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ABSTRACT

High-energy charged particles represent a severe radiation risk for astronauts and spacecrafts and could damage ground critical
infrastructures related to space services. Different natural sources are the origin of these particles, among them galactic cosmic rays,
solar energetic particles and particles trapped in radiation belts. Solar particle events (SPE) consist in the emission of high-energy
protons, alpha-particles, electrons and heavier particles from solar flares or shocks driven by solar plasma propagating through the
corona and interplanetary space. Ground-level enhancements (GLE) are rare solar events in which particles are accelerated to near
relativistic energies and affect space and ground-based infrastructures. During the current solar cycle 24 a single GLE event was
recorded on May 17th, 2012 associated with an M5.1-class solar flare. The investigation of such a special class of solar events
permits us to measure conditions in space critical to both scientific and operational research. This event, classified as GLE71,
was detected on board the International Space Station (ISS) by the active particle detectors of the ALTEA (Anomalous Long Term
Effects in Astronauts) experiment. The collected data permit us to study the radiation environment inside the ISS. In this work we
present the first results of the analysis of data acquired by ALTEA detectors during GLE71 associated with an M5.1-class solar
flare. We estimate the energy loss spectrum of the solar particles and evaluate the contribution to the total exposure of ISS astro-
nauts to solar high-energy charged particles.
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1. Introduction

High-energy charged particles represent a severe radiation risk
for astronauts and spacecrafts. Ground-based human technolog-
ical infrastructures are not as substantially exposed to the effects
of this kind of threats from space as space-based ones. Never-
theless they are often connected to services from space (GNSS,
telecommunications, etc.) therefore they should be included in
any debate on space radiation risks (RAENG 2013). Different
natural sources originate these particles, among them galactic
cosmic rays (GCR), solar energetic particles (SEP) and particles
trapped in radiation belts. All these sources are affected by solar
activity, both impulsive and due to the 11-year cycle.

In particular, solar particle events (SPEs) consist in the
emission of high-energy Hydrogen and Helium nuclei (i.e., pro-
tons and alpha-particles, respectively), electrons and heavier
particles from solar flares or shocks driven by solar plasma
propagating through the corona and interplanetary space. When
ground-based neutron monitors, which are detectors of the
hadronic component in atmospheric secondary radiation related
to collisions of primary cosmic rays with terrestrial atmospheric
molecules, register abrupt increases in solar energetic particles
(SEPs), we say that a ground-level enhancement (GLE) has
occurred. Therefore, these events, typically in the GeV energy

range, are the perfect example of Space Weather events where
near relativistic and relativistic protons, propagating in the inter-
planetary magnetic field, directly connect physical processes
occurring in the solar atmosphere with the Earth’s surface.

The frequency and intensity of solar flares and SEP events
increase during periods of maximum solar activity (e.g., Shea &
Smart 1990). Intense flares are less likely than faint ones.
Indeed, power-law slopes are reported for peak fluxes, which
are invariant through various solar cycles, using both observa-
tions and numerical models (e.g., Aschwanden & Freeland
2012; Viticchié et al. 2006).

Although the association of GLE events with intense solar
flares and coronal mass ejections (CMEs) is evident (e.g.,
Aschwanden 2012; Gopalswamy et al. 2012; Nitta et al.
2012), nevertheless GLEs have a sporadic occurrence and con-
stitute a peculiar class of solar events in which particles are
accelerated to relativistic energies (e.g., Aschwanden 2012).
Only 71 GLE events have been reported in literature from
the 1950s to the present (e.g., Papaioannou et al. 2013).
Actually, as reported in Aschwanden (2012), a key question
in the physics governing GLE events, which require accelera-
tion processes able to produce energies J1 GeV, is whether
they originate from flares in the solar corona or from shocks
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driven by CMEs propagating through the corona and interplan-
etary space (e.g., Ellison & Ramaty 1985). In his paper
Aschwanden (2012) concludes that the sudden GLE
component, present in virtually all GLEs, as reported by
Vashenyuk et al. (2011), is consistent with a flare origin, while
the delayed component can be generated either by acceleration
and/or trapping in flare sites or by particles accelerated in coro-
nal and interplanetary shocks.

During the current solar cycle 24 a single GLE event, asso-
ciated with relativistic protons reaching the Earth, was recorded
on May 17th, 2012. This event, classified as GLE71 (Firoz
et al. 2014; Kudela 2013) and associated with an M5.1-class
solar flare, was also detected on board the International Space
Station (ISS) by the active particle detectors of the ALTEA
(Anomalous Long Term Effects in Astronauts) experiment.
This experiment was specifically designed to measure the effect
of the exposure of crew members to space radiation and inte-
grates several diagnostic technologies necessary to investigate
the impacts that radiation has on the human central nervous sys-
tem functions (Narici 2008). Therefore, it provides an unique
assessment of the radiation environment inside the ISS. This
task is accomplished by its active particle detector composed
by silicon telescopes (either 3 or 6). The detector is able to
achieve real-time measurements of the radiation environment
with nuclear discrimination (Zaconte et al. 2008, 2010).

On board the ISS since July 2006, the ALTEA telescope
was operative between August 2006 and November 2012 under
different experimental setups (i.e., configuration, position and
orientation) inside the USLab and Columbus modules of the
ISS. The total effective observation time has been more than
three years.

In this work we present the first results of the analysis of
data acquired by ALTEA detectors during GLE71. The analysis
of particle fluxes on board a spacecraft is particularly important
because GLEs are able to produce various direct and indirect
effects on circumterrestrial space and ground-based facilities.
In particular, they can affect navigation and communication
systems on board satellites, manned space missions or commer-
cial aircraft operations (EURADOS WG5 2004). Although the
contribution of GLEs to the total exposure of aircraft crews to
high-energy charged particles is rather limited (Lantos &
Fuller 2003), nevertheless, GLEs increase the dose rate at
typical aviation altitudes (Buetikofer & Flueckiger 2011;
Sihver et al. 2008).

2. The May 17, 2012 M5.1-class solar flare

The event of May 17 has been observed by various spacecraft
detectors, such as the GOES satellites. The X-ray energy flux
measured by the GOES Solar X-Ray Sensor in the broad
energy band (100–800 pm) has been used to classify the May
17th, 2012 event. The X-ray energy flux peak reached
5.1 · 10�5 W m2 representing an M5.1-class solar flare.

The source of the solar flare and associated CME was
NOAA AR11476, located at the time at N11W76 (solar disk
coordinates), on the western limb. The magnetogram of the
region is shown in Figure 1. It was classified at the time of flar-
ing as a Hale region b/b, that is, a double bipolar region.
The same region, in the McIntosh classification, was identified
as Cao/Fho. This indicates an active region composed of two
sections: the first section of the spot is bipolar with at least
one spot having a penumbra, it is open and asymmetric and
there are few, if any, spots between leader and follower; the

second section is a bipolar sunspot group with penumbra on
both ends, elongated in longitude, large, symmetric and open.
The AR11476 region produced an M5.1 class flare at 01:47
UT (see Fig. 2, upper panel). More in detail, the flare started at
01:25 UT, peaked at 01:47 UT and stopped at 02:14 UT (see
Fig. 2, lower panel), as reported at http://www.lmsal.
com/solarsoft/last_events_20120517_1418/gev_20120517_
0125. html.

The flare produced a halo CME which was recorded by the
LASCO instrument aboard the SOHO spacecraft. CMEs that
appear to completely surround the occulting disk of the observ-
ing coronagraphs in sky-plane projection are known as full-halo
CMEs (e.g., Cid et al. 2012); CMEs that surround the disk with
angles of more than 120� are often referred to as halo CMEs.
Halo CMEs are on average fast and wide and associated with
flares of higher X-ray magnitude. The linear velocity of the
associated CME was evaluated at 1582 km/s (Papaioannou
et al. 2013) with the LASCO instrument, while STEREO A
and B gave an estimate of 1302 km/s. The Wind/WAVES
instrument recorded radio type III and II bursts, which is typical
of solar flares. As reported in (Struminsky 2013) the HXR
emission observed by ACS SPI was very low. Moreover, the
author reports that proton fluxes measured by EPHIN/SOHO
(25 MeV) and HET/STEREO (23.8–26.4 MeV) detectors
showed the reservoir effect under quiet solar wind conditions,
whereas a feeble proton enhancement was observed by
STEREO-B. On the other hand, proton flux measured by the
GOES 14 satellite registered a peak intensity of 150 pfu (proton
flux units: 1 pfu = 1 particle/(s cm2 sr)). For a more detailed
description of the May 17th, 2012 event we refer to Augusto
et al. (2013), Firoz et al. (2014), Kudela (2013).

The Gamma-ray Burst Monitor (GBM) on board the FERMI
satellite, sensible to X-rays and gamma rays with energies
between 8 keVand 40 MeV, shows a peak in NaI detector chan-
nels 6–12 keV and 12–25 keV simultaneous with the GOES
maximum. At the Earth a geomagnetic index of Kp = 4 was
measured (Augusto et al. 2013). The geomagnetic index Kp
(planetary K-index) is a weighted average of K-index

Fig. 1. SDO/HMI magnetogram of the active region NOAA
AR11476, located at the time at N11W76 (solar disk coordinates).
Data supplied courtesy of SolarMonitor.org.
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measurements at various observatories around the Earth.
The K-index is an indicator of geomagnetic activity that measures
disturbances in the horizontal component of earth’s magnetic
field and quantifies them with an integer ranging from
0 to 9, with 1 being calm and 5 or more indicating a geomagnetic
storm. It is based on the maximum fluctuations of horizontal com-
ponents observed on a magnetometer during a 3-h interval.

A unique characteristic of this flare was observed through
neutron monitor (NM) network measurements and IceTop
Cherenkov detectors (Balabin et al. 2013; Mishev et al.
2014). Indeed, near 01:50 UT the NM worldwide network
revealed the first enhancement caused by solar relativistic par-
ticles of cycle 24 and the first one since December 2006. Neu-
tron monitors are ground-based detectors that measure cosmic
rays, generally of energies above 500 MeV, through their inter-
action with the atmosphere and the production of secondary
showers that include neutrons (Hatton 1971). As can be seen
in Figure 3, the instruments that recorded the highest enhance-
ments were those located at the South Pole, Oulu (Finland) and
Apatity (Northern Russia), with moderate increases observed in
other stations. The GLE71 was largely anisotropic (Mishev &
Usoskin 2013), indeed in the same plot we can see that the sig-
nal increases are not exactly organized according to rigidity cut-
offs. The increase in particles measured by neutron monitors
during the GLE is thought to be due to the configuration of
the associated magnetic field orientation and strength, which
does not block cosmic rays, but allows SEPs to be added to
the total count. Finally, IceTop data analysis showed the
increase in counting rate of individual IceTop discriminators
averaged over 15 min from 02:05 to 02:20 UT. In this context
The IceCube Collaboration, Aartsen et al. (2013), by using cal-
culated and measured yield functions for the various detectors,

has been able to estimate the energy spectrum of the solar
particles and interpret the results in the perspective of the
NM network.

3. ALTEA-space particle detection on board the ISS

The ALTEA-space particle detection system, called SDS
(Silicon Detector System), includes six identical particle tele-
scopes (SDU, Silicon Detector Units) arranged on an adaptable
mounting system (Narici 2008; Di Fino et al. 2012). Each SDU
is able to determine the energy loss and the trajectory of the
penetrating cosmic rays. Each SDU consists of three pairs of
silicon ladders, each ladder composed of two silicon chips seg-
mented into 32 strips with 2.5 mm pitch. Strip segmentation on
each ladder is alternatively oriented along orthogonal directions
in order to use the two strip coordinates and the height of the
ladder pair into the detector as three coordinates in space. Each
silicon chip has a size of 8 cm · 8 cm and a thickness of
380 lm. The geometrical factor of a single SDU is 230 cm2 sr.
The energy resolution of the detector ranges from a threshold of
2.9 ± 0.2 KeV/lm up to 800 KeV/lm (linear energy transfer
[LET] in Si), corresponding to ions between Li and Fe with a
small energy interval for protons and He. The detector is trig-
gered by pass-through particles that release more than the
threshold on all the odd planes of an SDU. Further details are
reported in Larosa et al. (2011) and in Di Fino et al. (2011).

The orbital information provided by the ISS motion permits
the investigation of the angular distribution of particle direc-
tions. More in detail the three main geomagnetic zones (poles,
equator and South Atlantic Anomaly) can be analyzed. ALTEA
SDUs became operational in a 3D configuration for Survey
(ALTEA-shield/Survey, part of an ESA sponsored experiment)
from September 2010 until June 2012. In this experimental
setup the SDUs were coupled to form three orthogonal silicon
telescopes with 12 planes each (see Fig. 4).

In this work we used data acquired by the telescope SDU1.
Indeed, SDU1 recorded the highest flux during the analyzed
solar event, most likely due to a favourable coupling of detector
orientation, lowly shielded position in the ISS and SEP
directionality.

4. Data analysis

During the operation period of ALTEA Shield Survey (3D con-
figuration), for about 2 years, the detectors of the experiment
collected GCRs showing a typical North pole-South pole oscil-
lation and periodical increments due to the passages over the
South Atlantic Anomaly (SAA). Typically, the highest peaks
correspond to passes through the SAA, where there is a large
increase of the particle flux due to the contribution of the pro-
tons trapped in the inner radiation belt. Changes in this typical
behaviour usually are the signature of a Solar Particle Event
(SPE). In Figure 5 the collected particle flux, integrated over
one minute, for the period May 8–23, 2012 is shown; on
May 17 the flux increment is due to the SPE described in
Section 2. The associated flux change is observed at 03:57
UT and during a few polar passages starting at about 09:50
UT (mainly South Pole passages). SEPs entered the geomag-
netic shield during five South passages versus only one North
passage (see five lower panel). Although the flux enhancement
is clear when integrating the flux over a minute, its short dura-
tion and low intensity make the flux increase over the whole

Fig. 2. Upper panel: Flare Locator Image showing AR11476
near west solar limb. Lower panel: GOES 14 X-Ray Flux
measurement associated to the May 17th, 2012 SPE. Credits
http://www.lmsal.com.
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orbit hardly distinguishable when daily averaged (Fig. 6). When
considering the daily average only over the polar regions (see
below for a detailed definition) the effect is relevant as shown
in Figure 7. The corresponding change in dose rates onboard
ISS is reported in Figure 8.

The longitudes where solar particles are able to penetrate
the geomagnetic shield causing the flux enhancement are
shown in Figure 9 where the integrated particle flux measured
at high latitudes (more than +45� and less than �45�) is plotted
versus longitude. The flux, for each day between the 15th and
19th of May, is integrated over 4� longitude and normalized
by the effective acquisition time and by the longitude bin.
In Figure 9A, representing the northern passages, there is a
weak flux increase due to the SPE only on May 17th in a region
centred at a longitude of about �75�, while in the Southern
passages (Fig. 9B) the SPE effect is more evident due to the
lower geomagnetic cutoff.

As discussed in Section 3 ALTEA is able to measure the
energy loss spectrum of detected particles. In Figure 10 the
energy loss spectrum of the May 17th, 2012 SPE, integrated
over the whole orbit for the entire day, is shown in comparison
with a reference period of quiet sun (April 20–May 16). Both
spectra are normalized by the effective time of detector acqui-
sition, by the geometrical factor and by the energy loss unit.
Due to the high statistics the quiet sun spectrum is less noisy
than the one-day SPE event. Peaks corresponding to relativistic
ions between Boron and Oxygen are clearly noticeable. Protons
and Helium are detectable by ALTEA only in specific kinetic
energy ranges, 25–45 MeV for protons and 25–250 MeV/
amu for Helium ions (Zaconte et al. 2008).

During the May 17th SPE a flux increase of ~1.15 is obser-
vable below 10 KeV/lm, due to the proton component, while
above this LET value (that is usually affected by the Helium
component of the SPE) there is no significant flux enhance-
ment. These results are supported by simulations performed
with the SRIM2013 code (Ziegler 2004) which is able to calcu-
late interaction of ions with matter using a Monte Carlo simu-
lation based on the binary collision approximation with random
selection of ion impact parameters. The SRIM2013 code calcu-
lated the maximum energy loss by protons triggering ALTEA
to be ~10 KeV/lm while the analogue simulations for Helium
nuclei resulted in 35 KeV/lm. Unfortunately, the poor statistics
associated with the observed SPE event prevent us from inves-
tigating the energy loss spectrum beyond the LET value of
30 KeV/lm.

As seen in Figure 9, the particles responsible for flux
enhancement penetrate the geomagnetic shield mainly when
ISS orbits pass through regions close to the magnetic poles.
It is therefore interesting to analyze the variations of the spec-
trum integrated over the polar regions, where the energy cutoff
is lower with respect to the equatorial region. This selection is
performed with the constraint of McIlwain coordinate L > 3.
We recall that, given a point in space and the magnetic field line
passing through it, L is the distance (expressed in Earth radii)
between the Earth’s centre and the intersection between that
field line and the equatorial plane. Therefore, the spectra inte-
grated on L > 3 select the particles penetrating the polar
regions, where the energy cutoff is lower with respect to the

Fig. 3. The event of the May 17th, 2012 was associated with the only GLE, up to now, of cycle 24, and measurements from the global network
of neutron monitors are shown. Different recorded enhancements from different stations are due both to the specific geomagnetic cutoff rigidities
and to the anisotropy proper to the GLE 71. Data supplied courtesy of Neutron Monitor Data Base (NMDB) http://www.nmdb.eu/.

Fig. 4. ALTEA in position in the UsLab on board the ISS. The
SDUs were coupled to form three orthogonal silicon telescopes with
12 planes each.
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equatorial region. Comparing spectra reported in Figure 11 an
overall increase of ~1.5 times the reference spectrum for energy
loss less than 10 KeV/lm is observed, confirming that SPE flux

enhancement is mainly caused by protons. It is worth noting
that statistical errors computed for the SPE/reference spetrum
ratio are below 10�2 for the components up to 10 KeV/lm con-
firming the statistical significance of the spectrum enhancement
due to the SPE.

In order to answer the basic question of possible radiation
risk for astronauts and spacecrafts due to high-energy charged
particles (see Sect. 1) the analysis of ALTEA data is fundamen-
tal. More in detail, the evaluation of Dose Equivalent enhance-
ment caused by the SPE is essential for assessing the correlated
radiation risk. To calculate dose and Dose Equivalent, first we
transform the LET in silicon into the LET in water according to
the following formula from Benton et al. (2010):

log LETH2Oð Þ ¼ �0:2902þ 1:025 log LETSið Þ: ð1Þ

The differential absorbed dose rate, in (Gy/s), is then
obtained from:

Dose rate ¼ 4p� 1:6� 10�9 LETH2O ð2Þ

Fig. 5. Upper panel: ALTEA minute-averaged particle flux between the 8th and 23rd of May. All the typical particle flux modulations, due to the
ISS passing into different geomagnetic cutoff regions, are shown: pole-equator 90-min oscillations, SAA passages (highest peaks) and longitude
effect (24 h low frequency modulation due to orbit precession). Lower panel: Particle flux detail of May 17th, 2012 SPE flux increase over the
poles: labelled S for south pole and N for north pole. Time on the x axis is UT.

Fig. 6. ALTEA day-averaged flux between May 8 and 23: whole
orbit passages.

Fig. 7. ALTEA day-averaged flux between May 8 and 23: polar
passages.

Fig 8. ALTEA day-averaged doses between May 8 and 23: polar
passages.
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Fig. 9. Particle fluxes versus longitude integrated over latitude >45� (panel A) and <�45� (panel B) from 15th to 19th of May. Longitude bin
size is 4�.

Fig. 10. The energy loss spectrum of the May 17th, 2012 SPE, integrated over the whole orbit, is shown in comparison with a reference period
of quiet sun (April 20th–May 16th). Both spectra are normalized by the effective time of detector acquisition, by the geometrical factor and by
the energy loss unit.

Fig. 11. The same as Figure 10 but using only polar passages.
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where the LETH2O rate is measured in (KeV/lm)/(s cm2 sr;
Benton & Benton 2001). The Dose Equivalent H is calculated
as Q · dose, where the quality factor Q is defined as per
ICRP recommendations (Mountford & Temperton 1992).
The Dose Equivalent rate is measured in Sv/s. From the anal-
ysis of the daily averaged dose rate plotted in Figure 12,
we observe a light increase of the dose rate associated with
the May 17th, 2012 SPE with respect to the dose measured
during the preceding quiet sun period. As previously dis-
cussed, the increase is significant when only pole passages
are considered.

The dose rate enhancement is more evident in Figure 12
and in Figure 13 where both dose and Dose Equivalent rates,
computed for the observed SPE, are compared to the same
quantities computed for a quiet sun period. All quantities are
integrated over both the whole orbit and polar passages.
The errors showed in the figure correspond to a 1-sigma statis-
tical error. As noted above, the SPE dose increment is more evi-
dent in the polar regions (a factor 1.30 ± 0.03 at the poles
compared with 1.13 ± 0.04 for the whole orbit). At the poles
the Dose Equivalent variation (1.2 ± 0.1) is lower than the dose
change due to the low quality factor of protons that constitute
the main component of the SPE. To assess how SPEs affect
doses in polar regions is important because of their similarity
with outer space conditions.

5. Conclusions

In this work we report a first investigation about the effects pro-
duced on the ISS environment by the May 17, 2012 SEP event.

This event is important because it is associated with a GLE.
This class of events, typically in the GeV energy range, repre-
sents the perfect example of Space Weather events where rela-
tivistic protons, propagating along the interplanetary magnetic
field, directly connect physical processes occurring in the solar
atmosphere with the Earth’s surface. Moreover, the May 17
SPE is the only GLE event of solar cycle 24.

The ALTEA measurements provided a unique opportunity
to assess the radiation risks for human permanence on board
the ISS. From the analysis of daily averaged dose rates plotted
in Figure 12 we observe a light increase of the dose rate asso-
ciated with the May 17th SPE compared to the dose measured
during the preceding quiet sun period. The dose variations of
about 30% at the polar regions and 13% over the whole orbit
are statistically relevant, while the correspondent changes in
Dose Equivalent are barely significant. The May 17th SPE
intensity as recorded by the ALTEA detector on board the
ISS was, as measured, too low for a more detailed characteriza-
tion of the SPE dynamics.

Although we confirm that the contribution of GLEs to the
total exposure of astronauts, as of air crews, to high-energy
charged particles is rather limited, nevertheless, GLEs do
increase the dose rate during near polar passages.

A further opportunity offered by the ALTEA instrument is
its capability to investigate the anisotropy of low-energy fluxes,
while spanning the geomagnetic coordinates of its orbit. Indeed
measurements above the Earth’s atmosphere can give informa-
tion about anisotropy below the atmospheric cutoff. Future
analysis of ALTEA’s data shall include an extended comparison
with measures from the neutron monitor network, taking into
account the different observed energetic ranges.
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