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In this paper, we describe the quasi-spherical optical module QSM-6M to detect Cherenkov radiation in water.
The module is based on six photomultiplier tubes (PMTs) with flat photocathodes Hamamatsu R877. We discuss
the results of the photomultiplier testing, as well as the choice of the high-voltage divider providing the PMT
dynamic range from 1 to 10° photoelectrons. The techniques for studying QSM-6M characteristics, as well as the
results of the underwater testing of the module for an 18-month period are presented. We also present the results

of the analysis of the QSM-6M response to single-muon and multiparticle events detected by the installations of
the Experimental Complex NEVOD.

1. Introduction

Cherenkov radiation, discovered in 1943 [1], became widespread in
the second half of the 20th century, when detectors with a mass of
several kilotons were required to search for proton decay and studying
exotic processes. To solve these problems, Cherenkov water detectors
with a peripheral detecting system, in which the volume of the detector
is viewed by an array of photomultipliers mounted on the walls of the
detector, were constructed. These detectors can measure particles from
any direction, i.e. they are 4x detectors. Examples of such detectors are
IMB [2], Kamiokande [3], SNO [4], etc.

To study high-energy neutrinos, detectors with a mass of tens and
hundreds of megatons were required. Large-volume installations cannot
be constructed based on a peripheral detecting system, since photons of
Cherenkov radiation produced in events occurring in the center of the
detector do not reach photomultipliers due to the attenuation of light in
water. To date, the largest installation with a peripheral detecting sys-
tem is the Super Kamiokande detector with a mass of 50 kilotons [5].

To achieve large volumes, the development of detectors with a

spatial lattice of vertical garlands of optical modules began in the second
half of the 1970s. The first example was the DUMAND detector [6,7].
Since the efficiency of recording physical events and the accuracy of
reconstructing their parameters depend on the optical module design,
the corresponding requirements for optical modules were formulated
[8]. One of these requirements is the largest possible angle of Cherenkov
radiation reception.

In 1979 at the 16th International Cosmic Ray Conference, the idea of
a quasi-spherical module (QSM) detecting Cherenkov radiation at a solid
angle of 4n was proposed [9]. According to the proposed concept, a
quasi-spherical module can be formed by photomultipliers with flat
photocathodes located in the vertices, centers of faces or edges of regular
polyhedra. Four of the five regular polyhedra, except a tetrahedron, can
be used to create a quasi-spherical module: hexahedron, octahedron,
dodecahedron and icosahedron [10]. When recording a wave with a flat
front, the sum of the squared response amplitudes of photomultipliers
for such QSM configurations does not depend on the arrival direction.

A quasi-spherical module of a simplest design, QSM-6, consists of six
photomultipliers directed along the axes of the orthogonal coordinate
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system (Fig. 1).

If the PMT response is proportional to the cosine of the angle of
Cherenkov radiation arrival at the photocathode Ay y, ; = A cos ay. y, 5
then the QSM-6 response does not depend on the arrival direction:

B= \/sz +A2+A= \/A2 (cos2a + cos2ay + cos?e,) =A @

In 1994, the first version of the Cherenkov water detector NEVOD
was realized with the quasi-spherical modules QSM-6 [11]. These op-
tical modules were equipped with FEU-49B photomultipliers with a
multi-alkaline flat photocathode with a diameter of 15 cm.

Since we know the signals from individual photomultipliers and the
total response, it is possible to determine the directional cosines and,
correspondingly, the arrival direction of the Cherenkov radiation. A
lattice of such modules allows determining particle trajectory and di-
rection without using the time-of-flight method. This property of quasi-
spherical modules allowed to detect, for the first time, the neutrino
events on the Earth’s surface using the spatial lattice of the NEVOD
detector [12].

For a long time, the idea of using quasi-spherical modules when
constructing large-scale Cherenkov water detectors was underestimated.
Optical modules were developed based on hemispherical photo-
multipliers installed inside glass spherical housings. It was planned to
use such modules in the DUMAND project. The first version of the
module was equipped with the 15-inch hybrid photomultiplier Philips
XP2600 with an electron-optical preamplifier [8]. The second version
was developed based on a large-sized hemispherical photomultiplier
Hamamatsu R2018 with a 15-inch photocathode [13].

The DUMAND project was not completed, but its ideas greatly
influenced the designs of other detectors, whose modules were devel-
oped based on a single photomultiplier. The optical modules of the
Baikal neutrino telescope NT-200 contained one QUASAR-370 photo-
multiplier with a diameter of 37 cm [14]. The modules were connected
in pairs, and their coincidence was used to suppress PMT noise. How-
ever, the photocathodes were directed downwards, which limited the
angle of Cherenkov radiation reception of a pair of modules. The
Baikal-GVD detector is a development of the NT-200 neutrino telescope.
Its optical modules contain one 10-inch Hamamatsu R7081-100 pho-
tomultiplier [15]. The optical modules of the AMANDA sub-ice detector

Particle track

Fig. 1. Diagram of Cherenkov radiation detection with the quasi-spherical
module QSM-6.
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contained one 8-inch Hamamatsu R5912-2 photomultiplier [16]. An
evolution of the AMANDA detector is the largest neutrino telescope
IceCube. The IceCube optical modules include one 10-inch hemispher-
ical Hamamatsu R7081-02 PMT [17]. The optical modules of the
ANTARES detector also contain one 10-inch Hamamatsu R7081-20
photomultiplier [18,19]. The modules are combined in groups of three
into storeys, and each module of a storey is inclined at 45° below the
horizon. Such a system resembles a quasi-spherical module, but it is not
sensitive to direct Cherenkov radiation from the upper hemisphere.

The idea of quasi-spherical modules has gained acceptance in the
development of optical modules for neutrino telescopes of new gener-
ation. For the KM3NeT neutrino telescope [20], which is an evolution of
the ANTARES detector, an optical module with a diameter of 17" was
developed [21]. It consists of 31 photomultipliers with a photocathode
diameter of 3”. The KM3NeT module does not contain an
upward-directed photomultiplier tube, but due to the large number of
PMTs, the module is sensitive to light at a solid angle of 4x, so it can be
considered quasi-spherical.

The IceCube-Upgrade is a new part of the IceCube Observatory
which is being constructed to improve the detectors’ performance dur-
ing observation of low-energy neutrinos, as well as for calibrations
purposes. For this project, two new optical module designs have been
proposed. The first one, mDOM (multi-PMT Digital Optical Module), is
similar to the KM3NeT module. But the mDOM, having approximately
the same size (410 mm), contains 24 photomultipliers with a diameter of
3” [22]. The second design is called D-Egg (Dual optical sensors in an
Ellipsoid Glass for Gen2) [23]. It has the shape of an ellipsoid containing
two Hamamatsu R5912-100-70 photomultipliers with a diameter of 8”.
One PMT is directed to the lower hemisphere, the second one - to the
upper hemisphere. It is worth noting that, although the D-Egg is capable
of detecting Cherenkov radiation in a solid angle of 4, it cannot be
classified as quasi-spherical, since its response depends on the radiation
arrival direction.

The first version of the quasi-spherical modules QSM-6 based on
FEU-49B photomultiplier had a small dynamic range, which did not
allow the Cherenkov water detector NEVOD to operate in a calorimetric
mode. In 2008-2010, the measuring system of the Cherenkov water
detector NEVOD was upgraded. The second version of quasi-spherical
modules was realized with the FEU-200 photomultiplier with a bi-
alkaline photocathode. That ensured the dark current reduction by an
order of magnitude. The readout of signals from the 12th and 9th dy-
nodes of each photomultiplier made it possible to achieve a total dy-
namic range from 1 to 10° photoelectrons (ph. e.) [24]. This wide
dynamic range allowed the Cherenkov water detector NEVOD to operate
in calorimetric mode, measuring Cherenkov radiation from cascades
generated by single muons [25] and the energy deposit of muon bundles
[26].

For the further development of the Experimental Complex NEVOD
[27], conducting multicomponent studies of cosmic rays and studying
the “muon puzzle” [28-30], we are constructing the detector TREK
completely covering the side aperture of the Cherenkov water detector
[31]. For more efficient joint operation of the Cherenkov water calo-
rimeter (CWC) and the TREK detector, it is planned to upgrade the
recording system of the CWC, to increase the effective volume of the
spatial lattice from 800 to 1200 m® and to make it symmetrical with
respect to the TREK detector.

To expand the spatial lattice, we require a new quasi-spherical
module with good calorimetric characteristics and high efficiency in
reconstructing single muon tracks. The FEU-200 photomultiplier used in
QSM-6 has a louvered dynode system, which reduces the energy reso-
lution of the module and makes it difficult to adjust the PMT gain due to
a poorly defined single-electron peak. The new quasi-spherical module
QSM-6M was developed based on the Hamamatsu R877 photo-
multiplier. This type of PMT has never before been used to detect
Cherenkov radiation in water.
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2. Characteristics of the hamamatsu R877 PMT

The Hamamatsu R877 photomultiplier has a 10-stage box dynode
system and a bi-alkaline flat photocathode with a sensitive zone diam-
eter of at least 111 mm. The maximum spectral sensitivity is achieved at
the light wavelength of 420 nm. The quantum efficiency for this wave-
length is 25% [32], which is noticeably higher than the quantum effi-
ciency of the FEU-200 (15%). The outer diameter of the Hamamatsu
R877 PMT bulb is 133 mm. This is slightly smaller than the outer
diameter of the FEU-200 bulb (170 mm), which allows using the same
module housing. We have studied the spectrometric and time charac-
teristics of six Hamamatsu R877 photomultipliers. Since the parameters
of tested photomultipliers have close values, in this section, when dis-
cussing a specific characteristicc we present only one typical
dependence.

2.1. High-voltage divider and linearity range

To ensure the calorimetric mode, the dynamic range of the photo-
multiplier from 1 to 10° ph. e. is required. In QSM-6, such a range was
achieved by dual-dynode signal readout from the FEU-200. The linearity
range of signals from the 12th dynode (D;2) is 1-1000 ph. e., and the
range of the 9th dynode (Do) is 102-10° ph. e. The range from 100 to
1000 ph. e. is used to determine the cross-linking coefficients. To obtain
a large dynamic range with the Hamamatsu R877 photomultiplier, we
also use dual-dynode signal readout.

The characteristics of the Hamamatsu R877 PMT were studied using
a measurement setup, which includes a box with a Teflon diffuser [33],
installed on the box bottom and covering two KingBright L-7113NBC
light-emitting diodes (LEDs) with a wavelength of 445 nm and a spectral
line width at half maximum of 40 nm [34]. The duration of the LED flash
is 6 ns [35]. The distance between the center of the tested PMT photo-
cathode and the diffuser is 150 mm. LED is flashed by a dedicated
illumination controller. The controller is synchronized with the CAEN
V1729 unit, digitizing PMT signals with a sampling rate of 2 Gsps.

The study of the linearity range of the Hamamatsu R877 photo-
multiplier was carried out by the paired illumination method. It is
assumed, that photomultiplier operates in the linear region if its
response to illumination by two LEDs simultaneously is approximately
equal to the sum of the responses to illumination by each LED separately.
For numerical assessment, the non-linearity coefficient is used. It is
calculated by the following formula:

Qe — (Q1 + Qo)
q="912 " \X1 T X2

2
Q+Q @

« 100%,

where Q.2 is the average value of the response charge when the
photocathode is illuminated by simultaneous flashes from two LEDs; Q;
and Qs are the average charges of the responses to illumination by the
first and second LEDs separately. Average responses were calculated
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820k 820k 820k 820k 820k 820k
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from response spectra for 500 LED flashes. It is assumed that the pho-
tomultiplier operates in a linear mode, if the absolute value of non-
linearity coefficient is less than 5%.

The linearity range was measured using various circuits of supply
voltage divider. Initially, we used two circuits recommended by the PMT
manufacturer. In the first circuit (“standard” divider) shown in Fig. 2, all
resistors between the dynodes are the same R; = 820 kQ, that ensures the
same potential difference between the dynodes. The ballast resistor R;s
is used for adjustment. In the second circuit (“tapered” divider) several
resistor values from Fig. 2 were replaced: R1p = 1.2 MQ, Ry; = 2.0 MQ,
Ry = 2.5 MQ and Ry4 = 1.8 MQ. This provides increasing potential
differences between the senior dynodes starting from the 7th one. The
linearity studies were performed for signals from the 10th and 7th
dynodes.

With a “standard” divider and a dynode system gain of M = 10°, the
signals from the 10th dynode become non-linear at magnitudes of more
than 750 pC. This corresponds to the linearity range D19 = 1-4700 ph. e.
However, the signals from the 7th dynode become non-linear at a charge
of only 65 pC. At the same time, the inter-dynode gain is m;o,7 = 150.
Thus, reading out signals from the 10th and 7th dynodes with a “stan-
dard” divider provides the dynamic range D = 1-6 x 10* ph. e.

With a “tapered” divider, the upper value of the 10th dynode line-
arity range at the dynode system gain of M = 10° is 2600 pC, and 50 pC
for the 7th dynode, the inter-dynode gain is m;o,7 = 200. Thus, dual-
dynode readout of signals with a “tapered” divider provides the dy-
namic range D = 1-6.2 x 10* ph. e. which is close to that with a
“standard” divider.

An increase in the dynamic range of signals from the 7th dynode was
achieved with an optimized voltage divider in which the potential dif-
ference between 5th, 6th and 7th dynodes increases progressively. The
circuit of the optimized divider is shown in Fig. 3.

Fig. 4 shows the non-linearity coefficients as functions of signal
charge when using the optimized divider. Signals from the 10th and 7th
dynodes are linear up to charge of 600 pC and 160 pC, correspondingly.
The charge of the minimum distinguishable signal is ~0.15 pC. At a
dynode system gain of M = 10° the inter-dynode gain is myq,7 = 100.
Thus, the use of the optimized divider allows us to obtain dynamic
ranges Do = 1-3750 ph. e. for the 10th dynode and D; = 10%-10° ph.e.
for the 7th dynode.

2.2. Dynode system gain

For the Hamamatsu R877 photomultiplier with a modified divider,
we have measured the dependence of the dynode system gain on the
supply voltage. To do this, it is necessary to reliably measure the gain of
the PMT dynode system at some supply voltage (can be arbitrarily
chosen), i.e. to get a reference point.

The dynode system gain was measured using the method of single-
electron illumination. The probability P of knocking out n photoelec-
trons from the photocathode is described by the Poisson distribution:

g
c2 c7
.
4.7nF 4.7nF
R9 R13
100k 100k
R8 R10 R11 R12 R14 R15 R16
’ +Hv
820k 820k 820k 820k 820k R* 10k
C1 c3 Cc4 Cc5
o i . co
4.7nF 4.7nF 4.7nF 4.7nF

c6 |cs 10nF
llOnF lmnr

Fig. 2. The circuit of the “standard” voltage divider for the Hamamatsu R877 PMT.
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Fig. 4. Non-linearity coefficient « as a function of the output signal of 10th and
7th dynodes of the Hamamatsu R877 PMT.

3

where ) is the average number of ejected photoelectrons. It is possible to
select such intensity of illumination at which the probability of knocking
out more than one photoelectron P(n > 1) relative to the probability of
knocking out one electron P(1) does not exceed 5%:

Pn>1) 1- P0)—P(1) 1—e*—le?

0)
PL) PO e <00

G

Inequality (4) is satisfied for A < 0.097. However, as long as the gain
of the PMT dynode system remains unknown, the average number of
ejected photoelectrons cannot be calculated. Therefore, A can be esti-
mated based on the efficiency of signal detection, which at A = 0.097 is:

()

Thus, if we use illumination at which the PMT response efficiency is
approximately 10%, then the fraction of single-electron signals among
the non-zero ones would be 95%.

When using the method of single-electron illumination, one of the
main problems is the separation of the single-electron and the pedestal
peaks. Often, a resolvable single-electron peak can be obtained at
increased gain factors.

In our case, when testing the Hamamatsu R877 PMT No. 0307 with
the optimized voltage divider, a resolvable single-electron peak was

n=1-P0)=1-e"*=0.092.
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divider for the Hamamatsu R877 PMT.

obtained at a supply voltage of 1600 V. The spectrum of anode signals is
shown in Fig. 5. In the spectrum, a valley is observed at a value Qy, =
0.2 pC, the peak-to-valley ratio is 1.4 + 0.1. The spectrum was measured
in compliance with condition (5). According to this condition, 9.2% of
events lie to the right of the valley: 8.8% are single-electron, 0.4% are
two-electron, and the contribution of three-electron events can be
neglected. To estimate of the single-electron peak parameters, the part
of the spectrum to the right of the valley can be used. The average value
and the standard deviation, calculated for the part of the spectrum
located to the right of the valley, are <Q > 0.43 & 0.01 pC and 6 = 0.27
pC. However, since the analysis excludes a small part of single-electron
peak lying to the left of the valley, the obtained estimates are biased.

Since the fraction of multi-electron signals relative to single-electron
ones is less than 5%, multi-electron events do not affect the position of
the single-electron peak maximum. Therefore, the PMT gain can be
estimated from the position of this peak [35]. For the spectrum in Fig. 5,
the most probable value of the single-electron peak is Qpeax = 0.35 pC. At
this supply voltage, the dynode system gain, estimated by the peak
value, is M = (2.2 £ 0.1) x 10°.

Using the obtained gain value M = 2.2 x 10° at a supply voltage of
1600 V, we have obtained the gain factors in the voltage range
1200-1600 V in steps of 50 V. To do this, the photocathode was illu-
minated with flashes from a high-brightness LED ensuring the PMT
response of 250 ph. e. Then the PMT supply voltage was reduced and the
measurements were repeated at the same LED brightness. For a known
number of knocked-out photoelectrons, the gain was determined from
the average charge of the anode signals. The resulting dependence of the
dynode system gain M on the supply voltage U is shown in Fig. 6. This

000 ———————————r—7——————7—
900 |-
800 |
700
600
500
400 -
300
200 ~
100 -

U=1600V 7
SPE = 0.35+0.01 | |

No. events

0 n 1 n 1 n L n 1 " 1 " L Y 1 n 1
00 01 02 03 04 05 06 0.7 08
Q,pC

Fig. 5. Single-electron spectrum for Hamamatsu R877 PMT with the optimized
supply voltage divider.
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Fig. 6. The dependence of the dynode system gain on the supply voltage for the
Hamamatsu R877 PMT.

dependence was approximated by the function:
M(U) = const U", (6)

from which the exponent w = 5.9 + 0.2 was derived. In this case, the
chi-squared value related to the number of degrees of freedom was y2/d.
o.f. = 0.21. The value of w is consistent with the expected exponent
calculated using the formula:

w=Nwy, @)

where N is the number of dynodes and wy is an empirical coefficient, that
is usually in the range from 0.6 to 0.8 [36].

Using the measured gain dependence (equation (6)), we have
determined that at an operating voltage of 1400 V the photomultiplier
gain is M = 10°. At a gain of 10%, we have studied the spectrometric
characteristics of the Hamamatsu R877 photomultiplier in events with
multi-electron illumination. For this purpose, we have measured the
response spectra of Hamamatsu R877 PMT to LED illumination of
various intensities. The resulting spectra had the form of a normal dis-
tribution. For each spectrum, the average PMT response A and standard
deviation ¢ were obtained. Then the dependence of the 6%/A value on
the PMT response A was plotted (Fig. 7).

As seen, the ratio of variance to the average response does not

12} } } -
élo;ﬁ;%#ﬂ%h +} ot |

PMT response, ph. e.

Fig. 7. The ratio of the variance to the average response as a function of the
PMT response.
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depend on the magnitude of the response and is equal to <6%/A> = 1.10

=+ 0.05 ph. e. Thus, the amplitude resolution of the Hamamatsu R877
PMT can be estimated as:

o /l1lph.e
5ER877—K— V—™a (8)

Considering that with the same gain factor the resolution of the FEU-

200 is 6Epgu.200 = /1.5 ph. e./A, we find that the resolution of the
Hamamatsu R877 is ~1.2 times better than that of the FEU-200.
Apparently, such result is due to the fact that the Hamamatsu R877
has a box-shaped dynode system, while the FEU-200 is equipped with a
louvered one.

2.3. Timing characteristics

For the physical analysis of events in the Cherenkov water calorim-
eter NEVOD, we use only amplitude information from the photo-
multipliers. The timing characteristics of the photomultiplier affect only
the process of trigger signal formation, so there are no strict re-
quirements for them. For generating the general trigger signal of the
calorimeter, it is enough that the spread of the PMT response time
(transit time spread, TTS) is less than 50-75 ns.

To estimate TTS in single-electron and multi-electron illumination
modes, we have measured the distribution of PMT anode signals by
arrival time. In this case, we measured the interval between the rising
edge of the logical signal for LED triggering and the time when the PMT
anode signal exceeded the threshold of 2 mV. The obtained distributions
are presented in Fig. 8. The most probable signal arrival time for single-
electron distribution is Tpeax = 29 + 1 ns and for multi-electron distri-
bution is Tpeax = 18.5 £ 0.5 ns. The median values of the distributions
are 34 ns and 19 ns, respectively. The full width at half maximum of the
distribution is taken as the TTS value. For a single-electron distribution
FWHM is equal to 30 + 2 ns, and for a multi-electron distribution FWHM
equals to 6.5 + 0.5 ns.

When measuring delay, the position of the distributions relative to
the time axis depends on the length of the cables, so individual peak
values do not contain any physical information. However, it can be seen
that at multi-electron illumination, the most probable time of signal
arrival is 10.5 ns less than that for single-electron signals. This is due to
the fact that with multi-electron illumination, some photons pass
through the cathode chamber and knock out photoelectrons directly
from the first dynode. The measured difference between the peaks is
close to the typical transit time of electrons in the cathode chamber

0.08 : : I
multi-electron distribution
e OPE-glectron distribution
0.06 | _
=
=
k3]
&
= 0.04 |
k=
5}
>
m
0.02 + 4
0.00 Loz 1 R 1 )
0 40 60 80 100
Time, ns

Fig. 8. Distribution of time delays between the LED trigger signal and the
anode signal of the Hamamatsu R877 PMT.
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(10-12 ns).

The TTS of multi-electron signals is significantly smaller than those
of single-electron ones. It is due to the fact, that the time fluctuations of
the first electrons of the avalanche in the PMT dynode system are
noticeably smaller for more powerful signals. The datasheet of the
Hamamatsu R877 PMT shows a TTS value of 18.5 ns for single-electron
signals [32], which is ~10 ns less than the value we obtained. It is worth
noting that we did not use an additional amplifier during measurements.
In this case, the TTS value of single-electron signals at low thresholds
may be overestimated. Therefore, the TTS value we obtained for
single-electron signals should be considered as an upper limit. Since a
time accuracy of 50-75 ns is sufficient to generate a trigger signal in the
Cherenkov water detector, such TTS value is quite acceptable for the
QSM-6M.

2.4. Noise characteristics

Cherenkov radiation in water is quite weak: about 200 photons are
generated per centimeter of the track of a relativistic charged particle.
PMTs in optical modules operate at thresholds of fractions and units of a
photoelectron, so the noise counting rate is an important characteristics.
The dependence of the noise signals counting rate of the PMT No. 0307
on the threshold value is shown in Fig. 9. This dependence was measured
at a dynode system gain M = 10°. As seen from the figure, at a threshold
greater than 2.0-3.0 ph.e. the slope of the dependence changes, and the
noise counting rate decreases slower. Most likely that at a threshold
greater than 2.0 ph.e., almost all single-electron noise signals are cut off,
and the photomultiplier detects Cherenkov light produced by back-
ground beta-decay electrons in the photocathode glass.

3. Electronics features

Each garland (cluster) of the Cherenkov water calorimeter NEVOD
consists of 3 or 4 quasi-spherical modules and a block of electronics of
the cluster (BEC). Quasi-spherical modules detect Cherenkov radiation
and transmit analog PMT signals to the BEC for digitizing.

When developing the QSM-6M, we required that the design, supply
voltage, control signals and output signals should be as close to the QSM-
6 as possible. Such unification will make the upgrade of the Cherenkov
water calorimeter as simple as possible, since one module in the detector
can be replaced by another without additional operations.
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Fig. 9. Typical dependence of the dark noise counting rate of the Hamamatsu
R877 PMT on the detection threshold.
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3.1. Intra-modular electronics of the QSM-6M

The QSM-6M intra-modular electronics is developed based on the
QSM-6 intra-modular electronics [24,37] and consists of six PKh-514 M
boards, a PNN-382 power supply unit and a six-channel LED monitoring
system (Fig. 10).

The circuit of the PKh-514 M board, designed to work together with
the Hamamatsu R877 PMT, is close to those for the PKh-514P board that
works with the FEU-200 photomultiplier. The PKh-514 M board includes
the optimized supply voltage divider and two charge-sensitive ampli-
fiers (CSAs) shaping signals from the 10th and 7th dynodes. For instal-
lation on the Hamamatsu R877 PMT, a 14-pin socket E678-14W is
soldered onto the PKh-514 M.

The CSAs convert short signals from the PMT dynodes into long
signals of a special form, adapted for processing by analog-to-digital
converters (ADCs). The amplitude of the signal at the CSA output is
proportional to the charge at the dynode. The conversion coefficients of
the CSAs of the 10th and 7th dynodes are 25 mV/pC and 28.5 mV/pC,
respectively.

The timing parameters of the shaped signals do not depend on the
amplitude and have the following values: rising edge 50 ns, trailing edge
~2 ps. Signals from the CSA have a flat top, on which a 25 ns sample-
hold ADC stores the value of the signal amplitude.

To measure the characteristics of the spectrometric route
PMT—CSA—ADC, the QSM-6M intra-modular electronics provides a
monitoring system based on a six-channel LS6CH controller that man-
ages operation of six LD_DR illumination drivers with KingBright L-
7113NBC LEDs. Each driver illuminates the photocathode of one PMT
with short (FWHM ~7 ns) LED flashes. The controller is managed via the
12C bus.

Power supply for the PMT and all boards of intra-modular electronics
is provided by the PNN-382 unit, which converts the +12 V input
voltage into £12 V and high voltage. To obtain the high voltage, a DC/
DC converter TRACO POWER MHV12-2.0k1000P is used. Adjustment of
the required voltage value is carried out within the range of 1000-1800
V using a variable resistor; this voltage is supplied to six PKh-514 M
boards. The individual supply voltage of each PMT is set using a ballast
resistor in the divider circuit of the PKh-514 M board (resistor Ry5 in
Fig. 3).

The total power dissipation of the intra-modular electronics does not
exceed 6.5 W. The duralumin body of the quasi-spherical module acts as
a radiator and transfers generated heat into the water. The annual
average water temperature in the tank is 23.6 °C, and the standard de-
viation over the year is 0.7 °C. The small annual temperature variation
ensures stable operation of the intra-modular electronics.

3.2. Photo-electronics unit of the QSM-6M

To protect the photomultiplier from hydrostatic pressure, a trans-
parent protective illuminator made of organic glass is used. When
developing the QSM-6M, we used the same body as for the QSM-6.
However, the outer diameter of the Hamamatsu R877 PMT bulb is
smaller than that of the FEU-200 PMT. So we have developed a new
protective illuminator for the PMT Hamamatsu R877 (Fig. 11, left)
having the same mounting diameter as the illuminator for the FEU-200.
The thickness of the transparent window of the illuminator is 15 mm. A
plastic inset ring is used to install the photomultiplier into the protective
illuminator. To ensure the optical contact, the space between the illu-
minator and the entrance window of the photomultiplier is filled with
transparent Penta-312 silicone gel. The final fixation of the photo-
multiplier is performed using a light-insulating clamping disk, a sealing
ring, a stud-bolt and three M5 screws. This design prevents the through
passage of Cherenkov photons inside the QSM-6M. To ensure moni-
toring, the illuminator has a light guide channel into which the LED of
the LD_DR illumination driver is installed.

The Hamamatsu R877 photomultiplier with the PKh-514 M board,
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Fig. 10. Functional diagram of the QSM-6M intra-modular electronics.

PMT socket
E678-14W\ T~ Board
PKh-514M
Light-insulating Sealing ring
clamping disk PMT LD DR
Hamamatsu driver
R877
Inset ring \

Silicone gel

Illuminator

Fig. 11. Diagram (left) and photograph (right) of the photo-electronics unit.

the LD_DR driver and the protective window form a photo-electronics
unit (Fig. 11, right).

Quasi-spherical modules QSM-6 and QSM-6M differ from each other
only in photo-electronics units. Therefore, upgrade of quasi-spherical
modules can be performed by replacing six photo-electronics units
based on the FEU-200 with six new photo-electronics units with the
Hamamatsu R877. A photograph of the quasi-spherical module QSM-6M
is shown in Fig. 12.

3.3. Block of electronics of the cluster

In the Cherenkov water calorimeter, quasi-spherical modules of one
garland (3 or 4 modules) are combined into clusters using a block of

electronics of the cluster (BEC).

The BEC electronics is located in a sealed stainless steel housing
installed under the tank cover, above the water level. All signals from
the intra-modular electronics of each QSM are fed to the BEC via two
deep-water cables. Cables are inserted into the QSM using cable glands
(protection class IP68), and are connected to the BEC connectors using
sealed (IP67) HUMMEL signal connectors.

Each BEC processes analog signals from the modules, controls mea-
surements and monitoring of spectrometric channels, as well as ensures
data exchange with the triggering system and the central computer of
the Cherenkov water calorimeter. The BEC contains four modules of
amplitude analysis MAA-O1P, a processor board WAFER C400E2VN-RS,
an interface module for a temperature sensor and a power module.
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Fig. 12. Quasi-spherical module QSM-6M.

Modules of amplitude analysis MAA-O1P provide parallel digitiza-
tion of analog signals from two dynodes of each of six photomultipliers
using 12-bit 2-channel Texas Instruments ADS7862YB ADCs.

To trigger the conversion circuit and to generate logical signals, the
MAA-01P boards contain discriminators with a software-controlled
threshold. The threshold setting accuracy is 0.1 mV/bit. The MAA-01P
digital circuit is based on a field-programmable gate array (FPGA)
Xilinx XC2S50-6PQ208C, which provides data exchange with the BEC
processor board, digital processing of signals from the QSM, interaction
between all components of the board and ensures blocking of spectro-
metric channels using software-controlled switches. The important
functions of the FPGA are the measurement of PMT noise using 16-bit
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counters and the generation of trigger signals of three types for each
QSM: “a” (any), logical “OR” of six signals from the 10th dynodes of the
PMTs; “b” (bottom), signal from the PMT directed downwards (PMT-5);
“c” (coincidence), coincidence of signals from any two photomultipliers,
except those in opposite directions, within a time gate of 150 ns.

The MAA-01P boards have two main operating modes: monitoring
and exposition. The monitoring mode is designed to check whether the
detector measuring channels operates correctly. The exposition mode
ensures detection of physical events using Cherenkov radiation in the
working volume of the calorimeter.

Due to unification, the QSM-6M quasi-spherical module can be
connected to any of the existing BECs of the Cherenkov water
calorimeter.

4. Study of QSM-6M characteristics in water

To study the QSM-6M response to real physical events, the module
was installed in the spatial lattice of the Cherenkov water calorimeter.

4.1. Test conditions

Cherenkov water calorimeter (Fig. 13) has a size of 9 x 9 x 26 mS3.
The spatial lattice of the calorimeter consists of 25 garlands, each of
which is a cluster. Sixteen out of 25 clusters consist of 4 QSMs and form
four vertical planes of 16 QSMs in each. The remaining 9 clusters consist
of 3 QSMs and form three vertical planes of 9 modules in each. The
distance between the modules in a garland and between the centers of
the garlands in a plane is 2 m. The distance between the planes of the
same type is 2.5 m. Photomultiplier tubes in quasi-spherical modules are
numbered as follows: the normal to PMT-1 is directed along the Y axis,
the normal to PMT-3 is directed in the opposite direction; the normal to
PMT-2 is directed along the X axis, the normal to PMT-4 is opposite to
the PMT-2 normal; the normal to PMT-5 is directed downwards against
the Z axis, the normal to PMT-6 is directed upwards along the Z axis. The
test module QSM-6M was installed in one of the clusters of four QSMs at
a depth of 3 m from the water surface (Fig. 13).
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Fig. 13. Cherenkov water calorimeter NEVOD, system of calibration telescopes and muon-tracking detector DECOR (top: side view; bottom: top view).
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On the bottom and on the top cover of the Cherenkov water calo-
rimeter, 80 scintillation counters of the calibration telescope system are
installed [38]. The scintillator size is 40 x 20 x 2 cm°. Any pair of
counters from the upper and lower planes forms a muon telescope. In
total, there are 1600 such telescopes. The axes of vertical telescopes are
located in the middle between the garlands of quasi-spherical modules.

Around the Cherenkov water calorimeter, eight supermodules (SMs)
of the muon-tracking detector DECOR are located [39]. The DECOR
detector has a total area of 70 m? and makes it possible to reconstruct
muon tracks with a high accuracy. Supermodules of the DECOR are
located in the side galleries of the first floor of the experimental complex
building: two pairs of SMs are located along the short sides of the water
tank, and four SMs are installed along the long side (Fig. 13, bottom).

The simplest characteristics of the optical module operating in water
is the dependence of its counting rate on the detection threshold. Fig. 14
shows such dependences for all PMTs of the QSM-6M. In water, the
counting rate of each photomultiplier is the sum of the counting rates of
dark noise and Cherenkov radiation flashes. For most events in the water
tank, direct Cherenkov light is directed from the upper to the lower
hemisphere. Only in the case, when particles arrive at zenith angles
greater than 48°, some part of the Cherenkov radiation photons move
from the lower to the upper hemisphere. PMT-5 is oriented to the lower
hemisphere and the nature of its dependence differs from other photo-
multipliers of the module.

Fig. 15 shows the dependences of the counting rate of the QSM-6M
trigger signals on the detection threshold. Trigger signals “a” and “b”
are largely dependent on the PMT noise, since trigger “a” combines the
hits of all six PMTs by “OR”, and signal “b” coincides with the earlier
mentioned dependence of PMT-5. Trigger “c” is weakly dependent on
the PMT noise, since it is generated when the signals of two PMTs
coincide. Therefore, the counting rate of trigger “c” can be considered as
the counting rate of Cherenkov radiation flashes.

As a rule, detection of events in a Cherenkov water calorimeter is
carried out at a threshold of 2.0 ph. e. As seen from Fig. 15, the counting
rate of Cherenkov radiation flashes at this threshold is ~3 x 10%s7L.

In the period from 2021 to 04-08 to 2022-10-05 (more than 18 cal-
endar months), the QSM-6M module was operated as a part of the
detecting system of the Cherenkov water calorimeter. The total oper-
ating time was 11228 h of “live” time. The long duration of the QSM-6M
operation in water provided opportunity to study in detail its charac-
teristics when measuring events of various classes.
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Fig. 14. Dependences of the counting rate of the QSM-6M photomultipliers in
water on the detection threshold.
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Fig. 15. Dependences of the counting rate of QSM-6M trigger signals in water
on the detection threshold.

4.2. Response of QSM-6M to single muons

The calibration telescope system makes it possible to select single
muons which are necessary for calibrating the photomultipliers of the
Cherenkov water calorimeter. Around each garland there are four ver-
tical telescopes. They allow to calibrate five of six photomultiplier tubes
of the QSM. The average energy of the muons used in this case is 4 GeV.
Fig. 16 shows an example of an event in which the telescope located near
the QSM-6M was triggered. The crosses in the figure show triggered
QSMs, the circles show triggered photomultipliers.

The response spectra of the QSM-6M photomultipliers to the tele-
scope events are shown in Fig. 17. The calibration conditions for all QSM
photomultipliers are slightly different, since the distance from the center
of the garland to the axes of the telescopes is 1.25 or 1.0 m. Taking into
account the dimensions of the module, we find that the distance from the
centers of PMT-1 and PMT-3 to the axes of the telescopes is 0.97 m, and
those for PMT-2 and PMT-4 is 0.72 m. PMT-6 can be calibrated by four

QSM-6M

T A
o
v
-

—

g‘té’ | ) “‘"n:;%\ﬁ\\l-

Fig. 16. Example of a telescope event.
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Fig. 17. Examples of spectra of PMT responses to telescope events.

telescopes at once. However, Cherenkov radiation from telescopes
located at a distance of 1 m is obscured by structural elements and cable
communications of the garland. Therefore, to calibrate PMT-6, we use
telescopes located at a distance of 1.25 m from the center of the PMT.
Also in calibration, we take into account that the angle of incidence of
direct Cherenkov radiation on the photocathodes of the QSM side pho-
tomultipliers is 49°, and for the upper PMT-6 this angle is 41°.

The muon-tracking detector DECOR makes it possible to select
events with single near-horizontal muons. For the analysis, we selected
events in which only two DECOR supermodules, located in different
short galleries, were triggered, and the tracks reconstructed based on
signals of individual SMs are consistent within a cone with an opening
angle of 5°. We assume that in such events, a single muon passes through
both SMs, and, accordingly, the straight line, connecting the centers of
coordinates of the tracks in the SMs, is taken as the muon track. The
average energy of such muons is about 100 GeV. In this case, the position
of the track in the water tank is known with an accuracy of several
centimeters. Fig. 18 shows an example of a detected near-horizontal
muon, which track was reconstructed by the data of SMO1 and SM06
of the DECOR detector.

The coordinates of a single muon track, measured by the DECOR,
make it possible to calculate the distance from the track to the center of a
quasi-spherical module or PMT, as well as to determine the arrival di-
rection of direct Cherenkov photons using the DECOR data.

Fig. 19 shows the dependences of the average QSM-6M responses on
the distance to the muon track. The average QSM-6M response was
determined in two ways: as a simple sum of the PMT responses and as
the root of the sum of squares of the PMT responses.

It is worth noting that the QSM-6M response calculated using the first
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Fig. 19. Dependence of the average QSM-6M response on the distance to the
near-horizontal muon.

option is always greater than or equal to the response calculated using
the second option. Since the average cosine between the normal of the
PMT photocathode and the arrival direction of the Cherenkov radiation
is 0.5, the sum of the amplitudes on average should be 1.5 times greater
than the root of the sum of the squares of the amplitudes. For the de-
pendences in Fig. 19, this ratio is 1.42 + 0.01 in the range of distances
from 0 to 2 m, which is close to the expected value.

Single near-horizontal muons allow calibration of the downward
oriented PMT-5. Fig. 20 shows the spectrum of PMT-5 responses to
single near-horizontal muons. For calibration, we selected muons that
passed at a distance from 0.8 to 1.1 m to PMT-5. In this case, the average
distance is 0.97 m, and the cosines of the incidence angles of Cherenkov
radiation to the PMT-5 normal are in the range from 0.50 to 0.55 with an
average value of 0.528.

Table 1 shows the average responses of the QSM-6M photomultiplier
to single muons. The response of PMT-5 was determined from near-
horizontal muons recorded by the DECOR, and the responses of the
remaining PMTs were determined from vertical muons recorded by the
CTS. Based on the average PMT response, on the distance from the PMT
to the track and on the cosine of the incidence angle of the Cherenkov
radiation, the relative sensitivity coefficients of the photomultipliers
were estimated:

_ AeR " ©)
cosaeAg

where Ag = 17.8 ph.e. is an expected PMT response at a distance R = 1

and a cosine of incidence angle cosa = 1. When calculating the relative

sensitivity for PMT-5, it was taken into account that due to the signifi-

cant difference in average muon energies, the response to near-
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Fig. 18. Example of the detection of near-horizontal muon.
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Fig. 20. The spectrum of the PMT-5 responses to the near-horizontal muons.

Table 1
Average responses of the QSM-6M PMTs to single muons.
No. R,m  Cosine of incidence ~ Average PMT Relative
PMT angle a response A, ph. e. sensitivity S
1 0.97 0.662 11.4 0.94
2 0.72 0.662 19.2 1.17
3 0.97 0.662 14.5 1.19
4 0.72 0.662 16.2 0.99
5 0.97 0.528 10.9 1.02
6 1.25 0.750 7.5 0.70

horizontal muons is about 10% higher than the response to vertical ones.

Using data on the PMT relative sensitivity, we have obtained the
dependence of the response of the photo-electronics unit based on the
Hamamatsu R877 PMT on the cosine of the incidence angle of the
Cherenkov radiation at the photocathode (Fig. 21). The dependence was
measured using near-horizontal muons that passed at an average dis-
tance <R > 1 m from the center of the QSM-6M.
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Fig. 21. Dependence of the response of the photo-electronics unit based on
Hamamatsu R877 PMT on the cosine of the Cherenkov radiation inci-
dence angle.
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Based on the responses of the QSM-6M photomultipliers, it is
possible to reconstruct the arrival direction of the Cherenkov radiation.
In this case, the most accurate reconstruction is achieved when using the
difference in responses of oppositely directed photomultipliers:

_ Azie —Aszs
Meys = 2 2 2
\/(Az —Ay)" 4 (A1 — A3)” + (As — As)”,

10

where A; is response of the i-th PMT, ny, ny, n, are components of the
reconstructed normal of the Cherenkov radiation front.

The arrival directions of the Cherenkov radiation reconstructed from
the QSM-6M response were compared with the expected directions ob-
tained based on the trajectory of single muons recorded by the DECOR.
Fig. 22 shows the distribution of events by the cosine of the angle be-
tween the expected and reconstructed arrival direction of the Cherenkov
radiation.

As seen from Fig. 22, a single QSM allows reconstructing of the
Cherenkov radiation direction with a good accuracy. The average cosine
of the angle is 0.85 + 0.02, which corresponds to about 30°.

4.3. Sphericity of the QSM-6M response

When proposing the concept of a quasi-spherical module, it was
assumed that the PMT response is proportional to the cosine of the angle
of incidence of Cherenkov radiation at the photocathode. Further in the
paper, we will call such PMTs the model ones. In this case, the QSM-6
response, calculated as the root of the sum of squares of the responses
of model PMTs, does not depend on the arrival direction of the Cher-
enkov radiation. But if we use the simple sum of PMT responses as the
QSM-6 response, then it depends on the arrival direction of the Cher-
enkov radiation. The expected response of QSM-6, consisting of model
PMTs, is shown in Fig. 23. The module has a minimal response in the
case when the Cherenkov radiation arrives perpendicularly to the
photocathode of one of the PMTs, and has a maximal response if the
Cherenkov radiation arrives at equal angles to three PMTs at once (cosa
=3 /3). The maximal response is /3 times greater than the minimal
one. The average response is 1.5 times greater than the minimal one.

To estimate the sphericity of the module the following parameter is
used:

c

<A> an

S= (1 - )100%,

where <A> is an average response of the optical module, ¢ is the
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Fig. 22. Distribution of events by the cosine between
reconstructed directions of the Cherenkov radiation.
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Fig. 23. Expected response of QSM-6, calculated as a simple sum of PMT responses (in photoelectrons), in the case where the PMT response is proportional to the

cosine of the Cherenkov radiation incidence angle.

response r.m.s. deviation. For QSM-6, consisting of model PMTs, the
response sphericity calculated as the simple sum of the PMT responses is
89.8%, and the response sphericity calculated as the root of the sum of
squares of the PMT responses is 100%.

As seen from Fig. 21, the response of a real photo-electronics unit
based on Hamamatsu R877 PMT differs from the model PMT response,
which should be strictly proportional to the cosine of the angle of inci-
dence of the wave front. This difference is due to optical effects occur-
ring at the boundaries of the media: water — organic glass of the
illuminator — silicone gel — photocathode glass — vacuum inside the bulb.
Based on the experimental dependence of the response of the photo-
electronics unit on the cosine of the incidence angle of the Cherenkov
radiation, the similar dependences were calculated for the response of
the QSM-6M. Fig. 24 shows the dependence of the QSM-6M response
calculated as a simple sum of the responses of the photomultipliers. The
dependence of the QSM-6M response calculated as the root of the sum of
squared responses of the photomultipliers is shown in Fig. 25.

As seen from Fig. 24, qualitatively the response of QSM-6M, calcu-
lated as a simple sum of responses of photo-electronics units, is close to
the model response of the QSM-6 (see Fig. 23). The minimal response is
observed when the photomultipliers are illuminated perpendicularly.
An increased response is observed when two or three photomultipliers
are simultaneously illuminated. The response sphericity is 92.9%, which

is even higher than the response sphericity of the model QSM-6.

When calculating the QSM-6M response as the root of the sum of
squared responses of the Hamamatsu R877 PMT, the maximum response
is observed when the photocathodes are frontally illuminated. The
minimum response is observed if the Cherenkov radiation illuminates
three PMTs at once (Fig. 25). In this case, the response sphericity is
91.4%. Thus, the sphericity of the QSM-6M response weakly depends on
the method of its calculation.

4.4. Response of the QSM-6M in multi-particle events

To expand the dynamic range of recorded signals, the QSM-6M uses
dual-dynode signal readout from the 10th and 7th dynodes of the
Hamamatsu R877 photomultiplier. The crosslinking coefficient is indi-
vidual for each photomultiplier and is determined by events with high
illumination, when a large number of charged particles are recorded in
the detector volume. Fig. 26 shows the correlation of the responses of the
10th and 7th dynodes of the PMT-2 in the QSM-6M in water. Blocks of
electronics of clusters use 12-bit ADCs. Therefore, the maximal response
that can be obtained is 4095 LSB units of the ADC. The crosslinking
coefficient is determined as a mean ratio between the responses of the
10th and the 7th dynodes in events in which the response from the 10th
dynode is in the range from 500 to 3500 LSB units of the ADC. For the
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Fig. 24. —Response of QSM-6M, calculated as a simple sum of responses (in photoelectrons) of photo-electronics units based on Hamamatsu R877 PMT.

12



M.B. Amelchakov et al.

Nuclear Inst. and Methods in Physics Research, A 1064 (2024) 169437

Nph.e.

21 22 23 24 25

26 27

Fig. 25. Response of QSM-6M, calculated as a root of the sum of squared responses (in photoelectrons) of photo-electronics units based on Hamamatsu R877 PMT.
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Fig. 26. Correlation of responses of the 10th and 7th dynodes of the PMT-2 of
the QSM-6M in events with high illumination in the Cherenkov water
calorimeter.

PMT-2 of the QSM-6M, the crosslinking coefficient is 138.9 + 0.4, and
the correlation coefficient is 0.96 + 0.02 (line in Fig. 26). The cross-
linking coefficients of the remaining QSM-6M photomultipliers are in
the range from 130 to 158.

Using the obtained crosslink coefficients for the ranges of 10th and
7th dynodes, we have analyzed the QSM-6M response in multi-particle
events. To select multi-particle events, the Cherenkov water calorim-
eter has a special trigger “60c”, which is generated in case of simulta-
neous hit of at least 60 QSMs with trigger “c”. As a rule, such events are
associated with the detection of extensive air showers, muon bundles or
cascade showers initiated by single muons in the detector volume.

Fig. 27 shows the spectrum of QSM-6M responses in multiparticle
events. The QSM-6M response was determined in two ways: as a simple
sum of the PMT responses and as the root of the sum of squares of the
PMT responses. When approximating the spectrum in the response range
from ~10° to 10° ph. e. with a power-law dependence

dN

A= CAP, 12)

for the spectrum of QSM-6M responses, defined as the sum of the PMT
responses, we have obtained the slope index f = —2.47 + 0.01. For the

13
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Fig. 27. Spectrum of QSM-6M responses in multi-particle events.

QSM-6M response, defined as the root of the sum of squares of the PMT
response, the slope index is p = —2.51 + 0.02.

Since the main recorded multi-particle events are extensive air
showers, the spectrum of QSM-6M responses should be close to the
spectrum of the EAS sizes. The review [40] presents the results of
measuring EAS size spectra obtained in various experiments. According
to these results, the exponent of the EAS size spectrum is in the range
from f = —2.3 to f = —2.8. In the EAS size spectrum measured at the
NEVOD-EAS array the slope index is p = —2.49 + 0.03 [41].

Since the slopes of the QSM-6M response spectra are close to the
results of other experiments, this demonstrates that the QSM-6M is
capable of recording signals of up to about 10° ph. e. This dynamic range
is a record one for optical modules of Cherenkov detectors.

4.5. Cascade showers in water

A dense spatial lattice of quasi-spherical modules makes it possible to
reconstruct cascade curves of showers generated by muons in the vol-
ume of the Cherenkov water calorimeter [42]. The reconstruction
technique is based on the amplitude analysis of the response of photo-
multipliers that record direct Cherenkov radiation from the cascade axis
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Fig. 28. -Diagram of measuring a cascade-shower curve in the Cherenkov
water calorimeter.

(Fig. 28). It is assumed that: electrons generated in the shower move
along the cascade axis; cascade axis coincides with the muon track; all
Cherenkov photons are emitted at the same angle to the axis 6¢ = 41°.
The coordinates of the muon track are measured using the DECOR de-
tector. The axis of the cascade is divided into segments of one radiation
unit in water (36.1 g/cm?). Each such segment can be viewed by several
photomultipliers, which makes it possible to determine the number of
charged particles in this segment.

Fig. 29 shows an example of a reconstructed cascade curve of a
shower with energy of about 1.5 TeV. The squares represent the number
of charged particles measured according to the data of the QSM-6 with
the FEU-200 PMTs. The stars represent the number of charged particles
determined from the data of the Hamamatsu R877 photomultipliers in
the QSM-6M (2 out of 6 PMTs recorded direct Cherenkov radiation). The
curve is the Greisen approximation for the cascade curve [43]:

0.32
N(t)= e exp((t — t)(1 — 1.5s)), 13)
_ 3(t—1)
_(t—to)JrZyo’ as

where yo = In(E/¢), E is a cascade energy, ¢ = 73 MeV is a critical energy
of electrons in water, s is a shower age, t is measured in radiation units, t

50 ——————————F—— 17— 71—

| m= QSM-6 1
[ % QSM-6M 1
2000 - Greisen's approximation = ]
& r |[E~ 1.5 TeV 1
£ I ]
g 1500 - g
e I ]
D) L 4
on [ .
£ 1000 F -
o - -
S I ]
Z L ]
500 | g
0 I mm " -.' ¥y 1

-10 -5 0 5 10 15 20 25

x, radiation length

Fig. 29. An example of a cascade curve reconstructed according to the QSM-6
and QSM-6M data.
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is a shower generation point.

As seen from Fig. 29, there is good agreement between the numbers
of charged particles determined from the data of the QSM-6 and QSM-
6M.

For events with cascade showers, we have obtained a correlation
between the numbers of charged particles determined from the data of
the QSM-6M and QSM-6. We analyzed cascade events with energies
from 5 GeV to 2 TeV. The correlation is shown in Fig. 30. The correlation
coefficient is 0.87 + 0.32. The dependence was approximated with a
straight line, the slope of which was 0.95 + 0.02. The closeness of the
slope coefficient to 1.0 indicates that the calibration coefficients for
QSM-6M were determined correctly.

Thus, the analysis of the QSM-6M response in events with large
illumination made it possible to check the dynamic range of the module,
and to calibrate its multi-particle response in the cascade-shower events.

5. Conclusion

The developed optical module QSM-6M, which is based on the
Hamamatsu R877 photomultiplier, is capable of detecting Cherenkov
radiation in water in a solid angle of 4z in the dynamic range from 1 to
more than 10° ph. e. Based on the response of a single QSM-6M module,
it is possible to determine the arrival direction of Cherenkov radiation in
water with an accuracy of ~30°. The sphericity of the module is 92.9%.

The QSM-6M modules will be used to expand the detecting system of
the Cherenkov water calorimeter NEVOD. The developed methods for
measuring characteristics of optical modules will be used for testing
optical modules of neutrino telescopes inside the volume of Cherenkov
water calorimeter NEVOD.
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