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Abstract. We monitored several multi TeV EAS events by a 4-fold small array
of water cherenkov detectors. The square configuration of the detectors is used for
detection of secondary particles of EAS events. We logged 476,675 true EAS events by
the array in a period of 9 months. With the calculation of the local coordinates (6, ¢) of
the logged events, we extracted a very good distribution of dN/df = sin §(Py Ao cos 0 +
PooAgo sin f) cos™ 6 for the detected events with n=6.71+0.7. The parantese in the
distribution is extracted from the water cherenkov detector geometry. By investigation
of HWHM of the detector signals, we obtained a 7.2° accuracy in the direction of
the EAS events. Also, we showed that the logged events are quite independent and
random which is a good signature from EAS nature. Finally, we obtained 50 TeV for
the threshold energy of the array with the first estimation and we obtained 95 TeV for
the detection of the EAS events with a more accurate way.
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1 Introduction

In the detection of Extensive Air Shower (EAS) events, an array of scinillator detectors is
usually used [1, 2, 3, 4, 5, 6]. In our previous works, we used a 4-fold scintillator detector
array as a prototype for a larger one [4]. To obtain enhanced results, it is needed to have
a more extended array. In our studies, we found that our optimum array should contain at
least 20 detectors. Therefore, we tried to design and apply water tanks as the detectors. By
passing energetic charged particles of the EAS events from the water tanks, we are able to
detect cherenkov radiation inside water. Detection principle of Water Cherenkov Detectors
(WCDs) is quite different from Scintillator Detectors (SDs). But both of them are sensitive
to energetic charged particles. Therefore, we tried to design a complete experiment to
analyse and investigate the WCDs and to compare the obtained results with SDs.

After a few tests on the WCDs itself and comparison of their results with SDs, we found
that it is needed to arrange an array of the WCDs similar to the previous array for SDs [4].
In this work, we present some results from the 4-fold WCD array and show that the results
are in a good agreement with an equivalent 4-fold SD array.

In the following we discuss the benefits and failure points of SDs and WCDs. Benefits of
SDs are: 1- SDs are solid, so it can be used on the sloped grounds, 2- they accept less effects
from environmental parameters, like air polution, air temperature and so on, 3- they have no
phase transitions like freezing, evaporation or etc. 4- and they have higher densities which
increase the detection probability of charged particles.

But their failure points are: 1- usually their designs are restricted by their shapes, 2- the
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restriction makes some problems as like as light coverage. 3- one of the most important
problems is the price of the SDs itself, which is quite expensive. 4- the last problem is
specially for us; it is the import of scientific matterials for the physics laboratories, which is
very hard with the sanction restrictions.

In WCDs, we have benefits of: 1- It has a good shape-forming because they contain liquid.
2- The most important material in WCDs is water; so it is very accessible and cheep. 3- Also
to improve the detection efficiency, we are able to solute liquid wavelength shifter inside the
water.

Failure points of WCDs are: 1- Their density is lower than the SDs. So, we need to use
higher thicknesses of water as compared to SDs. 2- more impurities in water makes more
conductivity and less cherenkov light, so it decreases the efficiency of particle detection in
a long time. So it should be needed to conserve it from every impurities like airpolution
to make its lifetime longer. 3- To improve the efficiency, it is better to change the water
every 2 or 3 years once. 4- Also it needs to be used in moderate climates with no freezing
or evaporation of water.

with all of the aspects for WCDs, there is a good desire to use them in EAS arrays like
AUGER project.

In this work for investigation of the WCDs, we logged 476,675 true EAS events in 9 months
and fitted the function dN/df = Asinf(PyAgcosf + PygAggsinb) cos™ over the zenith
distribution of the data, where Ag and Agg are effective surfaces for 0 and 90° zenith angle
events. Py and Pyy are the detection probability of particles when they pass through these
surfaces with zenith angle of 0 and 90°. These probabilities are obtained by a simulation of
the WCDs geometry and cherenkov light detection inside them [7].

In previous results with flat SDs, the function Asin#fcos™ @ was using over zenith angle
distribution of EAS events due to their 2D geometry [4, 8, 9, 10]. From the study of
different observatory results, we find that for higher sites from sea level have smaller power
n becomes smaller [10, 11]; which is due to the thickness of the atmosphere and specially
due to the atmospheric absorbtion effects [12, 13, 14].

In what follows, we tried to do our analysis step by step.

In the second section, we explain our experimental setup and recording procedure of the
EAS events. In section 3, we briefly present the callibration of our experiment. In section
4, we explain our calculations of local coordinates and analysis of their distributions. In
5th section, we calculate angular resolution of the experiment and in the next section it is
calculated the energy threshold of our experiment. And finally in the last section, we have
a disscusion over the comparison of WCDs and SDs.

2 Experimental setup

The array is constructed of 4 WCDs located at the roof of the physics department, Sharif
University of Technology, 51° 20" E and 35° 43" N, elevation 1200 m a.s.l. (890 g cm~2)
in Tehran (Fig. 1(a)) which is the prototype of ALBORZ observatory at the elevation of
2650 m a.s.l. (http://observatory.sharif.ir). Our detectors are on a flat horizontal surface.
Each detector is a cylindrical metalic reservoir with 64 cm diameter and 1.2 m height. Con-
figuration of the array is 6.08x6.08 m? centre by centre. The interior surface of each detector
is coated with white paint because of the best reflectivity and efficiency [3], a 52 mm EMI
9813B PMT is used with its face inside the water. If at least one particle passes through
the detector, the PMT creates a signal with a pulse height related to direction, kind of
the passed particle, and length of the particle track, inside water [7]. Wavelength of the
Cherenkov Radiation in stealed water is about 470 nm [15], and amplification coeflicient of
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Figure 1: Different parts of the figure respectively show (a): schematic configuration of
our detector array, (b): data acquisition system and used electronic circuits, (c), (inside a):
vertical (Ag) and horizontal (Agg) sections of our detectors (d), (inside a): Experimental
arrangement for study of zenith events in WCDs (e), (inside a): Experimental arrangement
for calibration of the reference SD

the PMT in this wavelength is about 10® (www.electronictubes.com). For the detection of
the EAS events, it was used an electronic circuit with NIM modules (Fig. 1(b)). It was used
4 fast discriminators (CAEN N413A) which is operated at fixed levels of 35 mV to 200 mV.
The threshold of each discriminator is set in order to separate signal and background noise
levels. The discriminator outputs are connected to three Time to Amplitude Converters
(TACs)(EG&G ORTEC 566) which are set to a full scale of 200ns (maximum acceptable
time difference between each two WCDs). Atsy, Atse and Atsy (are fed into TACs 1 to 3
respectively) and Tgpr the three time differences between the four WCDs and true time
(GMT) of each EAS event. Then, the three TAC outputs are fed into a multi-parameter
Multi Channel Analyzer (MCA)(KIAN AFROUZ Inc.) via an Analogue to Digital Con-
verter (ADC)(KIAN AFROUZ Inc.) unit as parameters 1 to 3. The trigger condition is
only on parameter 1. It means that if parameter 1 turns on, it will be recorded the event.
Since the array is a 4-fold simple array, it is put the selection of the data to the offline part.
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Usually in the large arrays, there is some problems with the very large amount of recorded
data not only on the recorded memory, but also on the process of the offline selection of
the real data. Since we didn’t have the problems because of the smallness of the array, we
applied a soft trigger condition and recorded more events. Because sometimes hard trigger
condition eliminates few percent of the true real data too. Also the soft trigger condition is
due to the simplicity of the logic and using less electronic modules. In this case, we get rid
of some hardware problems of the logic unit modules. Therefore, we have to eliminate a part
of the recorded data which are useless because of the soft trigger condition. For example,
a uselesss event is when one, two or three of the 4 WCDs has no signals. After this refine-
ment, we eliminate most of the useless recorded data. In 30 runs, we obtained 1,768,195
recorded events in 12,258,670.0 seconds and after two steps of refinement, we obtained the
fine number of events 476,675 with the obtained rate equal to 0.0389 Hz.

Since the WCDs have cylindrical shapes, the effective surface of the detectors depends
on zenith angle of EAS events. The effective surface is Acypp = FPyAgcos + PggAggsin 6
(Fig. 1(c)(inside 1(a))). Therefore, we should apply dN/df = A sin 0(PyAg cos 0+ Py Agp sin 8) cos™ ¢
for zenith angle distribution of the events. The sin 6 is due to solid angle and (PyAq cosf +
PypAgo sin 0) due to the effective cross sectionof WCDs for particles in passing through them.
The cos™ 6 is due to the absorbtion effect of the the atmosphere on the EAS events.

3 Data Callibrations

3.1 EAS arrival GMT and time syncronization

It is synchronized (http://www.timeanddate.com) our computer and electronic systems to
GMT with recording capability of 20 Hz. If an EAS event occurs, its three time lags will
be recorded and if it does not occur, 'zero’ will be recorded. Therefore, the starting time
of each run and the count of records gives us the GMT of each EAS event. Since the
time differences of signals from two detectors must not be larger than d/c, so we selected
two elliptical islands of data between At31&Atss and, between At328&Ats4 and one circular
island between Atzy&Atz,. For a complementary explanation about the islands, it should
be suggested that the time between the two WCDs must not be larger than the distace
between the two WCDs divided by the speed of light. Therefore, for the At3&At34 which
both of them is on the sides of the square (Fig. 1(a)) with equal maximum time intervals;
therefore the island will be a circle. In other cases (At31&Atse and Atz2&Atsy) which one
of them are on the diameter, the islands have eliptical shapes. After the discrimination
a new smaller data set has been selected (476,675 EAS events from 496,015 logged events
fall in the islands), the new date set is used to reconstruct the arrival direction of the EAS
events.

3.2 Timing calibration correction

Electronical recorded time delays of the logged events consist of 2 independent parts. The
first one is the geometry of each WCD itself; and the second one is the electronic support of
each WCD. In this investigation, we applied a unique support electronic for all of the WCDs
to avoid any difference between the WCDs. We found the delay time for each WCD itself
by comparing it with a reference SD. For timing-calibration of the detectors, it is measured
systematical time-offset among different detectors. These systematical time offsets are due
to difference in cable lengths, electronic modules, geometry of each WCD and so on. For
the calibration of the detectors in our array, we proceeded as follows :
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We used a reference detector (A plastic scintillator 15x15 cm?). We put the reference
SD (SDg) close to each WCD; (i = 1..4) and measured the mean time difference Tg;.
We obtained the mean time differences a1, as, agz and a4 in nanoseconds for W(CD; to
WCD, and the SDg. For the SDg and all WCDs, it is used the same cable and electronic

supports.
The corrections Tgry, Tro, Trs and Try for WCDs 1 to 4 are 0.77, -0.14, 0.00 and 0.10
nanoseconds, respectively. We put Trz = 0.00 manually, since we used the WCD3 as

reference for the WCDs.
Then we applied the callibration of the detectors on each WCD time callibrated as follows:
jvi%zesrd — jﬂimesrd _ T?:nesrd — (Tll_emact 4 TRi) _ (T?)ezact 4 TR3) — ATZ%xact + TRi

4 Calculation of Local coordinates (6,¢) and direction
cosines (/,m) by least square method

The local coordinates zenith (#) and azimuth (y) in our detection procedure are calculated
based on the time differences between WCDs [16] and least square method [17]. It is as-
sumed that the shower front could be approximated by a plane. So we obtain,
X?24+Y?
tanf = m s tangp:Y/X (1)

where,

Yoaz; Y wa U5
a3 5 Y35 > Y3

> 33% i > T3;Y3j
> T3;Y35 > y?2)j

X = o 2 T35t3 2963]'2931
> y3jts; 2. Y35
Y = o ZYsits 2 Tsls
POV ZY DD ¥

: (2)

(3)

j =124, D3; = Dj — D3:x3ji+y3jj and t3; = t; —t3 + Tﬁf‘wt are respectively the
coordinate vector and the time lag of ji;, detector with respect to the reference one (detector
#3) and c is the speed of light.

A zenith angle cut off of 60° is implemented to enhance more reliable results. In Fig. 2(a),
it is shown that the zenith distribution of the experiment has a coincidence with the dN/df
with n = 6.80 £ 0.7.

Since we need to compare our results with the results of other experiments or cosmic
ray simulation codes, we divided each 5 degree intervals (i to f) to fif sin @(PyAg cos 6 +
PypAgo sin 0)df to eliminate the geometrical effects. The function dN/df = A; cos™ 6 has
been fitted on the resulting distribution with n = 6.71 £ 0.7 (Fig 2(b)); which only consists
of the absorbtion effect.

Fig. 2(c) shows the azimuthal distribution of the EAS events which is in agreement with the
following anisotropy function D(¢) :

D(¢) = ag + a1 cos(¢ — az) + azcos(2¢ — ay) (4)

where o to ay are respectively 45161, 3292, 180, 1259, 39.

Also we calculated the direction cosines [ = sinf cos¢ and m = sinfsin¢ for each EAS
event and obtained the distributions for the [ and m. With fitting the gaussian function on
these two distributions, we obtained the mean [ + o; and m + ,, equal to -0.0093+0.3937
and -0.010740.3855 for [ and m respectively which are very near to zero. It shows that there
is no prefered direction in our detected events.
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Figure 2: The curves show respectively (a): the zenith distribution of 476,675 logged EAS
events which is fitted with the function dN/df with n = 6.80 and (b): the upper distribution

divided by 27 fif sin 0( Py Ag cos 0 + pgp Agg sin 8)df for comparison with the simulated results
and n = 6.71. (c): Distribution of azimuth angles of the logged EAS events.
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5 Calculation of angular resolution of the experiment

Angular resolution is one of the most important identifications of each experiment, which it
should be estimated.

The time difference between each two WCDs idealy is due to the distance between the two
detectors and also the direction of the event. So at first it should be restricted the logged
events in a very short range of angles. Therefore, we put a small SD (reference 15x15 cm?)
exactly under each WCD (Fig. 1(d)). Therefore, most of the detected events by the setup
are zenith events. The time difference, between the WCD and the SD ideally should be
due to the distance between them. But not only the WCD, but also the SD have uncer-
tainties in their detection times. When we obtained the distribution of the time differences
it should be a gaussian distribution with the centre of the ideal time difference and a Half
Width Half Maximum (o). The o consists of two uncertainties from the WCD and the SD
(0% = ofycp + 0dp)-

We obtained the HW HM s of the time differences HW HM, to HW HM, for WCD1 to
WCD4 with the reference detector respectively. It was said before that, in all of the calli-
bration procedures it was said before that in all of the callibration processes a unique cable
and electronic support were used for the reference detector; and also a unique electronic
support for each of the 4 WCDs. To determine the contribution of the reference detector in
the HWHDMs of the time differences, we used a similar scintillator over the reference one with
only 5 cm superposition of the end of each scintillator for limiting the effective scintillation
zone (Fig. 1(e)). It means that the logged events pass through the 5 cm of the end of each
scintillators width. In this setup the 0% = 0%, + 0%, = 20%; therefore, HWHM of each
reference detector is HW H M ,esrd/ V2. Then, we obtained HWHM of the time difference
Trr =6.18 nanoseconds.

In this step by the separation of the error contribution of all WCDs , we found mean amount
of 6.5640.20 nanoseconds for HW HM of the WCD;. Therefore with the egs. 1, 2 and 3
for # and ¢ and error propagation procedure we found the angular error of 7.2+1.0° for the
configuration.

6 Calculation of energy Threshold of the experiment

Since we are not able to measure the energy of air showers on event by event basis, so it has
to be obtained the energy threshold of the experiment by comparing of the experimental
results with the simulated results and also by the analysis of recording rate.

To obtain the Threshold Energy of the experiment (Fy), it is needed to calculate the

effective solid angle Q2 = f02 T

o sinfdfdg = 7 sr, event rate and effective surface of the
experiment (Sefy).

6.1 Calculation of the event rate

For the event rate of the experiment in 30 runs, equivalent to a total of 12,258,670.0 seconds,
the number of 476,675 true EAS events were recorded, and thus the rough rate obtained
0.0389 Hz. To obtain the event rate more accurately we extracted the time differences
(Aty1) between each two consecutive events, since these time differences are quite random,
the distribution of the time differences has had a very good agreement with an exponential
distribution F (A1) = Ae(~"12%) with the rate coefficient A\; = 0.0391 Hz (Fig. 3(a)).

Also the time differences (At,, = t; —t;_) between each (m =) 3, 4, 5 and 6 sequential
events were extracted (Fig. 3(b)). Since these events are quite random, these distributions
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have very good agreement with gamma function :

Atp—t
G(Aty, Ay m) = —— NAT exp(— A At i) (5)

(m—1)!
which A, is the rate with m from 3 to 6. The different values of \,, are compatible with
each other and the mean value is A = 0.0395 £ 0.0002 Hz.

6.2 Calculation of effective surface of the array

For a rough estimation of the smallest energy of each EAS event, it is assumed that the
front of the EAS event is the smallest circle which cover the 4 WCDs. So we have a circle
at least with the diamiter equal to the diameter of the square, with S,y ~50 m?.

To have a better estimation, we simulated 114,341 EAS events with CORSIKA code [18].
Since the trigger condition of the logged events is passig at least one charged particle from
each detector, so it should be applied the condition as follows:

At first, we should find the effective surface of each detector.

T3Py Ag cos B + Pog Agg sin 0) sin 0d6

=0.71 m% (6)
foﬂ/?’ sin 8d6

Aeff =

Since for the particle detection at least one particle is sufficient for the motivation of the
WCD, so it can be detected at least p,=1 particle/A, ¢#. Then, we distributed the secondary
particles of the EAS events on 100 concentric circles with the radial difference of 0.2 m. Also
we divided the number of the secondary particles of each ring zone to its surface. Finally, it
was obtained a distribution of radial density of secondary particles vs. r (p(r)). From the
p(r), it was found that at r = 6.6 m the p(r) = 1 particle/A. s, and we found Se ¢y = 137 m?.

6.3 Energy threshold calculation

By two different Sgc‘);‘gh and S9fmulated it ig obtained Eﬁf”gh = 58 TeV and Ejimulated —
106 TeV by Hillas formula [19] respectively.

10 Particle « ( E )=
1000 TeV

F(>E)~2x10 (7)

cm? s sr

By using Borione flux [20], A,  and Sgcofugh and SZjpulated .

J(E) =278 x107°E"%?2 £ 9.66 x 107 °F~1%% —1.94 x 107?40 < E < 5000 TeV (8)
it is obtained Eﬁough = 46 TeV and Ejimulated — 83 TeV which is not so far from the result
obtained from Hillas formula.

7 Conclusion
In this work, it was tried to develop WCDs to apply them instead of SDs. Fortunately, the

results in the logged and analized data sets, shows a good agreement between the WCDs
and SDs.
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At first, it was syncronized the computer and electronic system with GMT, then callibrated
the systematic time errors between the WCDs by a reference detector. In the following, the
randomness and truth of the data set was chacked, and also obtained the local coordinates
(6 and ¢) distributions which are in a good agreement with SDs.

Of course in the € distribution, there is a meaningful difference between WCDs and SDs.
In SDs n = 5.58 but in WCDs n = 6.71 &+ 0.7; which shows that WCDs are less sensitive
to more zenith events. This subject is quite logical due to the geometry of the WCDs with
respect to SDs. Zenith events with small 6 traverse vertical length of the WCD, but inclined
events pass through the diameter of the WCD. So path length of the particles are smaller for
inclined events. Therefore, the detection probability is less sensitive in higher zenith angles.
Finally, it was obtained a rough estimation for threshold energy of the WCD array which
is about 50 TeV, and then obtained a simulated threshold energy about 95 TeV. In the
reference [4] with SD array, it was estimated their threshold energy as like as our rough
estimation and they obtained about 50 TeV for thir 4-fold arry of SDs.

At the end, it should be suggested that, the WCD array has a failure point respect to the
similar SD array. The SD array had an angular resolution of about 4.35 + 0.85° [4] and the
WCD array had the resolution 7.2+ 1.0°. It is because of the long path of the passed particle
through the WCDs in case that the particle path through SDs is very small. Of course, it
should be mentioned that, the array should be able to improve the angular resolution by
using more WCDs and the result is obtaind from only a 4-fold one.

With all of the considerations and these results, it is shown that the WCDs are good can-
didates to use in place of the SDs for detection of EAS events.
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