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Abstract

Modelization of solar energetic particle (SEP) events aims at revealing the general scenario of SEP injection and interplanetary prop-
agation and relies on in situ measurements of SEP distributions. In this paper, we study to what extent the LEFS60 and LEMS30 elec-
tron telescopes of the Electron Proton Alpha Monitor (EPAM) on board the Advanced Composition Explorer are able to scan pitch-angle
distributions during near-relativistic electron events. We estimate the percentage of the pitch-angle cosine range scanned by both tele-
scopes for a given magnetic field configuration. We obtain that the pitch-angle coverage is always higher for LEFS60 than for LEMS30.
Therefore, LEFS60 provides more information of the directional distribution of the observed particles. The aim of the paper is to study
the relevance of the coverage when fitting LEFS60 particle measurements in order to infer the solar injection and the interplanetary
transport conditions. By studying synthetic electron events, we obtain that at least 70% of the pitch-angle cosine range needs to be
scanned by the telescope. Otherwise, multiple scenarios can explain the data.
� 2009 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

In situ measurements of the pitch-angle distributions of
solar energetic particles (SEPs) play an important role in
the investigation of the solar particle acceleration and
injection mechanisms, and the properties of their subse-
quent transport through interplanetary space. Modeliza-
tion of SEP events aims at revealing the general scenario
of SEP injection and transport and relies on in situ direc-
tional measurements of SEP distributions. Therefore, it is
important to understand to what extent the observational
data computed by a telescope maps the pitch-angle distri-
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butions (PADs) during an SEP event. Only those events
observed with high pitch-angle coverage can provide the
most conclusive studies about the transport and injection
history of SEPs.

Many particle experiments use the rotation of the space-
craft to measure the PADs of SEPs in interplanetary space,
because it allows a single detector to scan different direc-
tions of space as the spacecraft spins. The swath of space
swept out by a detector during a spin is normally divided
into nearly equally spaced sectors. The number of counts
recorded while scanning each sector together with the mea-
surement of the interplanetary magnetic field (IMF) direc-
tion is used to infer the PADs of the particles or derive the
anisotropies (Ng, 1985; Sanderson et al., 1985). The
number of sectors determines the resolution in sampling
rved.
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the directional distribution of the incoming particle
population.

In principle, a single detector is not able to provide full
information of the three-dimensional SEP distribution.
Hence, multiple detectors mounted at different positions
with respect to the spin axis are needed, such as in the
Low Energy Proton Experiment (DFH) on board ISEE-3

(Sanderson et al., 1981) or in the three-dimensional Plasma
and Energetic Particle Investigation (3DP) experiment on
board Wind (Lin et al., 1995).

In this paper, we address the question of the role that the
pitch-angle coverage of the telescope plays when trying to
infer from in situ measurements the injection and transport
conditions of SEPs. In Section 2 we explain how to quan-
tify the pitch-angle cosine coverage of a telescope on board
a spin-stabilized spacecraft. We focus on the study of two
electron telescopes of the Electron Proton Alpha Monitor
(EPAM) experiment (Gold et al., 1998) on board the
Advanced Composition Explorer (ACE) spacecraft, i.e. the
LEFS60 and LEMS30 telescopes. In Section 3, we assume
an injection profile of electrons at the Sun and set the inter-
planetary transport conditions to simulate synthetic elec-
tron events. By taking into account the angular response
of the telescope and assuming an IMF configuration we
are able to transform the simulated PADs into synthetic
sectored intensities and study how spin-averaged intensity
profiles change depending on the region of the PAD that
the telescope is able to scan. In Section 4, we study the role
of the pitch-angle coverage when deconvolving synthetic
events. Section 5 summarizes the main conclusions of this
work.

2. Pitch-angle cosine coverage

ACE is a spin-stabilized spacecraft orbiting the L1 libra-
tion point. The spin axis of the spacecraft points within 20�
of the Sun and the spin period is of 12 s (Gold et al., 1998).
As the spacecraft spins, the detectors sweep out swaths of
space, providing information of the SEP directional distri-
bution. The space scanned by each detector during one
rotation is divided into nearly equally spaced sectors.

Of particular interest to this study are the LEFS60 and
LEMS30 electron telescopes of the EPAM experiment. The
LEFS60 telescope measures near-relativistic (45–312 keV)
electrons in four energy channels. The detector has a full-
cone opening angle of 53� and points at 60� from the space-
craft spin axis. As the spacecraft spins, the measurements
are divided into eight sectors, each 45� wide (Gold et al.,
1998). Similarly, the LEMS30 telescope measures near-rel-
ativistic (38–315 keV) electrons in four energy channels.
The detector has a full-cone opening angle of 51� and
points at 30� from the spacecraft spin axis. This telescope
provides measurements into four sectors, each 90� wide
(Gold et al., 1998).

The directions scanned by each sector and their relative
probability can be estimated by calculating the angular
response of a sector. Agueda et al. (2008) presented a
method to calculate the angular response of the sectors
scanned by a detector on board a spin-stabilized spacecraft,
such as the sectors scanned by the LEFS60 and LEMS30
detectors. Fig. 1 sketches the solid angle encompassed by
the LEFS60 telescope projected onto a sphere and the
approximate definition of the sectors. In the spacecraft
coordinate system, z is the spacecraft spin axis and the x–

y-plane is perpendicular to the spin axis. Note that the
directions scanned by a given sector remain constant in
the spacecraft coordinate system. The pitch-angle cosine
of a particle, l, is defined as the cosine of the angle a
between the particle velocity and the magnetic field vector;
l ¼ cos a. Then, the pitch-angle cosine of the particles
scanned by a sector depend exclusively on the magnetic
field vector direction. We define a generic IMF vector in
the spacecraft coordinate system given by the unit vector
B ¼ ð1; hB;/BÞ expressed in spherical coordinates where
hB is the polar angle and /B is the clock-angle. As can be
seen from Fig. 1, a change in hB produces a change in the
range of l swept by the telescope. Whereas a change in
/B, modifies the range of l scanned by each sector but it
does not change the total l-range scanned by the telescope.

Using the same grid of directions ðh;/Þ as in Agueda
et al. (2008) for the calculation of the angular response
function of a sector, we can calculate a matrix of pitch-
angle cosines, ljk ¼ lðhj;/k; B̂Þ, for a given orientation of
the IMF vector. Here ljk is a 180� 360 matrix since
ðhj;/kÞ 2 ½ja; ðjþ 1Þa� � ½ka; ðk þ 1Þa�, with a ¼ 1� and
j 2 ½0; 179�; k 2 ½0; 359�. If Rs

jk is the angular response
matrix of sector s, we can derive the view boundaries of
the sector, that is, the highest and the lowest l values
scanned, by extracting the maximum and the minimum l
values of the ljk matrix that have a non-zero response.
The highest and lowest l values from all the sectors are
then the maximum and the minimum l values scanned
by the telescope.

Using this procedure, we can calculate the view bound-
aries of the sectors as a function of the magnetic field vec-
tor orientation. The right diagram in Fig. 1 shows the view
boundaries of the two limiting sectors of the LEFS60 tele-
scope when /B ¼ 60�. As a function of hB, it shows the
highest and lowest l values scanned by two different sectors
which are represented by solid and dotted curves, respec-
tively. When hB ¼ 0� or hB ¼ 180� all sectors scan the same
range in l due to the symmetry of the system.

We define the pitch-angle cosine coverage of the tele-
scope, l-co, as the percentage of the pitch-angle cosine
range scanned by the telescope for a given magnetic field
configuration. Thus,

l-co ¼ 1

2
ðlmax � lminÞ � 100% ð1Þ

Note again that the pitch-angle cosine range covered by the
telescope only depends on hB because the system is symmet-
ric with respect to /. Fig. 2 shows the pitch-angle cosine
range covered by the LEFS60 (solid) and the LEMS30
(dashed) telescopes and the l-co of the telescopes as a func-



Fig. 1. Left: Solid angle encompassed by the LEFS60 telescope projected onto a sphere. Generic magnetic field vector, ~B, in the spacecraft coordinate
system; hB denotes the polar angle. Particles measured by one of the sectors with pitch-angle cosine l ¼ cos a. Right: Highest and lowest l scanned by the
two limiting sectors (solid/dotted curves) of the LEFS60 telescope as a function of the polar angle, hB, of the IMF vector when /B ¼ 60�.

Fig. 2. Left: Highest and lowest l scanned by the LEFS60 (solid curves) and the LEMS30 telescope (dashed curves) as a function of the polar angle, hB, of
the magnetic field vector. Right: Pitch-angle cosine coverage (l-co) of the LEFS60 and LEMS30 telescopes as a function of hB. The dots indicate several
magnetic field configurations, with LEFS60 l-co equals to 40% (1), 55% (2), 70% (3), 85% (4) and 100% (5).
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tion of hB. As can be seen, the pitch-angle cosine range
scanned by LEMS30 is nearly always contained in the
pitch-angle cosine range scanned by LEFS60. Only when
the magnetic vector is close to alignment with the spin axis
direction ðhB < 30� or hB > 150�Þ LEMS30 telescope scans
a range in l that is unavailable for LEFS60. In Fig. 2 it can
also be seen that the l-co values are always higher for
LEFS60 than for LEMS30. As expected, the lowest l-co
provided by the two telescopes corresponds to the cases
when the IMF vector is aligned with the spacecraft spin-
axis. In this case, the l-co is around 40% for LEFS60
and 20% for LEMS30. However, in this case it is not pos-
sible to obtain any information of the directional distribu-
tion of the particles since all sectors measure in the same l
range. For hB ¼ 90� the LEFS60 telescope scans almost all
possible values of l and l-co ’ 100%; l-co ¼ 80% for
LEMS30.

From this section we conclude that, from the point of
view of the coverage in pitch-angle cosine, the LEFS60 tele-
scope is more appropriate for electron data analysis than
LEMS30, since it provides more information of the direc-
tional distribution of the observed particles. When the
IMF vector is close to alignment with the spacecraft spin
vector, the LEMS30 is scanning a region of the particle
PAD that is unavailable for LEFS60. But in this case, as
the coverage of the two telescopes is low, the actual direc-
tional information contained in the data is very poor for
both telescopes. The combination of cross-calibrated tele-
scopes would improve the pitch-angle analysis performed
using only a single telescope.



Fig. 3. Two component solar injection profile.
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It is important to point out that the electrons measured
by LEMS30 are magnetically deflected electrons while
LEFS60 uses an aluminized Parylene foil to prevent low-
energy protons from entering the detector (Gold et al.,
1998). Thus, electron intensities observed by LEMS30 can-
not be contamined by ions, but ions with energies higher
than 350 keV approximately can contaminate the LEFS60
electron channels (Gold et al., 1998). In this sense, the
LEMS30 telescope provides key information when study-
ing solar near-relativistic electron events. It is possible to
qualitatively compare LEMS30 electron measurements to
LEFS60 data to check if the LEFS60 data could be con-
taminated by ions. Similar trends in the spin-averaged
intensity profiles observed by the two telescopes are
expected if the LEFS60 profiles are not contaminated by
ions; small differences may be caused by the fact that the
two telescopes sweep different regions of the pitch-angle
distribution.

Finally, note that if the IMF vector remains stable dur-
ing the evolution of an SEP event, the coverage of the tele-
scope is constant throughout the event. The IMF vector,
however, does normally vary with time. Then, the l-co of
the telescope varies during the observation of the SEP
event.

3. Coverage influence

In this section we study how the pitch-angle cosine cov-
erage, l-co, of the telescope can change the spin-averaged
intensity profiles observed by a telescope on board a
spin-stabilized spacecraft for the case of the LEFS60 tele-
scope. We create synthetic observations by using (i) a
Monte Carlo transport model to simulate the propagation
of near-relativistic electrons along the IMF (Agueda et al.,
2008), and (ii) an angular response model of the telescope
sectors to transform modeled PADs into sectored intensi-
ties (see Appendix B in Agueda et al. (2008)).

Our calculations of the particle propagation are based
on the focused transport model that includes the effects
of adiabatic focusing by a diverging Parker spiral magnetic
field, the interplanetary scattering by magnetic fluctuations
frozen-in into the solar wind, convection with the scatter-
ing fluctuations and adiabatic deceleration resulting from
the interplay of scattering and focusing (Kocharov et al.,
1998; Ruffolo, 1995).

We assume a stable solar wind speed of 400 km/s and
that the electron injection takes place at the distance of
two solar radii from the center of the Sun. The energy spec-
trum at the source is assumed to be dN=dE / E�c in the
energy range 45–312 keV, with a spectral index c ¼ 3. We
assume that the injection of electrons takes place during
two episodes: a short intense episode lasting �4 min and
injecting 3� 1033 electrons, followed by a weaker injection
component starting 72 s later and injecting 3� 1031 elec-
trons. These particles are assumed to be injected into a flux
tube that has a cross-section of 1 sr at the source surface.
Fig. 3 illustrates the assumed injection profile.
Regarding the transport conditions in the interplanetary
medium, we assume isotropic pitch-angle scattering and a
constant radial mean free path (see Agueda et al., 2008,
for details). We choose two different values of the radial
mean free path: kr ¼ 0:9 AU and kr ¼ 0:1 AU. This allows
us to study both a nearly scatter-free event and an event
observed during strong scattering conditions. Note that
the transport model provides us with the differential inten-
sities observed at 1 AU and the complete PADs as a func-
tion of time.

We assume that these two particle events are observed
by a telescope with the characteristics of LEFS60 in a sin-
gle energy range 175–312 keV (which corresponds to the
highest energy channel of EPAM/LEFS60). We use the
angular response of the sectors to transform the modeled
pitch-angle distributions into sectored intensities (see
Appendix B in Agueda et al. (2008)).

As commented in the previous section, the IMF vector
orientation with respect to the spacecraft spin-axis deter-
mines the range in pitch-angle cosine seen by the telescope.
We assume a stable IMF vector at 1 AU that does not vary
with time and select nine configurations that assure five dif-
ferent values of the l-co of the LEFS60 telescope: (1) 40%,
(2) 55%, (3) 70%, (4) 85% and (5) 100%. Fig. 2 shows these
magnetic field configurations. Each configuration is labeled
with a number from 1 to 5; the higher the number the
higher the l-co. We assume a positive polarity of the
IMF for hB P 90� and a negative polarity for hB < 90�.
Therefore, configurations with 180� � hB are equivalent to
configurations with hB.

Fig. 4 displays the spin-averaged time-intensity profiles
that would be observed by LEFS60 for these five IMF con-
figurations. The black profile shows the spin-averaged
intensity profile when l-co ’ 100% and the telescope is
sampling the whole l range approximately. Note that only
in this case, spin-averaged intensities correspond to omni-
directional intensities. We observe that spin-averaged
intensities show higher peak intensities and shorter times
to maximum than omni-directional intensities. When
kr ¼ 0:9 AU, the intensity profiles peak in a time interval
of �1 min while when kr ¼ 0:1 AU, the intensity profiles
peak in a time interval of �5 min. The relative differences



Fig. 4. Spin-averaged intensities observed by the LEFS60 telescope for different magnetic field configurations (see Fig. 2) assuming two different
interplanetary transport conditions: kr ¼ 0:9 AU (left) and kr ¼ 0:1 AU (right).
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between the omni-directional peak intensity and the spin-
averaged peak intensities are up to 65% for kr ¼ 0:9 AU,
and 20% for kr ¼ 0:1 AU.

Thus, an SEP event can display a variety of representa-
tions when being observed by a given telescope. These
observations can represent an incomplete picture of the
actual SEP event since the telescope is not always able to
scan complete PADs. Hence, when trying to infer from
in situ observations the characteristics of both SEP injec-
tion function close to the Sun and the propagation condi-
tions along the IMF, it is important to determine the
actual information contained in the data. In the next sec-
tion, we estimate the l-co required to allow a derivation
of the scenario of particle injection and transport from
the fit of in situ sectored electron data.

4. Results

Agueda et al. (2008) presented a new technique for decon-
volving in situ particle sectored intensities allowing us to
determine the underlying particle injection profile near the
Sun and the transport conditions of SEPs along the IMF.
This technique calculates the best-fit injection function by
solving a least squares problem between the observed and
the modeled sectored intensities subject to the constrain that
the injection function has to be non-negative (see Agueda
et al., 2008, for details). The best-fit transport parameters
are determined by minimizing the goodness-of-fit estimator
f ¼

P
iðlog Oi � log MiÞ2, where Oi and Mi are the observa-

tional and modeled sectored intesities, respectively. The
algorithm has been applied to the study of near-relativistic
electron events observed by ACE (Agueda et al., 2008).

We now use the same technique to deconvolve synthetic
sectored intensity profiles to study the influence of the l-co
of the telescope on the determination of the source function
and the transport conditions. We focus on the two inter-
planetary transport scenarios defined by: (A) kr ¼ 0:9 AU
and (B) kr ¼ 0:1 AU. Then, by assuming different magnetic
field configurations, we can study how the pitch-angle
cosine coverage influences the results of the deconvolution.
For this purpose we select the five magnetic field configura-
tion discussed in Section 3, which produce different obser-
vational sectored intensity profiles (see the corresponding
spin-averaged intensities in Fig. 4).

We use the interplanetary particle transport model to
simulate the propagation of near-relativistic electrons
along the IMF for 15 different values of the radial mean
free path logarithmically spaced between 0.05 and
1.5 AU. For each value of kr, we deconvolve the synthetic
observational intensities and obtain the best-fit injection
function. Fig. 5 shows the values of the f-estimator
obtained for each kr. Row (A) shows the results when the
actual radial mean free path is kr ¼ 0:9 AU and row (B)
is for kr ¼ 0:1 AU. Each column corresponds to a different
l-co value of the telescope.

As can be seen, the higher the l-co of the telescope the
more symmetric the function fðkrÞ around the best fit value
of kr and the deeper the minimum. As the radial mean free
path becomes smaller than the actual value of kr, ka

r , it
becomes difficult to reproduce the rising phase of the event.
The injection is assumed to start after t ¼ 0, thus when
kr � ka

r , particles arrive to the spacecraft too late to repro-
duce the observed onset. On the other hand, if kr > ka

r the
lower the l-co, the flatter the fðkrÞ. For example, when
l-co ¼ 40%, fðkrÞ becomes flat (i.e. the estimator takes sim-
ilar values for a given range of kr). Then, the optimal solu-
tion becomes degenerated and there is more than one
scenario that reasonably fits the observational data. In this
case, the measurements do not allow us to determine univ-
ocally ka

r and the actual particle injection function close to
the Sun. Note that when l-co ¼ 40% all sectors scan nearly
the same range of l values. For l-co ¼ 55%; f also takes
similar values in a range of kr, which would make difficult
to discern the value of ka

r .
We have checked that the results of the deconvolution

are very similar if, instead of assuming a stable IMF vector,



Fig. 5. Goodness of fit estimator obtained for different l-co of the LEFS60 telescope and for different interplanetary transport conditions; (A)
kr ¼ 0:9 AU and (B) kr ¼ 0:1 AU. The horizontal line marks f ¼ 0.
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variations in the IMF direction are taken into account
(Agueda, 2008). Therefore in order to clearly discern the
actual value of kr and the underlying injection function
from LEFS60 sectored measurements the SEP event must
be observed with l-co P 70%.
5. Conclusions

We have quantified the coverage in pitch-angle cosine of
two electron telescopes, i.e. LEFS60 and LEMS30, on
board the ACE spacecraft. We have found that the
LEFS60 telescope is more appropriate for electron data
analysis than LEMS30, since it provides more information
of the directional distribution of the observed particle
population.

We have made evident the relevant role that the pitch-
angle cosine coverage has when studying SEP events. By
studying synthetic electron events, we showed that the
spin-averaged time-intensity profiles can display a variety
of representations depending on the region of the PAD that
the telescope scans for a given IMF configuration. We have
set constrains on the conditions under which it is possible
to deconvolve the effects of interplanetary particle trans-
port and solar injection on observational intensities. The
main conclusion is that in order to discern both the actual
interplanetary propagation conditions and the injection
profile close to the Sun from LEFS60 measurements the
SEP event has to be observed with l-co P 70%. If l-co
is smaller, multiple scenarios can explain the data.

The algorithm and tools developed for the analysis of
LEFS60 data can be easily modified and applied to study
sectored time-intensity profiles measured by other tele-
scopes on board spacecraft with similar features and per-
formance (e.g., Wind). They could also be adapted to the
study of particle measurements made by cross-calibrated
telescopes on board three-axis stabilized spacecraft, like
STEREO. In this case, directional information is provided
by several detectors that provide different fields of view.
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