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ABSTRACT

Context. Solar activity poses substantial risk for astronauts of the International Space Station (ISS) both on board and during extra-
vehicular activity. An accurate assessment of the charged radiation flux in space habitats is necessary to determine the risk and the
specific type of radiation exposure of ISS crew members, and to develop ways to protect future crews for planetary missions, even
in case of high solar activity.

Aims. To reduce the present-day uncertainties about the nature and magnitude of the particle fluxes in space habitats during a solar
event, it is fundamental to measure those fluxes in situ.

Methods. The ALTEA (Anomalous Long Term Effects on Astronauts) experiment on board the ISS is an active detector composed
of six silicon telescopes and is able to follow the dynamics of the radiation flux. During its operation in 2012 a number of flux
peaks were detected in correspondence with solar events.

Results. We present in this work an analysis of the ALTEA data measured during the March 7th, 2012 solar event, produced by
NOAA AR11429.

Conclusions. During this event, the flux was enhanced tenfold with respect to “quiet Sun” conditions, producing strong dose

increases at high geomagnetic latitudes.
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1. Introduction

Radiation exposure is one of the principal causes of danger to
the safety of astronauts, principally during space missions out-
side low Earth orbits (LEO) or during extravehicular activities
(EVAs). Under these conditions, space crew exposure rates will
go beyond levels usually received by on-ground radiation oper-
ators. A detailed knowledge of the radiation environment and
its connection with natural sources is essential for an appropri-
ate risk assessment and mitigation (Turner 1996; Schimmerling
et al. 2003; Durante & Cucinotta 2011) and to forecast potential
hazardous events (Lapenta et al. 2013; Tsagouri et al. 2013).

A serious radiation risk for astronauts arises from high-
energy charged particles. This space radiation primarily consists
of Hydrogen nuclei (protons), Helium nuclei (« particles) and
about 1% of heavier elements. Various natural sources are able
to originate these particles, among them galactic cosmic rays
(GCR), solar energetic particles (SEP) and, if travelling in
low Earth orbit (LEO), trapped radiation in the Van Allen belts.
A different distribution of particle energies and fluence charac-
terize each source. Nevertheless, all these sources are modu-
lated by both solar impulsive activity and the 11-y cycle
(Potgieter 2013).

More in detail, GCR originate from outside the solar system
and are characterized by very large kinetic energies (up to sev-
eral thousand GeV nucleon ). These particles are distributed
isotropically and found in relatively low fluence in respect to
SEPs and trapped particle components. GCR integral intensity
is reduced during the solar maximum activity due to the shield-
ing of Earth by the enhanced interplanetary magnetic field pro-
duced by the Sun. Particularly, during the solar minimum the
GCR dose rate in free space is about 2.5 times higher than at
solar maximum as measured by the Space Radiation Analysis
Group, Johnson Space Center'.

Solar Particle Events (SPE) consist of the ejection of ener-
getic particles from the solar corona during explosive processes
such as flares and Coronal Mass Ejections (CME). During such
processes, triggered by photospheric flows and magnetic
(Shibata & Magara 2011), high energy photons (y- or X-rays)
and energetic electrons, protons, o and heavier particles are
injected into interplanetary space. The frequency and intensity
of flares and CMEs increase during periods of maximum solar
activity. Severe space weather conditions for astronauts are
generated especially by intense flares occurring at precise solar

! http://srag-nt.jsc.nasa.gov/Publications/Publications.cfm.
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Fig. 1. Active regions AR11429 and AR11430 as observed by SDO imagers around the March 7th event: (a) SDO/HMI Continuum; (b) SDO/

HMI Magnetogram; (c) SDO/AIA 335 A; [d] SDO/AIA 171 A.

longitudinal positions that are favourable for direct transport of
SEPs in circumterrestrial space along interplanetary magnetic
field lines. Empirical knowledge (Benz 2008) tells us that
intense flares are less likely than faint ones. Effectively,
power-law slopes are reported for flare peak fluxes, which are
invariant through various solar cycles, both using observations
and numerical models (e.g. Viticchié et al. 2006; Aschwanden
& Freeland 2012).

In order to quantify the frequency of severe solar flares
extensive surveys of stars of Sun-like stars have been
performed and indirect arguments, for example based on
records of sunspots, have been adopted (Schrijver et al.
2012). A reasonable estimate is that there about a 10% chance
of a flare larger than about X30 in the next 30 years.

Currently, the observed March 7th, 2012 flare (X5.4) has been
the second largest event of cycle 24 after the flare that occurred on
August 9th, 2011 (X6.9). The flare occurred in the sunspot region
AR11429 and produced an intense Earthward CME which
reportedly could have temporarily knocked some American mil-
itary satellites offline” and heated the Earth’s upper atmosphere
with the largest dose of infrared radiation since 2005. During
the event, from March 8th to March 10th, the thermosphere
absorbed about 26 billion kW h of energy’.

The particle flux associated with the event was also detected
on board the International Space Station (ISS) by the ALTEA
(Anomalous Long Term Effects on Astronauts) active particle
detector. This instrument was expressly designed to measure
the effect of the exposure of crew members to cosmic radiation.

2 US News archives on 2012/03/22 by Koebler J.
3 NASA Science News archives on 2012/03/22 by Phillips T.

It integrates several diagnostic technologies and permits the
investigation of the impacts that the particle flux has on the
human central nervous system functions (Narici 2008) and
therefore provides an assessment of the radiation environment
in the ISS (Di Fino et al. 2011; Larosa et al. 2011). This task
is accomplished by its active particle detector composed by sil-
icon 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, 2010a, 2010b;
Di Fino et al. 2012).

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

In this paper we present the first detailed analysis of the
ALTEA data related to the March 7th, 2012 flare (X5.4) and
the associated CME.

2. Solar activity. The March 7, 2012 event

The Sun was particularly active in the first half of 2012.
Various active regions (AR) produced a significant number
of flares and Coronal Mass Ejections (CMEs). The source
of the event of March 7th was ARI111429 (see Fig. 1).
Elmhamdi et al. (2013) studied the evolution of AR11429,
especially in relation to the flares in early March; Joshi
et al. (2013) studied SEP events caused by a CME on
January 23; Hao et al. (2012) studied a white light flare
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Fig. 2. GOES 15 X-Ray Flux measurement from 08:00 March 6th
to 00:00 March 8th, 2012.

occurring on March 9th; Struminsky (2013) studied proton
events of January 27th and May 17th.

At the time of the flare emission, AR11429 was located
around N17E30 on the Sun. It was composed of several con-
nected sunspots (Fig. 1a). From the magnetic point of view
(Fig. 1b), its classification according to the Hale system was
Pyd/po. We recall that a iy region is a sunspot group that
is bipolar but which is sufficiently complex that no single,
continuous line can be drawn between spots of opposite polar-
ities. The ¢ qualifier indicates that there are umbrae separated
by less than 2° within one single penumbra that have opposite
polarity.

The classification according to the Mclntosh (modified
Zurich) system was Dkc/Dkc: the D indicates a bipolar sunspot
group with penumbra on both ends of the group, whose longi-
tudinal extent does not exceeds 10°; the k indicates that the
group is large and asymmetric; the ¢ indicates the group is com-
pact, with many spots between leading and following ends and
at least one of these with a full penumbra. Full explanation of
the classification systems can be found, for example, on the
Solar Influences Data Analysis Center of the Royal Observatory
of  Belgium  website  (http://sidc.oma.be/educational/
classification.php).

Regardless of the classification system used, the group was
characterized by great magnetic complexity, normally an indi-
cator of high flaring probability. Moreover, the extreme-UV
AIA image of AR11429 (Fig. lc,d) confirms the complexity
of this region and highlights its connection with the nearby
region AR11430, the latter however not being the origin of
any noticeable contemporary events.

AR11429 flared repeatedly between the 5th and the 7th of
March 2012. Of these flares, two were X-class events. The first,
measured by the GOES satellites as an X1.1 occurred at
02:30 UT on the 5th. It produced a full-halo CME whose
speeds where measured at ~1300 km s~'. The second flare,
which is the subject of the present work and was classified as
X5.4 (Fig. lc), occurred around 00:15 UT on the 7th. Also this
flare was accompanied by a full-halo CME, whose speed was
recorded at ~2300 km s~ ' (Elmhamdi et al. 2013).

As a matter of fact, the X5.4 flare was a fast sequence of
distinct events. The X-ray flux (again measured by the GOES
satellites and reported in Fig. 2) shows at least two distinct
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Fig. 3. Irradiance time series of the extreme-UV OIII line at 600 A,
recorded by SDO/EVE from 00:00 to 01:00 March 7th, 2012.

peaks between 00:02 UT to 00:24 UT. Emission lines of the
solar corona spectrum, as observed by the high temporal
cadence extreme-UV detectors of the SDO/EVE instrument,
better unveil this double event: in Figure 3 the two sub-events
are fully resolved in the case of O III line at 60 nm (see
Del Zanna & Woods 2013).

From the point of view of the particle emissions related to
such event, the CME associated with the R3 (Strong) radio
blackout event arrived at ACE (i.e. at Lagrangian point 1) at
10:45 UT March 8th. Closer to the Earth, the proton flux mea-
sured by the GOES satellites increased starting from March 7th
and the peak of the component over 10 MeV was recorded at
6530 particle s~ cm™2 st ! around 12:00 of March 8th; the
peak of the most energetic proton comgonent (over
100 MeV) was recorded at 6 particle s~ cm ™ s~ ' around
15:00 of March 7th. At ground level, the neutron monitor net-
work (data from NMDB: real-time database for high resolution
neutron monitor measurements www.nmdb.eu) detected a per-
sistent decrease of the cosmic ray flux (Fig. 4) caused by the
Forbush effect (Forbush 1954; Belov et al. 2001).

While passing ACE, the CME magnetic field was mea-
sured. Despite its strength, its orientation was not suitable to
cause strong geomagnetic storms at that moment. But on March
9th, the magnetic field orientation changed engendering a geo-
magnetic storm which was recorded at Earth with Kp measured
between 5 and 6.

3. Instrument and method

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. Each SDU is able to determine the energy
loss and the trajectory of the penetrating cosmic rays®. A single
SDU consists of three pairs of silicon ladders, each ladder com-
posed of two silicon chips segmented 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 detec-
tor as three coordinates in space. Each silicon chip has a size of

* without discrimination between forward and backward moving
particles.
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Fig. 4. Time profiles of the cosmic-ray intensity during the March
7th event, as it was recorded by a number of neutron monitors with
different rigidity: Rome, Oulu, Apatity (APTY), Fort Smith (FSMT),
and South Pole (SOPO).

Fig. 5. The ALTEA experiment in Shield-Survey 3D configuration
in the USLab module on board the ISS.

8 cm x 8 cm, and a thickness of 380 um. The geometrical
factor of a single SDU is 230 cm” st. The energy resolution
of the detector ranges from a threshold of 2.9 + 0.2 keV pm ™'
up to 800 keV um~' (LET — Linear Energy Transfer in Si),
corresponding to ions between Li and Fe with a small energy
interval for protons and He. The detector is triggered by pass-
through particles that release more than the threshold energy
on all the odd planes of an SDU. Further details are reported
in Zaconte et al. (2008, 2010a). The orbital information pro-
vided by the ISS ancillary data allows us to study the particle
flux into the three main geomagnetic zones (poles, equator
and South Atlantic Anomaly).

From September 2010 to June 2012 ALTEA SDUs were
arranged in the ALTEA-Shield/Survey 3D configuration as part
of an ESA sponsored experiment. In this setup the SDUs were
coupled to form three silicon telescopes with twelve planes;
each telescope is pointing in a different X-¥-Z space direction
(see Fig. 5).

In this paper we will focus on data acquired from March 6th
to March 19th, 2012.

4. Results and discussion

Since SDUI is the silicon telescope which recorded the highest
flux during the March 7th solar event, likely because of a com-
bination of low shielding position and solar particle directional-
ity, all the plots shown in the following analysis refer to SDUI.
Also, we define the period between February 15th and February
21th, 2012 as reference for the particle flux during “quiet Sun”
conditions (indicated as PRE in the plots of Figs. 9 and 11).
During this period the activity of the Sun varied from Very
Low to Low and no major solar flare or CME were detected.

The signature of the occurrence of a major solar event is
evident in the flux recorded by ALTEA: solar events cause flux
enhancements much larger than the typical North Pole-Equator-
South Pole oscillations. In Figure 6 the particle flux integrated
over one minute shows a flux increase (in the polar regions up
to tenfold with respect to the quiet Sun period used as refer-
ence) during the passages near the magnetic poles from March
7th to March 9th, 2012. The reason why the flux increases only
in the second half of the day is probably that exclusively in
these periods the geomagnetic cut-off is low enough. This effect
is even more evident when plotting the integrated particle flux
measured at high latitude (Lat > 45° or Lat < —45°) versus
longitude, as shown in Figure 7. The flux enhancement due
to the SPE is visible only at longitudes between —120° and
—10° (left panel of Fig. 7) in the North hemisphere and
between 30° and —150° in the South hemisphere (right panel
of Fig. 7).

Figure 8 shows the daily flux recorded by the SDUI of
ALTEA between March 6th and March 19th; the flux on 7-8
March is up to 2.5 times the flux of the previous period of quiet
solar conditions, while after March 10th the particle flux
decreases again at the “quiet Sun” reference level.

The ALTEA capability of measuring the particle energy
loss allows us to characterize the incoming flux, assessing
which cosmic ray component is affected by the solar event.
The energy loss spectra acquired during the most active days
of the SPE (7-8 March) are shown (Fig. 9) in comparison with
the spectra taken as reference during the quiet Sun period
(PRE). The spectra shown in the upper panel of Figure 9 are
integrated over the whole orbit, those in the lower panel are
integrated only during the time spent in high geomagnetic lati-
tude passages. All the spectra are normalized by the effective
acquisition time of the detector, by the geometrical factor and
by the binning width of the plot.

In the spectra obtained integrating over the whole orbit,
peaks corresponding to relativistic ions between Boron
(~7 KeV pm ") and Oxygen (~24 KeV pm™") are well dis-
tinguishable. 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,
2010a). During the SPE (7-8 March), the flux increases
~2.5 times the reference level for LET < 10 keV pm ™' due
to the proton component, while the 30% increase for LET up
to ~30 keV um~' is due to the helium component, as
confirmed by SRIM (Stopping and Range of Ions in
Matter — http:/www.srim.org, see e.g. Ziegler et al. 2010)
simulations’. Beyond these last LET values, the statistic fails.

> Note that 10 keV pm™' and 35 keV pm™" are, respectively, the
maximum energy loss for protons and Helium ions that can be
detected by ALTEA detectors.
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As already stated, the spectra reported in the lower panel of
Figure 9 are integrated only during the time spent in high geo-
magnetic latitude passages, i.e. for Mcllwain coordinate L > 3
(Mcllwain 1961). We recall that, given a point in space and the
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magnetic field line passing through it, L is the distance
(expressed in Earth radii) between the Earth center and the
intersection between that field line and the magnetic equatorial
plane. Therefore, the spectra integrated on L > 3 select the
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Fig. 9. The SPE energy spectrum compared with the quiet Sun spectrum (PRE). Upper panel: energy loss spectra integrated over the whole
orbit. Lower panel: energy loss spectra integrated in the polar regions only.

particles penetrating the polar regions, where the energy cutoff
is lower with respect to the equatorial region. As already seen in
Figure 7, the SPE particles can penetrate the geomagnetic shield
only nearby the magnetic poles. The plots reported in the
lower panel of Figure 9 show that the spectrum increase in
the polar region is about one order of magnitude for
LET < 10 keV um ', confirming that the SPE flux enhance-
ment is caused mainly by protons and Helium nuclei.

In order to assess the radiation risk correlated to SPEs, the
daily dose rate is presented in Figure 10. On March 7 the dose
rate is almost double the typical dose rate in standard condi-
tions. As already stated, the SPE effect is much more evident
at high latitudes (L > 3 polar regions). It is therefore interesting
to compare the dose and dose equivalent variations, on the
whole orbit and in the L > 3 polar regions, the latter being more
representative of an outer space environment.

To calculate dose and dose equivalent, first we transform
the LET in Si into the LET in water according to the following
formula from Benton et al. (2010):

log (LETy,0) = —0.2902 + 1.025 log (LETg;). (1)

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

Dose = 47 x 1.6 x 10°° LETy,0, ()

where the LETy,o rate is measured in [keV pm~!
s~' cm 2 st '] (Benton & Benton 2001). The dose equivalent
is calculated as O x Dose, where the quality factor Q is defined
as per ICRP recommendations (ICRP 1991). The dose equiva-
lent rate is measured in [Sv s '].

Figure 11 shows the integrated dose and dose equivalent
on the whole orbit and in the polar regions only. Although in
a limited acceptance window for protons, the integrated dose
measured by ALTEA during this SPE increases up to twice
the reference values in the whole orbit and more than five
times in the polar regions. The dose equivalent takes into

A19-p6
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account the ability of each ion to produce biological damage
(higher for higher deposited energy). The contribution to
dose equivalent of protons and light ions is therefore very
low. This minimizes the effect on dose equivalent of the
enhanced flux of protons and light ions due to the SPE
and makes the dose equivalent rate have almost no variations
in the whole orbit and increase less than twofold in polar
regions.

5. Conclusions

In this work we presented the charged radiation flux measured
by ALTEA on board the ISS during the March 7th, 2012 solar
particle event. The ALTEA experiment was in its ALTEA-
Shield/Survey 3D configuration and was able to detect the
incoming flux of SEPs generated by the solar event.

o As seen by ALTEA, during the SPE the flux is enhanced
up to 10 times with respect to “quiet Sun” conditions.

o The energy loss spectra show that protons and Helium
components are affected the most by the SPE.

o The comparison of the spectra integrated during high
geo-magnetic latitude passages (L > 3) of the ISS,
allowed ALTEA to estimate the efficiency of SEP pene-
tration at the polar regions and the consequent flux
enhancement.

o Those flux variations result in a dose and dose equivalent
increase, which are particularly strong (5% and 2X,
respectively) at high geomagnetic latitudes.

In addition to introducing ALTEA as a prospective Space
Weather monitor, these results are of specific relevance for
charged radiation risk assessment in space habitats during a SPE.
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