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Solar activity was intense in September 2017 and its effects were observed in different detectors
placed at the Earth’s surface. Three halo Coronal Mass Ejections (CME) hit the planet and caused
magnetic storms. The effects of the CMEs on the flux of galactic cosmic rays at ground level
were observed by the Tanca detector, which is one of the water-Cherenkov detectors (WCD) that
make up the Latin American Giant Observatory (LAGO). In this paper we present the detection of
Forbush events observed by Tanca during the month of September 2017. This WCD is installed
on the campus of the University of Campinas, in Brazil, having three photomultiplier tubes that
detect Cherenkov photons produced by cosmic radiation in 11400 liters of ultra pure water. We
present the description and performance of the experimental apparatus and the observation on
days 6th, 8th and 13th of the Forbush events originated by the CMEs. A decrease in the cosmic
rays flux due to a stream inTeraction region was also observed on 14th September. These results
were compared with observations made by neutron monitors and indices of the Earth’s magnetic
activity.
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1. Introduction

The flux of galactic cosmic rays (GCR) that are detect at ground level of Earth is influenced
by the solar activity, which produces perturbations on the interplanetary conditions. The Sun emits
magnetized plasma (the solar wind) that propagates magnetic field into the Solar System. The
conditions of the solar wind determine the level of coupling between the interplanetary medium
and the magnetosphere, and can produces perturbations called geomagnetic storm. During this
geomagnetic event, damage on satellites and power grids can be produced.

One solar activity that could lead to a magnetic storms is the coronal mass ejection (CME).
The CME is a phenomenon where plasma and magnetic field are accelerated to several thousand
kilometres per second when expelled from the corona because of large eruptions. It all starts with
the increasing complexity of a closed magnetic field due to the fields continually emerging from the
Sun’s inner layers, until it becomes unsustainable because of the large amount of energy needed to
sustain this twisting and entanglement arrangement. The result is an eruption where accumulated
energy is released accelerating and heating the trapped plasma. After being released, the emitted
plasma, the ejecta, propagates and, in energetic cases, produces a shock region, because, in this
case, the differential velocity between the ejecta and the upstream solar wind is greater than the
magnetosonic wave speed.

The consequences of the CME for the GCR flux are the know Forbush decrease (Fd). The Fd
is a dropout of the cosmic ray intensity followed by a slow recover which was first described by
Forbush in 1937 [1] and it is caused by both the passing of the shock and the passing of the ejecta.

There are other events that may produce the same modulation of the GCR as the CME, one
of them is the stream interaction region (SIR). This structure is originated on the interaction of the
high-speed stream with the preceding slower solar wind. If this structure is stable, it will co-rotate
with Sun and will be called co-rotating interaction region (CIR).

September of 2017 was a non-typical period where numerous solar events were registered, such
as 27M-class flares and four X-class flares [2]. Solar flares are sudden brights on the solar surface
that can trigger a CME. They are split in categories according with their strength (A, B, C, M and
X) and in September of 2017, three flares with intensity M5.5, X9.3 and X8.2 originated three halo1
CMEwith the shock arrival time at 2017-09-06T23:08Z, 2017-09-07T22:30Z and 7-09-12T19:26Z,
respectively [4]. These events produced Fd’s that were registered by a water Cherenkov detector
located University of Campinas, Brazil, called Tanca ("Tanque de Campinas" 2).

Tanca is part of LAGO (Latin American Giant Observatory) collaboration which is a network
of ground basedwater Cherenkov detectors (WCD) spread in 9 Latin American countries in different
latitudes and altitudes, covering a large range of geomagnetic rigidity cutoffs. The original objective
of LAGO was to search high energy components from GRB (Gamma Ray Burst), but, in 2013, with
the data provided by a several WCDs in low altitude, the collaboration started to study the solar
modulations of the galactic cosmic ray and other transient events. [3]

1CMEs that propagates in direction of Earth.
2Tank of Campinas.
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2. Methods

The aim of Tanca is to detect, mainly, the ultrarelativistic muons that were originated by the
inTeraction of the GCRwith atmospheric nuclei. Tanca is a replica of the detectors used in the Pierre
Auger Observatory. It is a cylinder tank with 10m2 of base area filled with 11400 l of ultra-pure and
deionised water. The water is wrapped with a liner coated with Tyvek to reflect the light diffusely.
At the top of the tank, there are three equidistant photomultipliers tubes (PMT) Photonics XP1805
to convert Cherenkov radiation originated from the passage of the ultrarelativistic muons in water
into a measurable signal.

Figure 1 illustrates the Tanca’s electronics. The negative electric pulses with variable amplitude
produced by the PMTs are directed to a discriminator, Discr, where a NIM pulse3 with duration
of 300 ns is emitted if the signal had an absolute amplitude greater than 22mV. The discriminator
also receives a signal from a pulse generator, named Clock, at a rate of 4700Hz and −800mV of
amplitude to identify some electronic noise. Then, the signal from the discriminator goes to a logic
box, Mbox A, for the search of coincidences, when two or three pulses enter the logic box in a
interval of 300 ns after the arrival of the first pulse. Each coincidence also produces a NIM signal
which are all directed to a scaler.

A complementary NIM pulse of (1000 ± 1)=B, produced by one channel of a Dual Gate
Generator (dgg), is plugged into the inhibit of the scaller, controlling the time that it counts the
pulses.

Then, C++ routineswere set to produce a text file data containing the epoch time ofmeasurement
and the counts from the clock, each individual PMT (S1, S2 and S3), the double coincidences (D12,
D13 and D23) and, finally, the triple coincidence (TRI) to every second count.

3. Data Analyses

The data set were filtered and the barometric effects over the data were corrected according
with the formula 3N = V3%, whereN is the detector count rate, % is the atmospheric pressure and V
is the barometric coefficient. For the analysed period, it was measured V = −(0.13 ± 0.01)%/mbar.

To compare and validate the Tanca’s information, the time series of the detector’s data were
compared with other two data set from neutron monitors available in the Neutron Monitor Database
(NMDB) [5]. The criteria used for the selection of the stations for comparison was to chose one
station with close cuttoff rigidity with Campinas ('� = 9.36 GV [6]) and another one with more
sensibility located in a region with lower '� in which the solar modulations are clearer in the graph.

The station with the closest cutoff rigidity listed on NMDB was the Tsumeb Neutron Monitor
(Tsmb), where '� = 9.15 GV . This station is a project of the of the North-West University of
South Africa and is located at Tsumeb, Namibia, in an altitude of 1240 m, it started the operation
in December 1976, but currently it is offline [5]. The second chosen station was the Terre Adelie
neutronmonitor located at the Dumont D’Urville station (Antarctica, with '� = 0.01 GV), it started
its operations in 1967 and it is working until now.

3Nuclear Instrument Module: rectangular pulse with −800mV of amplitude
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Figure 1: The data acquisition system is made with a CAMAC (Computer-Aided Measurement And
Control) system, using a 8025 LeCroy rackmount mainframe and a GPIB-USAB controller. It can also be
seen an illustration of a CAEN DT520B digitizer that was after installed for the study of the PMTs pulses
waveforms.

4. Results

At Table 1 it is listed the arrival time, the geomagnetic storm parameters and the events that
originated each CME. The informations are available in the CME scoreboard [9] and in SOHO
LASCO CME Catalog [4].

Table 1: Halo CMEs registered by LASCO/C2 in September 2017.

Arrival Time Max Kp Dst min.(nT) Dst min. Time Origin
CME1 2017-09-06T23:08Z 4 -23 2017-09-07T09:00Z M5.5 flare
CME2 2017-09-07T22:30Z 8 -142 2017-09-08T02:00Z X9.3 flare
CME3 2017-09-12T19:26Z 5 -50 2017-09-13T01:00Z X8.2 flare

The values of the minimum Dst related with of each CME indicate that there was a weak
(-30 nT > Dst > -50 nT), strong (-100 nT > Dst > -200 nT) and moderate (-50 nT > Dst > -100 nT)
geomagnetic storm associated with the CME1, CME2 and CME3, respectively.

Figure 2 illustrates the signal detected on Tanca, Tsmb and Tera in September of 2017 . Together
with the detectors information, it was also plotted the level of magnectic disturbance given by the
Kp-Index and the Dst (Disturbance Storm Time). The Kp-index is a global measurement of the
geomagnetic field variation retrieved by the average of the standardised disturbance range recorded
by sub-auroral stations spread around the world, while the Dst is associated with the variation of
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horizontal component of the geomagnetic field at equatorial level. The information about the Dst
is provided by the World Data Center for Geomagnetism, Kyoto [8].

Figure 2: Cosmic ray signal from Tanca ('� = 9.36 GV) in black, Tsmb ('� = 9.15 GV) in red and Tera
('� = 0.01 �+) in blue, hourly averaged Dst in cyan and the Kp index (green: Kp < 4, yellow: Kp = 4 and
red: Kp > 4) registered during the strong solar activity in September 2017. The four dashed vertical lines are
associated with the shock time arrival of the CME1, CME2 and CME3, and with the SIR.

The first CME produced an immediate drop in signals from the three detectors and, after this
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first decrease, the signal intensity remained reduced until the second CME. In Tanca and Tera, the
decrease caused by CME1 was less sharply in compare with the Tsmb signal. However, in Tsmb
there was a peak in September 7th which is also apparent in Tanca, but it is not present in the Tera
data. The interesting feature about this peak is that it follows the positive variation of the Dst index.

With the CME2, all signals presented intense dropouts, but the decrease on Tsmb was not
instantaneous, it just happened at the beggining of September 8th. On the other hand, Tanca and
Tera signal started to fall approximately at the same time that the CME arrived. Tanca reached its
minimum in a shorter time while comparing with the neutron monitors, probably due the fact that
it mainly detects muons.

One effect that is just clear on Tera was the two steps decrease with the passage of the CME2.
This two step decrease is not present on Tanca and Tsmb, where their minimum happened at the
same time when the Tera completed its first decrease. Probably, the responsible for these differences
is the higher cuttof rigidity in the Tanca and Tsmb experiment sites.

The recover after the second Fd is also different for each data set. While Tanca and Tsmb
presented a smooth recover that ended at about September 11th, the recover of Tera had a first fast
increase right after the Fd followed by a period of smooth increase until the GLE (ground level
enhancement) event at September 10th. A GLE is an increase of the cosmic ray flux measured by
ground based detectors, caused by the arrival of solar energetic particles associated with large solar
flares. However, these particles usually do not have enough energy to reach regions with high cutoff
rigidity, which explains why the GLE is invisible at Tanca and Tsmb curves.

Then, there is the effect of the arrival of the third CME at September 11th. In contrast to the
previous Fds, the Tsmb signal had the faster response to the shock, while it took a while for the
signals from the other detectors to drop. This Fd is the one with the biggest difference in response
time between the signals, in addition, even though CME3 is associated with amoderate geomagnetic
storm, the intensity of the decreases in Tsmb and Tera are clearly less intense than the decrease
during the weak storm caused by CME1.

In addition to the drop in signal due to the arrival of CMEs, the Dst and Kp index indicated
that there was a disturbance in the geomagnetic structure (Kp > 5 and Dst ≤ -30 nT ) on September
14th. At this date time, it is also noticeable a decrease on Tanca signal that was driven by the stream
inTeraction regions (SIR), which is in accordance with what was recorded in other works (check
Reference [10]). The Tsmb, like Tanca, showed an intense drop in signal with the SIR, in both, this
dropout was more intense than that caused by CME3. However, the decrease in Tera signal was
almost unnoticeable.

5. Conclusion

In September 2017, strong solar events in a short period of time driven to three coronal mass
ejections with arrival time to Earth on September 6th, 7th and 12th. CMEs causes the phenomenon
known as Forbush decrease, characterised by an abrupt drop on the cosmic ray intensity followed
by a slow recover. In Tanca data, there are three Forbush decreases registered in the period in
which the most evident was the one related to the second CME, and a decrease in intensity was also
recorded at a time coinciding with the SIR event (September 14th).
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These observations of Forbush events carried out by the Tanca detector show the effects of
solar events on the Earth’s magnetic field for a region of energy above the energies observed by
space missions, adding information about the effects of the more energetic particles of these events.
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