E, is the nuclear recoil energy, my is the nuclear mass, E, is the
incoming neutrino energy, and Qw = ¢,Z + q.N is the nuclear weak
charge with Z and N the proton and neutron numbers of the nucleus. In
the standard model, q,°" = 1/2 — 2sin® @, and q,”" = —1/2. If NSls
from a heavy vector mediator are included and we assume neutrinos
couple equally to u and d quarks, these couplings are adjusted for neutri-
no flavor a as g, — q,° + 3 €z and g, — q,°" + 3. In the case that the
mediator mass is not » V/Q?, the €., become functions of Q*

9qYa 1

Q) = ————., 3
(cut((. ) \/RG[ "1%' g QZ ( )
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where g4 and g, are the g and v, charges under the new forces and my is
the mediator mass. Thus, NSIs affect the CEVNS shape as well as the
rate.

Since light-mediator NSIs would affect the CEVNS recoil distribu-
tion, systematic uncertainties that distort the shape must be properly ac-
counted for. For this preliminary estimate of the detector’s reach, we
considered three sources of systematic uncertainty; neutrino flux,
guenching, and nuclear form factor, which are summarized with statisti-
cal errors in Fig. 4. The neutrino flux uncertainty, currently 10% from a
comparison of simulation to hadron production data [32], was taken as
3% which is achievable with COHERENT’s flux calibration efforts [45].
For other uncertainties, we accounted for expected spectral distortions on
CEVNS selected by our cuts.

We assume that the quenching of scintillation from nuclear recoils is
flat, (15 + 1.5)%, as a preliminary estimate (as discussed in Sec. III)
analysis of quenching data is ongoing. Quenching dramatically changes
the analysis threshold COH-CryoCsl-1 can achieve and gives a large
uncertainty at low-recoil energies where light- mediator NSI effects are
most prominent. As this affects the CEVNS sample in the most sensitive
kinematic region, we plan additional quenching measurements that ex-
tend lower in energy, near the detector threshold.
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FIG. 4. The expected CEVNS rate with statistical errors after background subtraction and
systematic errors (red shaded region). Below, we show the decomposition of the system-
atic uncertainty into neutrino flux, quenching factor (QF), and form factor (FF) uncer-
tainties

Neutrino timing will be important for separating spectral distortions
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arising from physics and systematic effects at low Q> Because prompt Vu
and delayed ve/v, neutrino fluxes are separated in time, it will be possible
to detect different couplings to v. and vy neutrino flavors even with large
uncertainties at the lowest recoil energies. This is a key advantage of
COH-CryoCsl-1 over semiconductor detectors such as COH-Ge-1,
which achieves similarly low recoil thresholds but with worse timing
resolution.

The nuclear form factor gives the degree to which the extent of the
weak nuclear charge is finite rather than pointlike. At large Q2 the dif-
fuse charge distribution leads to incoherence, reducing the CEVNS cross
section. We used the Klein-Nystrand form factor [83] which is para-
metrized by the neutron radius, R,. We took a 5% uncertainty in R,. This
has very little effect on CEVNS events near threshold, but the uncertainty
measurably affects events at large recoil energies. At 20 keV,,, this un-
certainty in R, translates to a £5% uncertainty in the CEVNS rate. Con-
versely, this suppression at high Q? allows CEVNS to constrain the weak
charge radius of the nucleus, which we describe in Sec. VII.

There is strong complementarity between measurements at reactors
and accelerators. The neutrino flux at the former is entirely v, while the
flux at the latter contains vy, v., and

wu flavors. As such, first we considered a scenario where reactor con-
straints have unambiguously determined the coupling £.. = 0 and later
considered a scenario with no reactor input, treating both e, and ¢, to be
completely free parameters.

We have estimated the sensitivity of a three-calendar- year run of a
10 kg CryoCsl detector at the SNS to light mediator neutrino-quark NSIs
given the expected background and signal sample determined in Sec. 11
with a particular emphasis on resolving the neutrino-oscillation ambigui-
ty. We performed a 2D log-likelihood fit using Asimov fake data [84]
generated with no NSI effects. The fake data were binned in both recoil
energy and time to detect the expected Q-dependent distortions and sep-
arate v, and v, flavors. Penalty terms for the three systematic uncertain-
ties (neutrino flux, quenching, and form factor suppression) were includ-
ed in the likelihood. For each set of true model parameters, (m,, €, e,,),
we calculated a -2A log L by profiling over all nuisance parameters.
From this, we calculated the 2 exclusion curves we would draw if no
new physics were detected. We assumed Gaussian statistics with 2D crit-
ical Ay® values and allowed only two physics parameters to vary at a
time.
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A. Case 1: NSI constraints available from reactor
experiments

First, assuming that v is known to be 0 from reactor data, we tested
the v, coupling of the NSlIs as a function of mediator mass. The expected
sensitivity of COH-CryoCsl-1 is shown in Fig. 5 compared with addi-
tional constraints from cosmology. The diagonal gray band gives the
LMA-Dark parameter space, v,, ~ 2, that is allowed by oscillation data.
At the lowest mediator masses where LMA-Dark remains viable, we
could identify v,-coupled NSIs at over 2c.

For masses near the cosmological limit, the recoil energy shape is on-
ly distorted near the detector threshold. To show how this compares to
the large uncertainty on the event rate from quenching in this region, we
show the standard model prediction with systematic error band and the
distorted spectrum expected for a LMA-Dark scenario with mediator
mass fixed at 3 MeV and 10 MeV in Fig. 6. Here, we assumed that the
NSIs giving rise to the LMA-Dark solution are entirely in the v, and v,
flavors. The sample

ABojowso)

FIG. 5. A summary of LMA-Dark viable NSI parameter space (gray band) compared
to current constraints from cosmology (blue vertical region). COH-CryoCsl-1 will disfa-
vor couplings above the orange curve, assuming the LMA solution. CEVNS data from
nuclear reactors is implicitly assumed to fully test the v, NSI coupling.

64



@
8
8

"
]
3

+ 0<t,.<1us +
+ -+ Excess CEVNS
Systematic uncertainty
—NSI:m, =3 MeV.\g, g, = 1.26-5

1<t,,<6ps
<+ Excess CEVNS

Systematic uncertainty
—NSI: m, = 3 MeV, g, g, = 1.26-5

200,

n
-3
3

2
8

100

Excess events / 30 kg-yr
Excess events / 30 kg-yr

7 5 200 250 300 .
Recoll energy (PE) 50

50

00 50 200 250 300
Recoll energy (PE)

00 300
< + 0 <tye=<1us = + 1< tge<6 pus
) + -+ Excess CEVNS & + -4-Excess CEVNS
3 200 ] Systematic uncertainty = 200 Systematic uncertainty
= —NSizmy, =10'MeV, \a, g, =4.3e-5 2 + —NSI:m, = 10 MeV, \[g, g, = 4.3e-5
£ + g ik
. " s y
g ++ 2 100 ‘—& %
5 S + 8 i
]
! e,

o 50 0 200 250

700 750 :
0 50 100 150 200 250 300
Recoil energy (PE)

Recoil energy (PE)

FIG. 6. Background-subtracted CEVNS spectra expected in COH-CryoCsl-1 in the
prompt (left, fec < 1 ps) and delayed (right, tec > 1 ps) timing regions of interest. For
each case, we compare the expected standard model prediction with statistical and sys-
tematic uncertainties to the central-value prediction in the presence of a light mediator
coupling neutrinos and quarks. We chose two mediator masses; 3 MeV (top) and 10 MeV
(bottom).

was subdivided further to those events with recoil times < 1 ps and > 1
us, which select subsamples of CEVNS from nearly pure v, and from a
mix of v, and v, flavors, respectively. Thus, the NSI effects are more
pronounced in the < 1 us sample. In the my = 3 MeV case, the NSIs sup-
press the prompt (delayed) event count by 50% (30%) for PE < 10 so
that even a large uncertainty in the quenching can be distinguished from
the NSI physics to a certain degree. For the LMA-Dark parameter space
with my > 10 MeV, the spectrum is very dramatically altered and COH-
CryoCsl-1 can distinguish between the LMA and LMA-Dark hypotheses
at very high significance.

B. Case 2: No input from reactor experiments

We also consider the scenario where both & and g, unconstrained
parameters, temporarily neglecting any constraints from CEVNS experi-
ments at nuclear reactors. The same fitting procedure was applied to test
the COH- CryoCsl-1 sensitivity in this scenario, again after 3 years of
SNS running, as shown in Fig. 7. Resulting 2a contours are shown as a
function of the LMA-Dark NSI parameter space. Though COH-CryoCsl-
1 could distinguish between LMA and LMA-Dark in the flavor assum-
ing e.e = 0, the detector cannot test all parameter space for nonzero val
ues of the v, coupling for my, ~ 3 MeV. In this sense, innovations in low-



threshold CEVNS detectors at reactors [85,86] are as essential as COH-
CryoCsl-1 to determining the neutrino mixing landscape. Reactors have
sensitivity to & from the large v, flux produced during fission, placing a
horizontal contour in Fig. 7. To fully understand the interplay of light-
mediator NSIs and neutrino oscillations, reactors would need to test gq <
0.1 so that, when combined with COH-Cryo-Csl-1, the LMA-Dark solu-
tion can be fully explored at > 2¢.

Apart from applications to neutrino-oscillation experiments, COH-
CryoCsl-1 will also directly test a new-force explanation of the anoma-
lous muon magnetic moment observed in g — 2. Though the size of the
anomaly determines the charge of the muon under this new force, cou-
plings to other standard model fermions could generally be free. A new
force with universal couplings is strongly disfavored from electron scat-
tering experiments which show agreement with the standard model cou-
plings even at low Q* [82]
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COH-CryoCsl-1 (30 kg-yr) (20) -
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FIG. 7. Capacity for COH-CryoCsl-1 to test the NSI parameter space consistent with
LMA-Dark by neutrino coupling, both v¢ and v,/v; flavors, to quarks, assuming the LMA
solution. No additional NSI constraint from reactor CEVNS experiments is assumed. We
compute the sensitivity both at a mediator mass of 3 MeV, at the cosmological limit, and
at a higher mass, 10 MeV. Allowed parameter space is to the top and left of the curves.

As an interesting example, the anomaly-free L, — L . symmetry may
arise from a gauge boson, resulting in a U(1) dark-photon, V, extension
to the standard model which can explain g — 2 [87,88]. Such a simple
solution would have profound implications if directly observed and
would naturally explain dark matter [89-91] and the neutrino masses
[89,92,93]. However, as only u, 7, and their corresponding neutrinos
would be charged under such a force, this is among the most elusive dark
photon explanations of g — 2. COHERENT can test the muon coupling
due to the v,/v, flux at the SNS [10,94]. Constraints from first-light de-
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tectors fall just short of other constraints, but future CEVNS detectors
with larger sample sizes and lower thresholds can exhaustively test the g
— 2 favored parameter space for the L, — L ,model [94].

To tree level, only p, 7, generations of leptons are charged and this
new force has no effect on the CEVNS cross section. However, the gauge
boson can mix with the photon by virtual p, ¢ bubble which then couples
Vy neutrinos with the proton number of a nucleus. This modifies the
weak charge of proton coupling in Qy of the nucleus as

2 2
SM 9y me\~ 1
gy = 0 +—= apmlog | — | | —— |, 4
J/ .// \/ 1 8}1’(1‘,; EM Vg (IH“ I)l{’; 1 Q_; ( )

where gy is the charge of the new force for p, z lepton generations. In
this sense, the L, — L, model induces Q?-dependent effects analogous to
low-mediator NSIs for the vg/vq fluxes present at the SNS. The same
framework

W g-2 favored y
COH-CryoCsl-1, (30 kg-yr) (26)
N N Il

10 1
my, (MeV)

FIG. 8. Sensitivity of COH-CryoCsl-1 (solid orange) to a L, — L, mediator compared
to current constraints from COHERENT (solid green) and other experiments (dashed
lines). Such a model would resolve the reported g — 2 anomaly in the parameter space
given by the blue shaded region.

developed for testing LMA-Dark can thus be directly applied to this
problem. Notably, this affects the proton coupling, as opposed to CEVNS
which preferentially couples to neutrons. Thus, a positive detection in
COH- CryoCsl-1 may be disentangled from mismodeling of the standard
model background by comparing CEVNS on multiple targets with differ-
ent N/Z ratios.

Thus, we determined the L, — L. parameter space that COH-CryoCsl-

1 will be sensitive to with a 2D fake data sensitivity fit. As scattering of

Ve is unaffected, timing is similarly important. The sensitivity after three
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years is shown in Fig. 8. The model is only viable for mediator masses
between roughly 10 MeV and 200 MeV, below which Borexino [95] and
above which CCFR [96,97], BABAR [98], and CMS [99] (sensitive at
my > 4 GeV outside the region of interest of the plot) can rule out any
parameter space consistent with g — 2. Similar to the LMA vs LMA-
Dark question, this leaves a bounded parameter space for future experi-
ments to explore. Results from the COH-CryoCsl-1 detector will test
about half of the remaining L, — L, parameter space which would ex-
plain the g — 2 anomaly. The remainder could be explored [94] with the
upgraded 700 kg COH-CryoCsl-2.

POTENTIAL TO DISCOVER HIDDEN-SECTOR PARTICLES

The SNS is a world-leading neutron and neutrino production facility,
with operations planned to increase to 2.0 MW. This intensity also
makes the SNS an excellent beam-dump facility. Hidden-sector particles
may be produced abundantly through anomalous decays of meson such
as 1/m° as a consequence of the ~2 x 10% protons on target delivered
each year, and may scatter or decay in COHERENT detectors, leaving a
visible signature which can be observed over the CEVNS excess. CEVNS
detectors

A o e L e . ‘ ; ; 3
[OM signal (m, = 1 MeV) [EOM signal (m, = 1 MeV)
[v. CEWNS [v, CEWNS E
[v, CEWNS [Ov, CEvNS E
Hv, CEWNS Wy, CEWNS

[l Beam-related neutrons _:
[ Steady-state background J

[l Beam-related neutrons
W Steady-state background
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@
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||||‘”||\||\|‘|||L

Counts /10 PE / 10 kg-yr
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Recoil time (us) Observed energy (PE)

Figure 9. Expected spectra of selected events, including dark matter, CEVNS, and
backgrounds, after one yearof SNS running. A mass of 1 MeV is assumed for the dark
matter. Dark matter (blue hatched) would manifest as an additional scattering process at
early times. Later CEVNS from v, and v, would improve systematic uncertainties on the
detector response and neutrino flux to inform the background in the dark matter region of
interest, t,ec < 1ps.
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show novel sensitivity to vector [8,100-105] and axionlike particle (ALP)
portals to the hidden sector [106-109].The study of ALP detection at the
SNS is underway, and here we describe sensitivity to a DM model that fea-
tures kinetic mixing between the photon and a vector portal particle already
studied by COHERENT in the original Csl detector [110,111]. As in the
low-mediator NSI case, the low-threshold and favorable timing resolution of
the cryogenic scintillator technology give this detector a much higher effi-
ciency. This is particularly true for dark matter with mass my < 10 MeV
which produces a softer energy spectrum. The expected energy and time
distributions of DM-induced nuclear recoils are shown in Fig. 9 for the low-
est DM mass we considered, my = 1 MeV. At this mass, the efficiency was
estimated at 11% in the COH-CryoCsl-1 detector compared to 0.09% in
COHERENT’s first Csl detector, an improvement of over two orders of
magnitude

Csl Data
COH-Ge-1
— COH-Ar-750
---COH-Ar-10t
a, =05 —COH-CryoCsl-1
my, =3m, --COH-CryoCsl-2
1 L
10°

"@(Mewcf)

FIG. 10. Calculated sensitivities to new parameter space testable with future CEVNS
detectors at the SNS. Cryogenic Csl detectors perform well, particularly at low dark-
matter masses

The timing distribution for DM recoils is very favorable at the SNS.
Any DM produced would arrive coincident with the prompt flux. As
shown in Fig. 9, there is a large number of delayed CEVNS scatters
which can be used to constrain the detector response uncertainties and
improve the prediction of the signal neutrino spectrum [110]. Due to this
uncertainty reduction, CEVNS experiments do not become limited by
systematic uncertainties at exposures possible at the SNS. In [111], the
dark-matter sensitivity has been calculated for two detectors: COH-
CryoCsl-1 and the upgraded COH-CryoCsl-2. Expected contours are
shown in Fig. 10. With its low threshold, even the 10 kg COH-CryoCsl-
1 detector would have sensitivity to new DM parameter space beyond
any other detector to be commissioned in Neutrino Alley for m, < 20
MeV. This will test the theoretically motivated relic abundance lines for
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both scalar and Majorana fermion DM over a significant portion of the
surveyed parameter space.

I11.SEARCHING FOR STERILE NEUTRINOS WITH CEVNS
DISAPPEARANCE

Neutrino-oscillation experiments are constantly improving under-
standing of neutrino mixing. Interestingly, some observed oscillation
signatures are inconsistent with the three-flavor paradigm and could be
explained by one or more additional sterile neutrino states. The LSND
experiment [112] first reported such a signature using accelerator neutri-
nos, followed by MiniBooNE [113]. Later, similar anomalies were de-
tected in gallium experiments [114-118]. Evidence for sterile oscillations
has been found in reactor-based experiments [119] but may instead be a
consequence of poor understanding of fission products inside reactors
[120]. These results can be explained with a sterile neutrino state with a
mass splitting Am?%,, ~ 1.7 eV determined from a global fit [121]. Howev-
er, many experiments running similar searches have found results that
are inconsistent with a sterile neutrino to a large significance [122-125].
Many of these experiments use neutrino scattering at ~1 GeV where neu-
trino interaction uncertainties complicate the interpretation of many ex-
perimental results. CEVNS, however, is very cleanly calculated in the
standard model so that precision CEVNS datasets evade the complicated
interaction modeling.

The COHERENT experiment has deployed CEVNS detectors at mul-
tiple baselines between 19 m and 28 m. The neutrino energies, in the 10s
of MeV, are ideal for testing mass splittings of ~ 2 eV, very near the
best-fit. Since CEVNS is a NC process, it is insensitive to three- flavor
oscillations, but a sterile neutrino does not participate in the weak force,
so oscillations from active to sterile states would be observable as a re-
duction of the CEVNS rate [126,127], depending on the baseline and
neutrino energy as L/E,. Since the relevant baselines are too short for
oscillations from Am?%; and Am?; mixing, the NC disappearance proba-
bility can be written as

2
P(v. = v,) = sin® 28, cos? 8y, cos® B4, sin® %
- > o aﬂ‘l-;' L (5)
P(v, = v,) = cos® #1487 200y cos” fay sin® J—E}Il
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for ve and vu 1~ vu flavors, respectively. With the multiple flavors
produced at the SNS that are separable in time, our detectors can directly
measure 0.4, 0,4, and Am?,, and from characteristic dips in our observed
energy and time spectra. Oscillation probabilities depend weakly on #s,.
This angle is known to be small from unitarity [128], and we assume this
parameter is 0.

The disappearance channel is inherently favorable to study. The v, —
Ve channel depends on the parameter sin? Oue = sin2 0..5in? 20,,, which is
fourth order in thesmall angles 6,,. The disappearance channels are only
quadratic in 0;,. Thus, though the LSND/MiniBooNE anomaly is only a
0.3% effect, the disappearance channels each predict a ~10% effect at
oscillation maximum. Such a deficit would be detectable with precision
CEVNS experiments.

Beyond reduced interaction uncertainties with the CEVNS interaction
channel, a tDAR neutrino flux gives a monoenergetic, prompt flux of v,
at E, = 29.8 MeV. Since the baseline is fixed, a measurement of the
prompt CEVNS rate would precisely measure Am?,; if a sterile state ex-
ists near the global fit. CEVNS is a NC process, so there is only slight
correlation between neutrino energy and observable recoil energy. How-
ever, there is a maximum recoil energy of 2E>v=my, where my is the nu-
clear mass. Thus, selecting the highest observable recoil energies also
selects the highest energies produced at the SNS, effectively making a
narrow-band near the flux endpoint. With a 2D fit in recoil time and en-
ergy, COHERENT can test disappearance with v, and v,, flavors and has
two distinct signal regions with a narrow flux distribution. Together with
COHERENT’s multiple-detector layout, a positive sterile-neutrino detec-
tion would have multiple cross-checks built into the analysis to distin-
guish between sterile oscillations and other new physics or systematic
mismodeling. In Fig. 11, we show expected sensitivities to Am?, and
mixing angles after three years of running for three COHERENT detec-
tors: COH-CryoCsl-1; COH-Ge-2, a future proposed concept of germa-
nium PPC detector (50 kg); and COH-Ar-750. For each detector, we as-
sume
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FIG. 11. Sensitivities for COHERENT argon (detector to be completed 2024), cryogenic
Csl (currently described), and germanium (upgrade with triple mass compared to detector
currently running at the SNS) detectors to test the sterile-neutrino hypothesis in the v,
(top) and v, (bottom) disappearance cases. For each, a joint fit of all three datasets is
compared against a global fit [121] of all short-baseline oscillation data

three systematic uncertainties: 10% on the neutrino flux (which is corre-
lated between all detectors), quenching and associated uncertainties (tak-
en from CONUS [129] for germanium and [35] for argon), and nuclear
form factor (by varying R, + 5%), Generally, the ®,, constraint is
stronger as two flavors, v,/ v, contribute. The sensitivity depends sharply
on Am?;, above 4 eV for the 6, contour. This is due to the monoenergetic
v, flux which selects a specific Am,;. We also show a combined fit of all
three COHERENT datasets which improves on each individual meas-
urement due to improved understanding of the baseline dependence on
the oscillation and cancellation of the correlated neutrino-flux uncertaity.
The parameter space preferred by a 2016 global fit of sterile-neutrino
data is also shown. The fit prefers higher values of @14 than @,,. Given
COHERENT’s preferential sensitivity to Am?,,, COHERENT can probe
the best-fit parameter space in both mixing angles. For sterile neutrino
oscillations, the combined information from multiple COHERENT sub-
systems is very beneficial. All detectors play an important role and cross-
check each other by studying the L/E, oscillation dependence. With the
robust CEVNS signature, COHERENT is well positioned to shine new
and valuable insight on this long-standing anomaly in the coming years.

IV.MEASURING THE NEUTRON CHARGE DISTRIBUTION

In the limit Q2 = 0, the nucleus acts like a point source of weak
charge, and CEVNS is truly coherent. At finite momentum transfers
where the deBroglie wavelength of the momentum transfer, Q, is not
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small compared to the nuclear radius, the scattering is only partially co-
herent. In these situations, the CEVNS cross section is suppressed by the
form factor, |F(Q%)[? in Eq. (2), which describes the spatial distribution of
the weak nuclear charge. This is currently the largest source of uncertain-
ty on the standard model prediction of the CEVNS cross section. Con-
versely, the Q? dependence allows CEVNS experiments to directly meas-
ure the form factor [130-133] and access the nuclear equation of state.
As CEVNS is primarily sensitive to the neutron number of the nucleus,
COH-CryoCsl-1 will primarily measure the neutron density distribution.
To first order, this is determined by the neutron radius, defined as the
ro\?t—ngean—square distance to each neutron from the nucleus center, R,
=\ R,

The nuclear physics of the weak charge distribution directly affects
our understanding of the astrophysics of neutron stars [134]. In heavy,
neutron-rich nuclei like **Cs and **'I, neutrons will extend beyond the
proton distribution, forming a neutron skin given by the difference in
neutron and proton radii, R, — R,. The neutron skin relates to the surface
tension which balances against the degeneracy pressure of the neutron
matter [135]. The same nuclear physics determines the equation of state
near the surface of a neutron star [135-138]. As such, terrestrial scatter-
ing experiments directly clarify predictions of the radii of neutron stars.
This also includes the nuclear physics of binary neutron-star mergers
[139-141], a very relevant area of work following the LIGO/Virgo detec-
tion of GW170817 [142]. Terrestrial CEVNS experiments are also a vital
component needed for understanding the mass of neutron stars [143]. In
Csl specifically, measurements of R, improve measurements of the weak
mixing angle at low Q? by reducing dominant uncertainties of atomic
parity- violation measurements in ***Cs [144].

The weak form factor has been measured in the parity- violating elec-
tron scattering experiments, PREX [145] and CREX [146], which to-
gether saw a relatively large neutron skin in ®Pb and a small skin in
*Ca. This is discrepant with nuclear models at ,20 [147]. Conveniently,
precision CEVNS experiments are maturing in time to clarify these re-
sults. Measurements with Ar in COH-Ar-750 will test the neutron skin
with a light nucleus, like **Ca, and Csl in COH-CryoCsl-1 will do the
same in a heavier nucleus, analogous to **®Pb, and directly test whether
the neutron skin increases with nuclear mass.

To demonstrate the dependence of the CEVNS cross section on the
nuclear equation of state, Fig. 12 shows the CEVNS excess over back-
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ground expected after 3 years of COH-CryoCslI-1 running compared to
the CEVNS prediction with R, = 0. The figure displays a larger uncer-
tainty compared to nuclear physics calculations, £10% to illustrate the
dependence on R,. Particularly at high recoil energies, and thus high Q =
yI2myEre, the nuclear effects are apparent. To test the sensitivity of
COH-CryoCsl-1 to R, we ran likelihood fits using fake data produced
with the Klein-Nystrand form-factor parametrization [83].
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FIG. 12. The expected signal CEVNS events, with backgrounds subtracted and an ex-

pected form-factor suppression from the Klein-Nystrand parametrization. This is com-

pared against the cases with £10% changes to the neutron radius and without form-factor

suppression.
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FIG. 13. Reconstructed form factors, determined by the ratio of expected CEVNS scatters
to the point-source expectation. Additionally, the result is fit to a linear (purple) and
quadratic (green) function. The quadratic function, unlike the linear, can more complete-
ly capture the Q2 dependence at SNS energies

For fitting, we did not assume any form-factor model, instead fitting
the suppression to an arbitrary polynomial. Smearing between true recoil
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energy and observed PE was accounted for. With the high light yield
expected in the COH-CryoCsl-1 detector, smearing effects were mini-
mal, smaller than the bin width for Q < 58 MeV. From [130,148], the
linear term in the Q® Taylor expansion of the form factor directly relates
to the neutron radius. As shown in Fig. 13, next-generation CEVNS de-
tectors like COH-CryoCsl-1 will also have sensitivity to the quadratic
term in the expansion, which relates to V¥(R* ,), @ measure of the dif-
fuseness of the nuclear equation of state. We can distinguish between
quadratic and linear fits at a low statistical significance, ~4o

The determined sensitivity to both of these parameters is shown in
Fig. 14 after three years of running at the SNS. Without assuming a
form-factor parametrization, the detector could make a model-
independent measurement of R, to ~7% when profiling over V*(R,).
There is < /o sensitivity to the cubic term in the Q% expansion with 10 kg
of Csl, though this term may be accessible with an upgraded Csl detec-
tor. Previously, a 2.9% sensitivity to R, was calculated for COH-
CryoCsl-1 that assumed a specific form-factor parametrization [17]. This
level of precision is suitable for testing the large neutron skin observed in
PREX [145], ~2% uncertainty, in heavy nuclei.

V. OBSERVING NEUTRINOS FROM A GALACTIC CORE-
COLLAPSE SUPERNOVA

Detection of neutrinos from the supernova 1987a [34,149-152] was
pivotal for the development of neutrino astronomy and serves as an ar-
chetypical example of multimessenger observation.

—— —————
j Neutron weak charge distribution (Csl)
- COH-CryoCsl-1, (30 kg-yr) (1o)

1 i
45 5 55 6 6.5
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FIG. 14. Sensitivity of COH-CryoCsl-1 to the linear and quadratic terms of the form-
factor suppression, giving the neutron radius (y - axis) and y (R)

As a very massive star runst of fusionable fuel, it undergoes a core-
collapse supernova where its stellar core gravitationally collapses to ei-
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ther a neutron star or black hole. In the process, the supernova releases
~10® neutrinos with energies in the 10s of MeV over several seconds.
For supernovae within the Milky Way, this is a large enough flux to be
detected in many neutrino experiments. Due to the rarity of such collaps-
es, 3 = 1/century in the Milky Way, an observational approach utilizing
multiple experiments with complementary sensitivity to the neutrino flux
is desirable. Several experiments currently running are actively waiting
for the next galactic supernova neutrino burst [153-159] with more soon
to turn on [160-163].

As a NC process, CEVNS detectors are sensitive to all flavors of neu-
trinos and antineutrinos, giving a complete picture of the neutrino emis-
sion profile. The NC channel is also insensitive to uncertainties in three-
flavor neutrino oscillations, which become nonlinear at neutrino densi-
ties experienced in the protoneutron star [164]. Given the large cross sec-
tion for CEVNS, a reasonable event rate is possible with even ton-scale
detectors. Dark-matter experiments will observe CEVNS from a super-
nova with the large liquid-noble scintillation detectors driving sensitivity
[158,163]. Event rates expected in each detector are small, ~10-100
CEVNS events for a collapse at 10 kpc, but given the multiple instru-
mented detectors throughout the world, the global CEVNS event rate can
be significant.

A second-generation CryoCsl detector, either placed at the SNS or
developed as a dedicated underground astro- particle experiment, would
contribute to this measurement, and benefits from experience gained
from running COH- CryoCsl-1 at the SNS. We assume COH-CryoCsl-2
has a mass of 0.7 t which similarly achieves a light yield of 50 PE/keV..
We show here potential sensitivity to a supernova neutrino flux produced
in a collapse simulation. As a representative sample, we considered a
20M, collapse with metallicity z = 0.004 and a shock
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FIG. 15. The CEVNS event rate per bin in 700 kg of cryogenic Csl for a representative
supernova collapse 10 kpc from Earth
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revival time of 200 ms at a distance of 10 kpc. This particular simulation
provides information for 20 s following the supernova onset. With the
simulated efficiency estimated for 700 kg of instrumented CryoCsl, such
a detector would expect 20.7 CEVNS interactions from this progenitor.
The time profile is shown in Fig. 15.

At the ton scale, CEVNS detectors can detect supernova neutrino
bursts from across the galaxy with an event rate of ~1/50 kg from a typi-
cal burst at 10 kpc. COH-CryoCsl-1 alone would only be sensitive to
supernovae within «1 kpc from Earth. When combined with other CO-
HERENT detectors, the additional active Csl mass would improve event
yields expected from a further burst. A self-trigger in event of a superno-
va would be developed for COH- CryoCsl-2; external triggers via
SNEWS is also possible for other detectors.

VI.CONCLUSIONS

An undoped, inorganic scintillation detector operated at cryogenic
temperatures is an excellent candidate technology for studying low-
energy nuclear recoil signals from CEVNS interactions. The high light
yield achieved in these crystals corresponds to low detector thresholds,
~80 eV, for Csl. We studied the physics potential of a small, 10 kg un-
doped, cryogenic Csl detector at the SNS, called COH- CryoCsl-1. Due
to the improved threshold, this yields an order-of-magnitude improve-
ment in event rate relative to the first COHERENT Csl detector without
increasing the detector mass. Further, as a heavy nuclear target, this de-
tector would complement COHERENT’s next CEVNS efforts which fo-
cus on the light sodium, argon, and germanium targets.

This technology fundamentally expands the physics reach of CEVNS
detectors, allowing NSI tests at lower mediator masses. The COH-
CryoCsl-1 detector would be an excellent probe of BSM physics. It
would resolve the LMA vs LMA-Dark question currently plaguing neu-
trino oscillations and test many dark-photon interpretations of g - 2 re-
sults. The high light yield also improves time resolution, relevant for
searching for accelerator-produced dark matter, and energy resolution,
favorable for testing the weak nuclear structure. Distinct features in the
recoil time and energy spectrum can distinguish between these BSM
physics effects and, if no new physics is detected, measurements of weak
nuclear structure would connect closely with current questions in theo-
retical nuclear physics. At the ton scale, this technology would also be
sensitive to CEVNS from a core-collapse supernova, observing «l1
event/50 kg for a typical collapse at 10 kpc, making an impactful super-
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nova measurement inclusive of all neutrino flavors. In summary, COH-
CryoCsl-1 would both resolve questions in nuclear physics and astro-
physics and search for new physics in many well-motivated directions.
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LUPKY.IALMOHHBIA HACOC /U151 HEIIPEPBIBHOW
OUYNCTKH PABOYEN CPEJBI IBYX®A3ZHOIO DMUCCH-

OHHOI'O JETEKTOPA P3/1-100

A.B.Benos’, A. U. Bonosnpms®, A. A. Bacur®, A. B. Tanasanos®’, 10. B. chaKOB”‘d,
A.T. Kopanenko®®, E.C.Kosnosa’, A.M. Konopanos®®, B. H. KOpHoyXOBu’f,
A. B. Kymnar®, A. B. Tykpsammn®, A. B. ITunuyk’, O. E. Pasysaesa®®, [I. T'. Pyaux’,
I. E. Cumaxos®S, B. B. CocHoBues’, A. B. Xpomos®®, A. B. Illakupos®, A. B. Drenko®®
& Hayuonanonwiii uccnedosamensckuii adepviii ynusepcumem “MUDH”

Poccus, 115409, Mockea, Kawupckoe ., 31
Y Hayuonansmwiii uccredosamenvexuti Tomexkut nonumexnuseckuil YHUBepcumem
Poccusa, 634050, Tomck, npocn. Jlenuna, 30
¢ Hayuonanvmwiii uccredoeamenvckuii yenmp “Kypuamoscxuii uncmumym”
Poccus, 123098, Mockea, na. Axademuxa Kypuamosa, 1
4 O6veounennbii uHCMumMym A0epHbLX UCCIeO08aHUIl
Poccus, 141980, /lyona, Mockosckas o6x., yi. Konuo-Kiopu, 6
¢ @usuueckuii uncmumym um. I1H. Jlebedesa Poccutickoii akademuu HayK
Poccus, 119991, Mockea, Jlenunckuii npocn., 53
fHHcmumym A0epHbIX uccredosanuti Poccuiickoii akademuu Hayk
Poccus, Mocksa, 117312, npocn. 60-nemus Oxmsbps, 7a

AHHOTALUA

CraThsl TIOCBSINCHA ONHUCAHUIO MOJICPHHU3AIMU CTaHJAPTHOTO MEMOPAHHOTO
Hacoca JUIsl HEMPEepPBIBHOW IUPKYJISIIMOHHOW OYUCTKH OJIATOPOJHBIX Ta30B, JKUJIKAS
(ha3a KOTOPHIX HCIONB3yeTcsl Kak pabodast cpela IMHUCCHOHHBIX JETEKTOPOB C LEIbIO
obecrieueHHs TUIABHOM PEryJIMpOBKH MOTOKA OYMIIAEMOTo ra3a B mpeaenax 8—15 mur-
POB B MHUHYTY.

1. BBEJEHHE

JByx(da3Hble SMHCCHOHHBIE JETEKTOPHI, BBEACHHBIE B JKCIIEpUME-
TalnbHYI0 (QHU3UKYy B MOCKOBCKOM HWH)KEHEPHO-(PH3HMYECKOM HHCTUTYTE
(MU®HN) [1-3], 3a monBeka CBOETO Pa3BUTHS HAIUIN ITUPOKOE MPUME-
HEHHME B DKCIIEPMMEHTaX IO MOMCKY TEMHOTO BellecTBa BO BceneHHol
[4], O perucTpanuu HEUTPUHO BHLICOKUX JHEPTUU JUISI MUCCIIEIOBAHUS
HEHTPUHHBIX OCHMJUISAIMM, MO MONCKY 3ddekTa TBoHHOTO Oe3HEHTPUH-
HOro Oera-pacmiana [4, 5], mo oOHapyxeHHIO 3 deKTa ynpyroro Kore-
PEHTHOTO paccestHUsl OTHOCUTEIBHO MAaJIO3HEPTETUYECKUX PEAaKTOPHBIX
JNEKTPOHHBIX aHTUHEUTpHHO Ha aToMHBIX snpax (YKPH) B skcmepu-
mentax Ha ADC [6, 7]. Hdnsa pemenus nociennei 3amaun B HUAY
MU®U paszpaboTan U MOCTPOEH ABYX(a3HbIl IMUCCHOHHBIH JIETEKTOP
P31-100, npomemmnii ucnsitanns Ha Kamnanackon ADC [7, 8].

Oo6napyxenrie YKPH na ADC tpebyet a3 dexkTuBHOMN peructparnyu
OTHOCHUTEIILHO CNIa0bIX MOHHM3ALMOHHBIX CUTHAJIOB (BIUIOTH A0 OJUHOY-
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HBIX JJICKTPOHOB) B MAacCCHBHOHM (COTHH KHJIOTPaMMOB) paboueit cpeme
(OKUIKUI aproH WM KCEHOH). [Ipu 3TOM HEOOXOAWMO HCIHOJIB30BaTh
CTIE[UAIBbHYI0 TEXHOJIOTHIO IUIABHO PETYIHPYeMOH NHPKYISIMOHHON
OYHCTKH CKIKEHHBIX OJarOpOJHBIX Ta30B OT AJIEKTPOOTPUIATEIBHBIX
npUMeceid Ut 00ecriedeH s ONTUMAIBHOW Ul HCIIOJIb3yeMOro reTTepa
CKOPOCTH MPOKAYKH ra3a B 3aBUCUMOCTH OT PEKUMa pabOThl IETEKTOpa
[9]. Takast ouncTKa OCYILIECTBISETCS MMyTEM MHOTOKPATHOTO IPOITyCKa-
HUA paboYmX Cpel Ha OCHOBE OJIArOPOAHBIX Ta30B Yepe3 ropsune Me-
Tayumdeckue rerrepel THna SAES MonoTorr [10] npu naBineHun nopsii-
ka 1 atM. co ckopocTeio 8—15 nuTpoB/mMuH. OOHAKO HCMOIB3yeMbIE B
TaKUX yCTaHOBKax IUpKyisiuoHHble Hacockl Thna KNF N143SV.12E
00eCneyrBaOT TOJIBKO MOCTOSHHYIO CKOPOCTh MPOKA4KK Ta30B MpPHU at-
Moc(epHOM JaBlICHHU BEIMYUHOH Mmopsiaka 23 muTpa B MUHYTY. Pery-
JMPOBaHUE TOTOKA OYMIAEMOTO ra3a C IMOMOIIBI0 BHEITHHX BEHTHIICH
NPUBOAMT K IMEperpy3ke MeMOpaH HUPKYIAIHOHHOTO HAacoca U CyIle-
CTBEHHOMY OTPaHWYCHUIO MX BpeMeHHU ciyxObl. B manHO# pabote pas-
paboTaH MeTO TUIAaBHOI PeryJMpOBKH MOTOKA ra3a ¢ MOMOIIbIO BHEII-
HETO 3JIEKTPOHHO-YIPABISIEMOT0 aCHHXPOHHOTO ABHUTATENS ISl OpraHu-
3alUM TUPKYJISIUOHHOW OYMCTKH OJaropoJIHBIX I'a30B ¢ MOMOIIBIO T'O-
PSYMX METAJUTMYECKUX TeTTEPOB.

2. HUPKYJIAHUUOHHAA CUCTEMA OYUCTKH P3/1-100

TexHoNOTHA HENPEPHIBHON OYMCTKU paboueil cpeabl AByX(azHOTro
amuccroHHoro aerekropa POJI-100 Ha CKMKEHHBIX OJIarOPOIHBIX ra3ax
3aKJII0YaeTCs B MOCIEI0BATEILHOM BBIIIOJHEHUH CIICAYIOIINX ONepanui
Y TIOBTOPEHHUH 3TON IMOCIEN0BATEIHHOCTH B TeUEHHUE INTENbHON (He-
CKOJIBKO MECSIIIEB) HENMPEPhIBHOM paboTel aetexTopa [11]:

— oTO0p mopuuu padoyeil >KUIAKOCTH U3 AETEKTOPa;

— HWCHAapeHHe MOPLUUH KHUIKOCTH IPH NPOIYCKAHUH dYepe3
CWIb(OHHBIN TEIJIOOOMEHHUK;

— MpomycKaHue oOpa30BaBIICHCS MOPLMHU Ta3a depe3 ropsuni
MeTajuinyeckuit rerrep tuna SAES MonoTorr;

— BO3BpAT OYMIICHHOW MOPIIMH ra3a B AETEKTOP IyTeM MPOKa-
KH B OOpaTHYIO CTOPOHY 4Yepe3 CHIIb()OHHBIN TETNIOOOMEHHUK,
rZe 3a CUeT TemjooOMeHa ¢ HCIapseMOd MOPLUHUH >KUIKOCTH
MPOMCXOJAUT KOHJCHCAIMS >KUIKOCTH, BO3BpAIIacMOM Iocie
OUYHCTKH B JIETEKTOD.
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OKeTpakLus KUJIKOW MOPLUK aproHa U3 AETEKTOpa U BO3BpaT O4H-
LICHHOW TeTTEPOM Ta3000pa3HON MOPIHH ra3za B ACTEKTOP OCYLIECTBIIS-
eTcs OAHUM LUPKYJISLMOHHBIM HaCOCOM I10 3aMKHYTOMY KOHTYpy. Ilpu
9TOM BCTPEYHbIE IIOTOKH XOJOAHOTO M TEMJOro raza OOMEHHUBArOTCA
TEIUIOM B JBOMHOM CHUIb()OHHOM pyKaBe, KOTOpPBIH oOecreunBacT 3¢-
(EeKTUBHBIA TEmI00OMEH MEXy BCTPEYHBIMU MOTOKAMH HCHApSIOLICH-
Cs JKHIKOW B HAaYabHOU (paze TMOPITUH OJIaropogHOTO Ta3a M OXKMKae-
MOH M3 ra3a mocjie IpOIyCKaHUs Yepe3 TeTTEep YUCTOM ra30BOM MOPLHU-
eif, Bo3Bpamaemoii B gerektop. Jnsa obecneuenus 3¢hekTHBHON ounCT-
KM ra3a OT 3JEKTPOOTPHLATENbHBIX IPUMECEH CKOPOCTh ra30BOI0 MOTO-
Ka 4epe3 ropsuuil MeTaummdeckuil rerrep tuna SAES MonoTorr momk-
Ha HE TPEBBIIATh 15 MUTPOB raza B MUHYTY IPH aTMOC(hEpHOM JaaBJe-
Huu. [t qupkynsun pabodero rasa 4epes3 reTTep HCIoIb3yeTcst MeM-
Opannbii mupkysiuoHHBIH Hacoc Tuma KNF N143SV.12E, koropsriii
npu atMoc(hepHOM IaBJICHHH, COTJIACHO MACHOPTY, 0OecreunBacT Io-
CTOSIHHYIO CKOpPOCTb IpOoKayku 23 mutpa B MuHyTy [12]. {1 cormaco-
BaHMs MOTOKOB ouuniaemoro raza B POJ[-100 mepBoHa4aqbHO HCIOJIb-
30BaJlaCh CHUCTEMa BEHTWJICH, 3aKOpayMBaKOIIUX “BX0A” U “BBIXOH’
Hacoca Ui TIOHIKEHHs OO0IIed CKOPOCTH MPOKa4yKH 10 HeoOXOoauMoin
paboueii BenmumHBL. OJHAKO TAaKOW METOJ| PETYIHPOBKH OKa3bIBAET
OO0JBLIYI0 HArpy3Ky Ha MeMOpaHy LMPKYJSILMOHHOIO HAcoca, 4To MpH-
BOJUT K 3HAUMUTEIHFHOMY COKPAIICHHUIO CpOKa ee CIyKObl. C 1enbplo pe-
HIeHHs 3TON TpobemMsl ObUTa pa3paboTaHa cucTeMa MPUBOA B ICHCTBHE
IUPKYISIUOHHOTO HAcOCa ¢ MOMOIIBI0 BHEIIHETO JIBUTATEIsI, OCHA-
LIEHHOI0 IUIABHOM DJIEKTPOHHO-PETYIMPYEMOU CKOPOCTHIO Bpa-
IIEHUS pOTOpA.

3. MOJEPHU3UPOBAHHBII HUPKYJISIHUOHHBII HACOC

Jlnst obecrniedeHust IIaBHON PEryIMPOBKU CKOPOCTH TPOKAYKH LU~
kymsimmoHHBIH Hacoc KNF N143SV.12E 6wi1 00opynoBaH BHENTHHM
MPUBOJIOM, KaK TIOKa3aHo Ha puc.l. B kauecTBe BHeIIHEro mpuBoja MC-
MOJIL30BAJICS JIBUTATENb JIJISI KOMIIPECCOPOB JIOMAITHUX XOJIOJMIIEHUKOB
Atlant 1BA6745-2-0025-01 npoussoactea 3A0 ATJIAHT (Benopycus)
[13, 14], B KOTOPOM CKOpPOCThH BpAIIEHUS POTOpa YIPABISAETCS DIIEK-
TPOHHBIM 00pazoM. Cxema MUTaHHs BHEIIHETO MPUBOJIA U PETYIHPOBKH
CKOPOCTH BpallleHHs1 pPOTOpa JIBUTATeNs ToKazaHa Ha Puc.2.
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Puc.1 HupkynauuoHHblid MeMmOpaHHBIM Hacoc 1 co cranmapTHbM mpuBogoM KNF
N143SV.12E 2, npuBoxumsiii B AeiicTBre yepe3 MypTy 3 C MOMOLIBIO IEKTPOH-
HO-yMPAaBJIIEMOr0 aCHHXPOHHOTO snektpoasuraress Atlant 1BA6745-2-0025-01 ¢
IUTaBHOH PETyIMPOBKOI CKOPOCTH BPALICHHUS BEAYILETo Bana 4.

2208

Brok

Yactorubiii
CHIOBBIX Jsurarens Hacoc
MOZTynATOp

TPaH3HCTOPOB

Kontporiep
peryauponk

Taxomerp  Je—Taxonarnme

Puc.2.  Cxema ympaBiieHHS 4aCTOTOH BpaIeHHUsI aCHHXPOHHOTO 3JIEKTPOBUTATEIS
Atlant 1BA6745-2-0025-01.

st yripaBieHHsT 4acTOTOM BpallleHHUsI pOTOpa ABUTaTeNs MPUMEHSIET-
cs1 Ga3oUMIYNBCHBIA METOJI, YTO MO3BOJISIET 000UTHCH 0€3 CHUIIOBOTO TIpe-
o0pa3oBaressi 4acTOThl M 3allyCKaTh CHHXPOHHBIA IBUraTelb B acHH-
XpOHHOM pekuMe. LIeHTpajabHOM 4YacTbIO CXEMBI PETYJISITOpa CKOPOCTH
00OpOTOB POTOpPA SIBJISIETCS] YACTOTHBI MOJIYJATOP, COOPaHHBIA Ha MUK-
pocxeme TDA1085, xotopast 3afaeT IUKIOTpaMMy yIpaBICHUS OOMOT-
KaMu JBHUTaTels C IOMOIIBI0 HA00pa CHIIOBBIX TPaH3UCTOPOB. TakuM Me-
TOZOM OOECTIeUMBAETCs YIpaBJIE€HHE BpaIIAlOIIMM MOMEHTOM Ha Baly
HE3aBUCHMO OT CKOPOCTH BpAIllEHHsI, YTO OCOOCHHO Ba)KHO B JIAHHOM
ciryyae.

JIJis KOHTPOJIST PeabHOW YacTOThI BpAICHHS MPEAYCMOTPEHA 00-
patHas cBsizb. CUTHaNl CO BCTPOCHHOTO B JIBUTaTellb TAXOMETpa TOCTY-
MaeT Ha BCTPOCHHBIH B MUKpOCXeMy dacToTomep. s mocTmkeHus u
CTa0MIM3alMKd CKOPOCTH BpalleHUs Ha HEOOXOAMMOM YPOBHE HCIIOJIb-
3yeTcsl KOHTPOJIJIEP CKOPOCTH BPAIIEHHS] HA OCHOBE MPOMOPIIMOHATHHO-
uHTerpanbHo-Iud depenppytoniero  perymsropa ([T /-perynstopa
[15]), cpaBHHMBAOIIETO CHTHAII C TAXOMETpPA C IIEJIEBBIM 3HAYCHHUEM, 3a-
JIaBaeMbIM MoTeHnromMeTpoM. CraHAapTHas CXeMa Peryysaropa Imo3BO-
JISIeT YIPaBIsATh JIBUTATENIEM B JMAlla30HE YacTOT BpAIllEHHs] POTOpa OT
100 o 12000 o6/muH. B Hamewm ciyuae, ucxoast U3 odecrevyeHus: Heoo-
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XOJIUMOH TPOU3BOAUTEIHHOCTH HAacoca, ONTHMAaIFHBIM ABIIsieTCs Ooee
y3kuit auanazon ot 300 go 400 06/mMuH. [ToaTomy cxema O0Ka peryiu-
POBKH 000pOTOB ObLIIa MOAU(DHUITPOBAHA.

MonepHu3npoBaHHAs BepCHs IUPKYIANNOHHOTO Hacoca ObLIa ¥c-
MBITaHa B T€UYEHHE TPEX HEAeNb HEMpephIBHOM paboThl Aetekropa POJI-
100, 3amomHeHHOTO XUIKUM aproHoM maccod 100 kr. CkopocTs Hpo-
KauK{ raza yepe3 ropsunii meraindeckuit rerrep SAES MonoTorr pe-
TYJIMPOBANIACH C TMOMOIIBIO AIEKTPOHHOTO OJIOKA YIpaBJeHHs JABHUTaTe-
nem Atlant 1BA6745-2-0025-01 tak, 4yToOBI MOTOK Ta3a depe3 reTTep
coctaBisut 9—10 nuTpoB Ta3a B MUHYTY Tipu AasieHun 1.2 atm. Ilpu ta-
KOH CKOPOCTH TIPOKAYKH OJIarOPOJTHOTO Ta3a BpeMs JKU3HH KBa3HCBO-
OOJHBIX DJIEKTPOHOB IOPsJKa 1 MC JocTHraeTcs B pabodel >KUIKOCTH
neTekTopa maccod mopsiaka 100 xr mpumepHO 3a 2—3 HeIeiau Hempe-
PBIBHOHM paOOTHI MUPKYISAIMOHHON CHCTEMBI OYUCTKH paboueit cpebl.

4. 3AK/IIOYEHHUE

B nannoil pabore paspaboTaHa MeTOIWKA IUIABHOH PETYIMPOBKH
MOTOKA MPY LUHUPKYJSILIMOHHON OYHCTKE OJIarOpOJHOro rasa, UCIoJb3ye-
MOTO B KadecTBe padodel cpelnl IByX(a3HOI0 SMHUCCHOHHOIO ETEKTO-
pa. DKcliepuMEeHTAIbHBIE MCCIEOBAaHHUS MOKa3alH, YTO LUPKYJSIHOH-
Hasi OYMCTKA C MOMOIIBI0 MOJIEPHU3UPOBAHHOW BEPCHM LHMPKYJISILMOH-
Horo Hacoca KNF N143SV.12E »¢dextruBHa, obecnieunBaeT HEOOX0 -
My 0€30IMacHOCTh PabOThl IHUPKYJSIIIMOHHOTO HACOCA U MOXKET OBITh
WCTIONIb30BaHa B JUIMTEIBHBIX IKCIIEPHUMEHTAX C YMHUCCHOHHBIMH JIETEK-
TOpaMHU Ha CKMKEHHBIX 0JIarOpOJIHBIX ra3ax.

BJIAT'OJAPHOCTH

ABTOPBI BBIpaXKAIOT 0JaroJapHOCTh pyKOBOJICTBY MHCTUTYTA siep-
HOM ¢m3uku u TexHomornit HUSY MU®DU 3a momomp B mMpoBeeHUH
pabor.

OUHAHCHUPOBAHUE PABOTHBI

Pabota BeImonHeHa npu noanepxke Poccuiickoro HayuyHoro ¢poHAa B
pamkax koHTpakTa Ne22-12-00082.
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MoaepHu3anus CHCTEMbl KPHOCTATUPOBAHUS IMHCCHOHHOIO
aerexktopa PI/1-100 quist paboThI € dKUAKHM aproHOM
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* Hayuonanvnwlil uccredosamenvckuil soephwii ynusepcumem « MUOHy (Mockoeckuii
uHdcenepro-usuveckuu uncmumym), Mockea, 115409, Poccuiickas ®edepayus
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° Qusuyeckui uncmumym um. I1.H. Jlebeoesa, Jlenunckuii npocnekm 53, Mockea,
119991, Poccutickasa @edepayus
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Poccuiickas Dedepayus

AHHOTAIUSA

B crartbe conepKUTCS OIHCAaHNE MOJCPHU3AINK KPHOTEHHON CHCTEMBI IBYX(ha3HOTO
smuccuoHHOTO Aetekrtopa PO/1-100 amst oGecrieueHrs BO3MOKHOCTH pabOThI C
KUJIKAM aprOHOM B KadecTBe paboueid Cpesibl ¢ IeNbio OUcKa 3P QeKTa ynpyroro
KOT€PEHTHOT'O PACCESHUS PEAKTOPHBIX AIIEKTPOHHBIX aHTHHEHTPHUHO Ha s/[pax
aproHa.

Cucrema TepMocratupoBanus nerekropa PIJ1-100

Cucrema tepmocratupoBanus aerekropa P3JI-100 nmepBoHadaabHO
Obula paszpaboTaHa Uil OXIDKCHHST M CTaOWIM3allii TeMIIepaTyphbl
XKHUJIKOTO KCEHOHA, HCIOIb3yeMOro B KadecTBe pabouei cpempbl
JeTeKTopa Ul W3y4eHHs Ipolecca YIpyroro KOrepeHTHOTO PacCestHus
peakTopHBIX 3MeKTpoHHbIX aHTHHENTpuHO (YKPH) Ha TSOKEMBIX sapax
[1, 2]. Cucrema ocHOBaHa Ha TEXHOJOTHH TPyOUATHIX TEPMOCH(POHOB
[3] u Brirouaet 4 TpyOuaThIX TepMocudoHa auamerpoMm 12 mm (Puc.1),
B KOTOPBIX B KAYECTBE TEIUIOHOCUTEIS MCIIOJIB3YETCS a30T, a B KAUECTBE
XOJOAUIbHUKA — OaccelH CBOOOJHO KHIIAIIErO JKHJIKOTO a30Ta,
pa3MelEHHbIN B pe3epByape Hag aetekropoM (Puc.2).
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Puc.1. Cxema pabotsl TpyOuaToro repmocugona [4].

TermmooOMeHHUKH TEPMOCU(OHOB YCTAHOBJICHBI Ha OXJIAXIaeMOM
BHyTpeHHeM cocyne kpuoctara. CMm. Puc2. MenHbie TeruiooOMEeHHUKH 8
u 11 tepmocudonoB TC-1 u TC-2 ycraHOBneHB B BepXHEM (IIaHIE U
JHHIIEC BHYTPEHHETO COCYJa KPUOCTAaTa U 331al0T TPalMeHT TEMIIepPaTyp
o BBICOTE ApeioBoro o0BEMa MEeTEKTOpa. OITH K€ TepMOCH(OHBI
UCTONB3YIOTCS Al KOHAEHCauuu padodeidl cpenpl AETEKTOpa U3
ra3000pa3HOr0 COCTOSIHUSI TIPU 3alOJHEHHH JETEKTOpa >KUAKOCTHIO.
JomoyHuTenbHbIe 1Ba 00KOBBIX TepMocupona TC-3 u TC-4 oxnaxaaroT
TEMJI00OMEHHHUKH, YCTAHOBJIEHHBIE HA MEIHOM 3KpaHe, OKpY)KaloLleM
KaMepy JJisi BBIpaBHHBAaHUS TPAJAUEHTOB TEMIIEPATyp MO OKPYKHOCTH
kamepel (10, Puc.2). Coctosinne TepMocu(OHOB (TemIepaTtypa
TEIJI00OMEHHUKOB M JABJICHHUE a30Ta) KOHTPOJIUPYIOTCS C IMOMOIIBIO
JaTYMKOB, YCTAHOBJIEHHBIX B CTOIMKE CTaHIMHM KOHTPOJS BMECTE C
BEHTHJISIMH PYyYHOTO YIPAaBJICHUS 3all0THEHUEM TEPMOCH(OHOB a30TOM.
B kadecTBe TemmepaTypHBIX AaTYUKOB MCIOJIB3YIOTCS TEPMOPE3UCTOPHI
Pt-100.
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Puc.2. Cxema TepMOCH()OHHON CHCTEMBI KpHOCTATUPOBaHus aerekropa POJI-100 [2]: 1
- TpyOKa 3aJIMBKH JKHJIKOTO a30Ta B XXHAKOA30THBIN pe3epByap; 2 - BEHTWISIIIMOHHAS
TpyOKa; 3 — pe3epByap ¢ KUAKUM a30ToM; 4 - TpyOKH AJIS 3aIlOHEHUS TePMOCH(OHOB
razoo0pasHBIM a30TOM; 5 - BaKyyMHPOBAaHHBIH METALIOPyKaB C TPYOUIaTHIMU
TepMocrpoHaMH; 6 - OXJIAKAAEMBIH BHYTPEHHHUH COCYA KpHOCTaTa; 7 — TEPMOAATIUKHY;
8 - BepxHuii TernoooMenHuK; 9 — tepmocupon TC-1; 10 — TemnooOMeHHHKH OOKOBBIX
tepmocuponoB TC-3 n TC-4; 11 — TtennooOMeHHHUK HIKHero TepMmocudona TC-2; 12
— BHEIIHMI KOXKYX KpHOCTaTa JIeTeKTopa

Ha remooOMeHHMKax TepMOCH(OHOB YCTaHOBIEHO IO JBa
Tepmopesuctopa Pt-100. CurHansl oT OJHOTO U3 HUX UAYT Ha MAHEIb
BU3YaJIbHOT'O KOHTPOJISI TEMIIEPATYyphbl, OT JIPYroro — K MOAYJIO CEPHU
Adam-6000 (dupma Advantech) s HENpPepHIBHOTO BIEKTPOHHOTO
MOHUTOPHHTAa  TEeMIIEpaTypbl  TEIMJIOOOMEHHHKOB €  BBIBOJIOM
WHpOpPMAIIUK Ha dKpaH KoMIbloTepa. CTaHIUS KOHTPOJIS COAEPIKHUT JIBE
cUcTeMBbl ynpasiieHus pabotoil 4-x tepmocudonos PO/I-100: pyunyio,
coJiep)Kallyl0 8 HE3aBUCUMBIX KaHaJIOB C PYYHBIMH BEHTHJSIMH, U
OyOIUpYIONIYI0 €€ aBTOMAaTHYECKYI0, B KOTOPOHW IIOTOKaMH a30Ta
YIPaBISIOT KOHTPOJHPYEMBbIE C TIOMOLIBIO KOMIIBIOTEPA KJIAIAHBI.
VYnpasnenue TtepMocu(OHAMH JUIS KaXAOTO KaHala BBIMOJHAETCS
HE3aBUCHMO B OCHOBHBIX peXUMax paboThI:

1) oxwmkenue OmaropopHoro rasza npu 3anoiaHeHun P3J[-100
paboueii cpenoi,
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2) crabmim3arys TeMITepaTypsl IPH HENPEPHIBHOM ITUPKYIISIIMOHHOM
OUUCTKe pabouero raza co CkopocTeio 8-10 JUTPOB/MHUHYTY uepe3
ropsni MeTauimdeckuii rerrep tuna SAES MonoTorr

VYcroitunBas paboTta pa3paOOTaHHON CHCTEMBI TEPMOCTATHPOBAHHS
MO3BOJIMJIA TMPOBECTH  OKCIEpPHUMEHT ¢  jaerekropom POJI-100,
3anonHeHHbIM 200 Kr skuakoro kceHoHa, Ha Kammaunckoir ADC B
mepuox 2021-2022 rr. [5]. Ha Puc.3a mpencraBiieHbl 3aBHCHMOCTH
TEMIIEpPaTypbl  TETUNIOOOMEHHHWKOB  TepMOCH(OHOB OT  BpEMEHHU
oxnaxaeaus POJ[-100 npu pabote ¢ KCECHOHOM.

Moaudukanusi cucTeMbl TEPMOCTATUPOBAHUS 11 PaGOTHI €
aproHom

B Hacrosimee Bpems koitaboparus POJI-100 mpuctynmia K
MOATOTOBKE  CIEAyIoIlero oJTama dkcrepuMmeHta Ha ADC ¢
WCTONIb30BAaHUEM JKUJIKOTO aproHa B KadecTBe paboueil cpesbl
netektopa. [ mocraBieHHol 3amaum peructparuu YKPH xunkuii
aproH BBITJIAAUT OoJiee TEPCIEKTUBHOW padodell cpemoi JIeTeKTopa 1o
CPaBHCHHIO C KCEHOHOM, MOCKOJIbKY oOecrneuynBaeT 0ojiee BBICOKYIO
SHEPTUI0 SAep OTJaYd B MPOIECCE PACCESHUS AHTHHEHTPUHO, YTO
MO3BOJISICT MOBBICUTH 3(P(HEKTUBHOCTH pa3JelICHUs TOJIC3HBIX COOBITHI U
(hoHA OAHOAIIEKTPOHHBIX HIYMOB [6]. Mcmonb30BaHue JKUIKOTO aproHa B
KayecTBe pabouell cpenbl JeTeKTopa MojApa3yMeBaeT HEOOXOIMMOCTh
OXJIK/IEHHs JieTeKTopa 10 TemrepaTypsl -183°C, uro Ha 80° Hmke, yem
MIPU UCTIOJIb30BAHUY JKUJIKOTO KCEHOHA.

Jlnist paboThI € )KUAKHUM aprOHOM B KauecTBE pabodell cpejibl CHCTeMa
TepMocTaThpoBaHus jaerektopa P3JI-100 Oputa MommdunmpoBaHa:
BHYTPEHHHI JHaMeTp OCHOBHOTO TpyOuaToro Ttepmocudona TC-1,
OXJIXKIAIOIIET0 BEPXHHUM TEIIOOOMEHHHUK, Ha KOTOPOM TMPOHMCXOJUT
OXMKEeHHe pabouero BemiecTBa, ObuT yBenmudeH ¢ 11 mo 26 MM mpu
COXpaHCHWHU JUIMHBI M JHaMeTpa 30HBI HCIAPEHUS M JUIMHBl 30HBI
kouzaerncanuu (Puc.1). CormacHo npoen€HHbsIM u3Mepenusm (Puc.3), B
cllyyae «KCEHOHOBOI» BepCcHUU cUCTEeMBI TepMocTaTupoBHUs (Puc.3a) B
nuanasone temmeparyp (+20°C; -100°C) cKOpOCTh  OXJIQKIEHHS
cocTaBisia ~4 rpaj/dac, a B ciydae MOAH(DUIIMPOBAHHON «aproOHOBOW»
BEPCHHU CHCTEMbI TEPMOCTATUPOBaHUS B auana3one temmeparyp (+20°C;
-180°C) cocraBuiia ~5 Tpaj/yac W MO3BOJIMIIA OXJIAKIATH JETEKTOP JIO
temnepatypsi -183°C, kak mokasano ua Puc.36.
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Puc.3. 3aBUCHMOCTh TeMIlepaTyphbl TEIUIOOOMEHHUKOB, OXJIAXIAEMbIX TPYOUYAThIMU
TepMocu(OHaMH, OT BpeMEHHU oxJaxaeHus nerekropa PO/I-100 mpu paboTe ¢ KCCHOHOM
(a) v ipu padote ¢ apronoM (6): 1 — Temneparypa TemioooMeHHIKa Tepmocudona TC-4;
2 TeMmreparypa TemiooOMeHHHKa Tepmocupona TC-3; 3 — remmeparypa

TeruioodMerHnKa Tepmocuona TC-2; 4 — TemrnepaTypa TEIUIOOOMEHHHKA TepMOcH(oHa
TC-1.

Kpuorennas cuctema POJI-100 ayis aproHa npoiuia j1adopaTopHbIe
ncneitanus B 2023 rony 8 HUSY MU®U. beuio ycraHoBieHO, 4TO
MOJICPHU3UPOBAHHAs CUCTEMa KPUOCTAaTHPOBAaHMS CIIOCOOHA OXJIAXKAATh
JETEKTOp 70 Temiepartypsl xuakoro aprona (-183°C) mpumepho 3a 30
gacoB, a koHnxeHcanusa 100 kxr aproHa 3aHUMaeT MPUMEPHO TPOE CYTOK.
Ilomumo Bo3MokHOCTH 3¢ dexTuBHOrO oxmaxnenus PI-100 s
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paboTBl C JKHUAKAM aproHoM, ObUIa TaKKe WCIBbITaHa MpoLeaypa
CTaOuNM3alMy  TeMIepaTyphl JeTeKTopa ¢ TouHocThio ~0,1° mpu
HENPEPBIBHOM  LMPKYSIMUOHHOM OYHUCTKE AaproHa, BKJIIOYArOLIEH
MPOIIECCHl  UCTApEeHHs] KUAKOW  paboueil  cpempl, UUPKYISIIH
ra3oo0pa3HOro aproHa yepe3 TropsSYAd METAUIMYECKUH TeTTep THIa
MonoToIT u oxmKeHHEe OYUIIICHHOTO aproHa B JIETEKTOP CO CKOPOCTHIO
okono 8-10 nmuTpoB Taza B MHUHYTY B TeUeHHE TPEX HEAENb. ITO
MTO3BOJIMJIO JIOCTHYh BPEMEHH XU3HU KBAa3HCBOOOIHBIX 3JIEKTPOHOB [0
3axBaTa 3JEKTPOOTpHUIIATeIbHBIMU TpuMecsimu Oosee 300 mxc. [locne
BBIXO/Ia CUCTEMBI Ha CTAIlMOHAPHBIA TEMIEPATYPHBIN PEXUM, HHTEPBAI
MEXy 3JIMBKAMH OYepEeTHON MOPIMH KHIKOTO a3oTa 00béMom 40 i1 B
JKUJIKOA30THBIN O0acceitH cocTaBmil 0koio 10 Jacos.

3akiaouyenue

Takum 00pa3oM MOKa3aHO, YTO MOJCPHH3MPOBAHHAS KPHOTCHHAS
cuctemMa ycraHoBku P3JI-100 mo3BoyisieT MOTHOIICHHO OOECIednBaTh
TEMIICPATYPHBIC PCKUMBI pa6OTI>I ACTCKTOpa TIIpU MCIIOJIb30BaHHUU
JKHJIKOTO aproHa B Ka4ecTBe pabouero BeliecTBa JeTeKTopa.

ABTOpHI BeIpakaroT OnaromapHocth Poccuiickomy Hayanomy ®onmy
3a (DMHAHCOBYIO TOJCPKKY pabOT Mo MOJCPHM3AIMK ycTaHOBKU POJI-
100 B pamkax koHTpakta No22-12-00082 ot 13 mas 2022 roma, a Takxe
corpynHukamu kadenpsr N7 HUAY MHUOU B.B. [Imurpenko, B.®.
Bnacuky, 3.M. Yrtemeny, A.M. MamkumnoBy, pykoBoJacTBy MHCTHTYTa
snepHod  ¢u3uku W TexHojoruit HUAY MUDOU 3a nomomp B
MPOBEIEHUH PadOT.
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YCTPOMCTBO JJ151 UBMEPEHMSI YPOBHS HA OCHOBE
IVIACTUKOBOI'O CHUHTUJIJIATOPA 1 KPEMHHUEBBIX

OOTOYMHOXKUTEJIIEN
Anexcanapos U.C. *°, Barnep M.A.%, Kosnosa E.C.%, Kymman A.B.?, ITunuyk A.B2,
Xpomos A.B.?
 Hayuonanvmwlil uccnedosamensvekuii adepvlil ynusepcumem « MHUDHy,
Poccus, 115409, o. Mocksa, Kawupckoe ut., 0. 31
bHauut)Hanbezﬁ uccnedosamenvekuti ToMcKkuil NOIUMeXHUYeCKUll YHUGepCumen,
Poccus, 634050, 2. Tomck, yruya Jlenuna, 0.30

AHHOTANHSA

B crartee ommcan mpoTOTHH YCTpOIicTBa Il KOHTPONS ypOBHA paszmena (¢as,
KOTOpO€ MOXKeT OBITh HCIIONB30BAaHO JUIL ONEPAllMOHHOTO KOHTPOIS Ipoliecca
3aMeJJICHHOTO KOKCOBaHHSA B He()TeXHMHUECKOH mpoMmsleHHocTH. [IpuBeneHa cxema
1 KOHCTPYKIHA pa3pabOTaHHOTO aBTOpaMH IKCIIEPUMEHTAIBHOTO 00pasiia, COCTOSIIETO
U3 OpPraHMYEeCKOr0 IUIaCTMKOBOIO CHUHTWIUIATOpa M MaTpUIBl  KPEMHHUEBBIX
doroymuoxuteneid.  IIpencTaBieHO  KOMIBIOTEPHOE  MOJCIMPOBAHHE  OTKIIHKA
CHMHTHWUIALMOHHOTO JETEKTOpa B YCJIOBHUAX PeajbHOM I'€OMETpUH KOKCOBOW KaMepsbl.
[IpuBeneHs! SKCIIepUMEHTANIBHEIE PE3YJIBTAThI, IEMOHCTPHPYIOIINE padoTOCIIOCOOHOCTD
YCTpOICTBa.

BBEJIEHHME

B coBpeMEHHBIX MPOMBINUIEHHBIX TEXHOJIOTHYECKHX IpoIeccax
TpeOyeTcs HENpEepBhIBHBIA KOHTPOJIb PAacXoAa M MacChl BEIIECTB BO
BpeMsl IPOM3BOJICTBA WJIM XPAaHEHUS B pe3epByapax U EMKOCTSIX.
N3mMmepenne ypoBHs 3allONHEHUS] PE3EPBYapOB TBEPABIMH HIIH KUIAKUMH
BELIECTBAMH KOHTPOJHUPYETCS C IOMOLIBI  CHENHATN3UPOBAaHHBIX
YCTPOMCTB, Ha3bplBa€MbIMM ypoBHeMepamu. Ha cerogHsmnuii JeHb
CYILECTBYeT HECKOJIBKO pacIpOCTPAaHEHHBIX CHOCOOOB  KOHTPOJIIA
YPOBHA:  paJMOM30TONHBIN, 3JIEKTPOMEXaHWUYECKUH, aKyCTHUYECKHUH,
pPaZMOBOIIHOBOM, THApOCTaTHYeCKHid W T.1. B mpubopax, NpHHIUI
JIEHCTBHS KOTOPBIX OCHOBAaH Ha B3aUMOJCWUCTBHM C BEILECTBOM,
CBOMCTBA CpeIbl UIPAIOT ONPEAEISIONIYI0 pOJIb IPU BO3JEHCTBUM Ha
HHUX, YTO MOXKET CUJIBHO BIIUATH Ha TOYHOCTD I1O1Y4Ya€MBbIX PE3YJIBTATOB.
ITorToMy B mocnegHee BpeMsl Ha NPEANPUATHIX AKTUBHO BHEAPSIOTCS
OECKOHTAaKTHBIE CIOCOOBI KOHTPOJISA, MO3BOJSIONME padoTath B
CIIOKHBIX M HecTaOWIBHBIX YyciioBHAX. HecmoTps Ha pasHooOpasne
METOAOB, PpaJUOMU30TOIHBIM  crHocod  ocraercss IO  CYILIECTBY
0e3anbTepHATUBHBIM OCCKOHTAKTHBIM TOJXOJO0M HW3MEPEHHS YPOBHS
npu padoTe ¢ arpecCUBHBIMH BELIECTBAMH NPH BBICOKHX TEMIIEpaType U
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napneHud. [TpuHIM padoThl pajHOM30TOITHOTO ypOBHEMEpa OCHOBAaH
Ha M3MEPEHHMH OCJIa0JIEHHs WHTCHCHUBHOCTH IOTOKAa HOHM3HMPYIOLIECTO
V3Iy4YeHHs] TPOXOMSINEro dYepe3 KOHTPOJMpPyeMOe BEIIECTBO B
3aBHCHMOCTH OT €r0 ypOBHS B pe3epByape. Bce ameMeHTH ypoBHEMEpa
HaxoJsATCs  CHapyXH  pe3epByapa M HE  KOHTAKTHPYIOT C
KOHTPOJIMPYEMBIM BEIIECTBOM, TakUM 0Opa3oM camMo YCTPOWCTBO HeE
MTOABEP)KEHO BJIUSHUIO Takux (akTopoB pabodeid cpempl, Kak
TeMIleparypa, JaBleHUe, KOPPO3Hs, BA3KOCTh. Takue MpUOOpPHI MOTYT
M3MEpATh YPOBHU Pa3NMYHBIX TBEPABIX U KUIKUX BEILECTB, MPU Pa3HbBIX
YCIIOBUSIX ~ OKCIUTyaTallid M MOTYT  HCIIONB30BaThCS  Kak M
HEMPEepPBIBHOTO KOHTPOJS YPOBHA, TaK W KaK CHTHAJINU3aTOPHI
MaKCHUMaJIbHOTO YPOBHSL. Ha JIOMIIO He(TEXUMHYECKOMH
MPOMBIIIJICHHOCTH TPHUXOAMTCS HauOOJIbIIAs 4YacTh MO KOJUYECTBY
orieparnyii I3MEPeHUsT YPOBHS, a OJTHUM M3 OCHOBHBIX TEXHOJIOTHUIECKUX
MPOLIECCOB, B KOTOPOM OHH MPHUMEHAIOTCA SBISETCS  KOHTPOJIb
OTIepaIMOHHBIX PAcX0/I0B MPH 3aMeIJIEHHOM KOKCOBAaHHUH.

IPUHIIAI PABOTHI YCTPOMCTBA JIJIsI KOHTPOJIA
INPOLECCA 3AMEJJIEHHOT'O KOKCOBAHMUA

I'mybOokast mepepaboTka He(TH MPEANojaracT HCIOIb30BaHUE
mpolecca KOKCOBaHMS, 3aKIIOYAIOIIErocs B epepadoTKe KUAKOTO WIN
TBEPAOrO TOIUIMBA HarpeBaHueM Oe3 jgocTyma kuciopona. [iyOuna
nepepadoTKU HepTH SBISETCS OJHUM M3 BaKHEHIINX IoKazarenel
3G PEeKTHBHOCTH HedTenepepadaTblBaONIero MPeanpusITHs, MPH 3TOM
BbICOKasi TiyOuHa mnepepabotku (Oomee 85 %) He nocTwkuma 0e3
mpolecca 3aMeUIeHHOTo KoKcoBaHMs. llpy pasnokeHHH TOIIMBa
oOpasyercst TBEPIN MPOAYKT - HEPTSIHOW KOKC U JIETy4Ue MPOIYKTHI.
HauOonee yacto ucnons3yeMoil B COBpEMEHHOU HedTenepepaboTKe U
HEe(PTEXUMUU  SIBIACTCS TEXHOJIOTHSI 3aMEUIEHHOTO KOKCOBaHMS,
MpeacTaBisIomas  coboi  mporecc  TEePMHUYECKOTO  KPEKHHTra.
OO6pasyromuecs: JIeTKWe JIETy4Yde KOMIIOHEHTBHI HCIIONB3YIOTCS st
MIPOM3BOJCTBA CBETJIBIX HEYTENPOIYKTOB, IPH 3TOM TsDKenas ppakuus -
He(PTSIHOW KOKC, MOXKET OBITh NMPUMEHEH B CIEIYIONINX O00JacTsIX: B
MIPOM3BOCTBE BSDKYIINX MaTe€pHUajoB — IIEMEHTa, N3BECTH WM THIICA; B
KAaueCTBE MCXOJHOTO CBIPbS B NMPOMU3BOJCTBE AIEKTPOAOB IS AYTOBBIX
anekTponeuell; tomnuBo Ha TOLl anms reHepanuu 3JIEKTPOIHEPrUHU.
[Ipomecc 3akmrodaercss B TOM, YTO BTOPHYHOE CBHIPbE, KOTOPOE
HarpeBaeTcs B TpybuaThix meuax 10 ~500 °C, mocTymaer B KOKCOBBIE
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KaMepbl, IPeACTaBISIONMe Cco00OH  BEPTUKAIBHO PaCIIOI0)KCHHBIC
LWIMHApUYECKHUe anmapatel BeicoToM 20 - 35 M u nuametrpom 5-8 M. B
KaMepy ChIpbe HENPEPHIBHO MOAaeTCs B TeUeHHe nepuosa ~ 12-24 gacos
U 32 CUeT MOJIy4YeHHOM TeIIoTel KokcyeTcs. Ilocne 3anonHeHus kamepsl
KOKCOM JIO ONPEACICHHOTO YPOBHS €ro yAasioT T'MApoaOdpa3uBHON
pe3koii [1].

Jns yBenwdeHWs MPOM3BOAMTEIHHOCTH YCTAHOBKH, OJHOU W3
BOXHEHIINX IIeNiell SBISAETCS HAIOJNHEHHE KaMephl O MaKCHMAalbHO
BO3MOXHOTO ypoBHA. OIHAKO BO BpeMsl TEPMUYECKOTO KPEKHHTa B
KOKCOBOM Kamepe o0OpasyroTcsl Mmaphl, KOTOpbIE YJIETy4HBascCh U3
BSI3KOM KUAKOCTH CKIIOHHBI K 0Opa30BaHHIO IEHHOTO CJIOS. DTOT CIIOU
TIEHBI MOKET BaphUPOBATHCS B 3aBUCUMOCTH OT HECKOJIBKHX ITapaMeTPOB
- Tak®Wx Kak pabouas TeMmmnepaTypa, AaBJeHHE, THII CBIpOH HedTH Win
CKOpoCTh 3amoiHeHus. llomaganwe meHsl B TpyOOMpPOBOJ MapoOB WK
(paKIMOHHYIO KOJIOHHY MOJKET IPUBECTU K OCTAHOBKE MPOU3BOCTBA,
a Takke TpeOyeT OOJBIIMX 3arpaT IS OYHUCTKH TEXHOJOTHYCCKUN
JIMHUM, KOTOpasi MOXKET 3aHUMatrh 10 2-3 Henenb. [lomaBneHue neHbI
OOBIYHO  OCYIIECTBISIOT BIIPBICKMBAHUEM  JTOPOTOCTOSIIETO
MICHOTACHUTENS - BBICOKOMOJICKYJIIPHOTO ~ CHJIMKOHA B  BHUIE
MOJIMANMETHIICHIIOKCAHOB B KOKCOBYIO Kamepy. B KOKcoBOi kamepe
MpH  BBICOKOHM TemrmepaType OH pasjaraercs, ¥ OCHOBHas dYacTb
MPOJYKTOB PA3JOKEHUSA TICHOTACUTENsI WCIapsSeTCs W YHOCUTCH,
3arpsi3HsIl  JKUJKHE  YTJIEBOAOPOJBI,  PETCHEPUPYIOIINECS  BO
(bpaKIIMOHHOW KOJIOHHE Ha CIEAYIOUIed CTaJud, YTO MOXKET BHI3BAThH
OTpaBJICHHE KaTaju3aTopa B IOCIEAYIOIIUX YCTaHOBKaxX IepepaboTKu
Hepru. I[lo 3TUM mpUYMHAM HEOOXOJMMO HAJIEKHO KOHTPOJIHMPOBATH
YPOBEHB 3aIlOTHEHUS KaMep YTOOBI MPEAOTBPATUTH MOMAJaHHUE TICHBI B
TPYOOIIPOBOJIBI, & TAK)KE MUHUMH3UPOBATH KOJIUYECTBO HCIIOIB3YEMOTO
rne”oracurens [2].

N3-3a arpeccuBHOTrO XapakTepa cpefibl U BEICOKOH TeMIepaTyphl B
HECKOJIBKO COTEeH TPaJyCcoB, KOHTPOIbh YPOBHsI 3aIllONHEHUS KOKCOBOW
KaMephbl ABJISIETCS CJIIOKHOW TEXHOJOTHUECKOH 3a7aue, BHITIOTHAEMON C
IIOMOINBIO  PAaUOM30TOITHOTO Tpubopa - Tamma-ypoBHemepa [3].
KoHTposib ypoBHS MO3BOJISIET TTONYYUTh HHGMOPMAIUO 00 aHTUIIEHHOM
3(¢(HEeKTUBHOCTH, W3MEHEHHHM CKOPOCTH 3allOJHEHWS, BCIICHUBAHUM.
Cucrema TaMMa-ypOBHEMEPOB COCTOWT W3 PAJAMOAKTHBHBIX TamMMa-
HCTOYHMKOB, Kak mnpaBwio 370 u3zoron Cs-137, ycTaHOBIEHHBIX
CHapyXd Ha TOBEPXHOCTH KOKCOBOM KaMepbl, MU HECKOJIBbKUX
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JETEKTOPOB Ha OCHOBE OPraHMYECKOI'0 CLMHTHJUIATOPA, HaXOIAIUXCS
Ha MPOTUBOIONOXHOM cTopoHe [3]. OOopyaoBaHHe AaHHOTO Kiacca Ha
pBIHKE  IIMPOKO  MPEICTABICHO  KOMMEPYECKHMMH  Ipubopami,
MIPOM3BOJMMBIMUA B OOJBIIMHCTBE CIIy4aeB W3BECTHHIMH 3apyOe)KHBIMU
kommnanusamu: Endress+Hauser (IlIBetiniapus); Berthold Technologies
(lepmanus); Vega (I'epmanus); Thermo Fisher Scientific (CILA). Bee
[IPEICTaBICHHBIE HA PBIHKE YPOBHEMEpHI JUIsI PadOTHl HAa YCTAaHOBKaX
3aMEAJICHHOTO  KOKCOBaHMS COCTOAT M3  IUIACTUKOBOIO
CIMHTHJUIALIMOHHOTO KpUCTaJla HAa OCHOBE MOJMBUHWITONYOJa, a
CBETOBOH CHIHAl PErHCTPUPYETCS] BaKyyMHBIM (DOTO3IEKTPOHHBIM
YMHOXHUTENIEeM ¢ auamerpoMm ¢orokatoga 2 mgroiimMa. OmHako
mpeacTaBieHHble 00pa3lbl O0JAAal0T PSIOM HEAOCTATKOB, MPHCYIIUX
1u1st BakyyMHBIX DDV - Beicokoe HanpspkeHue nutanus (6onee 1000 B),
YyBCTBUTEJIBHOCTh K MAarHUTHBIM HOJSIM, HHU3Kasg MEXaHHWYecKas
MIPOYHOCTh. DTH HEIOCTATKH CO3JAl0T 3HAYUTENbHBIE CIIOKHOCTU IPH
WCTIONb30BaHAN YPOBHEMEPOB B TSDKEIBIX YCIOBUSX JKCILTyaTalluH C
OOJIBLIMMU TIEpEeTaiaMy TEMIIEPATyPhl U BHICOKOH BIaXKHOCTH.

Eme omauM npubOpoM, KOTOPBIM MOMKET OBITH HCIIONB30BaH B
KayecTBE JaTyhKa CBETa SIBISICTCS KPEMHHUEBBIH (DOTOYMHOXKHTENb
(SiPM) [4]. KpemuueBbie (OTOYMHOXKHUTETH B HACTOSIIEE BpeMs
LIMPOKO HCIOJB3YIOTCS B Pa3IMYHBIX 00JAcTAX: MEeIULMHE, (PU3nKe
AIIEMEHTAPHBIX YacTHull, acTpodusuke, peHrrenorpadun u ap. bnaronaps
CBOMM IIPEHMYILECTBaM: HM3KOMY HampspkeHuto nutanus (mo 70 B),
CrocOOHOCTH paboTaTh B MAarHUTHBIX TOJNAX M HIPU OTHOCHUTEIHHO
BBICOKOM TemmepaType no +85 °C, a Taxke KOMIIAKTHOCTH, JAaHHBIN
KJlacc MpUOOPOB TIOCTENICHHO 3aMellaeT TPaJAWIHOHHBIE BaKyyMHbBIE
(DOTO3JIEKTPOHHBIE ~ YMHOKHUTEIIH. B HEKOTOPBIX obyacTax
MPOMBIIIJICHHOCTH, HalpuMmep, B objactu Hedrexumuu u A00bIUE
MOJIE3HBIX HMCKOMAEMbIX, TJleé TPUOOPHI BBIMYCKAIOTCS  OOJIBITUMU
CepUsIMM Ha NMPOTSDKEHUH HECKOJBKUX JECATKOB JIET, NAHHBIN Iepexo]
MIPOMCXOUT TOPa30 MeJICHHEE.

KoHcTpyKius ycTaHOBOK MO 3aMeAJIEHHOMY KOKCOBAHHIO MOKET
BapbUPOBAThCS OT MPEANPHATHS K MPEANPHITHI0 B 3aBUCHMOCTH OT
MPOU3BOJUTEIBHOCTH U U3TOTOBUTENS 000pynoBanus. OqHako B oOmiem
BUZE, KOKCOBas Kamepa NpeAcTaBisieT cOOOH CTaqbHOM BEPTUKAIbHBIN
MWINHAD B TEIJIOM3OJSIMNA BBICOTOW HECKOJIbKO JECATKOB METPOB U
nuameTpoM 5-8 MerpoB. Ha opHOl cTOpoHE Kamepbl HaxOIUTCSl OT
OJHOTO J0 TpeX KOJJIMMHUPOBAHHBIX HCTOYHMKA FaMMa-U3Iy4eHHUs THIIA
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BI'l. Ha npoTHBOIOI0XHOM CTOPOHE KOKCOBOM KaMmephl pacrlofiOXeH
KackaZ, W3 HECKOJBbKHX MpPOTSHKEHHBIX JETEKTOPOB, COEAMHEHHBIX
nocaenosatenbHO.  OOBIYHO M3MEpPEHHE YPOBHS IPOBOAMTCS  OT
W30THYTOH BEpXHEH YacTH KaMepbl BHHM3 BJOJb €€ IIOBEPXHOCTH HA
JJTMHE 10-14 METPOB. JeTexTopsl, pacnoaoKeHHbIE Ha
MPOTHUBOIOJIOKHONW CTOPOHE KaMephl U3MEPSIIOT MHTEHCUBHOCThH TaMMa-
n3nydeHus. Korma kokcoBas kamepa Iycras, TO JE€TEKTOPBI
PETUCTPUPYIOT MAaKCUMAaJIbHYI0 MHTEHCHBHOCTh ramMMa-u3iydenus. Kak
TOJILKO ypOBEHb B KaMepe HAuWHAeT MOBBIIATHCS, TO MOTOK ramMma-
W3Ty4EHUs 3aTyXaeT, TaKUM 00pa30M KOJIMYECTBO 3apErHCTPUPOBAHHBIX
raMMa-KBaHTOB HauMHaeT yMeHbInaThcs. Korna HeoOXonumblil ypoBeHb
nocturaet 100%, To U3IydeHue MOTHOCTHIO TOTJIOMAETCS IETEKTOpaMH.
3aBHCHMOCThH MCKAY HMHTCHCHUBHOCTBIO TaMMa-KBAHTOB MW YPOBHEM
KOKCa WMeEEeT OOpaTHO MPOMOPIIMOHANBHBIA XapakTep — 4YeM OOIbIIe
perucTpupyeMas HMHTEHCHUBHOCTh HW3JIyYCHHs, TEeM Ooyiee HH3KUI
YPOBEHb 3allOJTHCHUA KaMCPBhI. HpI/IH]_[I/IHI/IaIII)HaH cXeMma pa6OTI)I ramMmma-
ypoBHEeMepa npuBeaeHa Ha Puc. 1.

Vad |
e

-»

[LETEKTOPbI
TAMMA-U3NYYEHKNSE

Puc.1. INpuHnunuanbHas cxema paboTel raMMa-ypoBHEMEpa.

KOHCTPYKIIUA YCTPOMCTBA

HecmoTps Ha TO, YTO TPOMBIIUIEHHBIE TaMMa-ypOBHEMEPBI C
BakyyMHbIMH DDV BBHIMYyCKalOTCI KOMMEPYECKUMH KOMITAaHUSIMH Ha
MPOTSHKEHNH MHOTHX JIET, TABHO Ha3pesl BOIPOC C CO3JaHHEM HOBOTO
npubopa ¢ 0ojee COBpEeMEHHBIM MOTYINPOBOJHUKOBBIM JTATYNKOM CBETA

- KpeMHHEBBIM (oTOoyMHOXHUTeneM. [IpoToTHm Takoro ramma-
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ypoBHeMepa  pa3paboTaH B  MexkadeapanpHOH  1aboparopuu
SKCHEpUMEHTANbHON sinepHoit ¢u3ukn HUAY MUOU. VYcrpoiicTBo
MpencTaBiIsieT coboif  CcOOpPKYy W3 IUIACTHKOBOTO — IMOJIHWPOBAHHOTO
cimaTHILIATOpa BC-408 (IpomsBojacTBo Saint Gobain Crystals) u
MaTpunpl  KpemHueBblx @DJY. CuuHTHUIATOPD C rabapuUTHBIMH
pasmepamu  1000x50x50 MM HaxoguTcs BHYTPH T'e€pMETHYHOIO
CBETOHEIPOHUIIAEMOTO KOXyXa U3 HEPKaBEIOIIeH CTalli TuaMeTpoM 76
MM M TONIMHOH cTeHKH 1.5 mMM. CUOUMHTWIIATOp AN YBEJIWYEHUS
cBeTtocOopa 00epHYT B HeTkaHblii Matepuan Tyvek® 1073D. Jlns
perucTpaunu cBeTa ucmonb3yercs marpuua u3 SiPM mpousBoactsa
kommanuu SensL/onsemi  MicroFC-60035-SMT, coeguHeHHas C
TOPLEBOH CTOPOHOW CHUHTHIUIATOpPA C MOMOIIBIO0 ONTHYECKOH CMa3KH
[5]. Buemnuit Bum u 3D-momens cOOpku npuBeneHsl Ha Puc.2.
OcHOBHbBIE XapakTepUCTUKU JaHHOTO THma SiPM mnpeacraBieHbl B

Tabmune 1.
1
\ l _ |
3
——
a)

4

6)

Puc.2. a) 3D-mozens cOopku co ctopoHsl Marpuilsl SiPM: 1) repmerHyHbIit
KOXKyX; 2) cuuHTIIATop; 3) Matpuua SiPM u3 16 mryk; 4) dukcupyrommas
BcTaBka. 0) doTorpadus 3KCIepuMEHTaIbHOT0 00pasia (co CTOPOHBI MaTpPH-
st SiPM).
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Tabmmma 1. OcHoBuele napamerps! SiPM cepun MicroFC-60035-SMT.

ITapamerp SiPM MicroFC-60035-SMT
UyBcTBUTENIBHAS TUIOMIAb 6Xx 6 MM
KosanuecTBo siueex 18980
Pazwmep sueiixn 35 um

Tunuuneii k03¢ GUIuEHT
YCHIICHHS

3% 10°

MakcuMyM CHEKTpa U3IY4EeHHs HCIOJB3YEMOIO  CLUHTHILISATOpA
coctaBisieT 425 HM, 4YTO XOpOIIO COIJIacyeTcsi €O CHEKTpaIbHON
YyBCTBUTENBbHOCTRIO SiPM, rae mnpm pmaHHOW [JIMHE  BOJHBI
3¢ GEKTUBHOCTh PErUCTpalMi AOCTUTAET MakcuMmyma. Jisi MOKpPBITHS
MaKCHUMaJbHON IUIONIaNM CHUHTHWLIATOpa SiPM coelMHEHBI MEXITY
coboit B Matpuity (Pumc.3), pacmonokeHHyr0O Ha T€YaTHOW TIIaTe,
KOTOpasi )KECTKO KPEenuTcsA K (PUKCUPYIOIe BcTaBke. B maHHOW cxeme
(OTOCCHCOPHI BKJIIOYCHBI MapajyiebHO - aHoAbl M Kartonusl SiPM co-
€AMHEHBI IPYT ¢ APYroM, a CyMMAapHBIN CUTHaJl BHIBOJUTCS Ha yCHUIIH-
Tesb. B cxeme ucnone3yercst pa3aeauTeNbHbld KOHICHCATOP EMKOCTBIO
10 Hd m Harpy3ouHbli pesuctop HomHuHaiIoM 50 Owm. JlaHHas cxema
pealM3oBaHa C YYETOM PpETYJIHpPOBKM HAMNpPSHKEHHS CMEUICHHUS B
3aBHCHUMOCTH OT Temmepatypbl. Kpome sToro Obuta pazpaboTana cxema
YCHUJICHHS, TJleé Ha IUIaTe€ PAacIOJIOKEH YCHIUTEIb C PEryJInpOBKOH
ko3¢ uimenta ycuieHuss ot 1 g0 100 ¢ MOMOIIBIO MOACTPOCYHOTO
pesucropa. Jlns MONy4YeHWs CHUTHAIOB B IU(QPOBOM BUAE Ha IUIaTe
pacnionoxkeH aByxkaHanpHeld ALl wa 12 6wt (MCP3202) co
BcTpoeHHBIM uHTepdeiicom SPI. Ha 1-ii xaHan mocrymaer YCHIICHHBIM
CUTHAJl C MaTPHIII KPEMHHUEBBIX (POTOYMHOKUTETICH, @ Ha BTOPOH KaHal
MOCTYIAeT HanpshKeHrne cMenleHns. I10CKonbKy HanpsKeHne CMELeHHs
mopsinka 30 B criocobHO BeIBecTH W3 cTpost Mukpocxemy ALIIL, Obur
WCTIONIE30BAH JAETUTENh Ul YMEHBUICHHUS HanpsDKeHus cMernenns B 10
pa3, 4To Kak pa3 ykiaaeiBaeTcss B paboumii nuanazon ALIL Jlaxnnas
cxema Heo0XxoauMma Ui KOHTPOJIS HalpsDKEHUS] CMEIICHUs] Ha MaTpHILe
KPEMHHUEBBIX (DOTORIEKTPOHHBIX YMHOXHUTENEH, MOCKOIbKY BOJBT-
amIepHasi XapaKTEepUCTHKAa 3aBHCHUT OT TeMIepaTypsl, U Tpedyer
BHEIIHETO0 KOHTpOJs. Takke Ha IulaTe MPUCYTCTBYET TEMIIEPATYPHBIN
(TMP100) natunk ¢ BHemHEM HHTEpdeticom 12C.
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Puc.3. ®ororpadus marpuist SiPM 4x4 mT. Ha IeyaTHOU ILIaTe.

KOMITBIOTEPHOE MOAEJIMPOBAHUE 1 UCIIBITAHUA
OIIBITHOI'O OBPA3LIA

Jns onTUMHU3alMK KOHCTPYKUUHM CIMHTHUIALMOHHOTO JETEKTOpa
OBUIO TIPOBEACHO KOMIBIOTEPHOE MOJENUPOBaHUE METOJOM MoHTe-
Kapmno ¢ ucnons3oBannem naketa GEANT4 [6]. [nst pacueta B Moaenb
3aKJIaIbIBAIIMCh [TApaMEeTPbl KOKCOBOM KaMmepbl, SKCILTyaTUpPYIOILeiics Ha
0JHOM U3 HedTenepepabaThIBAIOIINX IPEANPUATHH: 1) TONIIMHA CTEHKU
kamepsl - 30 MM, Marepuan - YTIEpoOAWcTas CTalb; 2) TOJIUHA
TerIon3oanuy kamepsl - 200 MM, MaTepuan - MUHepaibHas Bata; 3)
IaMeTp Kamepsl - 8§ M. B 3Tol Mozjeny CIHMHTHILISATOP pacroiaraeTcs
HampoOTHB HCTOYHHMKA TamMMa-u3inydeHus Cs-137 ¢ MHTEHCHBHOCTBHIO
5,6x10" Bk u YIJIOM KOJUIMMALWHU IydKa u3iaydeHus: 45+3° (BHM3 OT
ropuzoHTain). [Ipy Takux yCIOBHUSIX MJIOTHOCTh MOTOKA TaMMa-KBaHTOB
BJIOJTb TOPH3OHTANBHON ocu coctaBmsier 2x10% y/em® x ¢. Ommoit u3
OCHOBHBIX XapaKTEPUCTHK TraMMa-ypoBHEMEpa SIBISIETCS TOYHOCThb
orpenesneHus ypoBHs paBHas 0,5 %, 4To cocTaBiseT Uil IByXMETPOBO-
ro cuuHTIWUIATOPA - 1 cM. CorflacHO KOMITBIOTEPHOMY MOJICTUPOBAHUIO
MUHHMMAaJIbHASl YyBCTBUTEIBHOCTH AETEKTOPAa C YYETOM €ro pa3MepoB
cooTBeTcTBYeT cKopoctH cueta 10° ramma-kaHTOB B cexyHuy. Cko-
pOCTh cHeTa raMMa-KBaHTOB B JIETEKTOPE B 3aBHCUMOCTHU OT YpPOBHS
He(TAHBIX POYKTOB MpHBeneHa Ha Puc.4.
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Puc.4. 3aBHCHMOCTD KOJIMYECTBA 3apETUCTPHUPOBAHHBIX COOBITHH IETEKTOPOM OT YPOBHS
HedTH (Ipn MpUOIMKEHNH K BEpPXHEH TrpaHMIle ¢ maroM 1 cM) IpH oOmieM KOJIHdIecTBe
PAasBIrPaHHBIX TAMMA-KBAHTOB OT HCTOYHHKA 107,

YunteiBas cBeroBbrxoz 10000 ¢ot/MaB u npyrue ocHOBHBIE Xapak-
Tepuctuku cruuHTHILIAITOpa BC-408 [7], OTpakaTenbHYHO CIIOCOOHOCTH
Matepuana Tyvek = 92%, spdexruBrocts peructpanuu SiPM 40% [8],
ObUIO MPOBENCHO MOJIECIUPOBAHME KOJIMYECTBA CBETOBBIX (DOTOHOB, 3a-
PEerHuCTPUPOBaHHBIX OJHUM SiPM, pacrosokeHHbIM B CepeinHe TOpIie-
Boif wactn cuuHTWIDIATOpa (PHc.5). B mepBoM mpuOMMkeHUH Konude-
CTBO CBETa, 3apETUCTPUPOBAHHOE MATPHIEH, MOXKET OBITh MOIy4eHO
MyTeM YMHOKeHHUs Ha gucio SiPM.

0 5 10 15 20 25 xon-eo doromos

Puc.5. 3aBUCUMOCTD KOJMYECTBA COOBITHI OT BEJTMYHNHBI CBETOBOI'O CHTHAJIA.

st u3ydeHuns: oTKIIMKa JeTeKTopa ucnoib3oBaid uctouHuk OCI'M-PT
Ha OCHOBe m30Tona >'CS ¢ HOMHMHAIBHON aKTHBHOCTHIO 8%10° bk,
KOTOPBIN PACIIONIOKEH Ha KOPITyce dKCIEPHUMEHTAIBHOTO 00pasia, TeM
caMbIM HMHUTHpYs pabouylo 3arpy3ky B pealbHBIX ycioBusx. [Ipubop
paboTaeT B KauecTBEe CUETYMKA UMITYIHCOB B3aMMOAEWCTBUI OT TaMMa-
KBaHTOB. JIJ1s1 TeCTUpOBaHUS paOOTHI AeTeKTOpa ObLIH MTPOBEIECHBI HA0O-
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PpbI OT JAHHOT'O raMMa-uCTOYHUKA ITPU Pa3IMYHBIX 3arpys3kKax, IOKa3aH-
Hble HA Puc. 6. Pa3znuunas CKOPOCTh CUCTa JOCTUTACTCA ITYTEM BapbHUPO-
BaHUA paCCTOAHUA OT HCTOYHHUKA O AETEKTOPA.

'NWM\M\

£ pasepria
X 200w Qo5 Soousdn
R s2omy okpts  500Gsars

a)

T
2o an ' sows
R o s soncen

6)
Puc. 6. Tunuunele ociorpamMMel curianoB ot Cs-137. a) mpu 3arpyske, SKBUBAJICHT-
HOHM ypoBHIO HeTH BOJNM3M BepxHeil rpaHHIbL. 0) IpH 3arpy3Ke, SKBUBAJCHTHOW MHHU-
MaJIbHOMY YPOBHIO HeTH.

3AK/IIOYEHHUE

PaspaGotan  oOpasel; ramMma-ypoBHeMepa C  IUIACTHKOBBIM
CIUHTWUIATOPOM JJIMHOM 1 M, B KOTOPOM pETHCTpaIusi CBeTa OT
B3aMIMOJICHCTBUAS TaMMa-KBAaHTOB OCYIIECTBISIETCS TPH  [TOMOIIH
MaTpHUIIbl KPEMHHUEBBIX (HOTORJICKTPOHHBIX yMHOXuUTeNeh. [IpoBeneHo
KOMITBIOTEPHOE  MOJISIMPOBAHUE OTKIMKA JETEKTOpa C YYEeTOM
MapaMeTpoB pealibHOW TEOMETPUU KOKCOBOW Kamepbl. Pa3spaGorana
cXeMa THUTaHUs U CUNTHIBaHUS curHaioB ¢ matpuibl SiPM. IIpoBenens
IKCIIEPUMEHTAIbHBIC MCIBITAHUA 00pasla, JISMOHCTPUPYIOIIME €ro
CIIOCOOHOCTh PETUCTPUPOBATh FaMMa-KBaHThI OT UCTOYHHKA 137Cs, uro
MTO3BOJIUT TI0O CKOPOCTH CUETa OINPEJENSITh YPOBEHb HE(PTSIHBIX MPOIYK-
TOB B KOKCOBO Kamepe.
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YCTAHOBKA JIJISI UCCJETOBAHMS I'A30BBIX CMECEN
JIJIA TPEXKACKAJHOI'O TA30BOI'O JIEKTPOHHOI'O
YMHOXHUTEJIA

T'anaBanoB A. B., Kymnan A.B. , Canaxyraunos I'. X., CocnoBues B.B., Hlakupos A.B.
Hayuonanvuwlii uccnedosamenvckuil s0epuvitl yrugepcumem « MockoscKkutl uHiceHepHo-
Qusuyeckuii uncmumympy, 115409 Mockea, Kawupckoe wi., 31, Poccus

AHHOTALMSA

OmnucaHa SKCIIepIMEHTAIbHAs YCTAHOBKA JUISI HCCIEIO0BAHMS CIIEKTPOMETPUUECKUX
XapaKTepPUCTUK Ta30BBIX CMeCeH Uil KAacCKaIHBIX Ta30BBIX 3JIEKTPOHHBIX yCHIMTEIeH
(I'DY), KoTOpBIE MIUPOKO HCIONB3YIOTCS B COBPEMEHHBIX SKCHEPHUMEHTaX B (U3UKE
BBICOKMX JHEPIUil B TPEKOBBIX IETEKTOPAX, YEPEHKOBCKHUX IETEKTOPaX, AETEKTOpax
CHHXPOTPOHHOTO M3iydeHuil. [IpuBoAsSTCS pe3yibTaThl UCCIEAOBAHUN XapaKTEPUCTHK
ra3oBoit cMecu it I'DY, ucnonb3yeMsix B skcriepumenre BM@N (OVSU, r. [{yGHa).
OTMedeHa BO3MOXKHOCTb HCIOIb30BaHKUs ycTaHoBkM B HUAY MUOU nns nposeneHus
11ab0paToOpHBIX PaboT B CONPOBOXKICHHE MAarkMCTepPCKUX KypCOB IO HaIpaBIEHHIO
«lnepHae (U3HUKA U TEXHOIOTHI.

Conep:xanue
1.BBenenue
2.0mucanue yCTaHOBKU
3.UccnenoBanue CieKTPOMETPUIESCKUX XapaKTEPUCTHK CMECH Ha OCHOBE
aproHa u yrjieKUCjIoro rasa.
4. axmoucHue
Criicok nuTepaTypsl

1.BBenenne
WHTepec k HCHONIBb30BaHUIO JETEKTOPOB HA OCHOBE KACKaIHBIX Tra-
30BBIX 3JIEKTPOHHBIX yMHOXuTeneil (DY) B cOBpeMEHHBIX 3KCIepu-
MEHTax B SJepHON (H3HKE MMOCTOSHHO PACTET. DTO CBS3aHO C TAKUMH C
TaKMMHU YHUKaJIbHBIMU XapakTepuctukamu ['OY kak [1]:
- Hanuuue ObicTporo curaana (Menee 50 ncek FWHM), o6pasyemoro
NpeiidoM 3JIEKTPOHOB B MHIYKIIMOHHOM TIPOMEXYTKE,

- HpaKTI/I‘ICCKOG OTCYTCTBHUC HOHHOM 06paTHOﬁ CBsA3U, BOBMOXXHOCTB
5 2

paboThI B y4YKax YaCTHUI[ MHTEHCUBHOCTHIO ~ 10 I'ii/MM

- B0o3MOXHOCTD ABYX-KOOPJMHATHOTO CheMa MH(OpMAIMU C BBICO-
kuM, 110 40 mxm (RMS) npocTpaHCTBEHHBIM pa3peLieHIEM,

- PaboTrociocoOHOCT B MArHUTHBIX MOJSAX 710 5 T,
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- Bo3MOXHOCTH paOOThl C Ia30BBIMU CMECSIMH, COCTaB KOTOPBIX MO-
KeT MIMPOKO MEHATHCS, & TAK)KE C YUCTHIMU OJaropoAHBIMU Ta3aMH,

- Bo3MOXHOCTB KacKaqupOBaHUs, YTO [IO3BOJISIET HOTy4aTh 3HAUCHUS
Kod(uUIIeHTa Ta30yCHIIEHHS B TpeXKacKaaHbX DY 10 BenmmyuuH ~ 10°,
MIPU 3TOM KacKaJbl YCHIICHUS! pab0Tal0T PaKTHYECKH HE3aBUCHUMO,

- Bo3moxHOCTB co3naBaTh Ha ocHOBE ['DY neTekTopsl ¢ GOIBIINMHU
ITOMIAIIMA, MaJOW TOJIIMHON M JIF000# reoMeTpuiIecKoil popmel, 4TO
JieflaeT UX MPUBJIEKATEIBHBIMU AJIS1 IPUMEHEHUI B KaueCTBE BHYTPEH-
HUX TPEKOBBIX YCTPOWCTB MHOTOLIETIEBBIX COBPEMEHHBIX JIETEKTOPOB.

ITo BceMm ykazaHHBIM XapaKTepHUCTHKaM [ DY uMeeT NmpeuMyInecTBa
nepes OObIYHBIMM NPONOPLUOHAIBHBIMU KaMEpaMy, YTO OOECIequsIo
HIMPOKOE pacmpocTpaHeHne I'DY B TpeKoBBIX AETEKTOpax TaKUX IKCIIe-
pumenroB, kak COMPASS [2], CMS [3], TOTEM [4] (LIEPH, LIseiima-
pust). LlenTpanbHas TpekoBasi cUCTeMa Ha OCHOBE CaMbIX OOJBLIMX B
mupe ['9Y (pazmep 200%80 cm) co3naHa B IMPOBOJUMOM B HaCTOsIIEe
Bpems B Jlaboparopuu ¢usuku Beicokux suepruii (OUAU, ybna) mo
HayuyHo nporpamme npoekta NICA skcnepumente «bapuonnas marte-
pust Ha Hykinotpone» (BM@N) [5]. KpuoreHHsie AeTEKTOpEI HA OCHOBE
KackanHelx [DVY [6] mnpemasno)keHO MPUMEHUTH Ui pPETUCTpAIUH
HEUTPUHO, TEMHOM MAaTepUu M KOTEPEHTHOI'O PACCESHUS HEUTPUHO Ha
sapax. llosBuwincy OBICTpblE AMArHOCTUYECKHE MPUOOPHI Ha OCHOBE
I'DY, xoTOpBIE MOTYT HCIOIH30BATHCA KaK JJISl JTUATHOCTHKHU ITLIa3MBI,
TakK U B MeauIune [7].

AKTyallbHBIM SIBJISIETCS TOMCK M MCCIENOBAaHHE XapAKTEPUCTHK TaKUX
ra3oBbIX CMeECEi, KOTOpbIE CIIOCOOHBI O0ECIIEYUTh HEOOXOAMMBIC IS
JaHHOTO (PU3MYECKOro dKCIepuMenTa Xxapakrepuctuku ['DY, Hanpumep,
TaKue KaK MaKCUMaJbHbIH KO3((QUIMEHT Ta30yCHICHHS, MPHUEMIIEMOE
aMIUTUTYIHOE pa3pelleHue, ObIcTpoe BpeMsi COOMpaHue 3JIEKTPOHOB B
npetidpoBoM npoMexxyTke DY B IpUCYTCTBUM MarHMUTHOTO TOJIS, BBICO-
Kas 93QPEeKTUBHOCTH PETUCTPALINH PENIATUBUCTCKUX YACTHL H TI.

2.0nucanne yCTAHOBKH

brok-cxema ycTaHoBku mipeacTasiieHa Ha Puc. 1
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PeHTreHoBcKan

TpybKa
la3oean INEKTPOHHBIN
cucTema ray TpaKkT

Puc. 1 briok-cxema ycTaHOBKH

OCHOBHBIM 3JIEMEHTOM YCTAHOBKH SIBIISIETCS TPEXKaCKaIHbIN

I'DY, nro6e3no npenacrapnenusiii JIOBD OUSN (r. [lyOna) mns uccie-
nosannii B HUAY MUOU, ¢ pa3smepamu 4YyBCTBUTENBHOW 00JacTH
10x10 c™ 1 claemyroImuMy XapaKTePUCTHKAMI:

- Baemnue pazmepsr: 230x230x30 mm.

- O6beM raza: 157x157x12 mm. (~300 mMm°)

- IByXKOOpAMHATHOE CUMTHIBAHUE: IIUPHHA cTpuna Ha anoge 500
MKM, IIar Mexay crpunaMu 500 MKM.

2 3 4 5 R1 = 20kQ

R2 = 0.710 MQ
R3 = 0.820 MQ
R4 = 1.31 MQ
RS = 0.78 MQ
R6 = 1.50 MQ
R7 = 0.74 MQ
R8 = 1.80 MQ

R2 R3 R4 R5 R6 R7 R8

Puc.2. Cxema TpexkackaaHoro ['QY ycraHoBkH, KaToJ, 2- nepBbIid kackag [V, 3 —
BTOpO# Kackax ['DY, 4 — tpertuii kackan 'OV, 5 — aHox, 6 - HHAYKIIMOHHBINA MTPOMEXY-
TOK

Paboraer Tpexkackamneiii DY crneayromum obpa3oMm: H3IyueHHE
BXOMUT uepe3 katof (1) B apelidoBbIi MPOMEKYTOK U MPOU3BOIUT TaM
HMOHU3ALMIO Ta3a. DJIEKTPOHbI HOHU3ALMHU 0] AeHcTBUEM Hoisl Ey 1mo-
magaoT B nepBeiit [DY (2) rme u mamee Bo BTopoM (3) u TpetheM (4)
I'9Y, npoucxomut ux pazMHokeHue. Beiueammue n3 nocnensero ['0Y
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(4) PIEKTPOHBI HANPABIISIOTCS WHAYKIIMOHHBIM DIICKTPHUYECKHM TIOJIEM
E; ctopony anoza (5) M MHIYLMPYIOT Ha HEM JJIEKTPUUYECKUIl 3apsn.
AHOJ mpeTHa3HAYCH TOJBKO Jisi cOopa 3apsaa — YCHIICHHUS 3apsja Imo-
cie 'OV (4) ve npoucxomut. TunmaHas ATUTENHHOCTh CUTHANA, MOITY-
yaemoro Ha aHojae QY cocraemsier 30-50 He. [l paboThl meTekTopa
HE00XOIMMO MCIONB30BaTh Ba HanpsbkeHus: —Ujy dopmupyert apeiido-
Boe Toie, a — Ursy obecrieunBaeT mporecc pa3MHOKEHUS 3JICKTPOHOB B
mwienkax [JY.

B kauecTBe UCTOYHMKA MOHW3AIMU MPU UCCIICIOBAHUU XapaKTEPUCTUK
I'DY wucnons3yercs peHtrenoBckas Tpyoka AMPTEK-miniX co cremy-
FOIIIMMH XapaKTepUCTHKaMU [8]:

- BeixoHas MoIHOCTE: 710 4 BT;

- Hanpsokenue Ha TpyOke: q0 50 kB;

- Tox Ha TpyOKe: mo 80 MKA;

- Karoa: Cepebpo (AQ);

- BeixogHoe okno: bepumnuit (Be).

—10 KB
—20KB
—30KB
—40KB
—50 KB

Amnautypfa, oTH. eg.

"LL
0 10 20 30 40 50

DHeprug HiIy4eHns, koB

Puc.3. Cnektpst uznyuenust Tpyoxkun AMPTEK-miniX mpu pasauaubix
AHOJIHBIX HATIPSDKCHUSIX.

CxeMa cucTeMsbl, MOJAOUIe ra3oByl0 cMech B uccienyemsid ['0Y
npenacranieHa Ha Puc. 4. Cuctema popmupyer cMecH 13 3-X ra3oB, OJMH
U3 KOTOPBIX MOXET ObITh TOPHOYKUM. [IJIsI 3TOT0 B CHCTEME MMEETCS CIie-
IUANTBHBIN Ta30BbI OTCEK, MO3BOJISIONIUI CIEIUTHh 33 PAcXOJIOM Ta3a
IyTeM B3BEIIMBAaHMs OayUIOHA, a TaKXKE CHCTEMa, KOHTPOJIHMPYIOIIas
BO3MOJKHYIO YTE€UKY I'a3a C COOTBETCTBYOUIEH CUTHAIU3ALUEH.
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Pl = perynATop A3BAEHHA

KP — BEHTH/b MeMBPaHHbIA

& = QUALTP NPOTHBONBINEBOH

KIMp — KNanaH NPeoXpaHHTENbHbIR
PP — perynaTop pacxona

CM - cmecuTens

W — u3mepuTent AaBNeHHA
Knpeg — Knanax npeaoxpaHnTentHbli

Puc. 4 Cxema ra3oBoii CUCTEMBI

B cooTBeTCTBHM ¢ MAcOPTHBIMH JaHHBIMH Ta30BBIX KOHTPOJIIEPOB
TOYHOCTBh CMCUIMBAHUSA OTACIBbHBIX KOMIIOHCHT ra3oBOM CMECH He XYyiKe
1%. CucteMa No3BOJIsIET BapbUPOBAaTh MOTOKU CMECE B MHTEpBajie OT
0,5 mo 20 n/49ac ¢ BBICOKOH CTaOMIBLHOCTBIO cocTaBa. JJsi KOHTPOIIS Co-
CTaBa ra30BOM CMECH B CHCTEME IIPUCYTCTBYET ra30BbIl aHam3arop SRI
8610C, paboraromuii B pesxnme «0n line» C mepcoHaIbHBIM KOMITBIOTE-
poM, ocHareHHbIM TporpamMmoii PeakView.

Cucrema JEeMOHCTPHUPYET BBICOKYIO CTaOMIBHOCTH COCTaBa (hopMuUpye-
MOH ra3oBoi cMecu — cM. Puc. 5
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Puc. 5. CrabHIBHOCTE COCTaBa ra30BOM CMECH BO BPEMECHHU.
Cxema 2JIeKTPOHHOTO TpaKTa YCTAaHOBKH TIpeacTaBiieHa Ha Puc.6
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CueTunx
CAEN N1145

Tenmepatop
HMIIYABCOB
CAEN N93B

T unposoit
| npeofipasoearens

Herousuk nutanna

AKTAKOM
ATH 2031

TucxpusmmaTop
CAEN N840

Curraa c .
ray

Passersutens
Hpeaycuautes CAEN 625

IHHHSA 33 JepAERH
CAEN N108A

AMnaHTY AHO-
nudposoit
npeofpasoBaTens
CAEN v1785N

Puc.6. Cxema 37eKTpOHHOTO TpaKTa YCTAaHOBKU

AHanorosas JIEeKTpOHHKA IpeacTaBieHa B cranaapte NIM, mudposas —
B crangaptre VME. CurHan c perekTopa yCHIMBAeTCs NpPU MOMOIIN
npeaycunutens Ha ocHoe ynna HML HDX 81, nuraromerocst oT uc-
tounnka AKTAKOM ATH-2031 u manee pazgBauBaercs Mpu MOMOILU
nmuHeitHoro passerButenis CAEN N625. Jlanee oauH M3 MOJyYECHHBIX
curHanoB mocrtynaetr Ha auckpumuHatop CAEN N840, kortopslii naer
MPUBS3KY KO BPEMEHH CHUT'HAJa, @ BTOPOW CUTHAII Yepe3 JIMHUIO 3a7epiK-
ku CAEN N108A noctynaer Ha onngpoBbIBaIoOIIee yCTPOMCTBO — 3apsi-
no-mdposoii npeodpazosareny QDC VI65 cranmpapra VME. Iuckpu-
muHatop CAEN N840 maer crapToBbIil cHUTHAN [uisi TeHepaTopa WM-
nyiascoB CAEN N93B, xoTopslii, B CBOIO o4epenb, popMUpyeT BOpoTa
JUIst oliM(POBKYU CHUTHAJIA 3apsAI0-IIU(PPOBBIM IIpeoOpasoBareieM. Takke
OIUH W3 BBIXO/IOB IUCKPUMHHATOpA 3aBEAE€H Ha CUCTYMK CHUTHAJIOB
CAEN N1145 ¢ uenpto KOHTpOJI 9acToThl coObITHH. [Iporpamma, Hamu-
canHas Ha C++, mpUHUMaeET JaHHbIe Yyepe3 OJIOK YIpaBJICHUS C YKa3aH-
Horo monynst QDC u 3anuceiBaeT ux B (aiin hopmara root, uto npu uc-
MOJIb30BaHUM CTaHAAPTHBIX CPEACTB 00t m03BOIISIET (PUTUPOBATH TOITY-
yaeMoe pacnpenenenue. llpencrasinsiemas B paclpeleleHUH IIKajla
MPOKaTUOpPOBaHa B SHEPTreTHUECKUX €AMHHUNAX (TTMKOKYJIOHBI), YTO MO3-
BOJISIET OTPENENIUTh MOJOKEHUE [IEHTPa MHKa U PaccuuTaTb Ko3(QHUIm-
€HT T'a30yCWJIEHHs ¢ TOYHOCTBIO ~ 1%. Hannune B cxeme arreHroaropa
(ra Puc.6 He moka3aH) MO3BOJISIET MCCIEA0BATh XaPAKTEPUCTHKH CMECH
pu ko3 duumente rasoycunenns 10 10°. DneKTPOHHBI TPAKT ABILET-
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CSl YHUBEPCAIBHBIM U MOXKET OBITh MPUMEHEH MOCTie HEKOTOPBIX HACTPO-
€K /715l HCCIIeIOBAHUS XapaKTEPUCTHK JTIOOBIX JETEKTOPOB.

BusyanpHbIiT KOHTPOIs pabOTHl CTEHJa W HACTPOWKa 00eCIeYrBarOTCA
unpoBeM octmuiorpadom. Bee 6510Ku paciionokeHbl B COOTBETCTBY-
IOIUX KpeWTax, KOTOphIe, B CBOIO OYEpPE]b, PACIONAraroTcs B OJHOU
CTaHJAPTHOM CTOMKE.

3. UccnenoBanne CieKTPOMeTPUYECKHX XapaKTePHCTHK CMecH Ha
OCHOBE aproHa u yrJIeKucJoro rasa.

Hnst wccnenoBaHusi aMIUTUTYIHBIX XapaKTEPUCTUK Ta30BBIX cMeceil
CTPHIIBI Ha INIOCKOCTH X B omHMCcaHHOM DY Obutn 00BeAMHEHBI U MO~
KJIIOYEHBl K OJHOMY KaHally 3JIEKTPOHUKU. B kauectBe mpumepa ObLIoO
MPOBENEHO HCcieaoBaHue xapakTepuctuk cmecu Ar+30%CO2, ucnomb-
3yeMoil B TpexkackagHoM ['DY  TpekoBoll cHuCTEMBI 3KCIEpUMEHTa
BM&N. Ha Puc.7 mnpencraBieH MONXy4YeHHBIH aMIUTUTYIHBIA CIIEKTP
curHanoB ¢ 'DY, nHa Puc.8 mnpexacrasiena 3aBucuMocth ko3 duimenta
ra3oycwieHus oT Toka jgenutens [DY.
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Puc.7 AMmutynHsIi ciektp curHanoB ¢ 'OV npu o06mydeHnn raMmMa KBaHTaMH OT
peutrenoBckoii Tpyokun AMPTEK-miniX npu nanpspkernu 8 kB,
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Kosdbbuument rasoycunenmn
8
8

Tok genurens, miA

Puc.8 3aBucumocts KO3 duLHeHTa ra30ycuiIeHHs 0T Toka aenutenst [DY ans cmecn
Ar+30%CO02.

4.3akiI09enue

B HUAY MUOU pazpaborana ycTaHOBKA ISl UCCIIEAOBAHUS U OITH-
MHU3alMU XapaKTECPUCTUK Ta30BbIX cMmeceit AT TPEXKACKaJHbIX I'a30BbIX
aMeKTpoHHBIX yMmMHOXxuTened (I'DY). B Hacrosmiee Bpems ycTaHOBKa
ucnonsiyercs B HUSLY MU®U ans npoBeaeHns 1adbopaTOpHBIX padoT B
COTIPOBOXK/IEHWE MAaruCTepCKUX KypcOB IO HampaBiIeHHIO «SlaepHble
(hM3KKa U TEXHOJIOTHUNY.

ABTOpBI BBIp2XKAIOT OnaromapHocTh pykoBoacTBy WADGuT HUAY
MU®U 3a noaaepkky paboT MO CO3JaHHUIO0 YCTAHOBKH.
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HpI/IHH]{lel XHMHUY€ECKOro JU3aiHa MJIACTUYeCKUX CHIUHTHIATOPOB
Ha OCHOBE CTHPOJIa, TOMHUPOBAHHBIX KBAHTOBbIMH TOYKaAMH

A. A. Kusin!, MLA. KnpcaHOBl, B.B. Cocuosues! , U. P. Ha6ues"?, I1. C. Camoxpajos’
1Hauuonaﬂbnb112 uccnedosamenvckuti A0epHuiil ynusepcumem MHUDU, Mockea, Poccus;
2perimceruil yrugepcumem [llavnane — Apoennvl, Petive, @panyus

AHHOTAIIUA

[TnacTUKOBBIE CIMHTHILIATOPEI HA OCHOBE ITOJIMCTHPOINIA U JPYTUX ITOJHMEPOB
BUHMJI apOMAaTHIECKOTO psifia (TOJMBHHIIITOITYOI, TIOMMBUHIIKCHIION U JIp.) HAIIUTH CBOE
MIPUMEHEHHE B CHUHTWILILHOHHBIX AETeKTopax Onaromapsi MaloMy BPEMEHH BBICBEUH-
BaHMS, HU3KOWH CTOMMOCTH U OTHOCHUTENBHOMH JlerkocTu u3rotoBieHus. C apyroit cropo-
HBI, TaKH€ MaTepuaibl 00nafaroT HEOOMBIION BEIMUYMHON CBETOBBIXOAA. s mpumaHus
MOUMEPHON MaTpHle CHUHTWIISIIHOHHBIX CBOWCTB M yBEJHUYCHUS CBETOBBIXOZA ILIA-
CTHKOBBIE CHMHTHUIITOPBI OOBIYHO JIOMHUPYIOT (NIyOPECIEeHTHRIMU OPTaHUIeCKUMH Kpa-
cuTeNsIMH. B mocienHue rombl 3HAYMTENBHBI HHTEPEC BBI3BIBAIOT HCCIICAOBAHMS,
HaIlpaBJIcHHBIC Ha UCIIONB30BAaHHE B KAa4ECTBE JOMAHTOB JUIS IUIACTUKOBBIX CIIMHTHILIS-
TOPOB Ha OCHOBE MOJMMEPHBIX MaTpPHI] IOJIYIPOBOJAHUKOBEIX HAHOKPUCTAIUIOB (KBaHTO-
BBIX Touek). OfXHIMH n3 Hauboee NMepCTIeKTUBHBIX JUIA TOH e MaTepuaaoB CUHUTa-
I0TCS TIEPOBCKUTHBIE HAaHOKpHCTALIbl cocTaBa CsPbBr; m KBaHTOBBIE TOUKH COCTaBa
CdSe/ZnS (sapo/obonouka). DTu MaTepuaibl 001agaoT OONBIIUMH KBAaHTOBBIMH BBIXO-
JIaMH, UMEIOT BBICOKHE aTOMHBIE HOMEpa M MOTYT OBITh HHTETPHPOBAHBI B IOJTUMEPHBIE
MaTpHIEL, COXPaHss MPU STOM CBOM CTPYKTYPHBIC M ONTHYECKHE CBOWCTBA. YKa3aHHBIE
CBOICTBa KBAHTOBBIX TOYEK IIO3BOJIIIOT IPEITIOIOKHTE, YTO JOMUPOBAHNUE MU IUIACTH-
KOBBIX CHUHTHJULITOPOB CIIOCOOHO 3HAYHMTEIBHO YIYYIIHTh CBETOBOH BBIXOA M YBEIH-
YUTh paJUallMOHHYI0 CTOMKOCTh IPHOOPOB Ha MX OCHOBE. B HacTosmieil paGote MBI
IpeuiaraeM MeToJl XMMUYECKOTO An3aifHa IUIACTUKOBBIX CLHHTHIUISITOPOB, JOMMPOBAH-
HBIX KBAaHTOBBEIMH TOYKaMH, HCCIIETyeM CBOWCTBA WX PaJHOIIOMHHECIEHIUH U ONHUIIEM
ONITHMAJbHBIE MapaMeTPhl U3TOTOBIECHHUS KOMIIO3UTHBIX CIMHTHILUIATOPOB METOJOM pa-
JUKAIBHON TTOJIMMEPH3aIiHN NTapa-MEeTHICTHPOIIA.

KunroueBble cjI0Ba: ITACTUKOBBIC CHUHTUWIATOPLI, PAaJUOIIOMUHECLCHIUA, TTECPOBCKUT-
HbIC HAHOKPUCTAJLJIBI, CSPbBI‘3, TOJIMMEPHBIC MaTPHUIIbI, Tapa-METUICTUPOJI.

BBenenune

Marepuanel, SBISIOIIMECS IO CBOEH (U3NUECKON Npupose
CIUHTHJUIATOPAMH, MPEICTABIISIOT COOOH BEIIECTBA, CIIOCOOHBIE MOTIIO-
IaTh MOHHM3MPYIOLIeEe H3IyuYeHHE W HPeoOpa3OBBIBATh MOMIOIIECHHYIO
SHEPTuI0 B OoJiee HU3KORHEpreTndeckue (POTOHBI YIBTPaHOIETOBOIO
WIA BUAMMOTO criekTpa. Kak mpaBwiio COMHTHIUISTOPHL JIENSAT Ha HEOP-
rannveckne (3QPEeKTUBHBINA aTOMHBIH HOMED Z.r > 50) U opranndyeckue
(Zegr ~ 6). Ceuenue Qortoddderra (BEpOATHOCTH MOIVIOMICHUS] TaMMa-
KBaHTa BELIECTBOM) 3aBHCUT OT Z.y Kak (DYHKLHMS YETBEPTOH - MATOU
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crenenu (Gpn ~ (Zew) ) [1, 2], modTOMY 171 yBEIMYEHHs BEPOSATHOCTH
MIOTVIONICHUSI MaTepHaIoM TaMMa-KBaHTOB €ro 3(h(eKTHBHBIA aTOMHBIN
HOMED JOJDKEH UMETh KaK MOKHO OOJIbliiee 3HAYCHHUE.

Heoprannueckre COMHTHIUISTOPHI HAIILTH IIIMPOKOE MTPUMEHEHUE B Cde-
pe MeaunuHCKOW pamuorpadum, B OONACTH KOHTPOJIS PagHalOHHOTO
oOydeHus1, paaAnanoHHol Oe3omacHocTH [3]. B 3amagax OnomenuiiinH-
CKOW BU3yaju3alliy CIUHTHUISIIMOHHBIC MaTepUaibl MOBCEMECTHO HC-
TIONTB3YIOTCSI JUTA TIONYYEHHUSI M300paKeHU B KOMITBIOTEPHONW TOMOTpa-
¢un (KT) [4], mo3uTpoHHO-3MHCCHOHHOM TomMorpaduu (I19T) [5] u on-
HO(OTOHHOM SMUCCHOHHON KoMIbIOTepHOM ToMorpaduu (ODIKT) [6].
OnHMM M3 KIACCHYECKUX CIOCOOOB M3TOTOBJICHMS HEOPraHUYECCKUX
CIUHTHJUIATOPOB SIBIIIETCS MX KPUCTAILTU3AIMS IPH BBICOKOH TemIiepa-
Type [6], 9TO OrpaHUYMBAET BO3MOXKXHOCTH TOJCTPONKH MOJIOKEHHUS CHUT-
HaJla PaJuoNIOMUHECIICHIIMN K HEOOXOMUMOM 00JacTd BUAUMOIO CIIEK-
Tpa. B mocnenHee BpeMs akTHBHO BemyTcsl pabOTHI 1O HCCIETOBAHUIO
CHUHTHUIAIMOHHBIX CBOWCTB KBAaHTOBBIX TOYEK, COMAEPXKAIIUX B CBOEM
cocraBe Tsbkenble aToMbl. Oco0oe BHUMAaHHE MPUBICKAIOT MEPOBCKHUT-
weie HaHokpuctaiutbl ([THK) cocraBa CsPbBr; [7] u kBaHTOBBIE TOUKH
tuna spo/odomouka cocraBa CdSe/ZnS [8].
O¢ddekTHBHBII aTOMHBI HOMEp JUISl CIIOKHBIX XUMHYECKUX CTPYKTYD
MOYKHO BBIYHCIHTH 1O dopmyne Zer = Z(w; X ZH", tne i npunumaer
3Ha4eHus oT 1 110 7, TIe # — KOTUYECTBO 3JIEMEHTOB B COCTAaBE BEI[ECTBA,
a w; u Z; — MaccoBasl JIOJII U aTOMHBIA HOMEp i-TO 3JIEeMEHTa, COOTBET-
creenHo [9]. Jlna ITHK cocrasa CsPbBr; 3nauenue Z; = 63.2, a juis
KBaHTOBBIX TOYEK THIA sipo/obonouka coctapa CdSe/ZnS 3HaueHue Z,;
= 40.2. Jlna cpaBHeHus, BenuuuHbl Z, ana CsI'TI m LSO:Ce
(Lu,Si0s:Ce) coctaBmsror 54.0 u 50.2, coorBercTBerHo [10]. M3BecTHO,
YTO BEIMYMHA CBETOBBIXOAA CIUHTIILIATOPOB Ha ocHoBe ITHK coctama
CsPbBr; moxket nocturars Benuuunbl 21 000 ¢poronos/M»aB [11], a ais
CIMHTHJUIATOPOB Ha OCHOBe KBaHTOBHIX Touek CdSe/ZnS cBeTOBBIXOX
MoxkeT nocturarb 9 000 ¢poronor/MaB [8].
[lepoBckUTHBIE HAHOKPUCTAILIBI M3TOTABIUBAIOT B PACTBOPE METOJAAMU
KOJUTOUIHOM XWUMUH TPU OTHOCUTENBHO HHU3KOW Temreparype. [lomoxe-
Hue makcumyma ¢uryopecuenuun (DJI) ITHK moxer ObiTh monydeH B
0001 00IaCTH BUIMMOTO CIEKTPa IyTeM KOHTPOJIMPYEeMOW MOACTPO-
KM XHMHYECKOTO COCTaBa M ycnoBwii cuHTe3a [12]. B wactHoctn, ITHK
CsPbBr; xapakrepusytorcss @JI B 3enenoit obmactu criekrpa [13], omiu-
YaroTCs BHICOKOW (DOTOCTAOMIBHOCTBIO M JUTUTENLHOE BPEMSI COXPAHSIOT
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CBOW (PH3HMKO-ONTHYECKUE CBOWCTBA MPU HMX HEMPEPHLIBHOM OOIYUCHUH
ramma-kBantamu [14]. OTMeuaeTcs, YTO MPU UCTIONH30BAHUH KOMITO3UT-
HbIX MarepuanoB Ha ocHoBe [IHK CsPbBr; camas Huskas oOHapykuBa-
eMasi MOIIHOCTh J03bl PEHTTEHOBCKOTO M3ITydeHus coctasmser 13 ulp/c
[15], 4TO CyIIECTBEHHO HIKE BEIMYMHBI CpeaHed S((EeKTHBHON J03bI
JUIl IIUPOKO PacTpOCTPAaHEHHBIX METONOB PEHTIeHOrpapUuecKuX HC-
CJICMOBAaHUH B OTICICHMSIX HEOTIOXKHON momomu [16]. B pabore He n
Iip. OBLJIO MPOIEMOHCTPHPOBAHO, YTO CIMHTHILIATOPHI Ha ocHOoBe ITHK
00JIaaroT PHEPreTUIecKuM paspericaueM 1.4% mpu oOnydeHun ramma-
KBaHTAMH C XapakTepHoii sueprueii 0.662 MsB ot msoroma *'Cs, B T0
BpeMs Kak i kimaccmdeckoro cumHTHUIATOpa Nal:Tl sTa Benmumna
cocrtapisieT 5.6 % [17]. s KBaHTOBBIX TOYEK THIIA SIPO/0O0JIOUKA CO-
craBa CdSe/ZnS xapakTepeH y3KuH (OTONHUK C IHEPTETUUCCKUM pa3pe-
menueM 9.8% mnpu ux obnyueHHH ramMMma-KBaHTaMu C 3Heprueu 661.7
©9B ot m3otoma *’Cs [8] u 15% npu oGnydeHHH 0GpPa3LOB H30TOIOM
*! Am ¢ sHeprueii raMma-kBanToB 59 k3B [18].

Hecmortps Ha onucansble Bblle npeumyiectsa, [IHK umeroT u BaxxuHbIi
JUTS TIPaKTUYECKUX 3a/1ad HEJJOCTATOK: TIPU KOHTAKTE C aTMOC(hepoil OHH
MPOSIBIISIIOT CTPYKTYPHYIO HECTAOMJIBLHOCTH, YTO HMPUBOAUT K YXYIIIE-
HUIO (OTOPU3NIESCKUX CBOMCTB MPH BO3IEHCTBUH CBETA, BJIaru M MoJje-
KyISIpHOTO KucIopona. [l CHWKEHHS ITHX HETaTWBHBIX A(PQeKTOB
okpyxatomeit cpeapl [THK MOXHO MeXaHHMYECKHU 3aIlUTUTh IyTEM HH-
KaIlCyJIMPOBaHUs B MOJMMEPHYIO MaTpHily. B mpensiayniem uccienona-
HUU MBI ITPOJIEMOHCTPUPOBAIIH, UTO JIJISI 3TOH IETTH ONTUMAILHBIMHA MaT-
pHULIaMH ABJISIOTCS TIOJIUCTUPOI U MONH(TIapa-METHIICTUPOI), TOCKOJIBKY
KBaHTOBBI BBIXOJA (ryopecueHnnn wuHKarcynmupoBanHbeix [THK mim-
TENhHOE BpeMsl ocTaBajcs cTa0mibHeIM [19]. B Hactosmeit pabote Mbl
JEMOHCTPHUPYEM BO3MOXKHOCTH U3TOTOBJICHUS TUIACTHKOBBIX CIIMHTHILIS-
TOpPOB Ha OCHOBE Mapa-meTruicTupoina, aonupoBanHoro ITHK cocrasa
CsPbBr;, mpencraBiseM KOHIETIIAIO XUMHYECKOTO JTU3aifHa IIACTHKO-
BBIX CIMHTHJUIATOPOB, a TAK)KE UCCIEAYEM WX PaJUOIIOMUHECIICHIIUIO
MIpH TIOMOIIM PEHTTeHOBCKOW TpyOku (Hampsbkenne 50 xB) m ramma-
CHEKTPOCKOIIMU MPH PErucTpanuy KBAaHTOB ¢ dHepruen 661.7 k3B (uc-
tounuk 'Cs).

MarepuaJibl 1 METOABI

Marepuainsr: mapa-metmictupon (pMeSt, 96%), nuBununbenzon (DVB,
80%), 1,4-6uc (5-pennnokcazon-2-mn) 6enzon (POPOP), naypun nepok-
cun (98%) Obutn mpuoOperensl B Sigma-Aldrich u ucnons3oBanbl 6e3
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JOTIOJTHUTENIbHON ouncTku. PactBopurenu, Tomyon (OCY) u meTwmmare-
tat (U/1A), 6pu1u mprodpeTensl y AO“Dxkoc-17.

CuHTe3 epOBCKUTHBIX HAHOKPHUCTAJLI0B cocTaBa CsPbBr;
[TepoBcKkUTHBIE HAHOKPHUCTAIIIHI cocTaBa CsPbBr; momydann myTéM Koit-
JIOMJTHOTO XUMHYECKOTO CHHTE3a, METOAMKA KOTOPOTO NMPUBE/CHA B pa-
6ore [20]. CuntesupoBandsie [THK oumimanu oT peakmuOHHOW Cpembl
ITyTeM WX OCAXACHHS U3 UCXOIHOTO PAaCTBOPA MPH JT00aBIeHIH H30bITKA
MeTuialnerara, rnocie yero ounieHusie [THK pacTBopsuin B Tomyose u
XPaHWIH B CyXOM M TEMHOM MecTe. B mporiecce U3roToBICHUS CITUHTHII-
nanuoHHeIX matepuano [THK mepeBoauiu U3 pactBopa B TONyoJie B
pacTBOp B Mapa-METHICTHPOJE MyTEM WX MEPEeOCakIEHUSI OMUCAHHBIM
BBIIIIE CIIOCOOOM.

H3roToBjieHHe KOMIO3UTHBIX CHMHTHJLJISITOPOB HA OCHOBE TEPOB-
CKHTHBIX HaHOKpHucTaI0B CsPbBr; u mapameruniicrupoJia.
OOpa3sibl KOMIIO3UTHBIX CHUHTHUISITOPOB TOTOBUJIM METOIOM Paju-
KanpHOH monumepu3anuu. Jiis 3Toro HaBecky BoicymieHHBIX [THK pac-
TBOPSUTH B TIapa-METHJICTHPOJIE, TP HEOOXOMMMOCTH oOpadaThIBas pac-
TBOPHI Ha YABTPA3BYKOBOW BaHHE. /(151 MHUIMAIIMU pEaKIUU pPagnuKalb-
HOM TOJIMMEPHU3aIui UCTIONB30BAIN TEPMOMHHIIUATOP JIAYPUI TIEPOKCHUT
(1 % mo macce oT mapa-MeTHICTHpOJa). B kKauecTBe KpOCCIMHKEpa IS
(hopmupoBaHus OoJiee KOMITAKTHON TPEXMEPHOH CTPYKTYPHI MOIUMEpA
ucnonp3oBai DVB (10 % mo macce oT mapa-MeTHWICTHPOIA). YKa3aH-
HBIE KOMITOHEHTHI TIIATeNbHO cMmemmBaiu ¢ pactBopoMm [IHK cocrtasa
CsPbBr; B mapa-MeTHJICTHPOJIE, TOCIIe Yero CMECh 3aauBaId B 4-MJI
BHajbL. Jlajiee peakIMOHHYIO CMECh MTPOAYBAJIM MOTOKOM aproHa B Teue-
Hue 60 c, mociIe Yero BUalbl TEPMETHYHO 3aIle9aThIBAIA MTOJIUATHICHO-
BOH IUIEHKOM M MOMEIIANH B 1edb Ha 12 vacos npu temneparype 70 °C.
[lo mpomiecTBUM peakuy MONIUMEPH3AIHA BUAJIBl pa30OnBaH, U3BJIEKa-
JIX U3 HUX KOMIIO3UTHBIM 00pa3ell ¥ OCYIICCTBIISIIM TIOJMPOBKY MOBEPX-
HOCTEH C UCMOIB30BAHUEM HAXKJIAaYHOW OyMaru U MOJIHPOBAILHOM ITAaCThI

JUTS TUTACTHUKOB.

HNHCcTpyMeHTaIBHBIE METOIBI UCCIIeIoBaHMi: Vi3MepeHue crieKTpoB (iry-
OPECLEHIMM U PATUOJFOMHHECIICHIIMH HM3TOTOBJICHHBIX CIIMHTUILISAIH-
OHHBIX MaTEpUAJIOB MPOBOIWIH TOCPEJICTBOM IMOPTATHBHOTO CIEKTPO-
merpa Ocean Optics HR2000+ ES (Ocean Optics). N300pakenue pa-
JUOJTFOMUHECIICHIIMU 00pa3lioB MONTyYaid MpY IMOMOIIHU H(POBOH 3ep-
kajabpHOM (oTtokamepsl D5100 (Nikon) npu oOmyuennn oOpas3LoB ¢ UC-
MOJIb30BAaHUEM PEHTTCHOBCKOW TPYOKM € MEIHBIM aHOIOM Apogee
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(Oxford Instruments). Bce m3mepeHHs ¢ HCIONB30BAaHUEM PEHTTCHOB-
CKOW TpyOKH TpoBoAWIUCH pu HanpspkeHnu S0 kB. [pu uccnenoBanun
00pa3LoB METOJOM I'aMMa-CHEKTPOCKONNHU Ul PErUCTPallMi CUTHAJIOB
CHMHTWUIANNN HcTonb3oBatn POY-82 ¢ TOPIEBBIM MOIYIIPO3pavYHBIM
CYPBbMSIHO-TIC3UEBBIM (POTOKATOJOM MPHU AIMEKTPOCTATHYECKOH (OKyCH-
POBKe BIIEKTPOHOB Ha NepBbIH AuHOA. COracHO 3asBICHHBIM TEXHHUYE-
CKHUM XapaKTepUCTUKaM, 00IacTb MAaKCHUMAaJbHOH CIEKTPalbHOM YyB-
CTBUTEIHHOCTH HaxomuTcs B mauamna3oHe oT 380 mo 480 mum. CrekTpbl
pacmpeneneHuss MUMITYIbCOB IO aMIUIATYJaM HCCIEAyeMBIX 00pa3loB
TOJTy4aTd TpPH WX OGTyYeHHH TraMMa-KBAHTAMH OT MCTOUHMKA ' Cs
(3Heprus y-kBaHTOB 661.7 ¥3B). [y oTcedeHMs [-4acTUI] MEXKAY HC-
TOYHUKOM M HCCIEAYeMbIM 00pa3loM NOMELIad ATIOMUHHUEBYIO Ijia-
ctuy. Curnanel ¢ ®DY aHaIM3UPOBAIM MPH MOMOIIM OCIHIIIOrpada
C1-94. Pabouce nampsoxenue Ha @DV cocrarmsuio 1.4 kB. B kadectBe
o0pasua CpaBHEHHUS! MCHOJIB30BAIM KPUCTAJUT aHTpaleHa LUIMHApUYE-
ckort ¢opmel ¢ quamerpoM 30 MM u Bbicotoi 10 mm. Jlns aHTpameHa
HanpsokeHre Ha @DV cocrasmsno 1.2 kB.
Pe3yabrartbl u 00cyxkaenne

[I1acTUKOBBIN CHUHTHIUIATOP MPECTAaBIAET COO0M MHOTOKOMIIOHEHT-
HYIO0 TOMOT€HHYIO CMECh Pa3NUUHBIX (IyopodopoB, MOMEIIEHHBIX B MO-
JUMEpHYIo MaTpuily. Kak mpaBuiio X M3rOTaBIMBAIOT MPH MOMOIIU pe-
aKIUM PaAJMKAIbHONW MONMMEpPH3alMu MPU BBICOKUX TeMmmeparypax. B
KJIACCUYECKHUX IUIACTHUKOBBIX CLUHTHIUIATOpPAX Ppeain30BaHa TPEXCTY-
neHyaras CTpyKTypa MepeHoca SHEpriH MEPBUYHO PACCESTHHBIX BBICOKO-
sHepreTuyeckux ¢oroHoB (Puc. 1), KoTopas BKIIOYAET MOJUMEPHYIO
OCHOBY (TIOJIUCTUPOII, TMapa-METHIICTUPOII, TMONW(BUHIITONYON)), Iep-
BUYHBIA  Quyopodop (Hampumep, HadranmuwH, 2,5-TUQEHUITOKCA30I
(PPO), mn-tepdenmn (PTP), 2-(4-tper-Oytmndenun)-5-(4-6udenmn)-
1,3,4-okcamuazon (b-PBD)) u Bropuunslii ¢uyopodop (Hampumep, aH-
TpareH, 1,4-0uc (5-penmunokcazon-2-un) oenszon (POPOP), 1,4-Ouc(2-
Metmwictupui) Oenson (Bis-MSB)). JloGaBneHue BTOpUUHOTO (I1yopo-
¢dopa no3BosnsieT cIBUHYTH AMUHY BoiHbl DJI B Oonee KpacHyto obaacTh
CIEKTpa, U TEM CaMbIM OINpPENENSeT JUIMHY BOJHBI M3ITYYEHHsI, KOTOPOE
OyZleT perucTpupoBaThesl CHUHTHUIUISIIMOHHBIM JieTekTopoM [21]. B 60-
Jiee CIIOKHBIX CUUHTWUISILMOHHBIX CHCTEMax MOTYT IMPHCYTCTBOBAaTb
elé HEeCKONbKO KOMIOHEHTOB. IIpy 3TOM mepeHoc PHepruu B CUCTEME
MEX]y JIOHOpaMH U aKlENTOpaMH B OCHOBHOM IMPOUCXOJUT Oe3bI3Tyda-
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tenbHO, 1o MexaHmMy FRET (or amrmi. Forster (Flourescence)
Resonance Energy Transfer) [22].

S,
[ onE—_, Omarnios iapveress
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Puc. 1. WnnrocTpamust MHOTOKaCKaIHOTO MEPEHOCA SHEPTUH C MOJIMMEPHON OCHOBHI Ha
pasnuyHble (GryopodOphl B MIACTUKOBBIX CIMHTHILIATOPAX.

B nacrosieit pabote ObUTH peain30BaHbl AByX- M TPEXKOMIIOHEHTHBIC
cucTeMsl ieperoca sHepruu. B nepsom cimyuae ITHK (~ 0.2 % o macce)
WHKAICYIMPOBAIM B MOJUMEPU30BAHHYIO MaTpPHUIly Hapa-MEeTHIICTHpOIa
(PNC-pMeSt). lns peanu3anuy TPEXCTYNEHYATONH CHCTEMBI K OTMHCAH-
HOW BBIIIE cHUCTeMe H00aBsM opranudeckuit guyopodop POPOP
(0.15% mo macce), BRICTYNAIOIINIA B POJIM IIEPBUYHOTO MEPEU3ITydaTes
(PNC-POPOP-pMeSt). OnucanHpIM MeTOOM OBLT TaKKe W3TOTOBJICH
KOHTPOJIbHBIN 00pa3el] Ha OCHOBE TOJIBKO Napa-METHUJICTHUPOJIA U TUBH-
Hunben3ona (Clear-pMeSt).

Crextpnl (iyopecnenuuu cuntesupoBanHbix [IHK cocraBa CsPbBr; u
paauomoMuHecteHn oopasia PNC-pMeSt, a Takke ero cBedeHue mpu
00JIy4eHHUU PEHTTEHOBCKOM TPYOKOH IoKa3aHbl Ha puc. 2. J[JIMHa BOJTHBI
makcumyMma @JI qa I[THK B pactBope cocraBmsiia 514 HM. AHanu3upys
CHEKTP PaiuOIIOMUHECIEHIINH, MOKHO 3aMETHUTh, YTO MAKCUMYM JTUHBI
BOJIHBI M3Iy4eHus (Ag) cocraBisieT Takxke 514 HM. DTO MOXHO 0OBsiC-
HUTH TeM (akToM, 4To B cucreMe napa-mermictupon — [THK B3aumo-
JIEUCTBME raMMa-KBaHTOB C MOJHMMEPHOW OCHOBOM MPUBOJIUT K CO3/1a-
HUIO BO30YX/ICHHBIX COCTOSHHW (9KCHUTOHOB), KOTOPBIE OCYIIECTBIISIOT
nepeHoc sHeprun Ha ITHK nocpencrBom mexanuszma FRET. Ilpu stom
[0JIHAs IIMPHUHA CIIEKTpa PaHONIOMHHECLIEHIINY Ha YPOBHE TOJIOBUHBI
BBICOTHI COCTABIISIET OKOJIO 24 HM, M HECKOJIBKO MPEBBIIIAET TAKOBYIO IS
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ncxonHbiXx [THK. O0BACHUTE 3TO MOXKHO OONBIION TOIIIMHON HCCIIETY-
eMoro obpasma (~ 7-8 MM), u3-3a YeTO0 MOXKET MPOUCXOIUTD TIEPETIOTII0-
IICHUE U3TYYCHHUSI, YTO U MIPUBOIUT K BUANMOMY YITUPEHUIO CIICKTPA.

PaguonioMuHecueHums
— — ®dnyopecueHuus
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Puc. 2. Cnekrp paauonromuHecneHnuu oopasia PNC-pMeSt (depHast JIMHHS) U €T0 CBe-
YeHHe MpU OOIYYCHHUH PEHTTCHOBCKOW TpyOkod. IlyHKTHpHOW iMHMeH o00o3HaYeH
crektp ¢uyopecuennuu [THK cocraBa CsPbBr; u3 pactBopa B Toyoue.

OnucaHHBIN BEIIIE 3KCIIEPUMEHT SIBIISIETCS eMOHCTpanued 3ddexTus-
HOM pajiMOIIOMUHECIIEHIINM KOMIIO3UTHBIX CIMHTUJUIATOPOB IOJ BO3-
JIeiCTBUEM PEHTIeHOBCKOTO W3imydeHHs. [Ipu 3ToMm, mcciiemoBaHust 00-
pazua PNC-pMeSt meTonoM ramma-creKTpOCKONUH NPH PETUCTPALIU
BBICOKOHEPTETUUECKUX TaMMa-KBaHTOB C dHeprued 661.7 k3B (ucrou-
HEK ' CS) JUIst MCCTIeLyeMbIX o0pasioB mokasanu (Puc. 3), 4To st 9Toi
3aJa4M JAHHbBIH THIT CUUHTWIISTOPOB HE MOAXOAUT. JleHCTBUTENBHO He-
CMOTpsl Ha TO, uTo curHain obpasua PNC-pMeSt umeer GojblIyI0 am-
IUIMTYY, YeM CHUTHaJl KOHTpojbHOro obpasia (Clear-pMeSt), u npeBbI-
maer ImyMoBble curaaigsl @DV, dopma criekTpa mpu 3aJaHHBIX Tapa-
MeTpax PEeruCTpalyy He MO3BOJISIET ONPENENUTh MOJOKEHHE B CIIEKTPE
Kpasi KOMIITOHOBCKOTO paccesiHus. M3 3Toro MoXXHO 3aKIIOYUTh, YTO HC-
cieayeMblii oOpasel] 00safaeT OueHb HU3KOW BEIMYMHON CBETOBBIXOJA,
BEPOSITHO, 32 CYET MONIOLICHUSI COOCTBEHHOro m3nydenus. Habmronae-
MBI 3((eKT MOXKHO OOBSICHUTH HETOMOT€HHOCTBhIO 00pasiia, BO3HHKa-
IoIIell B XONI€ TOJIMMEPU3alii, U HEPABHOMEPHBIM paclpeaesieHHeM
[THK B 00b€Me monuMepHON MaTpHLbl, YTO U MIPUBOIUT K 00Pa30BaHUIO
cJ1a00 M3NIyYaloIIUX arperaroB M MepenonIOnIeHNI0 COOCTBEHHOTO U3ITY-
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yeHust. BTopol HmpUYMHON HU3KOTO CBeTOBBIXOAa oOpasiia PNC-pMeSt
MOXKET CIIy’)KUTh HHU3Kas A(P(EKTUBHOCTH MEPEHOCA SHEPTHH OT IOJH-
MEpHOH MaTpHIlpl K HAaHOKPHCTAJIaM, YTO OOYCJIOBJIEHO OTHOCHTEIHHO
Majioii 0ObEeMHOH KOHIICHTpAITUEH MOCIEAHUX B KOMITO3HWTE, a TaKKe
CJTa0BIM CHEKTPAIbHBIM MEepPeKpbIBaHKEeM CIeKTpoB DJI MaTpuIlel U BO3-
oyxxnennst OJI TTHK.

— lym ®IY
Clear-pMeSt
——— PNC-POPOP-pMeSt
——PNC-pMeSt — AHTpaueH (kpucrann)

200 400 600 800

KonuyectBo cobbiTui (wr)

ik - P
50 100 150 200 250 300
Homep kaHana

Puc. 3. Pacnipenenenre MMITYJIbCOB 110 aMIUTUTYIAM TIPH PETUCTPAIMU FaMMa-KBaHTOB C
sHepruei 661.7 k3B oT 00pa3OB Ha OCHOBE Mapa-METHICTHPOIA (3eNEHAs JINHHUS ), MAT-
putbl, gonuposannoii [THK (kpacHas nmunus), 06pasna, conepsxkamero [IHK u POPOP
(cuHsIs TMHUS), @ TAKOKe aHTpalleHa (YepHas JIMH).

Takum 00pa3zoM, 3GEeKTHBHOE CEUCHHUE KOMIITOHOBCKOTO PacCEsHUS
nonuMepHoil Matpuubl, gonupoBanHod [THK, mpeBblaer takoBoe 1ist
YUCTON MaTpULBl Iapa-METHIICTUPOIIA, W3-3a 0oJiee BHICOKOTO 3HAYECHHUS
Z.i; KOMIIO3UTa. B TO e Bpems cBeToBbIX0z 00pasiia PNC-pMeSt spis-
€TCsl CYLIECTBEHHO MEHBILIMM Y€M TaKOBOM JJIsl KpUCTaJlla aHTpaLeHa, B
raMma-CIeKTpe KOTOpOTo SIBHO BBIpa)K€H KOMITTOHOBCKHUH Kkpaii (Puc. 3).
Yeenmuenne konnentpaiuu [THK B kxoMmo3uTe ¢ yciaoBHEM COXpaHEHUS
TOMOTEHHOCTH HJIM JT0OABJICHHE B KOMIO3UT (IIyopodopoB, SIBISIOIINX
MPOMEKYTOUHBIM IEPEHOCUYUKOM 3Hepruu mexay Mmarpuuei u ITHK,
MOJKET MO3BOJIUTH YBEIMYUTH CBETOBBIXOJ CIIUHTUILIATOPA. [loCKONBKY B
X0JIe MPOOHBIX IKCIIEPUMEHTOB OBLIO YCTAaHOBIIEHO, YTO YBEIHUYCHHE
nomn ITHK B koMmosute Ha ocHoBe mapa-metwiictupona cBeime 0.5%
(o macce) NIpUBOAUT K BUAMMOMY IIOMYTHEHHIO KOMIIO3UTA, OBIJIO MPH-
HATO pelIeHHWEe H3TOTOBHUTH IO OINMCAHHOW paHee METOJUKe oOpaserl
PNC-POPOP-pMeSt, nonoaHUTENbHO COAEPKAIIUKA B CBOEM COCTaBe
¢uryopodop, obnamarommii BEICOKUM 3HaYEHUEM CBETOBBIXOna. B kaue-
ctBe Takoro quryopodopa Hamu 6611 BeIOpaH POPOP. 13 ramma-criektpa
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obpasma PNC-POPOP-pMeSt (Puc. 3) BugHO, 9TO OH UMEET XapaKTep-
HBI{ [T TUIACTUKOBBIX CHUHTHIUIATOPOB Kpalk KOMITOHOBCKOTO pacrpe-
nenenus. Takum 0o0pa3oM, HCIONB30BAHHUE JIOTOITHHUTENBHBIX (IIyopo-
(hopoB TO3BOISIET peaIM30BaTh MHOTOKOMITOHEHTHYIO CHCTEMY TIEPEHO-
ca sHepruu B Kkommo3urtax Ha ocHoBe [THK u monumepHsIx Matpun, am-
3aliH KOTOpo# npuBeneH Ha puc. 1. [lonoxkeHne B raMmma-crieKTpe KOMII-
TOHOBCKOTO Kpas SIBISIETCS BaXKHBIM ITapaMeTpPOM, MTOCKOJIIBKY €My COOT-
BETCTBYET MaKCHMAaJIbHAS YHEPTHSI KOMIITOHOBCKHX JIEKTPOHOB, KOTOPAS
I UCTOYHHKA B37Cs cocrasnser 477.65 xoB. CpaBHHBas MOJIOKEHUE
Kpasi KOMIITOHOBCKOTO pachpeiiefieHHs] B CHEeKTpax pa3HBIX 00pasIloB,
MOYKHO OTIPEIENNTh BEJIMYMHY CBETOBBIXO/A CIWHTHUIAIIMOHHBIX MaTe-
puanoB. M3 aHanuM3a aMIUIMTYAHBIX CIEKTpOB s oOpasma PNC-
POPOP-pMeSt u kpucrama aHTpaneHa ¢ Y4ETOM pPa3HOTO 3HAYCHUS
HanpspkeHuss Ha OOV [ 3TUX CUMHTWUISTOPOB, MOXKHO 3aKJIHOUUTh,
410 cBeTOBBIXON 00pasziia PNC-POPOP-pMeSt cocrarnser nopsaka 13%
OT CBETOBBIXOJ]a aHTpaIlleHa, YTO COOTBETCTBYeT mpumepHo 2000 ¢oro-
HOB/M»1B. Takum 00pa3oM MOXKHO 3aKIFOYHTh, YTO JOOABICHHE JOMOI-
HUTENBHBIX (IIyopodOpOB ISl CO3AAHUS TPEXKOMIIOHEHTHOH CHCTEMBI
NepeHocCa SHCPIrur MO3BOJIACT CYHICCTBECHHO YBCJIIMYUBATL BCIIMYUHY
CBETOBBIXOAA KoMIo3uToB Ha ocHoBe IIHK u monumepHbIX marpui.
MOoXHO Takke IPeanoIoXKuTh, yTo yBenndeHue 3arpy3ku ITHK cocrtaa
CsPbBr; B nonuMepHoii MaTpHile TO3BOJIUT YBETHYUTh TAKKE U CEUCHHE
MOTVIONIEHUS TaMMa-KBaHTOB, YTO MPHUBEET K elle Ooliee CyIIeCTBEHHO-
MY VIYYIICHUIO XapaKTePUCTHK KOMIIO3UTHBIX CIIMHTHILISITOPOB.

3aKiIoueHune

B nacrosmieit pabote MBI peaqu30BajI JIBa BapUaHTAa XUMHUECKOTO JIH-
3aifHa KOMITO3UTHBIX CIMHTWILIATOPOB Ha ocHoBe [IHK w momm(mapa-
METHJICTUPOJIA), UMEIOIIHE Pa3IndHy0 3PPEKTUBHOCTh CUMHTHILISAINH
MIPU BO3ICUCTBUH PEHTICHOBCKOTO U ramMma-m3nydeHuid. Tak ams oOpas-
11a, B KOTOPOM B Ka4e€CTBE €IUHCTBEHHOIO JIOTIAHTA BBICTYHAIN TOJBKO
ITHK cocraBa CsPbBr;, HaOmomanace qoctarodno s¢dekTuBHas paano-
JIIOMUHECIIEHIIMS, B TO BpeMs Kak IOJl BO3AECHCTBHEM raMma-KBaHTOB
ucTouHNKa ' CS HaGIIONAINCh TONBKO C1a0ble CHIHAMbI CLMHTHILIALINY,
HE3HAUYUTEJIBHO MPEBBIIIAIOINE CUTHAIIBI OT YMCTOM MOIMMEpPHOW MaT-
publ. [ yBeIW4YeHHs CBETOBBIXOAA KOMIIO3UTA, a TAKXKe IS MOJIyde-
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HUS TUIWYHOTO IS IUIACTUKOBBIX CHUHTWUIATOPOB TIaMMa-CIIEKTpa,
0Ka3aJloch HEOOXOIMMBIM peain30BaTh TPEXKACKAAHYIO CHCTEMY Iepe-
HOCa JHEPruu INEPBUYHO PACCESHHBIX IaMMa-KBAHTOB OT MAaTpPHLBI K
[THK, BKITIOYaiONIyr0 MpOMeEXYTOUHEIN (iayopodop — opraHUYecKHii
kpacutens POPOP. MoXHO NpeAnoaokuTh, YTO MOA00p ONTUMAaIbHBIX
KOHIEHTpaLUH Mepeusnydaresiell s JOCTIKEHHS MaKCUMallbHO 3¢-
(extuBHOTO TIepeHoca SHepruu mo MexanmsMmy FRET B mHorokackan-
HOH cHucTeMe, a Takke 3HaunTenbHoe yBenuueHue nonu [THK B mnactu-
KOBOM CLUHTHJIISITOPE MO3BOJIUT U3rOTOBUTH KOMIIO3UTHBIE CLIMHTHIIISA-
TOpHI, 00JaJaroIye BHICOKUM 3HAYEHHEM CBETOBBIXOAA AJISI PETrUcTpa-
UM TaMMa-KBaHTOB LIMPOKOI0 SHEPreTHUYECKOro Iuana3oHa. Takum o0-
pasom [THK cocraBa CsPbBr; MoryT crath OCHOBOW CIIMHTHJUISTOPOB
HOBOT'O TIOKOJICHUSI ISl IETEKTOPOB PEHTI€HOBCKOTO U TaMMa-U3Ty4eHHUs
JUTSL MEAULIMHCKON TEXHUKH.

duHaHcHpoBaHHE PAdOTHI
PaGota BeImonHeHa npu GUHAHCOBOW MoAnepkKe Poccuiickoro HaydHO-
ro ¢ona, rpanT Ne 21-79-30048.
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Kommo3utHbie MaTepuajbl HA OCHOBE€ KBAHTOBBIX TOYEK M MOJIHU-
MEPHbIX MAaTpPUIl IJI PEerucTpanuu rammMa-us3jgy4yeHuss B CHMHTHJI-
JISIHIUOHHBIX 1€TEKTOPAaX HOBOI'0 MOKOJICHUSA

AA. KHLH.Hl, B .B. COCHOBHeBl, nPp. Ha6I/IeB1'2, I1.C . CamoxBaos®
YHayuonanonsiii uccnedosamenvcruii s0epuvitl ynusepcumem MUDOU, Mockea, Poccusi;
2perimceruil yrugepcumem [llavnane — Apoennvl, Petive, @panyus

OGocHoBanue. B Hacrosmiee Bpems pa3paObOoTKa HOBBIX CLHUHTHIUISALH-
OHHBIX MAaTEPHAJIIOB HAa OCHOBE (IyOPECHEHTHBIX HAHO-KPHCTAJUIOB CO
CTpyKTypoii mepoBckuta coctaBa CSPhBr3 u KBaHTOBBIX TOYEK
CdSe/ZnS sBnsieTcss akTyajabHOW TEMOW M pa3BUBACTCS MHOTMMH Hayu-
HbIME rpynmnamu [1-4] . Oba ykazaHHBIX MaTepualia 00J1a1al0T BHICOKIM
MOTEHIIMAIOM U TPUMEHEHUS! B 3TOW POJIH, MMOCKOJNBKY SIBISIOTCS OT-
JUYHBIME  QIIyopoQopaMu C KBAHTOBBIM BBIXOJIOM JFOMHHECIICHITUH
okono 100%, HO KpoMe TOro 06JafaroT M BBICOKMMH 3HAUYEHUSMHU 3(-
¢bexruBHOrO aromuoro nomepa Zeff. Ceuenne pororddexra 3aBucur ot
Zeff xak (Zeff)5, a BenmuurHa NOTJIOIICHHUST PEHTITCHOBCKUX JIy4Yel 3aBH-
cur ot Zeff xak (Zeff)4/(AE3), rme A — aromHas Macca BEILIECTBA, I10-
rIomaromero Y-KBaHt, a E — sneprus pentrenosckoro ¢otoHa [5] .

Henp — pa3paboraTh METOAMKY H3TOTOBJICHHS CIMHTHWLIATOPOB Ha
OCHOBE KBAaHTOBBIX TOYCK U MOJUMEPHBIX MaTPHIl, 00JIaJIrOIINUX BBICO-
KOH CTENeHBI0 MPO3PAvYHOCTH, BBICOKOW BPEMEHHOHM CTaOMILHOCTHIO
KBAHTOBOT'O BBIX0JIa JIIOMUHECUEHIIMY U KOPOTKUMHU BPEMEHAMHU 3aTyXa-
HUS JTIOMUHECIICHITUH (BpeMsI BEICBEUMBAHUS WU CPETHEE BPEMsI )KU3HU
BemiecTBa B BO30YXIEHHOM COCTOSHHM) Ul PETUCTPAllMM TamMMa-
H3JIYyYECHHUS .

Matepuansl 1 MeTOAbI. [ perucTpanuy CUUHTHIDISIIIMOHHBIX CUTHA-
JIOB HCHOJdb30Baics (GoTosnekTpoHHbld ymHOXkHUTenb HAMAMATSU
R7400U-6 . B kavecTBe WCTOYHWKAa MOHU3HUPYIOMIETO W3ITyYEHHS HC-
noJb3oBasicst uctouHuk 137Cs c sneprueit Y-kBanta 661,7 k3B .

PesyabTathl. [Ipu oGnyuennn Y-kBantamu uzoroma 137Cs oOpasios
Ha OCHOBE MaTpHLbI MOJU(IIapa-METHICTHPOIA), CITUTOTO MOJIEKYJIaMU
nuBuHMIIOeH3o0ma (10% wacc), akruBupoBaHHBIX HadTanuHoM (10%,
MEPBUYHBIA  aKUenTop), anTtpameHoMm (1%)M KBaHTOBBIMH TOYKa-
Mu/niepoBckuTHeIME HaHokpuctaiuiamu (0,1-1,0%, nmepensiydartens) B
SHEPTEeTHYECKOM CIHEKTpE NPOSIBISUIOCH 3()(PEKTUBHOE KOMITOHOBCKOE

128



pacCceaHnuC raMMa-KBaHTOB B BCIIECTBC HA aTOMaX, BXOIAIIUX B COCTaB
KBaHTOBBIX TOYEK/ IMIEPOBCKUTHBIX HAHOKPHUCTAJLJIOB

B pesynpraTe nccnemoanns ObIIIO OOHAPYKEHO, YTO IS 00pa3loB, HE
coJiep KalllnX HEOPraHUUECKHE IIEMEHThI — KBAHTOBBIC TOYKU U TIEPOB-
CKUTHbIC HAHOKPUCTALIBI, — KOMNTOH-3()(EKT A1 raMMa-KBaHTOB OT-
cyTcTBYyeT JIOMOIHUTENBHO MO-Ka3aHo, YTO MaTPHUIa TapaMETHUIICTUPOIIA
MO3BOJISIET 3alIUTUTHh TEPOBCKUTHBIC HAHOKPUCTAIUIBI OT BO3JICHCTBHS
BHEIIIHEH CpeNibl, MPH 3TOM 3HAaYeHHUE KBAHTOBOTO BBHIX0JIa (POTOTFOMHU-
HECIICHIIMM OOBEMHBIX KOMIIO3MTHBIX MAaTEPHUAJOB Ha OCHOBE
MEPOBCKUTHBIX ~ HAaHOKpHCTAIIOB  cocraBa  CSPbBr3 u  mo-
TU(MapaMeTUICTUPONia) JUTUTEIBHOE BpeMsi OCTaéTCsi TOCTOSHHBIM B
npezenax MorperHOCTH

3aki0ueHue. DKCIEPUMEHTAITHHO TOITBEPIKICHO, YTO KBAHTOBEIE TOU-
KH W TICPOBCKUTHBIC HAHOKPUCTAIIBI, WHKAINCYJIMPOBAHHBIC B pa3jiny-
HBbIC HOJII/IMCpHI)Ie ManI/IHBI, HpOHBHHIOT CBOﬁCTBa CHI/IHTI/IHHSITOPOB noa
BO3/JICHCTBHEM HMOHHU3UPYIOIIET0 HM3IydeHUs. M3roToBieHHbIe 00pa3iibl
MEPOBCKUTHBIX HAHOKPUCTAIIIOB/KBAHTOBBIX TOYCK W PA3IMYHBIX TOJIH-
MEpPOB MOXHO CUHUTATh HaWOOJIee ePCIIEKTUBHBIMU JJIS1 UCTIOJIE30BaAHHUS
B KAQUYCCTBC CHUHTUILIIAILIMOHHOI'O MaTepI/IaIIa JJIA peFI/ICTpaHI/II/I pCHTFe-
HOBCKOT'O M TaMMa-U3Ty4CHUS

Pabora nomnepkana rpantoM MUHHCTEPCTBA HayKH W BhICIIEro oOpa-
3oBanus Poccuiickoit @eneparun Ne 075-15-2021-1413 .

KiroueBrbie ci0Ba: TIOMUHECUEHIUS; CUMHTUIUIATOP; KBAHTOBBIE TOUKHU;
MEPOBCKUTHBIE HaHOKpUCTAIel; CSPDBIr3; KOMITO3WTHBIE MaTepHaIIbI;
MOJIMMEPHBIE MaTPULIbl; KBAHTOBBII BBIXO]

CnHcoK HMTHPOBAHHBIX MYOJIMKAIUIA
1. Chen Q., WuJ.,, Ou X., et ai. AU-inorganic Perovskite Nanocrystai Scintiiiators
/I Nature. 2018. Voi. 561, N 7721. P. 88-93. doi: 10.1038/s41586-018-0451-1

2. LiuC., Li Z., Hajagos T.J., et ai. Transparent Uitra-High-Loading Quantum
Dot/Poiymer Nanocomposite Monolith for Gamma Scintillation // ACS Nano. 2017. Voi.
11, N 6. P. 6422-6430. doi: 10.1021/acsnano.7b02923

3. Lee C.H., SonJ, Kim T.-H., Kim Y.K. Characteristics of Plastic Scintiiiators
Fabricated by a Polymerization Reaction // Nuclear Engineering and Technology. 2017.
VoL 49, N 3. P. 592-597. doi: 10.1016/j.net.2016.10.001

4. Letant S.E., Wang T.F. Semiconductor Quantum Dot Scintillation under y-Ray
Irradiation // Nano Lett. Vol. 6, N 12. P. 2877-2880. doi: 10.1021/nl0620942

5 Nikl M., Yoshikawa A. Recent R&D Trends in Inorganic SingleCrystal Scintilla-
tor Materials for Radiation Detection // Advanced Optical Materials. 2015. Vol. 3, N 4.

129



P. 463-481. doi: 10.1002/adom.201400571 Engineering and Technology. 2017. VoL 49,
N 3. P. 592-597. doi: 10.1016/j.net.2016.10.001

130



Pa3paGoTka MeToa NOJTyueHHs H30ToNa > Ar LIl KAJHOPOBKH
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1. BBEJIEHHE.

OMUCCHOHHBIE IBYX(a3HbIE JIETEKTOPhl Ha CHKIKEHHOM OJaro-
POJHOM Ta3e IMIMPOKO MPUMEHSIOTCS B HACTOSIIEE BPpeMs B HU3KO(OHO-
BBIX HCCJEIOBAaHUSX, TAKUX, KaK IIOUCK TEMHON Matepuu Bo BceneHHol
B opMe TskenbIx crnabop3anmoneiictByromux gactu — WIMP, a Tak-
K€ IS PETHCTPAIMU YNPYTroro KOTEPEHTHOTO PACCESHHSI PEaKTOPHBIX
AHTUHEUTPHHO Ha TshKenblx aToMHBIX sinpax (YKPH). brmaromaps mpu-
MEHSEMOMY B HUX DJIEKTPOIOMUHECIICHTHOMY YCHJICHHUIO MWOHHU3AINOH-
HOTO CHTHAJIa OHM 00JIaJal0T OYEHb HU3KUM SHEPreTHYECKUM IOPOrOM
10 MOHHW3AIMU — BIUIOTH JI0 YYBCTBUTEILHOCTH K €AMHUYHBIM MOHH3-
[IMOHHBIM DIIEKTPOHAM, YTO COOTBETCTBYET BBICTUBIICHCS SHEPTUH I10-
pAZKa OJHOW WJIM HECKOJBKUX coTeH 3B. JIByxda3ublii perekrop mpe/-
CTaBJISIET CO0OM KPHUOTEHHBIA COCYJ C IJICKTPOJHOW CHCTEMOMH, 3amoii-
HEHHBIN CXKMKEHHBIM OJaropoJIHBIM — aprOHOM HJIM KCEHOHOM. B cBsi3m
C ATUM, UCCIICIOBAHNE OTKJIMKA TAKOTO JIETEKTOpa B HU3KUX DHEPISIX — B
k3B-HOI1 U cy0-k3B-HOI1 00aCTSIX HEPrUH, BO3MOXKHO TOJILKO TPH I10-
MOIIIA AOCTATOYHO KOPOTKOXHUBYIIETO PAJAHOAKTUBHOTO HM30TOIA, KOTO-
PBII XOPOIIIO PacTBOPSETCS B JKUIKOM OJIarOPOIHOM rase, o0ecrieunBast
OJTHOPOJHYIO O0OBEMHYIO KAIIMOPOBKY pabodero oObema IETEKTOpa, a
TaKke HE MPOM3BOIUT HUKAKOTO YXYIIICHHUS Pad0OunX XapaKTEPHUCTUK
camoro naerekropa. s Takod KaTMOPOBKU pa3ivYHBIMU JKCIIEPUMEH-
TaIbHBIMU TPYNIaMU JOBOJBHO ITUPOKO HCIIONB3YETCS PaTHOU30TOI
Ar ¢ repuoioM nosypacmnana T, = 35,04 = 0,04 gusa. OH pacnagaeTcst
nocpeactBoM K-3axBara ¢ BepositHocThIO 0,9017 + 0,0024 u L-3axBaTa ¢
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BepositHOCTBIO 0,0890 + 0,0020 B crabmibHeli uzotomn ° Cl. [ocemy-
rorue nporecchl 3anonHeHuss K- u L-000104ek MpUBOIAT K HCITyCKa-
HUIO MATKOTO peHTreHa U Oe-3JIeKTPOHOB C CyMMAPHBIMH 3HEPTUSIMU
2,82 x3B u 0,27 3B cootBeTcTBeHHO [1].

[IpakTHdecku paguonu30ToI 3 Ar MokeT ObITh MOJTy4YeH B CIICy-
IOIUX TPEX PEaKIusiX:

%Ar (n,y)¥Ar (1)
¥Cl (p,n)*¥’Ar (2)
“Ca (n,a)*Ar. (3)

HauOonee mmpoko ncnonb3yeMble peakiyy MoJy4eHus 3TOro paguo-
m3orona (1) u (3) onucansl B paborax [2 — 6] u [7,8,9] cooTBEeTCTBEHHO.
B pabote [10] cpaBHUBAIOTCS ¢ MPAKTUUSCKOM TOUKH 3PSHHSI 002 ITHX
metoza. Peakius (1) uaet Ha TETUIOBLIX HEUTPOHAX, a peakuus (3) ume-
eT HanOoJbIlIee ceueHue Ha OBICTPHIX HelTpoHax. B pabdorax [2,3,9] mns
o0ecrieyeHus] MUHIMAJIbHOM CTETIEHH 3arpsS3HEHHOCTH HapabaThIBaeMO-
ro *'Ar oT ApyrEX M30TOMOB AProHa, MOTYYEHHBIX B (N,}) PEAKIHIX C
M30TONAaMHU HAaTypajJbHOI'0 aproHa, HCIOJb30BaJICA aproH, 000raleHHbIH
110 comepkanmio CAr. Peakums (3) Goree ynoGHa B TaGOPATOPHEIX
YCIIOBUSIX, TIOCKOJIBKY He TpeOyeT 00IydeHus B HEUTPOHHBIX KaHajlax
simepHOTO peaktopa. C 3To 1eNbi0 MOTYT OBITH MCTIOIK30BaHbEl AM-Be
i PU-Be ucTouHMKH HERTPOHOB WK d-1 HEWTPOHHBIH reHepaTop.
Kanpuuit, ncnonb3yemslit 1uist 00TydeHns1, KaK MPaBHiIo0, HCIOJIb3YyeTCs B
Buze coeaunenns — Ca0, CaCl,, mockonbKy MeTaTMYeCKHil KaTbITHiA
SIBJISIETCS. OYCHb aKTUBHBIM METAJJIOM M C HUIM OYE€Hb TPYJHO paboTath.
OnHako, B 3TOM citydae TpeOyeTcs crieuanbHasi O4MCTKa BBIIEISEMOro
nocie 06mydenns ° Ar, TOCKOIBKY IS paGOThI SMUCCHOHHOTO JETEKTO-
pa TpebyeTcst OUeHb BBICOKAsI CTETIEHb YUCTOTHI MH)XEKTUPYEMOTO B Jie-
TEKTOp Ta3a OT NEKTPOOTPULIATENEHBIX IpuMeceil. B pabdote [8] s
ToTydeHHs > Al HCIIONB30BAICS METAINIECKHI KaTbIHH, H30THPOBAH-
HBIH TIPU 0OJTy4EeHUH B TEPMETUUHYIO aMITyJly, KOTOPBIH 3aTeM MepeBo-
JIWJICS B PAcIlIaB HarpeBaHUueM 110 Temriepatypsl 10 900°C s Beiiee-
Hus 06pazoBaBierocs > Af.

B pa6ore [11] 6bu1 KpaTKo onMcaH pa3pabOTaHHBIH HAMU OTHOCH-
TEIBHO TIPOCTOH CIIOCOB TTOTYIEHHS PagHON30TONa > Al IS KaTHOPOB-
KM AMHUCCHOHHOTO IBYX(a3HOTO JETEKTOpa Ha KUAKOM KCEHOHeE, obec-
MEYNBAIOMINK HEO0OXOAUMYIO CTEIIEHb YHCTOTHI I'a3a, HHXEKTHPYEMOTO B
JIETEKTOp [Tl IPOBENEHHS KaTnOpoBKHU. B HacTosei paboTte mponsso-
JIATCS ONHUCAHKE TIPOLIEAYPhl HAPAOOTKH PATHON30TONA > Al I KaTHo-
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POBKH SMHCCHOHHOTO JByX(aszaoro aerekropa POJI-100 u npusogutcs
oreHKa 5QPEKTUBHOCTH BBIXOAA > Al U3 METAITHYCCKOTO KATbIUS [IPH
MTOMOIIY MPOMOPIIMOHATBHOTO CUETYHKA.

2. HAPABOTKA U30TOIA *'Ar

Jlns HapaboTKM M30TOMma ' Ar Hamu ObLT BHIOpaH MeTalLTHue-
CKUU KaJIbIUH B BHUJIE CTPYKKH, YTOOBI M30€kKaTh JaTbHEHIICH CHeIu-
JIBHOW OYMCTKH HapaOOTaHHOTO aproHa OT MPUMECeH, HEMUHYEMO IIPHU-
CYTCTBYIOIIMX B XMMHUYECKUX COEAMHEHUAX Kanblusa. CTpyxkKa ¢ Xxapak-
TEepPHBIMU pa3MepaMu ~ 5x20%0,5 MM Obula MoTydeHa myTeM o0paboTKu
0OJIBaHKH U3 METAINIMYECKOTO KaJbLUsl Ha TOKAPHOM CTaHKE B aTMO-
cthepe aproHa. Takas mepa NPETOCTOPONKHOCTH ObLIa BHIOpaHa st
MIpeIOTBpAICHNs] OKWCIEeHUs W ruapaTtauuy Kameius. [lo mepe Hapa-
OOTKH CTpYXKa ObICTPO MEPEHOCHIIACh B TEPMETHUYHBIN CTEKJIIHHBIN CO-
CyZ, IJIsl TIOCIIEAYIOIIEro XpaHeHuss B aproHoBoi atMocdepe. s mpo-
BeZICHUS 00TydeHHsI HEUTPOHAMU CTPYXKKa Kalblus ObUIa IepeHeceHa B
FepMETHYHBIN KOHTEHHEpP U3 HEpKaBEIOLIeH CTalu ¢ BHYTPEHHUM O0be-
MoMm 22 1. O0muii Bec Kanblws B KoHTelHepe coctasui ~ 4.0 kr. [lepen
o0yyueHreM KOHTeWHep ObLT mporpeT 1o TeMmepaTypsl cbie 100°C B
TeUeHHEe HECKONBKUX CyTOK C OTKA4KOil 10 AaBieHus aydme 10™ Topp.
ITocie 3Toro KoHTEHHEP ObUI 3aIIOJHEH ra30M HOCUTENIEM — aPTOHOM JI0
naBieHus 2 at™ (a0c.) U OTCOEMHEH OT BaKyyMHOW/Ta30BOW CHUCTEMBEI.
Hapa6oTka n30Toma > Ar poMCXO/MIa IyTeM 06TydeH s KOHTeiiHepa ¢
KaIILIIUEBOW CTPYXKOW MOTOKOM HeWTpoHoB (3Heprust 14-MeV) c mo-
MOIIBIO JIBYX HeUTpoHHbIX O-t rereparopoB MHI'-006, momemnieHHbIX
BHYTPbh KOHTEIHEpA, C CYMMApHON MHTEHCHBHOCTHIO HEHTpOHOB 4x10°
¢! B Teuenne 20 uacos B maGoparopun Beepoccmiickoro HUU Aroma-
tuku umeHn H.JI. [lyxosa 'K «Pocatom» (cm. puc. 1). Ilocie obmyde-
HUS KOHTEWHep ObUT BbIIEpKaH B TeueHHe 4 CYTOK C IIeJIbI0 YMEHbIIe-
HUS HaBeJICHHOW aKTUBHOCTH JI0 YPOBHS €CTECTBEHHOTO (hoHa.
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250

Puc.1 Cxema repMeTH4HOr0 KOHTEIHEpa M3 HEPIKABEIOMICH CTaU ¢ BHYTPEHHUM 00be-
MoM 22 11,1 — KanpLueBas CTpyXKa, 2 - HCTOYHUK HEHTPOHOB

3. ABMEPEHUE AKTUBHOCTH HAPABOTAHHOI'O U30TOMHA *Ar.

st ompeneneHuss aKTHBHOCTH HapaOOTaHHOTO pPaJuOM30TONA
37Ar B T'a3¢-HOCHUTECJIC HCIIOJIB30BAJICA HpOHOpHHOHaHBHLIﬁ CUCTUUK -
cM. Puc.2

Puc.2 ®oro cueTunKa, UCTIOIB30BAaHHOTO U U3MEPEHUI.
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Ar 2 OTKayKa
> 3

K raso-
A aHanm3a-

Puc. 3. Cxema NMOAKIIOUECHHUS NPOIOPIMOHAIBHOIO CUSTUYMKA JUIS aHAINW3a KOJIMYECTBa
HapaGoTaHHOTO > Ar; 1 — rasoBele BEHTHIH, 2 — BAKyYMHbIH BEHTHIb, 3 — HH(POBON
H3MEpHTENh JaBJeHus, 4 — KOPITyC MPOMOPIMOHATIBHOTO CUETYHKA, 5 — BAKYYMHBIH BBI-
COKOBOJIBTHBIH BBOJ, 6 — Ga/IOH ¢ KCEHOHOM, 7 — CTPETIOYHbIiH MaHOMETP.

CueTuuK, BBHITIOJHCHHBIH B BHUJIC IMOJIOTO IMJIMHAPA M3 HEpKaBCrOIICH
ctanmu auametpoM 29 mm u jymmHo# 300 MM U TONIIMHOM cTeHKHU 0.5 MM
OBLT pacToJiOXKEeH BHYTPH TPEX IOCIIEJOBATEIbHO COCIMHEHHBIX CTaH-
napthbiX (CF2.75") BBICOKOBaKYyMHBIX JJIEMEHTOB THIIa TPOWHHK (CM.
¢dot1o Ha puc. 2). LleHTpalibHBIN SJIEKTPO/] BHIITOJIHEH M3 30JI04CHON
Bob(PpaMoBOii TpoBOJOKH guameTpoM S50 MiM. BoOKOBBIE MOPTHI
CF2.75" n CF1.33" ncnonb30BaJIMCh JJII OTKAYKH CUETYHKA U U3MeEpe-
HUS JIaBJICHUS ra3a COOTBETCTBEHHO. CXeMa COEJMHEHHWH MOKa3aHa Ha
Puc. 3.

Bce razoBble TMHMM ¥ JTMHAN OTKAYKW BBHITOIHEHBI M3 BHICOKOBA-
KYYMHBIX MaTE€pPHaJIOB C CTaHAapTHbIMU coenuHeHusmu Thra VCR wu
CF. IIpomnopunoHaabHBIA CYSTUUK 3AMOIHSICS JU00 HATYypalIbHBIM ap-
TOHOM (HE COIEpKAIUM PaUOU30TOIIA 37Ar) b0 aproHOM W3 KOHTEH-
Hepa ¢ KalblUeBO# cTpyxkoi. [lepen 3amoHeHneM cYeTUYMKa aprOHOM
M3 KOHTEWHepa MocjaeaHui ObL1 mporpeT mpu Temmeparype ~ 100°C B
TeueHue 12 yacos.

C 1enpIo MOyYeHUs YIOBICTBOPUTEIHHOTO aMILIATYTHOTO pa3-
pelieHnss B CUETYMKE HCIONIb30Bajach razosas cmech /0% aprona +
30% kceHoHa TpW JaaBieHun cMecu 2 atMm (abc). JlobGaBka KceHOHa
o0ecrnieunBaia aMIUIUTYTHOE pa3pelieHne, KOTopoe Ha raMMa-inHuu 30
k3B cocrasuino 8% (FWHM). Cmecs ToTOBHIIACH CIIEYIONAM 00pa3oM:
CUYETYMK OTKAYMBAJICS C IOMOIIBI0 TypOOMOJICKYJISIPHOTO Hacoca [0
octatouyHoro nasiaenns 10° Topp, 3aTeM B CueTUMK HAITYCKAICS HCCIIe-
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TyeMBIA aproH J0 naBiieHus 1.4 aT™, MOCIe dTOTO M3 OTAEIHLHOTO Oa-
JIOHA HAITyCKaJICsl KCEHOH JI0 TeX MOp MOoKa olliee JaBleHUE B CUETYHKE
He craHeT 2 aTM. Takas Mepa IpeIoCTOPOKHOCTH TpeOoBagach, YTOOBI
UCKJIFOUUTH [IONAJAHNE KCCHOHA B KOHTEHHEP C 0OIyUYEHHBIM KaJIbLUEM.
CurHanbl CO CYETYMKa PETHCTPUPOBANUCH C TIOMOLIBIO 3JEKTPOHHOTO
TpaKTa, BKIIOYABIIETO clieKTpoMmerpudyeckuid npeaycunurens ORTEC
142PC, 4TO MO3BONMJIO MPOBOAUTH H3MEPEHHUSA HpH Kod(dHImeHTax
razoBoro ycwieHuss okono 200 m oOecredmiio JTHHEHHOCTh OTKIIMKA
CUeTYMKa BIUIOTH 10 dHepruii 60 k3B. Bpemst popMupoBku criekrpomeT-
PHUYECKOr0 YCHJIUTENS B CXEME COCTABMIIO 2 MKC, YTO 00€CIe4myIo MoJl-
HoOe coOupaHue 3apsaaa B cueTynke. KOHTpoIb TakuX mapamMeTpoB ra3o-
BOI CMeCH KaK COCTaB W JaBlicHHE MPOBOAMIICS C TOYHOCTBHIO JIydllle
1%.

C menpIo SHEPTeTHYECKOW KAIMOPOBKH aHAIHM3aTOpa OBLIO MPO-
BEJICHO OOIyYeHHE CYCTYMKA IaMMa-KBAHTAMH OT HCTOYHHKA > AmM,
PACTIONIOKEHHOTO CHAPYKU KOpITyca CUETYMKa MPUMEPHO B CpelHEH ero
gactu. Ha puc. 4 npeacraBieHsl aMIUTUTYAHBIE CIIEKTPHI, MOIYYEHHBIE
[P HMCIIONB30BAHUHM HAaTypalbHOro aprona mapku BU B BhleykaszaH-
HOW CMecH ¢ KCEHOHOM NpH K03 (UIMEHTE ra30BOTO YCHIICHUS OKOJIO
200. Ha Puc. 4a npeactaBiicH MOJIYYEHHBIM aMIUIUTYAHBIA CIEKTp, Ha
Puc. 46 mpencraBieH aMIUITYIHBIA CHEKTP HWOHWU3AIMOHHBIX MOTEPh
KocMmuuecknx MiooHOB 3a Bpems 10 000 cexynn, roe 13,4 kB — Han6o-
Jiee BEPOSITHOE 3HAYCHUE DSHEPTHH, BBLACISIEMOW KOCMUYECKHMH MIOO-
HaMH B CUETUHKE.
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a) 0)
Puc. 4. AMIUIHTYIHBIE CIIEKTPBI CO CYETUHKA: a) OT HCTOYHMKA ' AM, 6) CIIEKTp
SHEPTUH, OCTaBJICHHON C CYETYNKE KOCMHUYECKMMH MIooHamu 3a BpeMs 10 000 cekyHf,
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Ha Puc.5 npeacrtaBieH CHEKTp BHEPrUU BBIJAEISIEMON KOCMUYECKUMU
MiooHamu 3a Bpems: 10 000 cexyHa B ra30BOM cMecH, TJe OOBIYHBIN ap-
TOH OBLT 3aMEHEH Ha aproH u3 00beMa ¢ 00TyICHHBIM KallbIIHEM.

N ~3 k3B

OrueTsl B KaHaIax

~13.4 3B

Oueprus, k3B

Prc.5 AMIIMTYIHBIN CIIEKTp MOHH3AIMOHHBIX MOTEPh KOCMUYECKHX MIOOHOB,
cHaThIi 3a 10000 cex B cMecn aproHa ¢ n3otonom “ Ar.

Ha cnektpe nemonctpupyetcs y3kuit muk (FWHM ~ 20%) c
dHeprueil B paiioHe 3 k9B, CBsA3aHHBIA C pacmagamMu HapaOOTaHHOTO

YA,
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Puc.6. PazHocTts cniektpoB Ha Puc.4 6) u Puc.5 B paiione snepruu ~ 3 k3B.

Paznocth criektpoB Ha Puc.4 6) u Puc.5, B paitone sHeprum ~ 3
B (cM. Puc.6) 1eMOHCTPHPYOIAs MK OT pachanoB > Ar 6e3 poHa ot
HOHU3ALUOHHBIX MOTEPh KOCMUUYECKUX MIOOHOB, COAECPKUT 3676 oTCue-
TOB, nosydeHHBIX 3a BpeMsa 10 000 cex. C yuyeToM COOTHOIIEHHUS KOJIH-
YeCTBa aproHa B aKTUBHOM o0BbeMe cueTdnka (0,28 1) ¥ MOITHOTO KOJIH-
YecTBa aproHa, COIEPKaBIIErocs B 00lydeHHOM O0BbEME C KaJbIIUEBOU
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CTPYXKOH (44 1), mTOJHAsS aKTUBHOCTH HApAOOTAHHOTO B MHIIICHU C
KaIbLHEBOH CTPYKKOH H30TOMa > Al HAa MOMEHT H3MEPCHHI COCTABHIIA
okono 58 Bk, 4To sIBISETCS MOCTATOYHBIM JUIS KATHOPOBKH JIETEKTOpA
P5/1-100.

W3mepeHHass akTUBHOCTH MO3BOJISIET PACCUMTATh BaXKHBIM Mapa-
METp pPeaTH30BaHHOI TEXHOJIOTHH HApaOOTKH H30TONA  Af, a MMEHHO,
3¢ peKTHBHOCTH BBIXOZA ' Al M3 KAIbLUEBOMH CTPYXXKH TIOCIE ee 00Iy-
YEHUS HEHTPOHAMM M [OMOJIHUTEIBHOIO IMPOrpeBa A0 TEMIIEPaTyphl
okono 100 C. Beio mpoBeAeHO MOJESTUPOBAHUE TPOIecca HapaOOTKU
SAr npu nomoinu Metoga Monrte-Kapiio ¢ ncnonp3oBaHHEM ITPOTrpaMMm-
Horo makera Geant4 ¢ y4éroM reoMeTpud, MaTEpHUAIIOB KOHCTPYKIIHH
(xoHTelHEp, 3aMOMHEHHBIH KalbLIMEBOM CTPYKKOM), TEXHUUECKUX IaH-
Heix D-T reneparopa u ycioBuii o0nydeHus. Pe3ynbraTsl MoaenupoBa-
HUS MTOKa3aid, 4To 3a 20 4acoB 0OIydeHHs B UCTIOIB3yEMON MUIIICHU U3
KaIBLMCBOI CTPYKKH ObLTO 06pa3oBaHo okoio ~ 2,5x10™° atomos */Ar.
C yuéTom BpeMeHH pacmazga ° Ar, BPEMEHH BBLICPKKH OOTy4EHHOTO
o0pa3wa, TPaHCIIOPTUPOBKU U HAarpeBa €eMKOCTH C OOJIyYEeHHBIM KaJbIIH-
€M, a TaKKe BPEMEHHM, 3aTPadeHHOr0 Ha M3MEPEHHE €ro aKTHBHOCTH B
MPONOPLHUOHANEHOM CUETYHMKE, OLEHKa AIPQPEKTUBHOCTH IKCTPAKIHH
g:YOCTaBJmeT ~ 2,6 % ot o0rmiero kojmYecTBa HAPAOOTAHHOTO B 00OpasIle

Ar.

3akiaouyenue

BbiTa mpoBeieHa HapaGoTka m3oToma o Ar B peakimmm °Ca
(n,a)*’ Ar pur o6myuerun 10 Kr KaabLHEBOi CTPYKKHM HEHTPOHAMH C
sHeprueit okono 14-MsB u motokom 2x10° mrr/cex x 4ctep B TeueHnu
20 yacoB. M3mepeHHas ¢ MOMOIIBIO MPOMOPLMOHATIBHOIO CUETYMKA aK-
TUBHOCTb ITOJIyYEHHOTO M30TOIA COCTaBMJIA HA MOMEHT U3MEPEHHN OKO-
J10 58 BK, 4TO OBLIO JIOCTATOYHO JJIS AMIUTUTYAHON KaJIMOPOBKU JETEK-
topa P3J[100. Onenka sddexTuBHOCTH BBIXONA S'Ar u3 xaneLueBoit
CTPYXKH C Y4ETOM I'€OMETPUH OO0JydeHHs, MaTEPUAIOB KOHCTPYKLUHU
(xoHTelHEp, 3aMOTHEHHBIA KAIbIIMNEBON CTPYKKOH), TEXHUUECKHUX IaH-
ubix D-T remeparopa, a TakKe yIETOM BPEMEHH pacrana > Ar, BpeMeHH
BBIJIEPXKKH 001y4€HHOrO 00pasia, TPaHCHOPTUPOBKM U HarpeBa e€MKO-
CTH ¢ OOJIy4YEHHBIM KaJbIIEM, a TaKKe BPEMEHHM, 3aTPAue€HHOTO Ha W3-
MEpEHHE ero aKTUBHOCTH B MPOMOPIIMOHAIBHOM CUETUYHMKE M JIOTIOJIHU-
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TEILHOTO TporpeBa a0 Temmeparypbl okoio 100 C, cocraBmia OKOJO
2,6 %

ABTOpHI BeIpaXkaroT OnaromapaocTh Poccuiickomy Hayanomy ®@oHy
3a (PMHAHCOBYIO TOJJIEPKKY paboT B pamkax KoHTpakTa Ne22-12-00082
ot 13 mas 2022 rona.
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