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Abstract: The High Altitude Water Cherenkov (HAWC) observatory is being constructed at the volcano Sierra

Negra (4100 m a.s.l.) in Mexico. HAWC’s primary purpose is the study of both galactic and extra-galactic sources

of high energy gamma rays. The HAWC instrument will consist of 300 large water Cherenkov detectors whose

counting rate will be sensitive to cosmic rays with energies above the geomagnetic cutoff of the site (∼ 8 GV).

In particular, HAWC will detect solar energetic particles known as Ground Level Enhancements (GLEs), and the

effect of Coronal Mass Ejections on the galactic cosmic rays, known as Forbush Decreases (FDs). The Milagro

experiment, the HAWC predecessor, successfully observed GLEs and the HAWC engineering array ”VAMOS”

already observed a FD. HAWC will be sensitive to γ rays and neutrons produced during large solar flares. In

this paper, we present the instrument and discuss its capability to observe solar energetic events. i. e., flares and

CMEs.
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1 Introduction

The most energetic transient events in the solar system:
flares and coronal mass ejections (CMEs), accelerate par-
ticles up to tens of GeV. In the current scenario, electric
fields associated to the magnetic reconnection during flares
accelerate particles up to hundreds of MeV [1]. These par-
ticles may interact with ambient nuclei in the solar atmo-
sphere and generate both γ rays and neutrons which, in turn
may escape from the solar atmosphere and the most ener-
getic ones can be detected at ground level by air showers
arrays such as HAWC.

Some of these particles may escape to the interplan-
etary medium and may interact with an interplanetary
CME (ICME). Both: stochastic acceleration in the turbu-
lent ICME plasma and Fermi acceleration in the shock
driven by the ICME are plausible [3, 4, 5], generating
in this way the so called solar energetic particles (SEPs),
which travel along the interplanetary magnetic field lines.

If these magnetic field lines are connected to the Earth,
the SEPs will enter the magnetosphere and will produce air
showers in the atmosphere. Finally these secondary parti-
cles will increase the counting rate in the cosmic-ray detec-
tors on Earth, this is known as ground level enhancements
(GLEs).

On the other hand, CMEs are huge amounts of plas-
ma and magnetic field traveling through the interplanetary
medium, swiping away and/or trapping galactic cosmic
rays (GCRs). This is observed as a decrease in the mea-
sured GCR flux in the inner heliosphere, called Forbush de-
creases (FDs).

Among other effects of solar activity, GLEs and FD
have been observed for decades using principally Neutron
Monitors (NMs). It is important to note that a worldwide
network of NMs is necessary to measure the characteristics
of these events - energy spectrum, temporal and spatial
shape.

In this sense a detector which is able to give information
about the GLE anisotropy and energy spectrum with high
time resolution is necessary. In this paper we present and
discuss the capabilities of the new “High Altitude Water

Cherenkov” (HAWC) gamma ray detector to observe and
study GLEs and FDs.

2 HAWC

As the name states HAWC is being constructed at
4100 m above the sea level on the “Sierra Negra”
Volcano in the South-East central part of Mexico
[18◦59′41′′N,97◦18′28′′W ]. HAWC will consist of 300
water Cherenkov detectors (WCD). Each one is a cylindri-
cal container of 4.5 m height and 7.3 m diameter filled with

purified water and equipped with four photo-multipliers
(PMTs). HAWC will cover an area of 22 000 m2. A de-
tailed description of HAWC is presented in [7].

HAWC has two modes of data acquisition, a TDC and
scaler. In TDC mode an event is defined and stored when
certain number of PMTs are hit by the same cascade (with-
in a certain time window). In the scaler mode the rate of
each PMT is counted and stored with a time resolution of
few milliseconds.

The scaler system stores separately the signal of each
PMT giving the opportunity of configuring different sizes
or effective areas of the detector. The scaler will be an
important system for solar observations. This system is
sensitive to secondary muons created by GCR and SEPs.

We started test observations with a tenth of the array,
i.e. 30 WCD, which is called HAWC30. The observations
presented in this work were made with HAWC30.

Solar Mode

The primary goal of HAWC is the detection of high energy
γ-rays. The TDC system is optimized for events with ener-
gy higher than ∼ 200 GeV. For solar studies there will be
a buffer where the raw data will be stored for one or two
days and the threshold will be adjusted to be sensitive to

lower energies ( 8 GV which is the geomagnetic cutoff of
the site).

If solar activity is reported (a large solar flare with asso-
ciated SEPs or a Forbush Decrease), the data will be ana-
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Fig. 1: Forbush Decrease observed by different sub-arrays

of HAWC30.

lyzed using lower thresholds, to allow the detection of low

energy particles.

3 Forbush Decreases

HAWC will be a large air shower detector well situated to

study solar activity. In particular FD will be observed and

studied. As an example of the capabilities of HAWC, in

Figure 1 we present a FD observed by HAWC30.

In this example we have constructed seven sets, contain-

ing the 5, 10, 20, 30, 40, 50 60 PMTs (or channels) shown

in different colors in Figure 1.

The sub-second rate of each individual channel were

integrated to obtain a time resolution of one minute and

then, each channel was corrected for barometric pressure

and temperature variations. Finally, we constructed the sets

by computing the average of all channels in the set every

minute.

The elements of each set were selected randomly but

each minor set is a subset of the major one. Once we have

a larger array we have to be more careful by selecting the

sets of PMTs or sub-arrays, since these sub-arrays will

give us information about the energy spectrum of the GCR

modulated by solar activity.

The time and energy resolution of HAWC will be an

excellent tool to observe and study the FD precursors, that

is, the particles trapped by the ICME magnetic field and

then ejected probably due to a loss cone effect [2].

Figure 2 shows the rate (percentage) observed by three

neutron monitors 1 and HAWC 60-PMT rate. The cutoff

rigidity of both Athens and Tsumeb NMs are similar to

the HAWC one. Therefore the time profile and maximum

decrease are similar.

4 Ground Level Enhancements

The energy resolution of HAWC, and its better response to

higher energies (compared to neutron monitors), will allow

us to address one of the major outstanding questions of

SEPs, that is, the upper energy limit of the solar eruptive

events.

Milagro, the predecessor of HAWC, observed the 2005

January 20 GLE; and the analysis performed using differ-

ent PMT multiplicity [6] shows the potential of this kind

Fig. 2: Forbush Decrease observed by HAWC30 and three

different NMs: Athens, Hermanus and Tsumeb with 8.5,

4.5 and 8.9 cutoff rigidity, respectively.

Fig. 3: High energy spectrum of eleven GLEs reported by

[8] and assuming that the high energy cut off is above 50

GeV. The vertical line mark the geomagnetic cut off energy

for protons at the HAWC site.

of arrays to provide information on the primary GLE ener-
gy spectrum.

The solar spectrum is softer than the GCR spectrum
as shown in Figure 3 where we have plotted the power
law (J = J1E−γ ) fitted to 11 GLEs reported by [8]. Here
J1 is a normalization constant and γ is the spectral index
which is marked with different color in Figure 3. It can
be seen that the energy spectra of GLEs extend beyond
the geomagnetic cutoff, into the energy range accessible to
HAWC.

If we know the energy spectrum of the primaries, we
can determine the degree of anisotropy of the GLE, as dis-
cussed in the next section where we present the asymptotic
cones of acceptance of HAWC.

Asymptotic directions at HAWC site

We computed the asymptotic cones for protons arriving at
HAWC location (vertically incident at 20 km a.s.l.), using
the geomagnetic reference field of 1995. The results appear
in Figure 4. As we can expect, very high energy protons

1. Hermanus and Tsumeb data come from
http://www.nwu.ac.za/neutron-monitor-data, whereas Athens
data come from http://www.nmdb.eu.
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Fig. 4: Asymptotic cones for protons arriving at HAWC

location.

Fig. 5: The central angular deflection.

(above 1 TeV) practically reach HAWC with no deflection
in the Earth magnetic field, while very low energy ones are
deflected by a large angle.

The cutoff energy for vertically incident protons at
HAWC is about 7 GeV (rigidity = 7.9 GV). Protons with
energy below 15 GeV reach HAWC after a complete orbit
around the Earth. This can be seen in Figure 5, where we
plotted the central angular deflection as a function of pro-
ton kinetic energy for two arrival directions at HAWC, 1)
vertically incident protons (in blue) and 2) protons arriving
at angle of 30◦ from the vertical direction (in red). The cen-
tral angular deflection is the angle between the arrival di-
rection at HAWC location and the proton asymptotic direc-
tion at the top of the magnetosphere (about 25 Earth radii).
As we can see the deflection angle increases with decreas-
ing energy. For protons arriving at 30◦ from the vertical di-
rection, the cutoff energy is 7.6 GeV (rigidity = 8.5 GV,
shown by vertical red line).

5 Solar γ-rays and Neutrons

During large solar flares, ions with energy in excess of 1
GeV are produced. These ions collide with the ambient
nuclei generating neutrons and γ-rays.

In particular γ-rays above 100 MeV where observed by
SMM, Compton and now by Fermi. These photons are
produced through the decay of charged and neutral pions,
which, in turn, have been produced by much higher energy
ions. Charged pions decay into electrons that radiate, while
neutral pions decay directly into photons, usually heavily
Doppler broadened.

Our ability to deduce the nature of parent ion population

responsible for the γ rays is limited by the confounding
multiple processes that separate the ion population from
the consequent photons. However, when neutrons are pro-
duced, which should be every time pions are produced,
we have complementary information about the ion spec-
trum. The energy of the neutron is more closely tied to that
of the parent ion and the angular distribution of neutrons
should differ significantly from that of the pion-based pho-
tons. The two measurements together can be used to de-
duce the pitch angle distribution and other factors that man-
ifest themselves in anisotropic emission.

We propose to use HAWC, as well as low-latitude and
preferably high altitude neutron monitors, to register a so-
lar neutron signal.

6 Summary

The High Altitude Water Cherenkov Array will start oper-
ating by the end of 2013, giving us the opportunity of ob-
serving high energy solar transients during the declining
phase of solar cycle 24. Then HAWC will operate for 5
years up to the rising part of solar cycle 25.

In this way we expect to have the opportunity of observe
several GLEs and many more FDs with high energy, time
and angular resolution. This is a great opportunity to ad-
dress outstanding questions about particle acceleration by
solar flares and coronal mass ejections and about the large
scale magnetic structures which cause the GCR solar mod-
ulation.

Because of its altitude, large effective area and low lati-
tude, HAWC is well suited to detect solar energetic events.
Combined with ground level and space borne particle de-
tectors HAWC will provide the most constraining data on
the very high energy ion population in flares and shed more
light on the question of whether this high-energy emission
is a result of back-diffused protons from a CME shock. A
detailed study of HAWC and neutron monitors response
will be performed and combined with solar charge parti-
cles, neutrons and γ ray models to form a complete picture
of the processes occuring.
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