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Abstract

In this work we report the flux of protons and neutral emission measured at the top of the Sierra Negra volcano at 4600 m.a.s.l.
(575 g/em?), in Eastern Mexico. As an example of the capability of the mini-SciCR as a cosmic ray detector we present the Forbush
decrease recorded on March 7, 2012. These data were obtained with a cosmic ray detector prototype called mini-SciCR that was oper-
ating from October 2010 to July 2012. Our main aims were to measure the hadronic component flux of the secondary cosmic ray and to
show the appropriate performance of all system of the detector. To separate the signals of protons from other charged particles we
obtained the energy deposition pattern when they cross the detector using a Monte Carlo simulation, and to separate the signals of neu-
tral emission we used an anticoincidence system between the edge bars and the internal bars of the detector. The mini-SciCR is a pro-
totype of a new cosmic ray detector called SciBar Cosmic Ray Telescope (SciCRT) installed in the same place, which is in the process of
calibration. The SciCRT will work mainly as a Solar Neutron and Muon Telescope, it is designed to achieve: (1) larger effective area than
the current Solar Neutron Telescope, (2) higher energy resolution to determine the energy spectrum of solar neutrons, (3) lower energy
threshold, and (4) higher particle identification ability.
© 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The atmosphere of the Earth provides more than ten
* Corresponding author. interaction lengths for protons going straight down. If the
E-mail address: cortiz@geofisica.unam.mx (E. Ortiz). observations were at sea level such a proton would retain
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on the average less than 0.001 of its energy. The energy loss
fluctuates from event to event and the energy spectrum of
cosmic ray protons would be difficult to reconstruct. Heav-
ier cosmic ray nuclei have significantly shorter interaction
lengths and lose energy much faster (Stanev, 2010).

To understand the physics that involves the properties
of the cosmic radiation, we need to build suitable detectors,
their characteristics are determined by the properties of the
cosmic rays components of interest: the size, physical prin-
ciple of detection, statistical capabilities, energy and angu-
lar resolution are of crucial importance. A particular case
are those designed to detect solar cosmic rays.

Particle acceleration at the solar surface has been stud-
ied by radio and optical telescopes, X-ray and y-ray satel-
lites, cosmic ray detectors on board satellites and at the
Earth’s surface. Electrons and ions are accelerated at the
solar surface, the understanding of the acceleration pro-
cesses is difficult because transport is affected by the elec-
tromagnetic fields at the acceleration site and the
interplanetary magnetic field (IMF). Due to IMF effects,
charged particles from the Sun usually arrive at the Earth
from tens of minutes to a few hours later than the X-rays
or y-rays which take only around 500 s to travel the Sun—
Earth distance.

In extreme events, the ions accelerated at solar flares
produce nuclear interactions with the solar atmosphere
material and give rise to y-ray lines and neutrons. The neu-
trons that escape from the Sun into interplanetary space
may reach the Earth. These neutrons are attenuated by
the Earth’s atmosphere and may be observed by ground-
based detectors (Muraki et al., 2008; Valdés-Galicia
et al., 2009). The solar neutron emitted during solar flares
have been monitored by Neutron Monitors and Solar Neu-
tron Telescope. The Neutron Monitors have a high effi-
ciency but the lack of information about -energy,
direction and charge of the incoming particles is a disad-
vantage for the observation of solar neutron. The Solar
Neutron Telescopes are designed to overcome these disad-
vantages and to solve the particle acceleration problem
during solar flares (Sako et al., 2003).

Solar neutrons contain crucial information about the
dynamics of the acceleration processes on solar flares since
they are not deflected by the solar or interplanetary mag-
netic fields. The measurement of the energy of the neutrons
and determination of their corresponding spectrum is very
important to understand the production time, efficiency
and mechanisms of the particle acceleration at the Sun
(Matsubara et al., 2011).

The problem of solar neutrons and related phenomena
came to the forefront after the solar flares of August
1972 (when solar gamma rays were discovered), as well
as after the flares of June 1980 and June 1982, when solar
neutrons were discovered (Dorman, 2010). However, many
years before, forecasts and rough estimations were made of
the expected nuclear reactions of solar energetic particles
with the matter of the solar atmosphere, and of the

generation of solar neutrons and gamma rays, in the frame
of some simple models.

The first solar neutron event observed in the high moun-
tain was simultaneous observed by gamma ray spectrome-
ter (GRS) of the solar maximum mission (SMM) and by
the neutron supermonitor on Jungfraujoch on June 3,
1982. The start of detection of high energy y-ray fluxes
was at 11:43:29 UT. The first high energy solar neutrons
was detected by the neutron supermonitor at 11:44 UT
and the average flux of neutrons with energy from
~0.5GeV up to several GeV in the period 11:44-
11:47 UT was 0.08-0.10 neutrons/cm?/s. The first neutrons
on SMM with energy of 300400 MeV were detected at
11:48 UT with the flux 0.2 neutrons/cm?/s, and the maxi-
mum of this flux was detected at 11:58 UT. The energy of
the solar neutrons was determined by time of flight method,
with the suggestion that the time dependence of neutron
generation and ejection into interplanetary space, described
by o-function and the moment of generation coincide with
the time of high energy y-ray generation (Dorman, 2010).

We are currently in the process to calibrate a new type of
detector called SciBar Cosmic Ray Telescope (SciCRT).
The SciCRT will widen the capabilities of the current Solar
Neutron Telescopes, that is, the ability to measure the
energy and determine the direction of arrival of solar neu-
trons but with greater efficiency and precision (Nagai et al.,
2014; Sako et al., 2003). It will additionally work as a
Muon Telescope. The SciCRT consists of 14,848 scintilla-
tor bars (2.5cm x 1.3 cm x 3 m) arranged in 64 layers,
each made of two orthogonal bar plates with 116 and
118 scintillator bars.

The entire volume of the SciCRT can act both as a tar-
get and a tracker. This makes the detector powerful in
terms of detection efficiency and directional measurements.
Sako et al. (2003) report that for a similar detector the
energy and direction of 70% of incoming neutrons with
kinetic energies >150 MeV can be measured.

To detect neutrons the SciCRT will record the neutral
radiation by a system of anticoincidence between edges
bars and internal bars. The separation between neutrons
and y-rays will be done through of an analysis of the recoil
particles (shape of track and deposited energy). We tested
the performance of the SciCRT before install it on the
top of the Sierra Negra volcano and with help of the Monte
Carlo simulation we found that (1) the trajectories of
hadrons have branches, these events triggered 10 o more
bars in the bottom layer (using a threshold of 0.8 MIP
per bar), (2) the trajectories of y-rays do not have branches
and these are thick accompanied by a high energy deposit
core, and (3) the trajectories of muons are clean. For more
details see Nagai et al. (2014).

The SciCRT will operate on the top of the Sierra Negra
volcano, Mexico (575 g/cm?; 18°59'N; 97°18'W), on this
site we installed in October 2010 a prototype that uses
the same scintillator bars that integrate the SciCRT and
the same data acquisition hardware. This prototype was
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named mini-SciCR, our aims with this detector were to
diagnose the overall performance of the entire system on
site. It includes the electronics and demonstrates that the
mini-SciCR was able to detect particles of the secondary
cosmic radiation, our energy range of interest is from
100 MeV to a few GeV.

2. mini-SciCR: detector prototype

The mini-SciCR (shown in Fig. 1) consists of 128 scintil-
lator bars with a total volume of 20 x 20 x 20.8 cm®,
arranged in eight layers. Each layer consists of two mutu-
ally orthogonal planes of eight bars each. The scintillator
bars are made of polyestyrene, doped with PPO (1%) and
POPOP (0.03%), to shift its emission spectrum peak to
420 nm. Each scintillator bar has dimensions of
2.5 % 1.3 x 20 cm® with TiO, reflecting coating. It has a
hole of 1.8 mm diameter in the middle, a wave length shift-
ing (WLS) fiber of 1.5 mm diameter is inserted for light col-
lection. The fiber is of the multi-clad type, Y11(200) MS,
made by Kuraray, their absorption and emission spectrum
have a peak in 430 nm and 476 nm respectively (Nitta
et al., 2004; Hasegawa, 2006).

Each side of the detector (X and Y) has 64 scintillator
bars, whose emitted light is transported by WLS fibers
attached to a 64 channel multi-anode photomultiplier tube
(MAPMT) H8804 Hamamatsu Photonics K.K., its anodes
are arranged in an 8 x 8 array with each anode measuring
2 x 2 mm?®. The sensitive wave length is from 300 nm to
650 nm, that matches the emission spectrum of the WLS
fibers (Yoshida et al., 2004). The high voltage supplied to
the MAPMTs was —730 V and —755V for X side and Y
side respectively. The photons emitted in every scintillator
bar are collected and transported by WLS fibers to the
MAPMT, the signals are read by an analog to digital con-
verter (ADC). Once the ADC signal distributions have
been determined and a proper discriminator established
to discard the noise, the threshold signal level of each bar

may be fixed (see below). The cross-talk for the central
channels of the MAPMTs was 2.72% and 0.45% for the
corners channels (Nagai et al., 2011). For every event reg-
istered, the set of bars triggered establish the trajectory of
the charged particles detected. To identify a neutron, a
nuclear collision to produce a recoil proton is necessary
(Matsubara et al., 2011).

The readout system (shown in Fig. 2) consists of two
front end boards (FEBs) attached to each of the MAPMTs,
a data acquisition (DAQ) board connected to FEBs, and a
trigger board (TB) connected to the DAQ board. The FEB
is a combination of two ASICs (VA32 HDRI11 and
TA32CG), which is employed to multiplex pulse height
information from each anode of a 64 channel MAPMT
and make a fast triggering signal. The VA32_HDRI11 has
preamplifiers for 32 input channels and shapes its output
with a slow Gaussian-like shaper with a peak at 1 ps. The
TA32CG has discriminators to make a hit signal (peak at
80 ns) if a MAPMT anode signal exceeds the threshold
level (Yoshida et al., 2004).

The DAQ board may readout eight MAPMTs. Each of
the eight channels has line drivers to control the FEB’s
ASICs and a flash ADC (FADC) to digitize the multi-
plexed analog signals. Programmable logic devices, CPLDs
and an FPGA, are used in order to allow a flexible control
of the data acquisition process. A CPLD (Xilinx
X(95288), generates control signals for each FEB, it also
provides a control sequence for digitization and storage
of data into a FIFO. An FPGA (Xilinx XCV600) is con-
nected to all CPLDs on the DAQ board to determine the
timing to start readout and to switch data taking modes,
it can also control timing to hold the peak of the shaped
pulse using a fast triggering signal from each TA32CG
(Yoshida et al., 2004). The Trigger Board (TB) is connected
to the DAQ board and makes the trigger signal, a hit signal
is obtained when there is a signal from the upper 32 or the
lower 32 MAPMT channels. The trigger signal is created
by coincidence of the X side upper and the Y side upper

.l

20.8 cm

Fig. 1. Photos of the mini-SciCR, the left photo shows the optical fibers coming out from the scintillator bars attached to multi-anode photomultiplier
tubes and these connected to the front end boards. The right photo shows the array of the scintillator bars and the dimensions of the detector. For more

details see text.
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Fig. 2. Readout system of the mini-SciCR. The photons produced in the scintillator bars are collected by WLS fibers and transported to MAPMTs, they
are converted to current pulses and sent to FEBs (see left box). When a signal exceeds a certain discriminator level at the FEBs a hit signal is sent to the TB
through the DAQ board. The trigger signal is created by the TB (see right box) and sent back to the FEBs as the read signal (see left box). After about
10 ps, the multiplexed analog output is sent to DAQ board, converted to digital values and sent to the computer for recording. The dead time of ADC

reading is around 1 ms.

hit signals, and/or X side lower and Y side lower hit
signals.

3. Results of the Monte Carlo simulation

We made a Monte Carlo simulation of the mini-SciCR,
in this process, we injected seven kinds of particles: positive
and negative muon, electron, positron, y-ray, neutron and
proton, in the energy range from 100 MeV to 9 GeV with
zenith angles of incidence between 0° and 85°. The behav-
ior of particles inside of the detector was simulated by
Geant4, and the injection distribution was uniform at the
top of the detector (Nagai et al., 2011). The gain and the
high voltage supplied to each MAPMT were also consid-
ered in the simulation. In this work, we considered protons
with kinetic energy between 100 MeV and 1 GeV, with
zenith angles of incidence between 0° and 45°.

The array of the scintillator bars of the mini-SciCR (see
Fig. 1) served as the target and generator of the tracks of
the incident charged particles. In search of a criteria to dif-
ferentiate protons with different kinetic energy, we used the
simulation to calculate the typical energy deposited by
these particles when crossing through the scintillator bars.
1 MeV corresponds to ~26 and ~56 digit of ADC value for
X side and Y side respectively, these values were obtained
from the minimum ionizing particle (MIP). To obtain the
MIP of each scintillator bar, we used protons with kinetic
energy of 1 GeV injected at 0°, muons with kinetic energy
greater than 400 MeV were also used. The main reason
for the ADC values of X side and Y side to be different
is the difference in the gain of the MAPMT in each side.
The main features of the results are summarized as follows:

1. We obtained the energy deposited by protons in the first
layer of the detector due to ionization and atomic exci-
tation. It decreases as the kinetic energy of the protons is

increased (see Fig. 3), in agreement with the Bethe—
Bloch formula (Grieder, 2001). This is very similar in
the others layers.

. Fig. 4 shows the typical energy deposited by protons

with 100 MeV kinetic energy, injected with an incidence
angle of 0° on the detector, we found that 93% of them
have enough energy to reach the layer 4, and only 19.6%
of them reach the layers 6. It results in poor statistics to
calculate the typical energy deposited at scintillator bars
of the layer 6. For protons with same energy and
injected at 15°,30°, and 45° their attenuation in the layer
4 is 88.7%, 87.7% and 69.9% respectively. In this figure
we can see that the energy deposited in the second layer
of each side is greater than the energy deposited in the
first layer, this is because when the protons cross the first
layers lose energy.

. Fig. 5 shows the typical energy deposited by protons

with 200 MeV Kkinetic energy, injected with an incidence
angle of 0° on the detector. We can see that 72.3% of
them have enough energy to reach the last layer (layer
16). In this figure we can see that the deposited energy
increases with the depth at the detector. However, this
increase is not as pronounced as in Fig. 4.

. In the Figs. 6 and 7 we show the typical energy deposited

by protons with different energy injected with an inci-
dence angle of 0° on the detector. We can see that (i) dif-
ferentiate protons with 200 MeV of kinetic energy is
relatively easy because the energy deposition pattern left
when they cross the detector do not overlap with those
of protons with different energies; (ii) differentiate pro-
tons with 300 MeV of kinetic energy by the pattern of
energy deposited left by them in the X-side of the detec-
tor is not trivial, because the uncertainty (placed to the
left of the square marker) of these overlap with uncer-
tainty of protons with 400 MeV, except for the energy
deposited in the last two layers (see Fig. 7); however,
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the uncertainties of the energy deposited in the Y-side
do not overlap with those of protons with larger energy
(see Fig. 6); and (iii) there is no statistically significant
difference between the patterns of energy deposited left
by protons with energies between 400 MeV and
1000 MeV (see Figs. 6 and 7, we do not put error bars
to all energies to avoid overlap).

4. Results

Based on Monte Carlo simulation results, a suitable cri-
terion for the separation of protons with different energy is
given by the pattern of energy deposition left when they
cross the scintillator bars of the detector. A proton with
100 MeV, 200 MeV or 300 MeV is considered a particle
that left a pattern of energy deposition shown in Figs. 4,
5 or 6 and 7 respectively. A proton with kinetic energy
between 400 and 1000 MeV is considered a particle that left
a pattern as that shown in Figs. 6 and 7.

Using the method developed in the previous section, we
found that the fluxes per hour of protons with 100, 200
and 300 MeV are 33 4+ 6, 58 + 8 and 152 4 15 respectively
and that the flux per hour of protons with energy between
400 MeV and 1000 MeV is 1277 £ 70. This last proton
flux per hour is equivalent to 8.06 x 10™* (cm*ssr)~'. If
we compare this value with those reported in the
Grieder (2001) book, we find that they are consistent,
e.g. Grieder (2001) reports that the proton flux with
kinetic energy between 430 and 1220 MeV at an altitude
of 3200 m.a.s.l. is 6.06 x 10~* (cm?s sr)~!. Vertical fluxes
of protons at 3200 m.a.s.l. compared to those at 4600 m.
a.s.l. differ by less than a factor two (see e.g. Longair,
1992).

To register a neutron is necessary that the nuclear-
collisions with the scintillator material produce a proton
recoil; while to register a y-ray is necessary that this inter-
acts with an electron of material to transfer energy or that
interacts with the electrostatic field of the atoms to produce
an electron—positron pair.
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Fig. 8. System of anti-coincidence between edges bars (grey color) and
internal bars (light grey color) at the mini-SciCR to discriminate neutral
emission from charged particles.

Table 1
Neutral emission flux according to the number of internal bars triggered.

Triggered bars Events per hour Statistical error

To discriminate neutral emission (neutrons and y-rays)
from charged particles we implement a system of anti-
coincidence between edges bars (only top and lateral) and
internal bars of the detector (see Fig. 8). We also split the
neutral emission flux according to the number of internal
bars triggered, the Table 1 shows this flux.

In the Fig. 9 we show the neutral emission flux per hour
which satisfy the conditions of anti-coincidence and that
the number of scintillator bars triggered are between 3
and 16. Forbush decrease that occurred on March 7,
2012 was successfully registered by the mini-SciCR. In this
figure we show this flux variation compared with that
obtained by plus the >30 MeV charged particles channel
of the SNT at Sierra Negra (Valdes-Galicia et al., 2004).

5. Summary

Based on the pattern of energy deposition left by pro-
tons when they cross the scintillator bars of the mini-
SciCR, we established a criterion that allowed us to get
the proton flux for different energy. We also obtained neu-
tral emission flux using an anti-coincidence system between

It was found that the fluxes of protons per hour with

This experiment has given us new knowledge and tools

1 45247 656 the scintillator bars.
2 33419 489
3 21657 316 . . .. .
4 15755 297 100, 200 and 300 MeV registered with the mini-SciCR are
5 12657 202 approximately 33 +6, 58 £ 8 and 152 + 15 respectively.
6 10612 165 The flux per hour of protons with energy between
7 9148 152 400 MeV and 1000 MeV is 8.06 x 10~* (cm?ssr)~!, we
8 7605 129 found that this value is consistent with those reported in
9 6620 121 . ..
10 5032 113 the Grieder (2001) book. The neutral emission flux per
11 5476 109 hour according to the number of scintillator bars triggered
12 5535 111 is shown in Table 1. Furthermore, in Fig. 9 we show a For-
13 6024 111 bush decrease registered by the mini-SciCR. Based on these
}‘51 ;32(3) 122 facts, we can conclude that the experiment was successful.
16 1129 48 : : _ !
that we will apply in a new cosmic ray detector that is
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Fig. 9. Forbush decrease recorded by the mini-SciCR (the neutral emission flux is normalized to 115,886 + 1568), and >30 MeV charged particles channel
of the Solar Neutron Telescope both installed at the top of the Sierra Negra volcano on March 7, 2012.
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currently under calibration. The detector has been named
Scintillator Cosmic Ray Telescope (SciCRT) and is already
installed at the top of the Sierra Negra volcano.
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