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ABSTRACT

We study four consecutive 300-800keV electron events observed on 1980 May 28 by Helios-1, when the
spacecraft was located at 0.31 au from the Sun. We use two different techniques to extract the release time history
of electrons at the Sun: (1) a data-driven method based on the assumption that particles conserve their magnetic
moment as they propagate between the Sun and the spacecraft and (2) an inversion method that utilizes particle
transport simulation results. Both methods make use of the particle angular distributions measured relative to the
local direction of the magnetic field. The general characteristics of the release time profiles obtained by these two
techniques are similar, especially during their rising phases. We find indications that the strength of the
interplanetary scattering varies with the size of the solar parent event, suggesting that scattering processes are not
necessarily an inherent property of the medium but are related to the amount of released particles at the Sun. We
use the inferred release profiles to compute the expected intensities at 1 au. In contrast to simultaneous near-Earth
observations by the Interplanetary Monitoring Platform (IMP-8), our simulations predict the observation of four
separate events at 1 au. Processes that could contribute to the observation of one single time-extended event at 1 au
include (1) distinct magnetic connections of the spacecraft to the particle sources, (2) the spatio-temporal evolution
of the particle sources, and (3) different particle transport conditions, including a variation of A, with radial distance
and/or heliolongitude, as well as the possibility that electrons reached IMP-8 by diffusion perpendicular to the
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interplanetary magnetic field.

Key words: Sun: activity — Sun: heliosphere — Sun: particle emission

1. INTRODUCTION

Solar energetic particle (SEP) events observed in inter-
planetary space present a large variability in terms of intensity,
composition, and spatial and temporal extent (e.g., Kahler et al.
1999; von Rosenvinge & Cane 2006; Gopalswamy 2012). In
particular, the observed SEP intensity time profiles result from
both (i) the injection history of SEPs as they are released from
their acceleration sites, and (ii) the transport processes under-
gone by the particles as they travel through the interplanetary
medium from their sources to the particle detectors on board
spacecraft. The transport effects pose the main difficulty in
reconstructing the processes of particle release occurring at the
Sun from in situ spacecraft observations. In order to correctly
extract interplanetary transport effects, an effective treatment of
the SEP transport processes in the heliosphere is required.
Several approaches have been used over the years to
characterize the SEP transport conditions (e.g., Reid 1964;
Earl 1974, 1976; Roelof 1975, 1979, 2008; Hamilton 1977;
Beeck et al. 1987; Kallenrode et al. 1992; Ruffolo 1995;
Kocharov et al. 1998; Ruffolo et al. 1998; Laitinen et al. 2000,
2013; Droge 2003; Qin et al. 2005; Wang et al. 2006; Agueda
et al. 2008, and references therein). Such approaches allow us
to reproduce spacecraft SEP observations and thereby infer
SEP injection histories. The particle angular distributions
relative to the local direction of the magnetic field (i.e., pitch-
angle distributions (PADs)) have proven to be relevant in these
analyses. A given intensity time profile can be fitted using a
large variety of combinations of the injection profile at the Sun
and interplanetary transport conditions, although this non-
uniqueness can be constrained by a simultaneous analysis of
the omni-directional intensity and the computed anisotropy
time profiles (e.g., Schulze et al. 1977). More recently this

problem has been further constrained by including the most
direct form of data in the analysis, that is, the measured
directional distributions together with the angular response of
the detector (Agueda et al. 2008, 2009a, 2014).

The observation of SEP events by spacecraft located at
heliocentric distances smaller than 1au (i.e., closer to the
acceleration site), is essential to understand the mechanisms of
SEP acceleration and release (e.g., McComas et al. 2007). The
science goals of the next generation of spacecraft traveling
close to the Sun (i.e., Solar Orbiter and Solar Probe Plus)
include the exploration of the mechanisms that accelerate and
transport energetic particles (Fox et al. 2015) as well as the
study of how energetic particles are released from their sources
and distributed in space and time (Miiller et al. 2013).

The two pioneering Helios spacecraft explored the inner
heliosphere (from 0.29 to 0.98 au) during solar cycle 21 and
captured several SEP events during their fast perihelion
passages. In this work, we revisit a sequence of four
consecutive relativistic electron events observed by Helios-1
at 0.31 au on 1980 May 28 with analysis techniques that were
unavailable during the Helios era. Relativistic electrons were
also observed by the Interplanetary Monitoring Platform
(IMP-8), which was located in the Earth’s magnetosheath on
1980 May 28. In contrast to Helios-1 observations, IMP-8
detected only a single extended particle intensity enhancement;
i.e., IMP-8 did not resolve four individual events. Wibberenz &
Cane (2006) suggested that the source of the events seen by
Helios-1 and IMP-8 was the same and that the main difference
between the two profiles was caused primarily by the different
radial positions of the two spacecraft and the more prominent
role of interplanetary scattering further away from the Sun.
These events were originally considered by Kallenrode &
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Table 1
Solar Flares Associated with the Origin of the SEP Events
Event Soft X-Ray Flare Ha  Flare
# Start End Max Class Class Location
1 15:53 16:19 15:58 C9.1 SN S24W28
2 17:05 17:53 17:18 M3.6 1B S18W35
3 19:24 20:53 19:51 X1.1 2B S18W33
4 23:32 24:45 23:44 M6.9 2B S17W39

Wibberenz (1991) to infer the SEP injection histories, although
only the second event of the series was discussed in detail. In
that work, the time history of the release of energetic particles
at the Sun was obtained by simply shifting the observed
intensity time profile by the ballistic travel time of the particles
along a smooth interplanetary magnetic field (IMF) line
considered to be an Archimedean spiral.

Here, we apply two independent techniques to extract the
release time history of the observed relativistic solar electrons
and their interplanetary transport conditions. Both techniques
rely on the information provided by the reconstructed PADs at
the spacecraft location. We compare the release histories
provided by both techniques. In Section 2 we present the
observations of these four SEP events. In Section 3 we describe
the techniques used to determine the release time histories of
relativistic electrons at the Sun and their interplanetary
transport parameters. In Section 4 we compare the injection
histories inferred for each event. In Section 5 we discuss the
results in a broader context and analyze the differences between
the Helios and the IMP-8 SEP events. Finally, Section 6
summarizes the main conclusions of the work and the utility of
these techniques in interpreting the observations that the
upcoming missions Solar Orbiter and Solar Probe Plus will
perform.

2. OBSERVATIONS

On 1980 May 28 Helios-1 was located at 0.31 au from the
Sun and ~5°-8° ahead (west) of Earth. A series of homologous
flares from NOAA Active Region #2470 or Hale Plage Region
16864 occurred on that day (Gaizauskas 1983). Table 1 lists the
start, end, and peak times of the soft X-ray (SXR) emission and
the X-ray class of the flares associated with the origin of the
four SEP events as observed by GOES-3. Table 1 also lists the
Ho class and location of the flares as seen from Earth.> We
refer the reader to Gaizauskas (1983) for a detailed description
of the characteristics of the flaring regions and a list of the radio
phenomena observed in association with such flares (see their
Table 2). The configuration of the Sun, flare region, and Helios-
1 during this period is shown in Figure 1. We plot nominal
magnetic field lines connecting each spacecraft with the Sun,
assuming a Parker spiral IMF configuration considering the
solar wind speed measured in situ during the time interval
when the SEP events were observed (~250 km s~ ! for Helios-1
and ~275kms~' measured by IMP-8 exiting the magne-
tosheath). The footpoints of the nominal IMF lines connecting
Earth with the Sun was located at a longitude close to the west
limb of the Sun (~W89°), i.e., poorly connected to the sites of
the flares. By contrast, Helios-1 was much better connected to
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28 May 1980
DAY 149

Helios—1

Figure 1. View from the north ecliptic pole showing the location of Helios-1
(red symbol) and IMP-8 (black symbol) on day 149 of 1980 (1980 May 28).
Nominal interplanetary magnetic field lines are shown connecting each
spacecraft with the Sun (yellow circle at the center, not to scale) considering
the solar wind speed measured during the SEP events. The purple line indicates
the longitude of the parent active region at the time of the second event (W35
as seen from Earth).

the flare sites (close to ~W30°, as seen from Earth). The purple
line in Figure 1 identifies the longitude of the solar flare (W35)
associated with the origin of the second electron event.

Figure 2 shows the four distinct electron events observed by
Helios-1 in association with the four flares listed in Table 1.
Figure 2(a) shows 300-800keV electron intensities as
measured in each one of the eight sectors of the EO3 channel
of the E6 (University of Kiel) instrument on board Helios-1
(Kunow et al. 1977). Monte Carlo simulations of the E6
instrument response (Bialk et al. 1991) showed that the E03
channel may also respond to (1) protons mostly in the energy
range ~4-13MeV with response efficiencies smaller than
~10%—-15% at most, and (2) electrons of energy higher than its
nominal energy range, being the peak in response at 950 keV.
For the four events under study, the electron fluxes were
several orders of magnitude higher than the proton fluxes (not
shown here) and evolved differently suggesting that possible
proton contamination into the EO03 channel was minimal.
Similarly, particle intensities measured in the next nominal
electron channel (i.e., EO8 with nominal energy window
0.8-2MeV) were much lower than the intensity in the E03
channel (not shown here) suggesting a very steep energy
spectrum. We also studied the effect of the energy response of
the EO3 channel computed by Bialk et al. (1991) on the
intensities observed at 0.31 au. We used an interplanetary
transport model (Agueda et al. 2008) to compute synthetic
electron intensities expected at 0.31au for energies from
300keV to 5MeV. Assuming the energy response computed
by Bialk et al. (1991; see their Figure 3), we found that the
observed intensities would be smaller than the intensities
expected assuming the nominal 300-800 keV energy range,
since in the first case the instrument would respond more to
higher energy electrons, for which there are lower intensities.
The effect depends on the spectral index of the source, being
the intensities up to two orders of magnitude lower for very
steep energy spectra (y = 5). On the other hand, the time
evolution of the intensities in both cases, assuming either
300-800 keV or the Bialk et al. (1991) extended energy range,
agree within the time resolution considered in this study
(one minute). Therefore, we will use 300-800keV as the
nominal energy window of the EO3 channel with the caveat that
the inferred release time profiles might be underestimated by up
to two orders of magnitude.

The spin axis of Helios-1 was perpendicular to the ecliptic
plane so that E6 was able to scan different regions of the
ecliptic plane as the spacecraft rotated (in eight equally spaced
sectors). The insert on the bottom right corner of Figure 2(a)
shows the orientation of the eight sectors of E6 with respect to
the Sun. During the onset and peak of the events the electron
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Figure 2. (a) One-minute averages of the 300-800 keV electron intensities as measured in the eight sectors of E6 on board Helios-1. The four electron events have
been identified with the numbers #1 to # 4. (b) 45 s measurements of the solar wind speed as measured by the plasma experiment E1 on board Helios-1. (c) One-
minute averages of the magnetic field magnitude as measured by the flux gate magnetometer E3 on board Helios-1. (d) Elevation angle and (e) azimuthal angle of the
magnetic field in the Spacecraft Solar Ecliptic (SSE) coordinate system. (f) First-order (A4;/A) anisotropy along the magnetic field direction. (g) Second-order (A2/Ao)

anisotropy.

distributions were highly anisotropic, and the highest intensities
were measured in those sectors pointing directly toward the
Sun (Sectors 0 and 7). The vertical black lines (identified with
the black arrows in Figure 2(a)) indicate the onset time of the
SXR flare emissions prior subtraction of the ~8.33 minutes that
electromagnetic emissions take to propagate from Sun to Earth.

Figure 2(b) shows the solar wind speed as measured by the
plasma experiment El on board Helios-I (Schwenn
et al. 1975). Slow solar wind (~250 km sfl) was observed
throughout all this period. Figure 2(c) shows the magnetic field

magnitude as measured by the Flux Gate Magnetometer
(experiment E3) on board Helios-1 (Scearce et al. 1975),
whereas Figures 2(d) and (e) show the elevation and azimuthal
angle of the magnetic field vector in the Spacecraft Solar
Ecliptic coordinate system. In this coordinate system the X-axis
points from the spacecraft to the Sun, the Z-axis is normal to
the ecliptic plane (positive northward) and the Y-axis completes
the right-handed set. Figures 2(d) and (e) show that the
magnetic field vector was essentially in the ecliptic plane and
directed very close to the Sun-spacecraft radial direction. This
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orientation allowed the observation of particle angular
distributions with good coverage in pitch angle.

Traditionally (e.g., Balogh 1971; Sanderson et al. 1985, and
references therein) particle anisotropies have been computed
assuming that the PADs are gyrotropic in the plasma frame so
that they can be expressed in terms of a truncated expansion of
orthogonal Legendre polynomials as

F(0) = Ao + Ajcosf + %(3 cos20 — 1), (1)

where 6 is the particle pitch angle. The first-order anisotropy of
the particle distribution is defined as the ratio between the first
and the second coefficient of the expansion, A;/A(, which is
related to the average mean pitch-angle cosine. The second-
order anisotropy is given by A, /Ag. A positive ratio of A, /Ay,
when the first-order coefficient is close to zero, represents a
bidirectional contribution to the particle flows along the IMF. A
large value of A;/Ay with |A|>A, represents a highly
anisotropic flow of particles aligned with the IMF direction
(see details of the procedure used to compute the anisotropy
coefficients in, for example, Lario et al. 2001, and references
therein).

We compute the first- and second-order anisotropy by fitting
the function in Equation (1) to the eight sectored angular
intensities measured by E6, where 6 is the mean particle pitch
angle observed by each sector (given by the central direction of
each sector). Figures 2(f) and (g) show the evolution of the
first- and second-order anisotropies, respectively. Figure 2(f) is
directly comparable to Figure 5 of Kallenrode & Wibberenz
(1991). Figures 2(f) and (g) show that the anisotropy attained
its maximum value at the time of the intensity maximum and
decayed shortly after that.

3. EXTRACTION OF RELEASE TIME HISTORIES

We use two different techniques previously used to infer the
release time history of near-relativistic electrons at 1 au. The
first technique, developed by Roelof (2008), is a data-driven
method based on the assumption that the magnetic moment of
the electrons is conserved during their interplanetary propaga-
tion between the Sun and the spacecraft and that there exists an
effective process at some distance beyond the spacecraft able to
reflect back the electrons in the sunward direction (Roe-
lof 2008). The second technique is an inversion method that
makes use of particle transport simulation results (Agueda et al.
2012) to fit the observations and infer the release time profile at
the Sun and the interplanetary transport parameters. Both
techniques rely on the information provided by in situ PADs.

3.1. Roelof (2008) Algorithm

Under the assumption that the electron magnetic moment is
conserved between the Sun and the spacecraft, the differential
intensity measured at a given spacecraft position, Rsc, after a
particle injection from close to the Sun and for a given pitch-
angle cosine p can be written as (Roelof 2008)

J s 1) = Ji(pos 0 = 7 (s o)) +J (=g 8 = 270 (1))
>0, 2
where j; is the injection intensity, £, is the injection pitch-angle

cosine near the Sun, and 7 (1, f,) is the transit time from the
injection point to the observation point, Rgc, for the final and
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initial pitch-angle cosines (i, (). The pitch-angle cosines are
inter-related by the conservation of the magnetic moment.
Under the assumption that particles propagate scatter-free along
the magnetic field line, we can approximate the particle transit
time to

(s 1) ~ ~, 3)
v

where v is the particle speed, z is the distance traveled by the
particles along the magnetic field (assumed to be the length of
the Parker spiral IMF line), and p ~ 1. The assumption of
small particle pitch-angle considers that the strong focusing
effect due to the large gradient of the IMF strength close to the
Sun forces the particles to propagate nearly field-aligned,
making the transit time independent of the injection pitch-angle
cosine (. Considering the observed solar wind speed of
~250km s, the length of the IMF line connecting Helios-1 to
the Sun was z ~ 0.32 au. For a 490 keV electron with =1
the transit time from the Sun to the spacecraft along the IMF
line was 7~3.1 minutes (the energy 490 keV corresponds to the
geometric mean of the energy window 300-800 keV).

Particles propagating inward (i.e., sunward) observed by the
spacecraft with a given pitch-angle cosine ;o < 0 have a transit
time

T~ = (4)
v

to their mirroring point where they adiabatically change their
sense of propagation to return (after a time 27,) to the
spacecraft’s location Rgc with a pitch-angle cosine p.

Under the supposition of the conservation of the electron’s
magnetic moment between the Sun and the observer, the
observation of particles with p < 0 responds to back-scatter
processes occurring at some distance beyond the observer’s
location (see Figure 1 in Roelof 2008). The particle detector at
Rsc measures outgoing intensities (j,) with 0 < p < 1 and
incoming intensities (j ) with —1 < p < 0. The outgoing
intensity is a mix of particles that were freshly released at the
Sun (j,), crossing the spacecraft location for the first time,
together with those that crossed the observer’s location
previously (going inward with p < 0), mirrored at some inner
distance <Rgc, and then crossed Rgc again with ¢ > 0. The
intensity of the outward-crossing particles can be expressed as
Ji (i, t). The intensity of particles that had inward-crossed at
an earlier time, so that they could mirror and outward-cross Rsc
at time ¢, can be expressed as j (—u, t—27,). According to
Equation (2), the injection history, j, (1, ), is then given by

J_;(M’ r— T) :j+(,u9 t) _];(_,U/, t— 27—”1)- (5)

Figure 3 shows the application of this technique to the four
events observed by Helios-1 at Rsc = 0.31 au. We have
followed the same approach used by Roelof (2008) to extract
the solar injection of 175-315 keV electrons observed by the
Electron, Proton, and Alpha Monitor on the Advanced
Composition Explorer (ACE) spacecraft (Gold et al. 1998)
during the SEP event on 2000 February 18 (see their Figure 2).
We use the 300-800 keV electron intensities j measured in the
eight sectors of the E6 instrument as shown in Figure 2(a). The
PADs obtained from this sectored data are approximated by the
mathematical expressions j, (i, t) = j,, (t)exp(aip) for the
outgoing (0 < p < 1) and j (u, t) = j,_(t)exp(a_pu) for the
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Figure 3. (a) jgr (i1, ) and (b) o parameters obtained from fitting the pitch-
angle distributions to the outgoing (black) and returning (gray) particles using
the 300-800 keV electron intensities measured in the eight sectors of E6 as
shown in Figure 2(a). (c) Linear Pearson correlation coefficient obtained from
the fitting of the PADs of the outgoing (black) and returning (gray) particles.
(d) Solar injection history for electrons with 4+ = 1. Gaps in the solar injection
function result from either actual gaps in the particle data or periods of time
when the time resolution of the data does not allow us to have a data point near
the estimated time t — 27, in Equation (5). The vertical black lines and black
arrows identify the onset of the SXR emissions shifted by 8.33 minutes.

returning (—1 < p < 0) electrons. Figure 3(a) shows the
parameters j, at p =1 (black) and j at p = —1 (gray)
obtained from these fittings, whereas Figure 3(b) shows a, for
the outgoing particles (black) and c for the returning particles
(gray). Figure 3(c) shows the linear Pearson correlation
coefficient, p, obtained from the fitting by the expression
In(j) oc ap to the outgoing (p,, black) and returning (p_, gray)
particles. The E6 experiment provides only PAD information
on eight sectors. Considering the IMF direction during this
event (Figure 2(e)), only four sectors provide PAD information
of the outgoing particle intensities and four for the returning
particle intensities. The mathematical expression, exp(a),
used to fit the observed PADs does not always provide a good
fit to the four points describing the PADs of the outgoing and
the four points of the returning particles. However, for the
rising phases of the events, we see that p approaches unity,
indicating that the function exp(a) is a good approximation,
especially for the outgoing particles.

Figure 3(d) shows j(u=1,7) obtained applying
Equation (2) shifted by the transit time of ~3.1 minutes for
comparison with the solar electromagnetic emissions (the
vertical black lines identified by the black arrows show the
onset of the SXR emissions shifted by 8.33 minutes).
Figure 3(d) shows that the onset of the injection for Events 2
and 4 coincided with the onset of the SXR emission. For Event
1 the inferred injection started two minutes before the onset of
the SXR emission, whereas for Event 3 the inferred injection
was delayed by 219 minutes with respect to the onset of the
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SXR emission. It is worthwhile to point out that for Event 1 the
microwave burst associated with the parent solar flare started
before the SXR emission, peaking at 15:52 UT at the frequency
2.8 GHz; i.., earlier than the SXR flare (see Table 2 in
Gaizauskas (1983) and reports of microwave emissions4).

3.2. Inversion Methodology

We use the interplanetary transport model developed by
Agueda et al. (2008) to simulate the propagation of
300-800 keV electrons from the Sun to the spacecraft. This
model assumes that the particles propagate along IMF lines
according to the diffusion-focused transport equation devel-
oped by Roelof (1969, p. 111) and expanded by Ruffolo et al.
(1998). This equation includes the effects of particle streaming
along the magnetic field lines, adiabatic focusing by the
diverging magnetic field, interplanetary scattering by magnetic
fluctuations frozen into the solar wind, convection with
scattering fluctuations, and adiabatic deceleration resulting
from the interplay of scattering and focusing. The model uses
the Monte Carlo technique to compute the electron PADs at the
spacecraft location resulting from a release at two solar radii.
We assume that the spacecraft is located at Rsc = 0.31 au and
that it is connected with the Sun with an Archimedean IMF line
determined by the solar wind speed measured in situ.

The results of the interplanetary transport model are
computed in terms of Green’s functions of particle transport,
that is, PADs at the spacecraft location resulting from an
instantaneous release at the Sun (see details in Agueda et al.
2014). We compute the Green’s functions for different values
of the radial mean-free path, \,, from 0.06au to 1.20au
assuming that )\, is independent of radial distance. The pitch-
angle diffusion coefficient is assumed to be isotropic.

For comparison with the model results, the directional
intensities at the spacecraft location were re-binned assuming
10 bins in pitch-angle cosine using the expression e®* over the
eight sectors and assuming one-minute time resolution (see
Figure 4). Figure 5(a) shows the time-intensity profiles
resulting from this re-binning, whereas Figure 5(b) shows the
quality of the fitting using the expression e* over the eight
sectors (see also Figure 4). We marked the time period selected
for fitting for each event with gray rectangles. It can be seen
that during the rising phase and until the end of these time
intervals the Pearson correlation coefficient was close to 1 and
the exponential e** was a good description of the PADs.

We use an inversion approach to extract the electron release
time profile at the Sun, g(¢). The modeled PADs, M;, resulting
from a series of impulse solar injections can be written as

T
M0 = [ dr'g e i g, ©)

where g (7, t'; A) represents the impulse response in a given
pitch angle j, at a given time #, when particle injection took
place at time ¢’ and assuming an interplanetary mean-free path
A. The duration of the injection function, ¢’ € [T}, T3], is
determined by the SEP event time interval selected for fitting,
t € [f, i), thatis, [, =t — At and I, = t, — At, where At is
the transit time of the first arriving particles at the spacecraft
location, for a given value of the scattering mean-free path. The

4 ftp.ngdc.noaa.gov /STP /space-weather /solar-data /solar-features /solar-
radio/radio-bursts /reports /
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Figure 4. Observational sectored intensities (colored numbers from O to 7)
normalized to the intensity measured in the sector with maximum number of
counts (jmax) as a function of the pitch-angle cosine p for five snapshots of
each event. The values of j.x listed in each panel are in units of counts
(cm® s st MeV) ™!, The thin black traces show the least-squares fit using the
expression e®*. The values of « and the linear Pearson correlation coefficient p
obtained from the fit are listed in each panel.

number of time points in the event time interval selected for
fitting is equal to n, = (t,—1)/6t + 2, where Ot is the time
resolution of the data.

Let J; be the observations (pre-event background subtracted).
We want to derive the n,-vector ¢ that minimizes the length of
the vector J — M. That means minimizing the value of

W =Ml =IlJ—g-qll (N

subject to the constraint that ¢, > 0 Vi=1,2,...,n,. We
obtain the injection amplitudes using the non-negative least-
squares method developed by Lawson & Hanson (1974), which
always converges to a solution. The value of the electron
interplanetary mean-free path is determined by estimating for
which of the tested \,-values the discrepancy between the
observed and the modeled intensities is smallest (see Agueda
et al. 2008, 2014, for more details). The goodness-of-fit
estimator computes the sum of logarithmic differences between
the observational and the modeled data.

Figure 6 shows the values of the goodness-of-fit estimator
obtained for the range of \,-values tested (between 0.06 and
1.20 au). A clear minimum of the goodness-of-fit estimator was
found in all events. Figure 7 shows the observed electron
intensities (dotted symbols) for the four events and the
simulated electron intensities (black traces) for the best fits.
The best fits can mostly reproduce the observations, i.e., the
evolution of the PADs, and the omni-directional- and first-order
anisotropy-time profiles. Some discrepancies between the data
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Figure 6. Goodness of the fit for the four events observed by Helios-1 on 1980
May 28.

and the model appear for negative pitch-angle cosines. In any
case, the aim was to reproduce the overall time evolution of the
PADs, which contains more information than the average
intensity time profile and the first-order anisotropy combined.

Column 2 of Table 2 lists the mean-free paths obtained with
the inversion method for each event. The obtained values of A,
range between 0.26 au (Event 1) and 0.14 au (Event 2), being
0.18 and 0.20 au for Events 3 and 4. Column 3 of Table 2 gives
the ratio between the particle mean-free path \ and the distance
z of the observer along the Archimedean spiral as a crude
criterion to distinguish between diffusive (\/z < 1/5), focused
(1/5 < Az<1), and scatter-free (\/z > 1) propagation
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Figure 7. For each event and from top to bottom: Electron 300-800 keV PADs (shown for five pitch-angle cosines), omni-directional intensities, and first-order
anisotropy. Data are shown by dots and the model predictions are shown with black curves.

(Kallenrode & Wibberenz 1991). The mean-free paths derived
in this study suggest that electrons propagated in the focused
regime. This can also be seen in the PADs (Figure 7), i.e., the
large anisotropy at the time of maximum indicates that the
scattering was not too strong for these events, but the decay
phase shows that the events were not pure scatter-free.

4. INFERRED PARTICLE INJECTIONS

The time profiles of the electron release histories inferred
using the two techniques are displayed in Figure 8. The
histograms show the results obtained with the inversion method
described in Section 3.2, whereas the solid thick lines show the

injection profiles using the technique described in Section 3.1.
The general characteristics of the profiles inferred using the two
techniques are similar early in the event (up to the time of the
intensity maximum), when the influence of interplanetary
propagation is small. For all the events, the intensities for
1 = —1 reach values at least one order of magnitude smaller
than for ;» = 1, and they start to rise mostly after the time of the
intensity maximum in g = 1 (Figure 5(d)). Therefore, the rise
phase of the intensity time profile observed for p = 1 shifted in
time by the transit time along the IMF can be used to estimate
the beginning of the solar release time profile. The total number
of electrons injected per unit solid angle at the solar wind
source surface can be estimated by integrating the release time
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Table 2
Transport and Release Parameters

Transport Release Parameters
Parameters Inversion Method Roelof (2008) Algorithm
Event A Az Peak Max. Int. Peak Max. Int.
# (au) UT) (e/(s sr MeV)) uTm) e/ (cm? s sr MeV))
1 0.26 1/1.2 15:46 5 x 10% 15:45 2 x 10°
2 0.14 1/2.3 17:11 1 x 103! 17:11 33 x 10°
3 0.18 1/1.8 19:42 6 x 103 19:46 19 x 10°
4 0.20 1/1.6 23:37 1 x 10% 23:38 4% 10°

profile obtained with the inversion method. By re-normalizing
the release time profile obtained with the Roelof (2008)
algorithm, we obtain that the two methods differ in the total
number of particles released, being this about two times larger
when interplanetary propagation is ignored.

Columns 4 and 5 of Table 2 list the injection parameters
(peak times and maximum value) inferred with the inversion
method described in Section 3.2, whereas columns 6 and 7
show the same parameters for the Roelof (2008) method
described in Section 3.1. The largest release in terms of number
of particles was associated with Event 2; it expanded three
orders of magnitude during 1.5 hr. The smallest release, lasting
only 15 minutes, was associated with Event 1. Event 3 and
Event 4 had comparable releases in terms of duration (71 hr),
with the release for Event 3 reaching a little higher instensity.
The profiles for Event 2 and 4 show a double peak structure
during the rising phase of the profile. The double peak structure
was reported for particle and electromagnetic data for Event 2,
the largest of the four events, in Kallenrode & Wibberenz
(1991).

For comparison with the solar electromagnetic emissions, the
vertical red lines in Figure 8 show the start, maximum, and end
time (in some cases) of the SXR emission shifted by 8.33
minutes. For the large events (2, 3, and 4) the maximum of the
SXR emission coincides with the peak in particle release. For
the shortest flare (Event 1) the maximum in SXR emission was
four minutes delayed with respect to the peak in particle
release. It is worthwhile pointing out that for this event the
microwave burst associated with the parent solar flare started
before the SXR, peaking at 15:52 UT (15:44 UT after
8 minutes subtraction) at the frequency 2.8 GHz.

The beginning of the release coincided with the onset of the
SXR emission for Events 1 and 2. For Events 3 and 4, the
beginning of the inferred release was delayed with respect to
the onset of the SXR emission by 20 and 6 minutes,
respectively. This could be related to the fact that these events
were observed during periods of high background intensities
due to previous events, allowing for the possibility that the first
released particles remained below background.

5. DISCUSSION

In a sample of four consecutive relativistic electron events
observed in the inner heliosphere, we found that the amount of
interplanetary scattering varies from one event to the other. We
obtained values of the radial mean-free path in the range from
0.14 to 0.26 au, corresponding to parallel mean-free paths )| of
0.55 and 1.02 au at the orbit of the Earth. Figure 9 (top panel)
shows the radial mean-free path versus the maximum intensity
of particle release for each event. From this set of events, we

find indications that the strength of the scattering varies
systematically with the amount of electrons released by the
solar parent event, which suggests that the magnetic field
fluctuations leading to interplanetary scattering are not
necessarily an inherent property of the interplanetary medium,
but they are related to the amount of released particles at the
Sun. The amplification of turbulence by streaming energetic
particles was observed by Kurt et al. (1977) for non-relativistic
electrons, and it has also been suggested for protons
(Reames 1989). By contrast, Kallenrode et al. (1992) found
no marked indication that the strength of scattering varied
systematically with the size of the particle event. In their
analysis they included mean-free path values inferred for events
observed at different sites within 1 au, and normalized the
maximum intensity of the particle event to an observer site at
1 au using simplified radial scaling laws.

A puzzling feature is the large variation of mean-free path
values obtained using conventional models of SEP transport.
For example, most small SEP events exhibit “scatter-free”
propagation characteristics, while small diffusive events have
not been reported. Helios observations provided us with a
sample of scatter-free electron events observed close to the Sun
(see Kunow et al. 1991). This was interpreted as a signature
that pure scatter-free propagation might occur exclusively close
to the Sun. Another interpretation is that as we approach the
Sun, we are able to observe SEP events produced by weaker
sources that occur under essentially scatter-free propagation
conditions due to small self-generated turbulence.

Figure 9 (bottom panel) shows the radial mean-free path
versus the time delay between peak intensities of consecutive
release time episodes, as inferred from Figure 8. From this set
of four events, the strength of the scattering varies system-
atically with the time delay between releases. The larger the
delay, the larger the mean-free path, suggesting that particles
streaming along the magnetic field may excite turbulence,
which then decays with a characteristic time constant. It is also
remarkable that from event #1 to event #2 the mean-free path
changes its value by a factor of two within approximately 90
minutes. This time is much smaller than the time it takes the
solar wind to propagate to 0.3 au (~50 hr at 250 kms ™), and
even smaller than the typical duration of solar energetic
electron events (a few hours). Therefore it seems plausible that
the value of the mean-free path varies substantially during the
course of an event.

A comparison between the solar electron release time
histories obtained using a data-driven method and a simula-
tion-based technique allows us to conclude that the early phase
(up to the maximum) of the release history of SEP can be
reliably studied assuming scatter-free propagation in the inner
heliosphere. This is in agreement with Kallenrode &
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Figure 8. Release time profiles inferred for the four events. The histograms
show the inversion results with one-minute time resolution. The black thick
curves show the results extracted using the algorithm of Roelof (2008) re-
normalized to the inversion result maximum. The vertical red lines show the
start, maximum, and end time (in some cases) of the SXR emission shifted by
8.33 minutes.

Wibberenz (1990) and it makes it possible to extract the early
release time history directly from data without any propagation
modeling. In principle, such an extraction could be carried out
in real time directly from the data acquired by spacecraft.
However, it is essential to have a good coverage in pitch angle
to build reliable PADs especially during the onset, rising, and
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maximum phases of SEP events. Future non-spinning space-
craft, such as the Solar Orbiter and Solar Probe Plus, will
measure SEP angular distributions with limited fields of view,
missing the sunward direction where particles with small pitch
angles tend to be focused in case of nearly radial magnetic
field. It is thus imperative to develop techniques to reconstruct
the PADs from the observations to estimate the intensities for
pw=1and p= —1. As shown in Figures 5(d) and 7, the
intensity time profiles at different pitch angles can be
completely different, and a given event can be interpreted
differently if we cannot observe particles arriving at the
spacecraft with small pitch angles (see e.g., Agueda et al.
2009b). Limited pitch-angle coverage might result in inferring
erroneous release time histories.

We now address the fact that IMP-8 observed apparently
only a single electron intensity increase during this time
interval (Wibberenz & Cane 2006). As pointed out by
McComas et al. (2014), the observation of a single smeared
SEP event at 1 au could result from a combination of one or
more of the following processes: (1) distinct magnetic
connections of the spacecraft to the particle source(s); (2) the
spatio-temporal evolution of the particle sources; and (3)
scattering and diffusion during transport from 0.31 to 1 au.

Based on the release time profiles we inferred from Helios-1
data in Section 3.2, we can use the interplanetary transport
model to compute the intensity time profiles that a hypothetical
observer located at 1au would observe. We compute the
connection angle of IMP-8 with the four parent flares and
estimate the maximum electron release expected at the IMP-§’s
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Figure 10. Variation of maximum release intensities with connection angle.
Amplitudes for the same event are marked by the same symbols (as in Figure 2)
and connected by a Gaussian distribution centered at zero longitude, with
standard deviation o = 30°. Assuming this variation with connection angle for
the four events, the maximum release at IMP-8’s footpoint would be about one
order of magnitude smaller than the one inferred in Section 4 for the Helios-1
footpoint.

flux tube by assuming that the particle source intensity follows
a Gaussian distribution centered at the flare site with standard
deviation o = 30° (see Figure 10), following the results by
Wibberenz & Cane (2006). Assuming this variation with
connection angle for the four events, the maximum release at
IMP-8’s footpoint would be about one order of magnitude
smaller than the one inferred in Section 4 for the Helios-1
footpoint. Figure 11 shows the 300-800 keV electron intensity
time profiles resulting at 1 au under the assumption that the
same time evolution of particle release and the same transport
conditions deduced to fit the Helios-I observations are valid
between 0.31 and 1au. Under these two assumptions, an
observer at 1au would still observe four separated intensity
enhancements with intensities larger than those measured by
IMP-8.

By contrast, IMP-8 observed only a single gradual electron
enhancement (diamond symbols in Figure 11). The Charged
Particle Measurement Experiment (Sarris et al. 1976) on board
IMP-8 provides electron sectored data but only in the energy
channel 0.22-2.5 MeV. With the exception of an unfortunate
data gap of ~15 minutes at the onset of the event (between
17:30 and 17:44 UT), intensities in the different sectors were
very similar (not shown here), indicating that isotropic fluxes
were observed throughout the event.

Uncertainties about (i) the magnetic connection of the
spacecraft with the Sun, (ii) the factor used to scale with
connection angle the injection for IMP-8, (iii) the time profile
assumed for the release of electrons onto the IMF line
connecting IMP-8 with the Sun, and (iv) the transport
conditions along this IMF line would allow us to find an
intensity time profile at 1au that mimics the observations;
however, we decided to keep unsustainable assumptions to a
minimum. A common result from the study of near-relativistic
electron events observed by spacecraft widely separated in
longitude (including STEREO, ACE, and Ulysses observations)
is that the release time profile is different for different
connection angles (Agueda et al. 2012; Gomez-Herrero
et al. 2015). For footpoints closer to the source region, the
timing of the maximum release is more in accordance with the
peak in SXR emission, while for distant footpoints the release
starts later in time and follows a ramp-like profile that reaches
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lower intensities. Therefore, it is reasonable to assume that the
release of particles observed by IMP-8 did not follow the same
time history as those observed by Helios-1.

Moreover, Event 1 was the smallest in terms of the number
of injected electrons (Table 2) being reasonable to assume that
the source for this event was narrow and hence that this event
was not observed by the poorly connected IMP-8 spacecraft.
By contrast, Event 2 was the largest in terms of the number of
injected electrons (Table 2) and most likely the particle source
was broader in longitude being most likely to be observed by
IMP-8. The subsequent smaller Events 3 and 4, in terms of
number of electrons (Table 2) and possibly with narrow particle
sources, contributed only a small amount to the already
enhanced IMP-8 intensity profile.

Another possibility would be that interplanetary scattering
processes are more prominent beyond the Helios-1 orbit.
Kallenrode et al. (1992) showed that it is difficult to distinguish
a radially constant mean-free path and a moderate radial
variation such as A, = \o(r/r9)? with b = —1. The main
difference between the two scenarios is in the intensity onset
and maximum, leading the radial-dependent A\, to a faster
intensity increase and a “sharper” maximum (Kallenrode et al.
1992). Since the intensities observed by IMP-8 are more
gradual than the profiles predicted assuming a radially constant
mean-free path, the assumption of b =0 seems to be
reasonable. In addition, the decay phase of the electron events
at 0.31 au is nicely modeled. Additional explanations for the
observation of a single time-extended event by IMP-8 include a
variation of A, with heliolongitude (more particle scattering on
field lines connecting to IMP-8), and the possibility that the
majority of the electrons reached the field lines connecting to
IMP-8 by diffusion perpendicular to the heliospheric magnetic
field that can explain the isotropic character of the event at 1 au
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(Droge et al. 2010; Strauss & Fichtner 2015; Laitinen
et al. 2016).

6. CONCLUSIONS

For a group of four consecutive relativistic electron events
observed by Helios-1 on 1980 May 28 we find the release time
history at the Sun using two different techniques. The first one
assumes conservation of the magnetic moment as electrons
propagate in the inner heliosphere between the Sun and the
observer. The second one considers interplanetary scattering by
using the results of a transport model to fit the observations.
Both techniques make use of the PADs to extract the accurate
release time history of electrons. PADs measured in different
regions of the heliosphere are essential to determine the
processes of particle acceleration at the Sun and deconvolve the
SEP transport effects.

We infer interplanetary transport conditions for the four
events in the range of focused transport, with values of A, from
0.14 to 0.26 au. The mean-free path obtained for each event
scales systematically with the strength of the particle release,
which suggests that the magnetic field fluctuations leading to
interplanetary scattering might be related to the amount of
released particles at the Sun. In addition, the strength of the
scattering varies systematically with the time delay between
releases, which suggests that particles streaming along the
magnetic field may excite turbulence, which then decays with a
characteristic time constant.

The release time profiles obtained with the two methodol-
ogies are very similar, especially up to the time of the
maximum. This is due to the small influence of interplanetary
propagation on the early phase of SEP events at radial distances
smaller than 0.5 au.

An analysis of the single relativistic electron event observed
by IMP-8 on the same date at 1au indicates that the
dramatically different time-intensity profiles observed by the
two spacecraft could result from a combination of one or more
of the following processes: (1) distinct magnetic connections of
the spacecraft to the particle sources; (2) the spatio-temporal
evolution of the particle sources; and (3) scattering and
diffusion during interplanetary transport, including the effects
of a radial and heliolongitude dependence of A, as well as
processes of perpendicular transport to the IMF.

Future non-spinning spacecraft, such as the Solar Orbiter
and Solar Probe Plus, will measure SEP angular distributions
with only a limited number of fields of view. It is thus
imperative to develop techniques to reconstruct the PADs from
the observations.
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