SPACE WEATHER, VOL. 10, S06003, doi:10.1029/2012SW000781, 2012

Energetic particles detected by the Electron
Reflectometer instrument on the Mars
Global Surveyor, 1999–2006
Gregory T. Delory,1 Janet G. Luhmann,1 David Brain,1 Robert J. Lillis,1
David L. Mitchell,1 Richard A. Mewaldt,2 and Thea Vilstrup Falkenberg3
Received 17 February 2012; revised 19 April 2012; accepted 25 April 2012; published 12 June 2012.

[1] We report the observation of galactic cosmic rays and solar energetic particles by the Electron
Reflectometer instrument aboard the Mars Global Surveyor (MGS) spacecraft from May of 1999 to the
mission conclusion in November 2006. Originally designed to detect low-energy electrons, the Electron
Reflectometer also measured particles with energies >30 MeV that penetrated the aluminum housing of
the instrument and were detected directly by microchannel plates in the instrument interior. Using a
combination of theoretical and experimental results, we show how the Electron Reflectometer
microchannel plates recorded high energy galactic cosmic rays with 45% efficiency. Comparisons of
this data to galactic cosmic ray proton fluxes obtained from the Advanced Composition Explorer yield
agreement to within 10% and reveal the expected solar cycle modulation as well as shorter timescale
variations. Solar energetic particles were detected by the same mechanism as galactic cosmic rays;
however, their flux levels are far more uncertain due to shielding effects and the energy-dependent
response of the microchannel plates. Using the solar energetic particle data, we have developed a catalog
of energetic particle events at Mars associated with solar flares and coronal mass ejections, which
includes the identification of interplanetary shocks. MGS observations of energetic particles at varying
geometries between the Earth and Mars that include shocks produced by halo, limb, and backsided
events provide a unique data set for use by the heliophysics modeling community.
Citation: Delory, G. T., J. G. Luhmann, D. Brain, R. J. Lillis, D. L. Mitchell, R. A. Mewaldt, and T. V. Falkenberg
(2012), Energetic particles detected by the Electron Reflectometer instrument on the Mars Global Surveyor,
1999–2006, Space Weather, 10, S06003, doi:10.1029/2012SW000781.

1. Introduction
[2] Successful modeling of the propagation and evolution of solar energetic particles (SEPs) and interplanetary
coronal mass ejections (ICMEs) is on ongoing effort in the
heliospheric community for both scientific and practical
purposes [Akasofu, 2001; Dryer et al., 2004; Hakamada and
Akasofu, 1982; Schwadron et al., 2010]. The impact of these
extreme examples of space weather on the terrestrial
environment is well known, and include communications
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and power disruptions, damage or even the total loss of
satellites, increased magnetospheric and auroral activity,
changes in atmospheric processes including chemistry,
and increased exposure to individuals at high altitudes or
in low-earth orbit [Baker, 2000; Dyer et al., 2003]. While
there is a long record of the impacts of these events, predictions for the timing of their arrival remains an active
area of research, with a multitude of models in use that
seek to adequately describe ICME evolution throughout
the heliosphere. The timing and spatial properties of SEPs
are also of interest, given their propensity to arrive suddenly after the onset of solar events. The impact of extreme
space weather at Mars is an area of emerging and active
research [Falkenberg et al., 2011a; Falkenberg et al., 2011b;
McKenna-Lawlor et al., 2008; McKenna-Lawlor et al., 2005].
Relatively unmagnetized bodies such as Mars do not
possess a coherent magnetosphere and thus their ionospheres are relatively unshielded from space weather
events, which likely lead to interactions deeper in the
atmosphere than for magnetized bodies [Crider et al., 2005;
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Leblanc et al., 2002]. Previous work examining the impact of
solar events at Mars includes characterization of shocks
associated with large flares in March of 1989 using data
from Phobos-2 [Aran et al., 2007; McKenna-Lawlor et al.,
2005]. More recently, Zeitlin et al. [2010] summarized solar
particle events and galactic cosmic rays (GCRs) recorded
by several instruments on Mars Odyssey between 2002 and
2006. Efforts are also underway to understand the propagation of ICMEs to the outer heliosphere using a variety of
observations from multiple spacecraft including Ulysses,
WIND, Voyager, and Pioneer [Gazis et al., 2006; Liu et al.,
2005; Richardson et al., 2006; Steiger and Richardson, 2006;
Wang et al., 2005].
[3] While progress in multipoint measurements of solar
activity is being made, observations beyond 1 AU remain
limited. Our analysis of data from the Electron Reflectometer
(ER) instrument onboard the Mars Global Surveyor (MGS)
spacecraft provides a unique opportunity to examine the
propagation of SEPs and ICMEs beyond 1 AU and over a
variety of Sun-Earth-Mars phase angles. The data set1 from
MGS that we present here contains a multitude of timeintensity variations, which generally follow the expected
profiles depending on the geometry between the observer
and the source given prevailing conditions in the interplanetary magnetic field (IMF). The events we characterize
include typical east, west, and halo CMEs, exceptionally wide
and intense events such as Bastille Day in 2000 and the
Halloween events in 2003, as well as backsided events witnessed from the perspective of Earth. The varying geometries between the Earth and Mars that occurred during the
MGS mission have enabled multipoint measurements of
ICMEs during halo events when these planets were in
opposition, as well as the measurement of arrival times of
limb events as seen from Earth when Mars was leading or
trailing the Earth. Backsided events were also observed in
which our observations from the ER provide estimates of
shock arrival times that were previously unavailable. We also
characterize the longitudinal extent of some events, with a
few cases showing clear effects of shock curvature in addition
to propagation time.
[4] In the next sections we first describe the ER instrument and develop a model that describes its response to
high energy, minimum ionizing particles using a combination of previous experimental work and theory on the
effects of energetic particles on microchannel plates
(MCPs). As a test case that demonstrates the validity of our
theory for the MCP response, we show that the resulting
background in the ER instrument outside of disturbed solar
conditions is consistent with known GCR fluxes throughout
our period of observation. The theory describing the MCP
response applies to energies down to a few MeV, thus
enabling an estimate of the response to SEPs as well. While
the flux of GCRs is relatively well-constrained, flux levels
for SEPs are complicated by the fact they are lower in
energy and hence more susceptible to the effects of
1
Auxiliary materials are available at ftp://ftp.agu.org/apend/sw/
2012SW000781.
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shielding, and may also exhibit spatial non-uniformities
that interact with the field-of-view (FOV) for penetrating
particles. Although some information is gained in terms of
event intensities, uncertainties in the flux levels for SEPs
indicate that the main contribution of the observations
made by the ER is in the timing and spatial properties for
both SEPs and interplanetary (IP) shocks related to ICMEs.
Based on our detection mechanism outlined above, we then
summarize the SEP events and candidate ICMEs as seen by
MGS throughout a nearly 7-year period starting in mid1999, and describe a data set for use by the community in
SEP and ICME propagation modeling.

2. The MGS Mission and ER Instrument
[5] The MGS spacecraft arrived at Mars in September
of 1997 and was inserted into a circular mapping orbit in
March of 1999, with a nominal 400 km altitude fixed in a
2 A.M.-2 P.M. local time plane. Contact was lost with MGS
on 2 November 2006, and the mission concluded shortly
thereafter. Onboard MGS, the MAG/ER instrument consisted of a 3-axis fluxgate magnetometer (MAG) combined
with the ER, a top-hat style electrostatic plasma analyzer
[Acuña et al., 1999, 2001; Carlson and McFadden, 1998]. The
MAG instrument was designed to study in situ magnetic
fields arising from Mars-solar wind interactions and any
intrinsic or crustal magnetization, while the ER was
designed to study the Martian ionosphere, the interaction
of Mars with the solar wind, and to perform remote sensing
of magnetic fields via the electron reflection technique
[Mitchell et al., 2001]. Nominally, the ER instrument was
intended to measure the energy and angular distribution of
low-energy electrons between 10 eV and 20 keV. In a
basic electrostatic analyzer design, the electrons enter the
detector via a narrow entrance aperture and are subsequently guided onto MCP detectors via a system of electrostatic deflection (Figure 1a). As the potential is swept
between the two concentric spherical shells, only electrons
of a specific energy range avoid collisional absorption into
the entrance aperture walls, which are then focused on to
MCP assemblies arranged in a annular ring to cover the
analyzer exit plane. The MCPs amplify the incoming electrons via a cascading avalanche process, leading to the
impact of a much larger number (106) of electrons on an
anode beneath the MCP. By recording the angular position
of the charge pulse impact on the anode plane, the direction of arrival of the electron can be determined. The MCP
assemblies in the ER were constructed using two individual
MCPs stacked on top of one another in a chevron configuration [Carlson and McFadden, 1998; Fraser, 1983; Wiza,
1979]. The anode used in the ER was a circular pulseposition anode (PPA), a resistive element design that relied
on the timing of arrival of two charge pulses at the anode
ends to localize the approximate location of the arriving
particle along the anode ring. Under typical operating
conditions, the energy resolution provided by the ER analyzer section was DE/E 25%, and the PPA yielded position
to within 1 of accuracy.
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Figure 1. (a) Electron Reflectometer (ER) instrument design and operating principle and
(b) schematic of ER on the main payload deck of the Mars Global Surveyor (MGS) spacecraft,
showing top-hat location, MCP orientation, and fields of view.
[6] Direct qualitative evidence that the ER detected
particles with energies significantly above the limit of the
highest energy channel consists of isolated periods of
enhanced count rates whose temporal profile suggests that
they were associated with known solar events. Many of
these examples possessed clear shock features consistent
with plausible IP shock propagation times. Under normal
circumstances the ER recorded both solar wind and ionospheric electrons over a range of 10 eV to 20 keV, including
their angular dependence within the FOV. The uppermost
energy channel covered a range of 16–20 keV, and was
generally quiet with a typical rate of 5–15 counts/s, except
during rare periods when energetic electrons were
encountered in the Martian plasma environment. During
isolated time intervals, the ER count rates increased dramatically across all energy channels and angles, typically
above 102 and in some cases as high as 105 counts/s.
[7] Figure 2 displays data from one such event in January
of 2002, showing the uppermost energy channel of the ER
during otherwise quiet ionospheric conditions. Looking
at data from Earth, the sudden rise in count rate is coincident with a C9 class flare as seen by the Geostationary
Operational Environmental Satellites (GOES) and the
emergence of an east-limb CME [Cane et al., 2006]. Roughly

2 days later, a sharp spike in the count rate was observed.
This signature is consistent with a gradual proton event
(GPE), in which SEPs stream to Mars along magnetic field
lines connected to the source region, followed by the ICME

Figure 2. Example of enhanced count rates in the highest energy channel of the ER during January 2002. The
count rate appeared relatively independent of energy
in the upper three energy channels. The intensity-time
profile and duration, together with onset just after a
known flare/coronal mass ejection (CME), is consistent
with a gradual solar energetic particle (SEP) event.
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Figure 3. Complete energetic particle data set/
summary from the ER. Black represents raw data in the
highest energy channel, red indicates selected events
consistent with particles that penetrate the instrument
housing, and the light blue line indicates smoothed,
averaged background outside of known solar activity.
shock. The temporal profile of these events, together with
the fact they appeared independent of both the energy and
angular discrimination of the ER, indicate that they were
caused by energetic particles, mostly protons, which penetrated the aluminum housing of the ER instrument. These
penetrating particles thus bypassed the energy selection
method employed by the ER, and hence appeared uniform
in count rate across the energy channels. These events
were typically detected at the uppermost energy channels,
while counts due to ionospheric and photo-electrons
tended to dominate the lower energy channels. The sustained flux of particles in the higher energy channels
results from the continual acceleration of particles at the
ICME shock front, culminating in the passage of the shock
itself which brings a rapid increase in flux – the Energetic
Storm Particles (ESPs) – at 07:10 on 11 January 2002 in
this event.
[8] The distribution of material around the MCPs within
the ER was somewhat complex, such that an exact
description of the attenuation of energetic particles due to
shielding is for the most part impractical. However, a simplified model of the shielding distribution can be developed
that is sufficiently accurate for our purposes here, depending on the arrival direction and the energy of incoming high
energy particles. The ER instrument was mounted on the
MGS instrument deck, which was generally facing in the
nadir direction (toward Mars) throughout the mapping
mission (Figure 1b). The ER detector head, containing the
aperture, electrostatic analyzer section and MCP detectors
protruded beyond the deck line in order to facilitate a clear
FOV in the aperture plane for low energy (<20 keV) electrons. We define the y axis to face out away from the
detector head as shown. In the hemisphere defined by the
y-axis looking along y, the shielding surrounding the MCP
detectors ranged between 3.6 and 4.8 mm, the majority of
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which was comprised of aluminum with some smaller
proportion of plastics. In the opposite direction (y) the rear
of the ER assembly consisted of an electronics box, with
aluminum sides ranging between 0.75 to 1.75 mm in thickness, in addition to fiberglass circuit boards and components within the box. However, the FOV in the y direction
was also obscured by other instruments and their electronics boxes on the MGS payload deck, thus there was
substantial shielding in this look direction. Part of the
rearward-facing hemisphere in the y direction was also
obscured by the payload deck, a section of MGS containing
avionics, and main fuel tanks, all enclosed in a composite
structure. In the z (nadir) direction, the FOV was obscured
in a 63 cone by Mars. Thus for energetic particles, the side
of the detector with the lowest energy threshold for penetration into the interior was from the +y direction. We
conducted simulations utilizing Stopping Range of Ions in
Matter (SRIM) to determine that on average, protons of
greater than 30 MeV energies could penetrate the amount
of aluminum present around the MCPs when incoming
from the +y hemisphere, with a variation of several MeV
due to the distribution of shielding, with the caveat that
a portion of the FOV in this direction is obscured by
Mars. Given that the SEP spectral knee ranges between
10 MeV to 1 GeV [Reames et al., 2001], with this
threshold the ER should have been sensitive to a large
number of SEP events with sufficient energy to penetrate
the aluminum housing and directly impact the MCPs
within the instrument.

3. Data Set Description
[9] The complete record of energetic penetrating particles
recorded in the ER instrument is shown in Figure 3. The
black trace represents the raw data from the highest
energy channel, summed over all pitch angles, in corrected
counts/s. For the data shown, this channel contains
enhanced counts due to individual solar energetic particle
events as well as 20 keV electrons that entered the
instrument aperture and were energy-selected by the
voltage sweep as intended for nominal operation. The red
regions indicate areas of SEPs, selected manually, using a
database of known solar events, supporting data from
other spacecraft, visual inspection of the temporal profile,
and apparent pitch angle characteristics and energy spectra. High (105/s) count rates recorded during SEP events
were corrected for dead-time. Overall, between May of
1999 and November of 2006, the ER detected 85 discrete
events consisting of enhanced counts in the highest three
energy channels. The majority of these are consistent with
the presence of energetic particles penetrating the detector.
Outside of the SEP enhancements and 20 keV electrons,
the background count rate is shown as a smooth line in
Figure 3, which ranged from a minimum between mid2000 to 2004, and approached maximums in early 1999 and
late 2006. The background count rate reached a minimum
of 6 counts/s in 2001 and obtained a maximum level of
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Figure 4. (a) Illustration of the mechanism by which
energetic particles produce d-rays in collisions with MCP
channel walls. The angle a′ is the microchannel plate
(MCP) bias angle (13 ). (b) The detection efficiency of
both one- and three-stage MCPs (shown in lower and
upper lines, respectively) as a function of incident angle
a, the angle between the plane of the MCP and the incident particle, in experiments conducted by Oba et al. [1981].
12 counts/s at the conclusion of the MGS mission in
November 2006.

4. Detector Response to Penetrating Particles
[10] The modulation in the background count rate in
Figure 3 presents a clue to its origin, in that this dependency is consistent with the expected modulation of the
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GCR flux by the solar cycle. GCRs provides an attractive
method to understand the ER detector response to penetrating particles in general, since the energy distribution
peaks near 1 GeV, which will penetrate through most of
the material surrounding the ER on MGS. Thus of the
various sources of energetic particles that may be present,
the detector response to GCRs is the most likely to be relatively independent of the shielding distribution around
the MCPs, and hence representative of the raw MCP
response to high energy particles.
[11] MCPs are typically optimized for the detection of
lower energy ions and electrons in the keV regime, in
which incoming particles stimulate the emission of secondary electrons at the channel walls, initiating a cascade
effect resulting in amplifications of 106–107. MCP efficiencies in this energy regime for incident ions have been
studied experimentally and theoretically for decades, in
most cases for ion energies of less than a few hundred keV
[Fraser, 2002]. In this regime secondary electron production
is assumed to result from close nuclear collisions between
the incident charged particles and atoms in the target
material (in this case MCP glass), producing energetic
electrons (d-rays). These d-rays then proceed to ionize
additional atoms within the MCP glass, producing lower
energy secondary electrons, which may then migrate to
the surface via a diffusion process [Sternglass, 1957]. There
is however ample evidence that MCPs can respond to
higher energy particles with reasonable overall efficiencies
depending on the circumstances. Oba et al. [1981] performed an experimental study of the efficiency of stacks of
MCPs to 3 GeV/c pions and 7 GeV/c protons, obtaining
overall detection efficiencies ranging from 50 to 90%
depending on the number of MCPs used in the stack and
angle of incidence. More recently, Mosher et al. [2001]
describe the use of MCPs to detect ions with MeV energies and masses between A  3–200 in nuclear recoil
experiments, with absolute efficiencies approaching 80%
for alpha particles. Work by Siegmund et al. [1989, 1988]
demonstrated 65% overall efficiencies for their MCP
configuration to GCR-produced secondary muons at sea
level, using a coincidence counting technique, and also
isolated the pulse-height distribution of these events.
[12] The detection efficiency for energetic, minimum
ionizing particles by MCPs can be substantial due to the fact
that these particles can penetrate through many MCP
channel walls. Thus while the probability of electron emission per collision with a wall of an individual MCP channel
may be small, since many such channel walls are penetrated during a given particle traversal, the overall aggregate probability of one or more electrons being generated
can be significant (Figure 4a). The results of Oba et al. [1981]
are consistent with this interpretation, who observed an
angular dependence for MCP efficiencies that was proportional to the number of channel walls penetrated by incident 3–7 GeV/c particles (Figure 4b). The lowest efficiency
occurs as one approaches normal incidence (a  90 ) since
particles cross the fewest number of channels at that angle
of entry. Incoming particles with lower angles of incidence
5 of 23
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Figure 5. Advanced Composition Explorer (ACE) proton
data and results of fitting ER count rates assuming similar galactic cosmic ray (GCR) fluxes at each spacecraft.
begin to cross a larger number of channels laterally, and
hence have a higher overall detection efficiency. Based the
results of Oba et al. [1981], the probability of electron emission at each MCP channel wall for 7 GeV/c protons at a
45 angle of entry was estimated to be 0.6%. For a typical
MCP length-to-diameter ratio (L/d) of 80, a particle entering at a  45 will cross about 80 channel walls. Assuming
Poisson statistics (see Appendix A), this yields a 38% probability that a minimum ionizing particle will liberate one or
more electrons from the channel walls along its trajectory
through the MCP stack. These electrons are consistent with
d-rays, i.e., energetic electrons produced by ionization of
the target material from the incoming charged particle, and
are able to escape directly into the channel and then stimulate a cascade. For a typical MCP wall thickness of 3 um,
a d-ray produced in the middle of the channel wall would
need a relatively low energy of 19 keV in order to escape.

5. ER Detection Efficiency for Energetic Protons
[13] Under the assumption that the slowly varying background levels in the highest energy ER channel in Figure 3
resulted at least in part from the solar cycle modulation of
GCRs, we compared this data to simultaneous measurements of GCR protons obtained by the Cosmic Ray Isotope
Spectrometer (CRIS) on the Advanced Composition
Explorer (ACE) mission [Mewaldt et al., 2010]. The background counts in the ER were manually scanned to avoid
known solar events, and then the remaining intervals
selected based on the uniformity of counts across the top
three energy channels. This data was then averaged over
Bartels rotations, producing a single value of the estimated
background per rotation. These results were then compared with measurements of GCR protons >120 MeV by
the CRIS instrument order to derive an effective sensitivity
factor for the ER MCPs in this regime.
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[14] To effectively perform this comparison, several
assumptions need to be made in terms of the equivalent
MCP FOV under these conditions as well as the efficiency
of MCPs with respect to heavier ions in addition to protons. To address the first issue, we assume that the
shielding provided by the spacecraft to particles of GCR
energies is negligible; previous work comparing the free
space GCR response compared to in the presence of
spacecraft shielding for the MARIE instrument indicates
that this is at most a 10% effect on Mars Odyssey [Atwell
et al., 2004]. The MCP is then modeled as a single planar
detector of area A where shielding results solely from the
fraction of the FOV that is obscured by Mars. The second
issue is the response of the MCPs to fully ionized helium
and heavier ions, which together can account for roughly
9–13% of the proton flux over solar cycle 23 [Shikaze et al.,
2007]. The equivalent counts resulting from the heavy ion
component of the GCR spectrum were accounted for in
the ER background when compared to the CRIS proton
data. Additional assumptions included that the variation
in GCR flux between Earth and Mars is minimal, amounting to a few percent or less [Heber et al., 1995; McDonald
et al., 1997]. Due to the high energy peak in the GCR
spectrum (700 MeV–1 GeV), the difference between the
GCR proton flux measured by the ER and CRIS due to
the difference in particle energy threshold for each instrument (30 MeV versus 120 MeV) is also small, of order a
few percent or less. A direct statistical comparison between
the ER and CRIS data was then conducted, assuming the
CRIS data as a standard reference. The ER background
counts and CRIS proton data were binned and sorted from
least to greatest values, and a linear least squares fit conducted. The results, shown in Figure 5, were statistically
robust and imply an effective geometric factor GER for the
ER with respect to GCR protons of 33.11 cm2-s-sr. An ideal
detector of area A would have a geometric factor of G 
2pA, which is 95.5 cm2-s-sr in the case of the ER MCPs.
Obscuration of the MCP FOV by Mars reduces this value
by 23%, or to 73.5 cm2-s-sr. Thus GER for GCR protons is
45% of the value expected for an ideal detector with 100%
detection efficiency with an FOV obscured by Mars. Given
this geometric factor for the ER with respect to energetic
protons, the implied efficiency for the production of an
electron at each MCP channel wall at an angle of incidence
of a  45 ranges from 0.7 to 1.4%. The uncertainty in this
estimate is dominated by uncertainties in the total volume
of the ER MCPs that can produce a detectable pulse when a
penetrating particle initiates a d-ray, the details of which
are discussed in Appendix A. The lower limit for the perchannel probability we obtain for the MCP ER is roughly
consistent with the value estimated by Oba et al. [1981], and
implies that only the upper (first) MCP of the ER was
involved in the detection process.
[15] The response of the ER MCPs to SEPs is in most
cases assumed to result from the same mechanism as
outlined for GCR ions. Although SEPs are lower in energy,
their energy transfer during a traversal through the MCP
glass is small compared to the incoming particle energy,
6 of 23
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and as in the case of GCRs the thin target presented by the
channel walls allows for the direct escape of d-rays. However, the interpretation of the overall response of the ER to
SEPs is complicated by multiple competing effects when
compared to the GCR response. As the proton energy
decreases, the importance of shielding effects increases.
For incident particles of 100 MeV energy, the distribution
of material in the MGS spacecraft around the ER instrument likely played a significant role in reducing the incident flux on the MCPs. In the 10–100 MeV regime, the raw
efficiency of the MCP itself becomes energy dependent, as
discussed in Appendix A. Hence variations in spectral
hardness have a significant impact on the overall ER efficiency for the detection of SEPs. In addition, SEP events
may have anisotropic pitch angle distributions with
respect to the magnetic field, unlike the nearly isotropic
GCR flux. Since the response of MCPs to energetic particles is directional, the measured flux levels will depend on
the orientation of the detector with respect to the magnetic
field. Without coincident measurements of the SEP energy
spectrum and pitch angle distribution, as well as a detailed
knowledge of the complete distribution of material around
the ER, determination of the absolute flux level of SEPs is
difficult. While electrons comprise less than 1% of the
GCR flux, it is also worthy to note that energetic electrons
above a few MeV may also have penetrated the ER housing, and would have produced counts directly in the MCPs
with similar efficiencies as in the case of ions outlined
above [Bateman, 1977]. Gradual SEP events are generally
electron poor, while the impulsive events may contain a
significant electron population, thus the importance of this
effect will vary from event to event [Reames, 1999b]. SEP
flux estimates from ER data may be possible on a case-bycase basis depending on the availability of other measurements, particularly for isotropic distributions and
when the SEP energy spectrum is known from other
sources. The determination of the absolute flux for individual SEP events in the ER data set is beyond the scope of
this paper and will be left for future work. The primary
objective in our present analysis is to identify the physical
mechanism responsible for the detection of SEPs by the
ER, which utilizes the response of MCPs to GCR protons
to show that this occurs due to the interaction of energetic
particles with individual MCP channel walls.
[16] Thus to summarize our results, the response of the
MGS ER to energetic particles may be described as follows:
[17] 1. Over at least half of the FOV, the ER instrument
housing allows the penetration of protons of >30 MeV
energy which will then directly impact the MCP plane.
The energy threshold for penetrating protons is at this
level or higher in other look directions depending upon
the amount of shielding provided by the MGS spacecraft.
[18] 2. GCR protons represent an excellent test case in
which to quantitatively constrain the efficiency of the ER
instrument for the detection of energetic particles. Assuming that shielding is negligible and that the sensitive region
is provided by the MCP active area, the detection efficiency
is consistent with the presence of a small but measurable

S06003

probability of electrons produced through d-ray emission at
each MCP channel wall. The overall MCP efficiencies and
detection probabilities per channel wall we derive using
CRIS proton data as a reference are comparable with previous laboratory measurements of MCP efficiencies for
energetic particle detection.
[19] 3. The detection efficiency for heavier ions in the ER
instrument was greater than 80%. This is due to the
dependence of d-ray emission probability on the square of
the particle charge z, and correspondingly higher linear
energy transfer (LET) for these particles.
[20] 4. Detection of lower energy SEPs by the ER MCPs
occurs through the same mechanism as we outline for
GCRs above. However, the determination of absolute flux
levels for incident SEPs is complicated by the increased
importance of spacecraft shielding at these energies, the
energy dependence of the MCP response in this regime,
the possibility that the particles may have anisotropic pitch
angle distributions, and the presence of low-energy (keV)
or penetrating (MeV) electrons.

6. Solar Energetic Particles
[21] The ER detected numerous isolated events of
enhanced count rates meeting the criteria for the presence of
penetrating particles above the levels produced by the continual GCR flux. To isolate these events, a signal-to-noise
(SNR) ratio of 3 was used as a threshold, requiring that the
enhanced counts be above the ER background by at least
this amount. While the background varies over the data set
depending on cosmic ray and noise backgrounds, in general
any event with a peak less than 30 counts/s or less was
ignored. Extremely short duration events, consisting of less
than three data points (or 15 min) were also ignored.
Uniformity in counts in the top three energy channels was
also used as an indicator of the presence of penetrating
particles. Many events with count rates >100 counts/s produced counts in the top three energy channels with a high
degree of uniformity, typically within 20% of one another.
Outside the events, the ratios of counts in the uppermost
energy channels usually exceeded a factor of 2. Finally,
known periods of obvious ionospheric activity and other
contaminating sources such as stray light were discarded.
[22] The resulting data set was then processed to select
for events with a significant flux for particles >30 MeV of
1 particle/cm2-s-sr. As described earlier an exact geometric factor for each SEP event is unknown, but as an
approximation we assumed an average geometric factor of
pA for the detection of most SEP events, equivalent to a
count rate of 45–50 counts/s in the uppermost energy
channels of the ER. Of these, a subset was identified whose
onset was temporally correlated with the detection of a
significant CME by the Large Angle and Spectrometric
Coronagraph Experiment (LASCO) on the Solar and
Heliospheric Observatory (SOHO). Associated flare activity was acquired through the LASCO CME catalog and/or
GOES X-ray observations. The result of this selection
process was 41 events linked with a specific CME, or group
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5/5/00
18:30
7/14/00
13:55
7/27/00
09:15

SEP
Arrival

1

Number

Peak
Count
Rate

Mars

X1.0

1.40
–

M2.8

disk
brightening
X2.6

–

–

M7.8

3.02

C2.2

X14.4

–
6.79

–

–

–

–

–

–

M7

–

–

–

M2.5

–

–

3.69

X5.7

–

Intensity

–

–

Sun-Mars
Timeb

11/17/01
04:49

4/15/01
13:19
4/18/01
02:11
4/26/01
11:26
8/15/01
23:48
9/24/01
10:14
11/4/01
16:03

–

–

–

11/8/00
23:12
–

10/16/00
06:40

7/14/00
10:24
–

–

Date
Time

Flare

S13E42

S17W20

S18E27

–

N17W31

S20W120

S20W85

–

–

–

–

9704

9684

9632

9557

05:30

16:35

10:30

23:54

12:30

02:30

–
9433

14:06

–

–

–

–

23:06

07:27

–

10:54

–

LASCO
Detection

CME

9415

–

–

–

–

9213

–

–

N10W77

–

9077

–

AR

–

N22W07

–

Location

Earth

Table 1. Summary of SEPs Related to Solar Events Detected by the MGS/ER, May 2000–Aug 2005a

11/19/01
17:35

9/25/01
20:05
11/6/01
01:20

4/11/01
13:15
4/18/01
00:05
4/21/01
15:08
4/28/01
04:31
–

–

–

11/10/00
05:50
–

–

7/15/00
14:05
–

–

Shock
Arrival

56

51

37

23

19

24

26

27

31

100

108

112

123

168

174

153

f deg

Shock signature arrives
at Mars before Earth

May be merging from
previous event or a
CME on 11/15/00, 23:54
Several halo/partial west
limb events recorded
between 11/24–11/26/00
Gradual onset of SEPs
followed by clear shock
signature in ESPs.
Fast CME on 4/2,
22:06, or several partial
halo events on 4/2.
Halo CME on 4/9, 15:54,
and/or on 4/10, 05:30.

Related to series
of shocks at Earth:
7/28/00 05:43 and
09:10; 7/31/00, 18:16
West limb event with
Mars leading Earth.
Proximity to CIR/SIR.

Backsided CME
on 5/5/2000.
Bastille Day event

Notes

Jian et al. [2006a]
event 13
Cane et al. [2006]
event 35
Cane et al. [2006]
event 36
Cane et al. [2006]
event 37
Cane et al. [2006]
event 41
Jian et al. [2006a]
event 26
ACE shock list/
Jian et al.
[2006a] event 34
Jian et al. [2006a]
event 37

Jian et al. [2006a]
event 36

Jian et al. [2006a]
event 34

Cane et al. [2006]
Jian et al. [2006b]

Jian et al. [2006a]
Cane et al. [2006]
Jian et al. [2006a]
ACE shock list

References
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1/9/02
08:46
3/13/02
23:25

20

8/27/02
06:30
10/27/02
23:57
3/18/03
17:45
5/31/03
03:42
10/4/03
11:52

10/26/03
17:35

10/28/03
12:45
11/2/03
17:14
11/20/03
12:40
–

23

28

29

32

31

30

27

26

25

24

7/16/02
18:43

22

21

12/26/01
08:00

19

52

493

–

7/10/04
15:24

193

210

–

30070

49

–

10/30/03
04:35
–

235

512

–
223

115

–

3/21/03
07:53
–

5059

2956

6936

428

48

7/19/02
19:28

1/11/02
07:10
3/14/02
06:25

2/29/01
07:40

11/30/01
01:34

–

18

992

–

ESP
Arrival

11/23/01
00:22

SEP
Arrival

17

Number

Mars
Peak
Count
Rate

Table 1. (continued)

3.80

Backsided

M9.6

X8.3

–
–

X17

X1.2

1.71

–

–

M9.3

–
–

X1.5

Backsided

2.75

–

Backsided

Backsided

–

–

C2.6

C9

M7.1

–

–

Intensity

3.30

2.55

3.09

–

–

Sun-Mars
Timeb

10/28/03
09:51
11/2/03
17:03
11/20/03
07:36
–

10/26/03
17:21

3/18/03
11:51
5/31/03
02:13
–

–

–

–

1/8/02
20:25
3/10/02
21:50

12/26/01
04:32

–

–

Date
Time

Flare

501
–

–

486

486

484

–

365

314

–

–

–

7/6/04 20:06

08:06

17:35

11:30

17:54

–

02:30

10/27/02
23:18
13:54

–

7/16/02
16:02

23:06

17:54

–
9866

05:30

–

–

LASCO
Detection

CME

9742

–

–

AR

N03W08

S18W59

S20E02

N04W43

–

S07W65

S15W46

–

–

–

S08W58

NE100

N08W54

–

–

Location

Earth

–

10/29/03
05:59
11/4/03
05:59
–

10/28/03
01:31

3/20/03
04:20
5/29/03 11:55,
18:25
–

–

–

7/17/02
15:30

1/10/02
15:50
–

12/29/01
04:49

–

–

Shock
Arrival

141

30
Shock arrival consistent
with backsided event

Halloween events

22
23

Halloween events

21

Associated with one
of two Halo events
on 11/22/01, 20:30
and 23:30. ACE
registers three shocks
at Earth; 11/24/01
at 05:45, 08:00, and 09:00
Possibly a second shock
from one of the two
CMEs above in event 17
Associated with halo
CME on 12/25/01,
11:30, or partial halo
CME on 12/26/01, 05:30
CME likely from behind
the east limb.
Could be halo CME
event on 3/10/02, 23:06,
or 3/11/02, 23:30.
Earth-Mars in conjunction
with backsided event
detected at Mars
Weak shock or SEPs
associated with a CME
Backsided CME
with fast shock.
Mars in direction
of west limb.

Notes

SEPs associated with
several weak events
on 10/4/03, 10:56
and 13:31
Halloween events

12

30

62

138

171

167

107

78

73

61

60

f deg

Gopalswamy et al.
[2005], ACE
shock list
Gopalswamy et al.
[2005]
Jian et al. [2006a]
event 19
Jian et al. [2006a]
event 22

Jian et al. [2006a]
event 3
Jian et al. [2006a]
events 5, 6

Jian et al. [2006a]
event 21

Jian et al. [2006a]
event 14

Cane et al. [2006]
event 52

Jian et al. [2006a]
event 39

Jian et al. [2006a]
event 38

ACE shock list/
Jian et al.
[2006a] event 38

References
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9/6/04
08:55

11/12/04
12:04
1/19/05
07:30
–

7/14/05
06:56
–

8/1/05
19:52

8/23/05
14:40

34

35

38

40

41

91

167

–

–

149

101

1742

–

–

216

7/24/05
17:30

–

5652

730

226

–

1/20/05
13:20
6/18/05
11:30

Peak
Count
Rate

ESP
Arrival

Mars

–

–

–

–

–

–

M4

–

M5

–

–

–

–

–

–

Intensity

–

–

–

Sun-Mars
Timeb

All times are in UT.
Sun-Mars time is given in decimal days.

b

a

39

37

36

8/10/04
03:27

33

Number

SEP
Arrival

Table 1. (continued)

Flare

–

–

7/13/05
14:01
–

6/16/05
20:01

–

–

–

–

Date
Time

–

–

–

N11W90

N08W90

–

–

–

–

Location

–

–

–

786

775

–

–

–

–

AR

Earth
CME

–

–

–

14:30

–

–

–

–

–

LASCO
Detection

–

–

–

–

–

–

–

–

–

Shock
Arrival

29

37

39

45

51

112

149

175

161

f deg

Notes

Halo CME on 7/21/05
at 03:54. SIR identified
by WIND.
Consistent with energetic
penetrating particles
but origin unknown.
Consistent with a
shock from one of two
Halo events on 8/22/05
at 01:30 and 17:30.
Earth detects two closely
spaced shocks that may
have merged at Mars.

Backsided event on
8/8/04 at 08:54 is one
possible source.
Several SIRs may
be present.
Associated with backsided
Halo CMEs on 9/3/04
at 00:54 and 10:30 and
on 9/4/04 at 06:54.
Occurs near an SIR.
Possibly event
18 in Jian et al.
Related to several
halo CMEs on 1/15/05
No LASCO coverage
during this time.
GOES x-ray data
indicates M4 flare
on 6/16/05, 20:01

References

Cane et al. [2006]
event 91

Jian et al. [2006a]
event 18
Cane et al. [2006]
event 86
Cane et al. [2006]
event 90

Jian et al. [2006b]
event 28

Jian et al. [2006b
events 24, 25
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of CMEs, and are summarized in Table 1. Of these,
roughly half (21 events) were associated with a specific
CME with reasonable certainty; these events typically
showed prompt arrival of SEPs from a known flare/CME
and had good correlation with other energetic particle data
detected at Earth. The remaining events were generally
associated with a group of CMEs. The presence of stream
or corotational interaction regions (SIRs/CIRs) were also
noted, although detection of these by the ER was unlikely
given the 30 MeV energy threshold for penetrating particle measurements.
[23] Parameters listed in Table 1 include the event number
for this subset in column 1, which ranges from 1 to 41. Column 2 shows the SEP arrival time at Mars, chosen using the
SNR = 3 criteria in particle count rate described earlier.
Estimated shocks at Mars are shown in column 3 of Table 1,
identified in the data set by the presence of ESPs, the rapid
increase in energetic particle intensity expected for faster
ICMEs [Kallenrode, 1995; Lario et al., 2005; Mäkelä et al., 2011],
hence this column is denoted “ESP Arrival.” The ER peak
count rate is listed in column 4, which is provided to give
some indication of the intensity of each event. As discussed
earlier, the interpretation of these rates in terms of absolute
flux is subject to limitations. In cases where clear shock
and CME identification has occurred, the transit time from
the Sun to Mars is listed in column 5 in decimal days.
Columns 6–11 summarize known solar event properties
including flare intensity, time, and location, applicable active
region (AR), detection time of a CME by LASCO, and shock
arrival times at Earth. Flare data was obtained using the
Virtual Solar Observatory (http://vso.nso.edu/cgi/catalogui)
and also relevant published work for specific events of
interest (such as the 2003 Halloween storms). Shock arrivals
at Earth, including screening for the possible presence of
SIRs, are listed using data compiled by Jian et al. [2006a,
2006b], supplemented by the ACE Lists of Disturbances and
Transients (http://www-ssg.sr.unh.edu/mag/ace/ACElists/
obs_list.html). Column 12 shows the relative solar longitude
angle (f) between Earth and Mars, obtained using the online
Mars ephemeris generator maintained by the NASA Planetary Data System (http://pds-rings.seti.org/tools/ephem2_
mar.html). In the convention adopted here, f is defined as
positive in the counterclockwise direction, looking down on
the ecliptic plane from the direction of solar north. Positive f
indicates that Mars is leading the Earth in this plane,
and negative f is for cases when Mars trails the Earth.
Column 13 contains notes specific to each event, such as lists
of potential candidate CMEs in the cases where an event
cannot be attributed to a single CME, and other observations of specific interest to each case. Column 14 contains
references to other relevant work in shock identification,
and to specific events as appropriate. All times shown in
Table 1 are in Universal Time (UT).
[24] Detection of an ICME in our data set is limited to
cases with clear SEP and ESP profiles. The main indicator
used to identify shock arrival at Mars is through the presence of ESPs in the penetrating particle signature. The
presence of ESPs is far from comprehensive in terms of

S06003

ICME identification, where other in situ phenomena
such as above-ambient magnetic fields, magnetic clouds,
bi-directional electron strahls (BDEs) and low proton or
electron temperatures have proven more diagnostic, among
other observables [Cane and Richardson, 2003; Gopalswamy
et al., 2001; Jian et al., 2006a; Zurbuchen and Richardson,
2006]. Use of ESPs as the primary shock identification tool
will likely isolate only the faster shocks (>1000 km/s) and
may miss 50% of CME-related shocks [Mäkelä et al., 2011].
To aid in the identification of shocks and ICME-related
discontinuities, we also used the magnetometer data from
MGS as a proxy for solar wind pressure to provide corroborating evidence of an ICME passage. The subsolar magnetic field strength is estimated by fitting the magnetic fields
measured by MGS in the mapping phase to a cos2q function,
where q is the angle between the upstream flow and the
obstacle normal. Measurements obtained in the magnetic
pileup boundary (MPB) are dominated by magnetic pressure, which is assumed to scale with incident solar wind
dynamic pressure. The resulting fit thus yields a proxy for
the solar wind pressure at a timescale of the MGS orbital
period, or in roughly 2 h increments [Brain et al., 2005;
Crider et al., 2003]. As an example of the applicability of this
technique to ICMEs, Crider et al. [2005] showed that large
increases in the solar wind dynamic pressure were present
at Mars during shocks associated with the 2003 Halloween
events. For all but one of the candidate shocks identified in
our data set using ESPs, there was an accompanying significant increase in the magnetic field pressure proxy.

7. SEP Temporal and Spatial Properties
[25] Throughout the MGS mission, the ER detected SEP
events over a wide range of Earth-Mars geometries, thus
adding a second observation point with which to constrain
SEP spatial properties. In general, the duration and timeintensity profiles of most of the events in Table 1 are consistent with GPEs, resulting from the small fraction (1%)
of CMEs with fast shock speeds and hence capable of the
sustained acceleration of particles. These events show
many of the typical temporal-spatial variations depending
on the geometry of the source and observation point.
These include the expected time-intensity profiles for halo
events and for sources both to the east and west of the
observer, as well as exceptionally wide events, and backsided events that would previously have gone uncharacterized in terms of SEP and shock arrival times. There
was also at least one example of an event showing the clear
effects of shock curvature. We describe in detail a few
examples of these different classes of events below.
[26] When measured from a single location, the
intensity-time profiles of SEP events will depend in large
part on the location of the event with respect to the central
meridian from the perspective of the observer [Reames,
1999a; Richardson et al., 1991]. Particles accelerated from
regions to the west from the perspective of the observer
will arrive promptly at time scales comparable to the
propagation time, as these particles stream along the
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Figure 6. Summary of the Halloween events in October of 2003 as recorded at both Earth
and Mars. Note that the ACE SIS > 30 MeV proton intensity saturates when it exceeds
1000 protons/cm2-s-sr.
magnetic field lines oriented along the Parker spiral that
intercept the observation point, followed by a maximum in
particle flux as the shock itself passes. The onset of SEPs is
usually more gradual from events to the east, since these
regions are not well magnetically connected to the
observer, but will rise in intensity as the shock expands and
shock-accelerated particles begin to arrive. Events near the
central meridian may produce a wide variety of timeintensity profiles depending on the width of the CME, and
often result in a plateau in the SEP time-intensity profile
with the exception of a shock-enhancement.
[27] Figures 6–8 summarize examples of halo, east, and
west events as seen from Earth, with supporting data from
the ER. The Halloween storm of 2003 provided one of the
most straightforward examples of a halo CME in which
both Earth and Mars were magnetically connected to the

same particle acceleration region. During this time Earth
and Mars were in opposition, with Mars slightly trailing
Earth such that it was very likely on the same Parker spiral
field line. These are listed as events 28–30 in Table 1 and are
summarized in Figure 6. An X1.2 flare/CME occurred on
26 October at 17:54 UT, resulting in the prompt arrival of
SEPs at both planets. At 09:51 UT on 28 October, an intense
X17 flare erupted, followed by a fast halo CME at 11:30 UT.
Prompt SEP arrivals are evident at both Earth and Mars in
Figures 6b and 6e, followed by the shock arrival separated
by less than 23 h between each location. The next most
obvious feature is the prompt arrival of SEPs at both Earth
and Mars on 2 November, resulting from an X8.3 flare at
17:03 UT followed by detection of a CME at 17:35 UT, where
again Earth and Mars were magnetically connected to the
source region. It should be noted that between these events
12 of 23
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Figure 7. Example of a CME event that generated both promptly arriving SEPs and a shock
at Mars. The Earth did not record the initial SEPs but witnessed the same shock.
a fast (>2000 km/s) halo CME on 29 October at 20:54 UT was
recorded from an active region near the central meridian,
hence flare or shock-accelerated particles were not wellconnected to Earth or Mars. There may be some evidence
of a subsequent shock at Mars, marked by both a magnetic
enhancement and a slight increase in the penetrating particle flux on 31 October at 12:00 UT; however, this determination is far from certain.
[28] Figure 7 shows data from the example of a CME in
January 2002 presented in Figure 2, listed as event 20 in
Table 1, when a CME was detected by LASCO on 8 January
2002, 17:54 UT, with an eastern component as it expanded.
While there was a C7.2 flare from an active region at S18
W42 at this time, closer inspection indicates that a more
likely source was a C9 flare in the northern hemisphere
and behind the east limb (NE100 ). In the data shown, no
initial SEPs were detected at Earth, but a shock was

witnessed on 10 January 2002 at 15:50 UT. The ER detected
both the initial SEPs and a subsequent shock on 11 January
2002 at 07:10 UT. Mars was trailing the Earth by 77 during this time, i.e., was in the direction of the east limb as
seen from Earth, and thus from the perspective of Mars the
source of this event was close to the central meridian. In
this case there was a gradual onset of the event at Earth
during and after the shock passage, as is typical for east
limb events [Cane et al., 2006]. The ER recorded both the
initial SEPs as well as a shock, consistent with a halo event
from the perspective of Mars. The prompt SEPs were most
likely accelerated from the expanding ICME shock front as it
moved in the easterly direction and achieved magnetic connection with Mars. Eventually the ICME shock front became
sufficiently wide to be detected at both Earth and Mars.
[29] As with east limb events, west limb cases also demonstrated the expected profiles when compared between
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Figure 8. Example of a CME during which Earth magnetically connected to the source of particle acceleration while Mars did not. A subsequent shock from this event is visible at Mars
but not Earth. This CME was a west limb event, with Mars leading Earth by 123 in solar
longitude.
the Earth and Mars. Figure 8 shows the data from event 4 in
Table 1, in which Mars was leading the Earth (Earth-SunMars angle of 123 ) and was thus in the direction of the
west limb as seen from Earth. A CME on 16 October 2000 at
7:27 UT occurred on the west limb. In this case the Earth
was magnetically connected to the source region where
initial particle acceleration was occurring, and witnessed
the prompt arrival of SEPs. Mars was evidently too far west
to be magnetically connected to the source, thus no initial
SEPs were detected. Meanwhile, the shock was traveling
from the direction of the west limb, missed the Earth but
clearly impacted Mars on 20 October 2000 at 00:07 UT.
[30] The ER also recorded the Bastille Day event in 2000
(Figure 9 and event 2 in Table 1), when Earth and Mars
were in conjunction (separated by almost 180 ). Table 1

lists the X5.7 flare during the Bastille Day epoch that preceded the arrival of a rapid rise in SEPs at Earth, along
with the shock associated with the fastest CME recorded
during that period. The ER recorded a modest but measurable increase in SEPs roughly 3 h after the arrival of
SEPs at Earth. Given the location of AR9077 and the relative geometry between Earth and Mars, magnetic connection to the same source region is clearly unlikely; the
SEPs at Mars must have resulted from acceleration at an
extremely wide shock front in the resulting ICME. While
there was no clear shock feature in the ER data, there was
enhanced magnetic pressure proxy activity throughout,
including a spike near 16 July, 02:00 UT.
[31] Figure 10 shows an example of a backsided CME
that occurred when Mars led Earth by 138 (event 24 in
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Figure 9. The Bastille Day event of 2000 as witnessed by spacecraft at Earth and Mars. During
this time Earth and Mars are in conjunction (separated by 174 in solar longitude). Despite
this wide angular separation, the initial SEPs are visible at both Earth and Mars for this event.
A shock impacts the Earth and but not Mars.
Table 1). The time-intensity profile suggests that magnetic
connection from Mars to the source region or the early
expanding shock front was likely, with a sharp increase
in penetrating particles roughly 30 min after the CME
was detected by LASCO. There is no clear shock signature in the particle data, but a large spike was recorded in
the magnetic field pressure proxy on 29 October 2002 at
12:30 UT, which could be consistent with a shock from
this event. Events 22 and 32 are the other examples of
backsided events witnessed by the ER. SEPs and shocks
were evident at both Earth and Mars for event 22, in an
extended period of SEP activity lasting 6 days. Event 32
was much weaker, which occurred during a period of low
solar activity, and showed an enhancement in both penetrating particles and the magnetic pressure proxy. This

feature has tentatively been identified as a possible shock,
generated by a backsided CME occurring 4 days earlier.
[32] In the last example described in detail here, event 14
shows an intriguing case when a shock from a known CME
impacted Earth and Mars nearly simultaneously. In this
event SEPs from a CME/flare on 24 September 2001 from
10:00–10:30 UT are evident in ACE, GOES, and ER data
(Figure 11). Event 26 in 2001 of Jian et al. [2006a] confirms
the arrival of a shock at 20:05 UT on 25 September at Earth.
Both the ER and the magnetic pressure proxy on MGS
showed signs of a shock signature close to 20:08 UT on the
same day, with the penetrating particle flux increasing by
almost two orders of magnitude in less than an hour. The
curvature of the shock may have played a role in its
apparent arrival time at Earth and Mars. Interactions with
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Figure 10. Example of backsided event detected by MGS on 28 October 2002.
high speed streams can also cause a shock to arrive nearly
simultaneously at Earth and Mars [Falkenberg et al., 2011a].

8. Comparison with Mars Odyssey
[33] Recently Zeitlin et al. [2010] summarized solar particle event and GCR fluxes using multiple instruments on
the Mars Odyssey spacecraft, including the Martian Radiation Environment Experiment (MARIE), gamma ray
spectrometer (GRS), and high-energy neutron detector
(HEND). The MGS data coverage begins in March of 1999,
three years before MARIE measurements began, and
enables measurements of significant events such as Bastille
Day in July of 2000. From March of 2002 to mid-2006, our
analysis covers the majority of the same periods of
enhanced SEP activity listed in Zeitlin et al. [2010, Table 3].
To date there has been no detailed event comparison or
cross-calibration of particle fluxes between the Odyssey

results and the MGS/ER. However, the results summarized
in Zeitlin et al. [2010] enable a few examples to be described
here. During a quiet time interval in mid-2002, measurements from Odyssey indicate an integral GCR flux level of
0.133 particles/cm2-s-sr. This is close to ER and CRIS
measurements of the proton flux, which varied between
0.13 and 0.14 particles/cm2-s-sr during this period. Since
the latter is for protons, the integral GCR flux implied by
these measurements is about 10% higher when He and
heavier ions are taken into account; thus the Odyssey and
ER results for GCR flux agree to within 10% during this
time. Near the end of the MGS mission in mid-2006, the ER
and CRIS measured an integral proton flux of 0.25/cm2-s-sr,
implying a total integral flux of 0.28 particles/cm2-s-sr for
GCRs. The Gamma Ray Spectrometer data on Odyssey
detected <0.2 particles/cm2-s-sr during this time, indicating a growing discrepancy with the MGS results as
solar minimum is approached near the end of cycle 23.
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Figure 11. Example of near-simultaneous shock arrivals at both Earth and Mars during a
CME in late September 2001.
Zeitlin et al. [2010] directly compared an estimate for the flux
seen by the ER with the scintillator channels of the HEND
for the large Halloween event on 28 October 2003. Their
analysis normalized the ER flux levels by assuming a quiet
time differential flux of 0.1 cm2 sr1 s1 eV1 for the ER
background near this period. Using this normalization, the
ER flux estimates they obtained were several orders of
magnitude lower than HEND during the Halloween event.
Our own analysis of this event using the particle detection
mechanism outlined above and in the Appendix predicts
somewhat better agreement. Assuming an average geometric factor of pA = 47.7 cm2, the initial SEP flux peaks
at 250 particles/cm2-s-sr >30 MeV, or roughly a factor
of 5 lower than implied by HEND data. Differences in
shielding and energy threshold could account for this level
of discrepancy. A detailed comparison between Odyssey

and MGS measurements of GCR flux and individual solar
events remains an important task for future work.

9. Data Set and Modeling
[34] The limitations of characterizing SEPs and ICMEs
from a single location are well known, and this has been the
motivation for many groups to use multispacecraft observations whenever possible. Past efforts included measurements from Helios 1 and 2, Pioneer 10 and 11, and Voyager 1
and 2, among others [Dryer, 1987; Dryer and Shea, 1986].
One of the more obvious applications of multipoint
observations of ICMEs is the ability to validate models of
shock propagation velocity. Limb events may be particularly advantageous in this case. When Mars leads or lags
the Earth by 90 , the initial CME velocity is more aligned
with the plane-of-sky direction and thus projection effects
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are minimized [Gopalswamy et al., 2001; Lindsay et al., 1999].
This geometry thus provides for the most accurate initial
velocity estimate possible, while the actual transit time can
be measured directly through detection a Mars. The ER
data set covers over 2.5 orbits of Mars around the sun, and
thus provides a number of opportunities to characterize
shock propagation in this geometry. For Earth-Mars
opposition when each planet is on or near the same region
of the Parker spiral, ER data can provide an extra data point
at 0.4 AU distance and also in some cases detect shock
width and curvature effects.
[35] In the area of SEP propagation, multipoint measurements at different points in the Parker spiral may help
resolve different particle acceleration mechanisms in the
case of gradual versus flare accelerated events. The distinction between these two mechanisms has become less
apparent, as some impulsive SEP events have been shown
to be accompanied by smaller CMEs [Kahler et al., 2001;
Reames, 2002], while some major CMEs show signs of both
types of acceleration [Cane et al., 2003]. From a single location, distinguishing between these two types of acceleration relies on temporal arguments using the time-intensity
profile in addition to detailed measurements of SEP composition. Observations from multiple locations spread out
in solar longitude add a spatial discriminator to these
events, as different observers are connected to different
parts of the acceleration region. Shock accelerated particles
should appear more broadly across field lines as the shock
expands, while flare-accelerated events will be more
localized to regions of direct magnetic connection to the
observer [Cane et al., 1986; Reames, 1999b; Ruffolo, 2002]. The
analysis of the time-intensity profiles using ER data combined with other locations may help separate which
acceleration mechanisms are at work, from shocks, flares,
or some combination of both, for a given event.
[36] Time intensity profile comparisons between Earth
and Mars can also provide supporting evidence for the
location of CME source regions. In looking at the LASCO
catalog for the CME shown in Figures 2 and 7, it would be
tempting to associate this event with a coincident C7.2 flare
at S18 W42 on 8 January 2002 at 17:54 UT. However, there
was no dimming of this flare during the CME expansion,
nor were any SEPs detected by ACE prior to the shock
arrival as would be expected for an event originating to the
west. With Mars trailing the Earth by 77 at this time, the
ER detected pre-shock SEPs a few hours into 9 January
2002, which would be highly unlikely if the point of origin
was to the west as seen from Earth, since this would put the
source region well behind the west limb as seen from Mars.
However, a source location closer to the central meridian as
seen from Mars (or the east limb as seen from Earth) could
produce SEPs at Mars prior to shock arrival as shown in the
ER data. The data from the ER for this event are thus consistent with the observations of an east limb component by
LASCO, and the conclusions of Cane et al. [2006], who
associated this event with a C9 flare at NE100 as opposed to
the C7.2 flare farther to the west.
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[37] While the physical mechanism for the detection of
energetic particles in the ER instrument was not understood prior to this work, ER results have nonetheless
already been used to assist in model validation for ICME
and SEP propagation where multipoint measurements are
advantageous [Falkenberg et al., 2011a, 2011b]. Falkenberg
et al. [2011b] used data from GOES and MGS to refine
the initial speed and direction of several CMEs in November
of 2001 for use in the ENLIL ICME propagation model. This
work underscored some of the difficulties in predicting the
impact of a CME at Mars when observed from Earth. In
addition to the potential issues in using initial velocity estimates from plane-of-sky speeds, the spatial extent and
direction of CME can be difficult to ascertain from the vantage point of Earth. As one example of this, they determined
that event 16 in Table 1 was more intense at Mars than
observations from Earth implied. Although initially classified as a halo event, MGS data combined with ENLIL model
results suggest that this event just grazed the Earth while the
impact at Mars was much more direct. In looking at a larger
number of ICME shock arrivals in 2001 and 2003, Falkenberg
et al. [2011a] determined that in general the times between
shock arrivals at Earth and Mars were shorter than expected;
explanations include the possibility that these events were
more directed at Mars than Earth, and were influenced by
interplanetary conditions such as high speed streams.
[38] To facilitate future work, a data set has been made
publicly available for use in ongoing SEP and ICME
modeling efforts such as the Earth-Moon-Mars Radiation
Exposure Module (EMMREM), ENLIL, HAFv.2 and others. This data consists of summary plots of observations for
both Earth in Mars, and a data file containing count rates
of the three highest energy channels of the ER. The summary plots are stored as Portable Document Format (PDF)
files in a similar format as shown in Figures 6–11, and
cover periods of enhanced counts in the upper energy
channels from May 1999 to August of 2006. The ER count
rate data is averaged into 5 min time bins, and consists of
the 6, 9.9, and 16.1 keV energy channels contained in an
ASCII file throughout the period shown in Figure 3. From
the count rate data, additional selection criteria in terms of
uniformity in count rate across these energy channels and
knowledge of solar events from other measurements can
be applied to isolate SEP events and shocks. Additional
features consistent with ICME arrivals may also reveal
themselves in the ER data when combined with the magnetometer data, provided that the role of the magnetic
pressure proxy in the identification of an ICME can be
justified. Many events in the ER data set lack ESP peaks,
but do possess sudden increases in the magnetic pressure
proxy whose timing and amplitude suggest they may be
the result of ICME shocks. The direct connection between
increases in the pressure proxy and shocks has yet to be
fully established, although in the cases presented here,
they accompanied all but one of our shocks identified
using ESPs. The difficulty lies in the fact that there appear
to be other causes of an increase in the magnetic pressure
proxy, for example SIRs or CIRs. Thus while an increase in
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the pressure proxy almost always accompanies ESPs, the
converse is not necessarily true. Additional measurements
or inferred plausibility through modeling may be necessary
to definitively associate pressure proxy features with
ICMEs. If these increases in the pressure proxy can be
related to the presence of ICME shocks, the database of
shock arrivals in the ER data set would expand significantly.

10. Conclusion
[39] Using supporting data from ACE combined with
previous laboratory experiments, we have determined the
physical mechanism by which the ER instrument on MGS
recorded the presence of particles with sufficient energy to
penetrate the instrument housing. Flux estimates are
accurate to within 10% for higher energy particles in
GCRs. The characterization of SEP fluxes may be possible
for some individual events, but in general remains uncertain due to shielding effects, pitch angle anisotropy, and
the presence of electrons in addition to ions. The method
of energetic particle detection we describe in the case of
the ER should also apply to similar electrostatic analyzer
designs such as the Aspera-3 instrument on Mars Express
and the nearly identical ER on the Lunar Prospector mission. Using knowledge of the nature of the ER background
versus SEP-enhanced count rate levels, we applied selection criteria to isolate events consistent with the presence
of penetrating energetic particles. Of these, a subset of
41 events was definitively associated with an individual or
group of flares/CMEs, and included observations over the
full range of solar longitudes between Earth and Mars.
A data set of these events has been made available to
the community in order to facilitate the identification of new
solar-related and other disturbances and to act as a validation tool for the numerous CME and SEP models currently
under development. Improved estimates of absolute flux
levels for individual solar particle events may be enabled by
detailed comparisons with results from Mars Odyssey and
other measurements of SEP energy spectra.

Appendix A: Response of MCPs
to Energetic Particles
[40] As described in the main text, the efficiency of
the ER MCP for energetic particle detection depends on
a potentially large number of collisions (>100) with the
individual MCP channel walls, with a small probability of a
d-ray emission per collision (i.e., <1%). Given low probabilities per interaction, Poisson statistics are appropriate, where
the probability of k events occurring can be expressed as:
Pðk; lÞ ¼ lk el =k!

ðA1Þ

where l is the expected probability for a single event. In this
case, l is pwN, where pw is the probability per channel wall
of emission and N is the total number of channels crossed by
an incoming particle. The probability of one or more events
being generated becomes P(k > 0, l) = 1  P(0, l). It is easy to
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show that for a given MCP L/d ratio, the number of chanL=d
nel walls crossed becomes N ¼ tan
a , where a is the angle
between the incident particle trajectory and the MCP plane
(Figure 4a). Here we ignore the MCP bias angle a′, which
was oriented in different directions throughout the MCP
plane in the ER design, and thus averages to zero when an
ensemble of events is considered. The probability for electron emission per channel wall will in general increase with
the penetrating particle path length through each channel
wall, which is proportional to 1/cosa. Denoting the probability of emission at normal incidence (a = 0 ) to a channel
wall as po, then the probability of emission at incident angle a
is pw = po/cosa. In the case of an MCP, the overall efficiency
then becomes:
f ðaÞ ¼ 1  ek= sina

ðA2Þ

where k = po(L/d). In the experiments conducted by Oba
et al. [1981], particles entering at a 45 angle of entry had
a probability of emission per channel wall of 0.6%. For an
MCP L/d of 80, k/sina is 0.48, yielding a 38% chance of
one or more electrons being emitted during the traversal in
equation (A2). The overall MCP efficiency is governed by the
competing effects of the total number of channels crossed
versus the path length within each of the channel walls.
Shallower angles of incidence with respect to the MCP plane
will cross more channels, but will have lower path lengths
within each channel wall due to a more normal angle of incidence with respect to the wall orientation. A particle with near
normal incidence to the MCP plane will cross fewer channels but have longer path lengths within each channel wall.
Figure 4 summarizes this spatial dependence as a function
of entry angle, corresponding to a changing l = po(L/d)/sina
in equation (A2). In general, the effect of crossing multiple
channel plate walls becomes more important than the path
length within each wall, such that maximum efficiencies
occur for shallow angles of impact with respect to the MCP
plane, and reaches its minimum value for normally incident
particles. Thus the MCP response to energetic penetrating
particles is necessarily directional.
[41] The efficiency of each MCP channel wall in terms of
secondary electron production per incident energetic particle can be also be justified from a simple theoretical
standpoint using standard Bethe-Bloch formulism as well
as empirical data on the range of electrons in materials. For
thin targets with respect to the penetration depth of minimum ionizing, energetic primaries, it is straightforward to
show that the probability for the primary energetic d-rays
to escape to the material surface before re-absorption is
small but non-negligible [Leroy and Rancoita, 2009]. The
practical range of electrons with energies less than 3 MeV
is approximated by:
Rp ¼ 0:412E s

ðA3Þ

Where E is the electron kinetic energy in MeV, s = 1.265 
0.0954lnE, and Rp is in units of g/cm2. Assuming a density of
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4 g/cm3 for MCP glass [Wiza, 1979], electrons ≥27 keV are
capable of escaping through 3 um of MCP material, which
represents a typical channel wall thickness. For a point
midway through the MCP channel walls (1.5 um) this
energy threshold reduces to ≥19 keV. For energy loss small
compared to the incident particle energy, the probability
that an incoming ion generates a d-ray of energy greater
than Wd in a material is given by:
Pd ¼ 0:1535x



rZ
1
1

Ab 2 Wd Wm

ðA4Þ

where x is the distance traversed into the target in cm, r is
the target density in g/cm3, Z/A is the ratio of atomic
number to mass for the target nuclei, b is the relativistic
speed of the incoming particle = v/c, Wd is the outgoing
electron energy, and Wm is the maximum energy that can
be imparted to an electron by the incident particle, each in
MeV. As an order of magnitude estimate, we assume an
MCP wall thickness of 3 um, an entrance angle of entry of
45 , and that the resulting d-ray would traverse an average distance of 1.5 um prior to escape. For a high energy
(b  1) particle, this yields Pd  0.65% for the production of
a d-ray with Wd >19 keV. In reality, this probability will vary
depending on the geometry of particle entry and the preferential direction for d-ray emission. Equation (A4) does
not take into account the emission of lower energy secondary electrons, which also remains possible, however
the low energy threshold for d-ray escape indicates that a
large fraction of the emitted electrons are likely the primary
d-rays. This approximate result is also of the same order as
the efficiency determined by Oba et al. [1981] for each MCP
channel wall (pw  0.6%). As a check on this interpretation
of the sensitivity of the ER MCP to energetic protons, we
used GEANT simulations to show that b  1 proton incident on 3 um thick MCP glass over a variety of entry angles
generates electron emission with probabilities ranging
between 0.3–0.9% from both sides of the channel wall,
which encompasses the experimental and analytic values
described above. At lower energies, the probability predicted by equation (A4) will increase somewhat due to the
presence of the 1/b 2 term. For example, the probability of
emission for 1 GeV and 100 MeV protons for a 45 angle of
entry becomes 0.84% and 3.2%, respectively. As incident
particle energies decrease below 10 MeV, the maximum
kinetic energy Wm  2mec2(bg)2 that can be transferred to
the d-ray becomes comparable to Wd, thus increasing the
importance of the 1/Wm term and sharply reducing Pd, as
fewer d-rays have sufficient energy for escape.

A1. Calculation of Geometric Factor
and MCP Efficiency
[42] For GCR energies the ER MCPs are treated as a
single isolated plane of area A. The angles q and f are
defined in standard spherical coordinates, and the vector â

Figure A1. The ER MCP detector geometry with
respect to Mars (coordinate system is the same as
shown in Figure 1b). The effective geometric factor is
obtained by integrating over all unobscured look directions and including a function f(q, f) to account for the
angular dependent efficiency of the MCP to incoming
energetic particles. Mars obscures the FOV in a cone
defined by the angle qo.
normal to the MCP plane is oriented along the y-axis in
order to facilitate a more convenient subtraction of the FOV
obscured by Mars (Figure A1). At the nominal mapping
orbit altitude of 400 km, Mars obscures a cone with halfangle qo = 63 in the angle q covering the nadir-facing
hemisphere. In general, without obscurations and assuming the detector is sensitive to particles arriving at both
sides of the MCP plane, the geometric factor GER may be
calculated using:
Z

Z2p Zp

R ¼ jGER ¼

j sin2 q sinfdqdfdA;

ðA5Þ

A f¼0 q¼0

where R is the count rate at the detector, and j is the flux of
incident particles, which are assumed to be isotropic. We
omit any integration over energy, under the assumption
that this geometric factor represents sensitivity to all energies
above the threshold of detection for the ER. Equation (A5)
yields the standard result of G = 2pA when integrated
over all angles. In the case of the MCPs on the ER instrument, the integration over q should exclude the area
obscured by Mars, starting at qo = 63 , and also include the
angular dependence of the MCP sensitivity to incoming

20 of 23

DELORY ET AL.: ENERGETIC PARTICLES AT MARS

S06003

energetic particles described by equation (A2). Thus an
MCP efficiency function can be defined:
f ðaÞ ¼ f ðq; fÞ ¼ 1  ek= sinaðq;fÞ ;

ðA6Þ

where the incident angle a is a function of the angles q, f in
spherical coordinates, and represents the angle between an
incoming particle and MCP plane as in Figure 4. Including
the efficiency function and changing the limits of integration to exclude the FOV obscured by Mars, the rate calculation becomes:
Z

Z2p Zp

R ¼ jGER ¼

jf ðq; fÞ sin2 q sin fdqdfdA:

ðA7Þ

A f¼0 q¼qo

Equation (A7) was numerically integrated over a range of
plausible efficiencies with and without obscuration by
Mars (i.e., qo = 63 and 0 ). In all cases, Mars accounts for a
23% loss of incident flux; thus we assume that the ER
measures 77% of the total flux compared to a detector free
of planetary obscuration such as CRIS on ACE.
[43] The factor GER can be determined directly by comparing the ER background count rate data to CRIS proton
results. Prior to this, some estimation of the contribution of
heavier ions to the GCR flux, comprised mainly of He,
needs to be made. The detection efficiency for MCPs to
heavier ions will be at least 4 times greater than for protons, due to the dependence of the energy transfer process
on the square of the ion charge in this regime. Based on
the measurements by Mosher et al. [2001] we initially
assumed efficiencies of order 80% for alphas and heavier
particles, and subtracted counts from these particles from
the ER rate data prior to comparison with the CRIS proton
flux. Using these corrected counts from the ER MCP, in
which both the obscuration from Mars and the contribution of particles with A > 2 have been accounted for, the ER
count rate R was sorted from a minimum to a maximum
and a least squares fit was performed with sorted CRIS
proton flux data. The result is a constant of proportionality
relating the ER count rate R to CRIS proton flux jCR,
yielding a geometric factor GER using the CRIS data as
the standard. Knowing GER, equation (A7) then yields the
implied probability po of electron generation per channel
wall collision. This process was repeated iteratively until a
consistent probability was obtained for both protons and
alpha particles (i.e., probability of electron emission from
incident protons = po, and from alphas 4 po.) The resulting fit yields:
jCR ¼ ao þ a1 R ¼ ð0:0734  0:0027Þ þ ð0:0302  0:0003ÞR:
ðA8Þ

The geometric factor GER is given by 1/a1 in equation (A8),
yielding 33.11  0.34 cm2-s-sr. Equation (A8) implies a
non-negligible DC offset in the ER count rate data, corresponding to 1/ao  2.5 counts/s throughout the ER energetic
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particle data set. The origin of this noise is at present
unknown, although a few likely candidates exist, including
dark noise and occasional electrons at 15–20 keV energies
that were selected through the electrostatic analyzer optics.
Given the excellent agreement between the fit to the CRIS
and MGS ER data, the origin of this constant background
is unlikely to be of importance for the overall efficiency of
the MCP detector to energetic penetrating particles and
is hereafter ignored.
[44] The derivation of GER allows for an estimation of the
per-wall probability of d-ray emission for the ER MCP
through the function f(q, f) in equation (A7). This quantity
is useful for a comparison with the experimental results
obtained by Oba et al. [1981], as well as the simple theoretical expression (equation (A4)) above. To make this
determination, the pulse height characteristics of the
amplified MCP signal are particularly important to consider in estimating the degree to which MCPs are sensitive
to penetrating particles. Under normal operation of the
instrument, after energy-selection through the analyzer
section the incoming electrons generate secondary electrons near the top of the MCP assembly. The resulting
electron cascade thus utilizes the majority of the channel
length for amplification, producing a well-defined peak in
the pulse height response. For energetic particles penetrating the MCP channel walls the situation is somewhat
different, in that the probability of electron emission is
small during each encounter with a channel wall, such that
these interactions will occur over a range of depths in the
MCP. The deeper within the MCP stack the d-ray generation occurs, the less channel length remains available for
amplification, resulting in smaller charge clouds at the
anode beneath the MCP and correspondingly lower pulse
heights. When these pulse heights become less than the
discriminator settings of the electronics, they will not be
counted and thus these events will go undetected. Despite
this issue, the pulse height distribution of minimum ionizing particles in MCPs is in general well separated from
intrinsic backgrounds such as that produced by dark
noise, caused by the decay of 40K within the MCP glass
[Siegmund et al., 1989, 1988]. The ER instrument discriminator levels were set to the highest levels possible in order
to reject background noise, such that less than 5% of the
desired signal counts from low energy (<20 keV) electrons
would be inadvertently excluded. With these discriminator settings, an incident penetrating particle that bypasses
the first MCP and produces a d-ray only in the second
MCP in the chevron stack in the ER would be insufficient
to generate a detectable charge pulse. Hence the lower
MCP is excluded from the calculation of the ER sensitivity
to GCRs and SEPs. The question then becomes what is the
maximum distance an energetic particle can penetrate into
the first MCP before triggering an event that has sufficient
amplification through the second MCP for detection. This
is difficult to model in complete detail, however using
typical channel plate properties this point can be reasonably constrained to be somewhere between 50% to <100%
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of the first MCP plate thickness (see for example [Fraser,
1983]). The latter figure represents an absolute upper
limit, since this implies that d-rays produced near the
bottom of the first MCP would trigger sufficient amplification in the lower MCP for a detectable pulse. With
this assumption, we arrive at a range of pw 0.7%–1.4%
probability of a d-ray production at each channel wall for
45 incidence. The lower bound of this estimate is within
15% of the value experimentally derived by Oba et al.
[1981], where incident protons of 7 GeV/c were used.
Equation (A4) indicates what we can expect about this difference due to the fact that GCR fluxes peak at 1 GeV and
will thus be about 15% more efficient in low energy d-ray
production, making the lower limit derived for the ER
efficiency essentially consistent with the results from Oba
et al. [1981]. In the Oba et al. study, discriminator levels
were set to avoid unrelated electronics noise but also to
maximize the detection of the pulse height spectrum
characteristic of minimum ionizing particles, and were
thus likely much lower than the more conservative settings applied in the MGS ER. Hence their estimate of a
0.6% probability of d-ray emission per channel is also a
lower limit, since they are also failing to detect some
percentage of interactions that occur lower in the MCP
stack with pulse heights below threshold. However, their
estimate is probably much closer to the true value, given
the lower discriminator settings. Hence in the range of
per-wall probabilities derived for the ER, we favor the
lower end (0.7%), implying that the majority of the
volume in the first MCP of the ER was involved in
the detection process.

[45] Acknowledgment. This research was supported in part by
the Mars Data Analysis Program, award NNG04GJ17G.

References
Acuña, M. H., et al. (1999), Global distribution of crustal magnetization discovered by the Mars Global Surveyor MAG/ER experiment,
Science, 284(5415), 790–793, doi:10.1126/science.284.5415.790.
Acuña, M. H., et al. (2001), Magnetic field of Mars: Summary of results
from the aerobraking and mapping orbits, J. Geophys. Res., 106(E10),
23,403–23,417, doi:10.1029/2000JE001404.
Akasofu, S.-I. (2001), Predicting geomagnetic storms as a space
weather project, in Space Weather, Geophys. Monogr. Ser., vol. 125,
edited by P. Song, H. J. Singer, and G. L. Siscoe, pp. 329–337, AGU,
Washington, D. C., doi:10.1029/GM125p0329.
Aran, A., D. Lario, B. Sanahuja, R. G. Marsden, M. Dryer, C. D. Fry,
and S. M. P. McKenna-Lawlor (2007), Modeling and forecasting
solar energetic particle events at Mars: The event on 6 March 1989,
Astron. Astrophys., 469(3), 1123–1134, doi:10.1051/0004-6361:20077233.
Atwell, W., P. Saganti, F. A. Cucinotta, and C. J. Zeitlin (2004), A space
radiation shielding model of the Martian radiation environment
experiment (MARIE), Adv. Space Res., 33(12), 2219–2221, doi:10.1016/
S0273-1177(03)00527-1.
Baker, D. N. (2000), Effects of the Sun on the Earth’s environment,
J. Atmos. Sol. Terr. Phys., 62(17–18), 1669–1681, doi:10.1016/S13646826(00)00119-X.
Bateman, J. E. (1977), The detection of minimum ionising charged particles in channel plate electron multipliers, Nucl. Instrum. Methods,
142(3), 371–376, doi:10.1016/0029-554X(77)90670-X.
Brain, D. A., J. S. Halekas, R. Lillis, D. L. Mitchell, R. P. Lin, and D. H.
Crider (2005), Variability of the altitude of the Martian sheath, Geophys.
Res. Lett., 32, L18203, doi:10.1029/2005GL023126.

S06003

Cane, H. V., and I. G. Richardson (2003), Interplanetary coronal mass
ejections in the near-Earth solar wind during 1996–2002, J. Geophys.
Res., 108(A4), 1156, doi:10.1029/2002JA009817.
Cane, H. V., R. E. McGuire, and T. T. von Rosenvinge (1986), Two classes
of solar energetic particle events associated with impulsive and longduration soft X-ray flares, Astrophys. J., 301, 448–459, doi:10.1086/
163913.
Cane, H. V., T. T. von Rosenvinge, C. M. S. Cohen, and R. A. Mewaldt
(2003), Two components in major solar particle events, Geophys. Res.
Lett., 30(12), 8017, doi:10.1029/2002GL016580.
Cane, H. V., R. A. Mewaldt, C. M. S. Cohen, and T. T. von Rosenvinge
(2006), Role of flares and shocks in determining solar energetic particle abundances, J. Geophys. Res., 111(A6), A06S90, doi:10.1029/
2005JA011071.
Carlson, C. W., and J. P. McFadden (1998), Design and application of
imaging plasma instruments, in Measurement Techniques in Space
Plasmas: Particles, edited by R. F. Pfaff et al., pp. 125–140, AGU,
Washington, D. C., doi:10.1029/GM102p0125.
Crider, D. H., D. Vignes, A. M. Krymskii, T. K. Breus, N. F. Ness, D. L.
Mitchell, J. A. Slavin, and M. H. Acuna (2003), A proxy for determining
solar wind dynamic pressure at Mars using Mars Global Surveyor
data, J. Geophys. Res., 108(A12), 1461, doi:10.1029/2003JA009875.
Crider, D. H., J. Espley, D. A. Brain, D. L. Mitchell, J. E. P. Connerney,
and M. H. Acuna (2005), Mars Global Surveyor observations of the
Halloween 2003 solar superstorm’s encounter with Mars, J. Geophys.
Res., 110, A09S21, doi:10.1029/2004JA010881.
Dryer, M. (1987), Study of travelling interplanetary phenomena
report, Sol. Phys., 114(2), 407–411, doi:10.1007/BF00167356.
Dryer, M., and M. A. Shea (1986), Scientific highlights of the Study of
Travelling Interplanetary Phenomena (STIP) intervals during the
SMY/SMA, Adv. Space Res., 6(6), 343–351, doi:10.1016/0273-1177(86)
90174-2.
Dryer, M., Z. Smith, C. D. Fry, W. Sun, C. S. Deehr, and S. I. Akasofu
(2004), Real-time shock arrival predictions during the “Halloween
2003 epoch”, Space Weather, 2, S09001, doi:10.1029/2004SW000087.
Dyer, C. S., F. Lei, S. N. Clucas, D. F. Smart, and M. A. Shea (2003),
Calculations and observations of solar particle enhancements
to the radiation environment at aircraft altitudes, Adv. Space Res.,
32(1), 81–93, doi:10.1016/S0273-1177(03)90374-7.
Falkenberg, T. V., A. Taktakishvili, A. Pulkkinen, S. Vennerstrom,
D. Odstrcil, D. Brain, G. Delory, and D. Mitchell (2011a), Evaluating
predictions of ICME arrival at Earth and Mars, Space Weather, 9,
S00E12, doi:10.1029/2011SW000682.
Falkenberg, T. V., S. Vennerstrom, D. A. Brain, G. Delory, and
A. Taktakishvili (2011b), Multipoint observations of coronal mass
ejection and solar energetic particle events on Mars and Earth
during November 2001, J. Geophys. Res., 116, A06104, doi:10.1029/
2010JA016279.
Fraser, G. W. (1983), The electron detection efficiency of microchannel
plates, Nucl. Instrum. Methods Phys. Res., 206(3), 445–449, doi:10.1016/
0167-5087(83)90381-2.
Fraser, G. W. (2002), The ion detection efficiency of microchannel
plates (MCPs), Int. J. Mass Spectrom., 215(1–3), 13–30, doi:10.1016/
S1387-3806(01)00553-X.
Gazis, P. R., et al. (2006), ICMEs at high latitudes and in the outer heliosphere, Space Sci. Rev., 123(1–3), 417–451, doi:10.1007/s11214-0069023-z.
Gopalswamy, N., A. Lara, S. Yashiro, M. L. Kaiser, and R. A. Howard
(2001), Predicting the 1-AU arrival times of coronal mass ejections,
J. Geophys. Res., 106(A12), 29,207, doi:10.1029/2001JA000177.
Gopalswamy, N., S. Yashiro, Y. Liu, G. Michalek, A. Vourlidas, M. L.
Kaiser, and R. A. Howard (2005), Coronal mass ejections and other
extreme characteristics of the 2003 October–November solar eruptions, J. Geophys. Res., 110, A09S15, doi:10.1029/2004JA010958.
Hakamada, K., and S. I. Akasofu (1982), Simulation of three-dimensional solar wind disturbances and resulting geomagnetic storms,
Space Sci. Rev., 31(1), 3–70, doi:10.1007/BF00349000.
Heber, B., et al. (1995), High energy cosmic ray nuclei results on Ulysses:
1. Mission overview, Space Sci. Rev., 72(1), 391–396, doi:10.1007/
BF00768810.
Jian, L., C. T. Russell, J. G. Luhmann, and R. M. Skoug (2006a), Properties
of interplanetary coronal mass ejections at one AU during 1995–2004,
Sol. Phys., 239(1–2), 393–436, doi:10.1007/s11207-006-0133-2.

22 of 23

S06003

DELORY ET AL.: ENERGETIC PARTICLES AT MARS

Jian, L., C. T. Russell, J. G. Luhmann, and R. M. Skoug (2006b), Properties of stream interactions at one AU during 1995–2004, Sol. Phys.,
239(1–2), 337–392, doi:10.1007/s11207-006-0132-3.
Kahler, S. W., D. V. Reames, and N. R. Sheeley (2001), Coronal mass
ejections associated with impulsive solar energetic particle events,
Astrophys. J., 562(1), 558, doi:10.1086/323847.
Kallenrode, M.-B. (1995), Particle acceleration at interplanetary shocks
—Observations at a few tens of keV vs some tens of MeV, Adv. Space
Res., 15(8–9), 375–384, doi:10.1016/0273-1177(94)00120-P.
Lario, D., Q. Hu, G. C. Ho, R. B. Decker, E. C. Roelof, C. W. Smith, T. H.
Zurbuchen, and H. Lacoste (2005), Statistical properties of fast forward
transient interplanetary shocks and associated energetic particle
events: ACE observations, in Proceedings of the Solar Wind 11/SOHO
16 Conference: Connecting Sun and Heliosphere, 12–17 June 2005, Whistler,
Canada, edited by B. Fleck, T. H. Zurbuchen, and H. Lacoste, pp. 81–86,
Eur. Space Agency, Noordwijk, Netherlands.
Leblanc, F., J. G. Luhmann, R. E. Johnson, and E. Chassefiere (2002),
Some expected impacts of a solar energetic particle event at Mars,
J. Geophys. Res., 107(A5), 1058, doi:10.1029/2001JA900178.
Leroy, C., and P.-G. Rancoita (2009), Principles of Radiation Interaction
in Matter and Detection, 2nd ed., World Sci, Hackensack, N. J.
Lindsay, G. M., J. G. Luhmann, C. T. Russell, and J. T. Gosling (1999),
Relationships between coronal mass ejection speeds from coronagraph images and interplanetary characteristics of associated interplanetary coronal mass ejections, J. Geophys. Res., 104(A6), 12,515,
doi:10.1029/1999JA900051.
Liu, Y., J. Richardson, and J. Belcher (2005), A statistical study of the
properties of interplanetary coronal mass ejections from 0.3 to 5.4
AU, Planet. Space Sci., 53(1–3), 3–17, doi:10.1016/j.pss.2004.09.023.
Mäkelä, P., N. Gopalswamy, S. Akiyama, H. Xie, and S. Yashiro (2011),
Energetic storm particle events in coronal mass ejection–driven
shocks, J. Geophys. Res., 116, A08101, doi:10.1029/2011JA016683.
McDonald, F. B., P. Ferrando, B. Heber, H. Kunow, R. McGuire,
R. Müller-Mellin, C. Paizis, A. Raviart, and G. Wibberenz (1997), A
comparative study of cosmic ray radial and latitudinal gradients in
the inner and outer heliosphere, J. Geophys. Res., 102(A3), 4643–4651,
doi:10.1029/96JA03673.
McKenna-Lawlor, S. M. P., M. Dryer, C. D. Fry, W. Sun, D. Lario, C. S.
Deehr, B. Sanahuja, V. A. Afonin, M. I. Verigin, and G. A. Kotova
(2005), Predictions of energetic particle radiation in the close Martian
environment, J. Geophys. Res., 110, A03102, doi:10.1029/2004JA010587.
McKenna-Lawlor, S. M. P., et al. (2008), Predicting interplanetary
shock arrivals at Earth, Mars, and Venus: A real-time modeling
experiment following the solar flares of 5–14 December 2006, J. Geophys.
Res., 113, A06101, doi:10.1029/2007JA012577.
Mewaldt, R. A., et al. (2010), Record-setting cosmic-ray intensities in
2009 and 2010, Astrophys. J. Lett., 723(1), L1–L6, doi:10.1088/20418205/723/1/L1.
Mitchell, D. L., R. P. Lin, C. Mazelle, H. Reme, P. A. Cloutier, J. E. P.
Connerney, M. H. Acuna, and N. F. Ness (2001), Probing Mars’
crustal magnetic field and ionosphere with the MGS Electron
Reflectometer, J. Geophys. Res., 106(E10), 23,419, doi:10.1029/
2000JE001435.
Mosher, J., C. Iliadis, P. F. Bertone, A. E. Champagne, J. G. Ross, and
A. Stephan (2001), Nuclear recoil detection with microchannel

S06003

plates, Nucl. Instrum. Methods Phys. Res., Sect. A, 459(3), 532–542,
doi:10.1016/S0168-9002(00)01056-1.
Oba, K., P. Rehak, and S. D. Smith (1981), High gain micro-channel
plate multipliers for particle tracking or single photo-electron
counting, IEEE Trans. Nucl. Sci., 28(1), 705–711.
Reames, D. V. (1999a), Solar energetic particles: Is there time to hide?,
Radiat. Meas., 30(3), 297–308, doi:10.1016/S1350-4487(99)00066-9.
Reames, D. V. (1999b), Particle acceleration at the Sun and in the heliosphere, Space Sci. Rev., 90(3/4), 413–491, doi:10.1023/A:1005105831781.
Reames, D. V. (2002), Magnetic topology of impulsive and gradual
solar energetic particle events, Astrophys. J. Lett., 571(1), L63–L66,
doi:10.1086/341149.
Reames, D. V., A. J. Tylka, and C. K. Ng (2001), Solar energetic particles and space weather, AIP Conf. Proc., 552(1), 1185–1190,
doi:10.1063/1.1358070.
Richardson, I. G., H. V. Cane, and T. T. von Rosenvinge (1991), Prompt
arrival of solar energetic particles from far eastern events: The role
of large-scale interplanetary magnetic field structure, J. Geophys.
Res., 96(A5), 7853–7860, doi:10.1029/91JA00379.
Richardson, J., Y. Liu, C. Wang, and L. Burlaga (2006), ICMES at very
large distances, Adv. Space Res., 38(3), 528–534, doi:10.1016/j.asr.
2005.06.049.
Ruffolo, D. (2002), Classification of solar energetic particles, Adv. Space
Res., 30(1), 45–54, doi:10.1016/S0273-1177(02)00177-1.
Schwadron, N. A., et al. (2010), Earth-Moon-Mars radiation environment module framework, Space Weather, 8, S00E02, doi:10.1029/
2009SW000523.
Shikaze, Y., et al. (2007), Measurements of 0.2–20 GeV/n cosmicray proton and helium spectra from 1997 through 2002 with the
BESS spectrometer, Astropart. Phys., 28(1), 154–167, doi:10.1016/
j.astropartphys.2007.05.001.
Siegmund, O. H. W., J. Vallerga, and B. Wargelin (1988), Background
events in microchannel plates, IEEE Trans. Nucl. Sci., 35(1), 524–528,
doi:10.1109/23.12778.
Siegmund, O. H. W., P. Lammert, J. V. Vallerga, W. Priedhorsky, and
B. W. Smith (1989), High amplitude events in microchannel plates,
IEEE Trans. Nucl. Sci., 36(1), 830–835.
Steiger, R., and J. D. Richardson (2006), ICMEs in the outer heliosphere
and at high latitudes: An introduction, Space Sci. Rev., 123(1–3), 111–
126, doi:10.1007/s11214-006-9015-z.
Sternglass, E. J. (1957), Theory of secondary electron emission by
high-speed ions, Phys. Rev., 108(1), 1–12, doi:10.1103/PhysRev.108.1.
Wang, C., D. Du, and J. D. Richardson (2005), Characteristics of
the interplanetary coronal mass ejections in the heliosphere
between 0.3 and 5.4 AU, J. Geophys. Res., 110, A10107, doi:10.1029/
2005JA011198.
Wiza, J. L. (1979), Microchannel plate detectors, Nucl. Instrum. Methods,
162(1–3), 587–601, doi:10.1016/0029-554X(79)90734-1.
Zeitlin, C., et al. (2010), Mars Odyssey measurements of galactic cosmic rays and solar particles in Mars orbit, 2002–2008, Space Weather,
8, S00E06, doi:10.1029/2009SW000563.
Zurbuchen, T. H., and I. G. Richardson (2006), In-situ solar wind and
magnetic field signatures of interplanetary coronal mass ejections,
Space Sci. Rev., 123(1–3), 31–43, doi:10.1007/s11214-006-9010-4.

23 of 23

