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ABSTRACT

We report observations of five impulsive solar energetic particle (SEP) events observed inside 1 au during the first perihelion pass
of the Solar Orbiter mission, which was launched in February 2020. These small events were all reasonably associated with active
regions observed from Earth but which had rotated out of view by the time of the Solar Orbiter observations. Even though most of
the events were small, their spectral forms, 3 He content, and association with type III bursts convincingly identifies them as 3 He-rich
impulsive SEP events with properties similar to those previously observed at 1 au. Three of the events showed fast ion rise times, and
two of them had long-lasting anisotropies consistent with the Compton-Getting effect.
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1. Introduction
Solar energetic particle (SEP) events are of broad interest since
they can fill the interplanetary medium with high energy radiation which may affect the Earth and assets in space. The events
begin with the explosive release of magnetic energy in or near the
solar corona, which accelerates particles by a number of mechanisms, notably shock waves and magnetic reconnection. A prime
goal of the Solar Orbiter mission (Müller et al. 2020) is to better understand the physical processes operating in SEP events
by observing them from closer distances to better observe the
source and to sample fields and particles in situ before many
details are washed out in the interplanetary medium.
In the current solar minimum, large shock-associated SEP
events are nearly absent, and none were detected by Solar Orbiter
during the first half year after launch. However, impulsive SEP
events were observed. This class of small events is associated
with soft X-ray emission, type III radio bursts and energetic
particles, and often with enhanced 3 He and heavy ions, which
appear to originate in the lower corona in association with
emerging magnetic flux regions near coronal holes, with particle injection accompanied by extreme ultraviolet (EUV) plasma
jets (e.g., reviews by Reames 1999; Wang et al. 2006; Mason
2007; Bučík 2020). Because of their low intensities, observing
them closer to the Sun is obviously advantageous in seeking to
pinpoint the sources and mechanisms responsible. This Letter

reports five such events observed on Solar Orbiter and discusses
their properties and implications for future studies; as the payload becomes fully commissioned, the perihelion moves closer
to the Sun, and solar activity increases.

2. Observations
The observations reported here were made with the Suprathermal Ion Spectrograph (hereafter SIS), which is one of several sensors in the Energetic Particle Detector (EPD) suite
(Rodríguez-Pacheco et al. 2020). SIS is a time-of-flight
mass spectrometer that measures the ion composition from
H through ultra-heavy nuclei over the energy range of
∼0.1−10 MeV/nucleon. SIS has two telescopes, one facing sunward (telescope a), and the other anti-sunward (b). Figure 1 (left)
shows the orbital position of Solar Orbiter from the launch on 9
Feb. 2020 through 1 Oct. 2020 with locations of the SEP events
and the location of STEREO-A which provided type III radio
burst information. The right panel shows suprathermal H and Fe
intensities; the Fe intensities were chosen from a lower energy to
provide better statistics. During this period, the SEP events stand
out from other particle events, which are associated with corotating interaction regions, by their higher intensity, short duration,
and relatively high Fe content (Allen et al. 2021).
Table 1 lists the details of the events. We now discuss the
specific details of each event.
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Fig. 1. Left: Solar Orbiter position from launch through 1 Oct. 2020 (red curve). The period after SIS turn-on is shown in a thick line along with
the spacecraft position at each of the five observed SEP events; the green Parker spiral line corresponds to a 400 km s−1 solar wind speed. Right:
suprathermal H and Fe intensities showing the five SEP events.
Table 1. 3 He-rich solar energetic particle event properties.

Event
Estimated injection
Time (1)
Angle (deg) (3)
Footpoint (deg) (4)
Dist. (au) (5)
Lat. (deg) (6)
Active region (7)
AR-footpoint angle (deg) (8)
4
He fluence (9) × 103
3
He/4 He (10)
H spectral index (11)
4
He spectral index (11)
Fe spectral index (11)
35 keV electrons inj.? (2)

1

2

3

4

5

18 Jun. (170)
13:15
W 68.7
102
0.52
−1.51
12765
11
0.52 ± 0.11
0.1 ± 0.1
−4.3
−4.5
...
Yes

11 Jul. (193)
02:25
W 107
209
0.61
2.88
12767
12
1.67 ± 0.19
0.15 ± 0.06
−3.7
−3.2
...
...

20 Jul. (202)
20:15 (2)
W 117
95.1
0.67
0.74
12768
18
174 ± 2
0.61 ± 0.01
−2.2
−2.2
−2.7
Yes

5 Aug. (218)
17:00
W 126
262
0.78
−2.08
12271
35
4.8 ± 0.3
0.05 ± 0.01
−1.0
−1.3
...
Yes

17 Sep. (261)
09:40
W 130
75.9
0.96
−5.97
12773
7
1.8 ± 0.2
0.04 ± 0.04
−3.0
−3.4
...
Yes

Notes. (1) Year: 2020; Event 1: based on weak type III (STEREO-A); Event 2: type III STEREO-A; Event 3: multiple type IIIs, the largest was
chosen; Event 4: no type III was seen based on the rise at SO; Event 5: a possible feature in STEREO-A SWAVES. (2) See Gómez-Herrero et al.
(2021); for Event 3 there appears to be a second injection corresponding to a type III burst at day 203 02:55. (3) The separation angle from Earth
(deg). (4) In Carrington longitude, assuming a 300 km s−1 solar wind speed typical of slow solar wind streams in 2020 observed on ACE. (5) Solar
Orbiter heliocentric distance (au). (6) Solar Orbiter heliographic latitude (deg). (7) NOAA Active Regions observed from Earth. (8) Approximate angular separation of AR from nominal footpoint (deg). (9) Particles cm−2 sr MeV/nucleon at 385 keV/nucleon. (10) Energy range 0.5−2.0 MeV/nucleon.
(11)
In the range 0.1−1.0 MeV/nucleon.

2.1. 18 Jun. 2020 event

2.2. 11 Jul. 2020 event

Figure 3 (top left) shows this event’s sharp onset when the spacecraft entered a flux tube that was still being filled with injected
particles showing large (∼20:1 telescope a:b ratio) anisotropies.
Following this, the intensities dipped as the magnetic field line
moved away from the telescope fields of view, then they recovered and continued for more than a day with sustained (∼3:1)
anisotropies. There was a possible presence of 3 He, but Fe was
not detected.

This event’s onset was associated with a jet beyond the west limb
observed from near Earth by the NASA Solar Dynamics Observatory Atmospheric Imaging Assembly. The jet’s brightness
peaked at around 02:20−02:22 UT in coincidence with the type
III burst; however, the jet was in the northern hemisphere and
AR 12767 was at ∼S20, so the jet may might not be associated
with the type III burst and presumed injection for the 3 He-rich
event. Although intensities remained low, the event continued
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Fig. 2. Left: proton fluence spectra. Right: helium fluence spectra for each SEP event.

Fig. 3. Top panels: 137 keV/nucleon 4 He for (left) the 19 Jun. 2020 and (right) 21 Jul. 2020 events. Sunward intensities are red circles and
anti-sunward intensities are blue circles. Bottom panels: ratio of sunward and anti-sunward He intensities.

for about 3 days during which the anisotropies remained near
2:1, but with poor statistical accuracy. In addition to H and 4 He,
SIS measured 3 He, O, and enhanced Fe in this event.
2.3. 20 Jul. 2020 event

Precursor intensity increases with 3 He:4 He ∼1 began about 30
hr before this event’s onset, accompanied by multiple type III
bursts along with multiple jets observed over the east limb by
STEREO EUVI. During the initial rise phase, the 3 He:4 He ratio
remained near 1, then around 12:00 on 21 Jul. 2020, H and 4 He

intensities rose again, probably due to a second injection associated with a strong type III burst early on 21 July 2020. Energetic
electrons (>30 keV) were detected by the EPD STEP sensor with
at least two separate rises consistent with multiple ion injections
(Gómez-Herrero et al. 2021). Figure 3 (right) shows that even
though the intensity rise in this event was slow, anisotropies
reached ∼5:1 then decayed closer to ∼2:1 until almost a day
after the maximum, then they remained small thereafter. This
event was more than an order of magnitude more intense than
the others, permitting statistically accurate measurements of the
composition (see Appendix A).
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Fig. 4. Upper panel: mass arrival spectrogram for 0.4−10 MeV/nucleon.
Lower panel: 1/v versus arrival time for H and heavier ions; slanted lines
show arrival times for 300 km s−1 solar wind and 0.78 au.

2.4. 5 Aug. 2020 event

Figure 4 shows spectrograms for 3 He and 4 He (upper panel)
and ion arrival times (lower panels) with clear velocity dispersion consistent with a solar injection around 17:00 on 5 Aug.
2020. No type III bursts were seen by STEREO. Energetic electrons were observed in association with this event. The H and
He spectra roll over at lower energies (Fig. 2), making this the
hardest spectrum of the set. There were a few O counts around
100 keV/nucleon, but not enough to form a spectrum.
2.5. 17 Sep. 2020 event

At the time of this weak event, Solar Orbiter had moved out to
nearly 1 au. There was a weak radio burst, possibly a type III
burst, which preceded the dispersionless particle rise by a few
hours. The event had modest anisotropy at the peak, and there
was some evidence of 3 He. Too few heavy ions were detected to
form spectra.

3. Conclusions
Even though the observations presented here were taken during solar minimum conditions, Solar Orbiter observed several
impulsive events during its first perihelion pass, each reasonably associated with an active region detected earlier or later
from Earth. Several such events were also observed with ACE
instruments during the 2007−2008 solar minimum (Mason et al.
2009). However, during the period studied here, we note that
ACE observed no impulsive ion events at 1 au. A major goal
of Solar Orbiter in studies of impulsive events is to better
understand the source regions, propagation, and composition by
observing closer to the Sun where timing uncertainties decrease
and higher fluences permit more accurate measurements. Very
close to the Sun, it may be possible to approach a long standing question regarding the clear association of type III events
with 3 He-rich events (Reames et al. 1988; Ho et al. 2001; Wang
et al. 2012), which is whether numerous, closely spaced type
L1, page 4 of 6

III events are each associated with a 3 He ion injection, which is
masked at 1 au, since there is too much mixing during transport
to 1 au. This may give insight into whether the acceleration of
the ions and electrons is from the same location, or whether they
originate in different locations. Closer to the Sun, the higher fluences should allow for significantly improved studies on ultraheavy nuclei in these events, whose intensities at 1 au are so
low that they can only be sampled by summing multiple events
(Reames 2000; Mason et al. 2004).
The current set of events has properties similar to previous
observations at 1 au. The nearly scatter-free keV electron profiles often observed with these events has led to modeling, which
assumes that the ion injection duration is short, on the duration
of hours (Mason et al. 1989; Wang et al. 2005). The long-lasting
anisotropies observed in Events 1 and 3 are consistent with estimates of the Compton-Getting effect (Appendix B).
In this first perihelion pass of Solar Orbiter, many instruments were still being commissioned. Therefore, the full set
of supporting measurements, such as radio, EUV, X-ray, and
solar wind, that will be available for future studies will be critical for placing our energetic particle observations in the context required to make decisive advances in understanding these
events.
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Appendix A: 21 July 2020 event composition

Fig. A.1. Top: particle intensities for the 21 Jul 2020 event. Red arrows mark the times of type III bursts seen on STEREO. Bottom: mass
spectrogram.

The upper panel of Fig. A.1 shows time-intensity profiles of the
21 Jul. 2020 event, which occurred when the spacecraft was at
0.67 au. The intensities rose above the background ∼1−2 days
before the event, with large enrichments of 3 He, and multiple type III events. The large intensity rise is associated with
stronger type III events late on 20 July 2020 and early on 21 July
2020. It appears that both caused particle injections, and keV
electron observations from EPD also showed at least two injections (for more details see Gómez-Herrero et al. 2021). We note
that the 3 He is equal to 4 He early in the event, then H and 4 He
increase further around day 203.6 presumably from the second
injection. The lower panel is a mass spectrogram for the event,
with major ion tracks that are clearly visible. It is important to
note the large abundance of Fe in the spectrogram, with Fe/O
ratio of 0.57 ± 0.05 at 385 keV/nucleon. This enhanced Fe/O is
in the typical range for 3 He-rich events.

Particle spectra and the He mass histogram are in Fig. A.2.
The spectral rollovers toward low energy (left) are often seen
in these events at 1 au (Mason et al. 2002). The He mass histogram (right) yields a 3 He:4 He ratio 0.61 ± 0.01 in the range of
0.5−2.0 MeV/nucleon. Toward lower energies, the 3 He spectrum
hardens compared to 4 He, so the ratio decreases; this feature has
often been seen at 1 au. Relative abundances at 385 keV/nucleon
are listed in Table A.1 and are close to surveys at a comparable
energy (Mason et al. 2004) and at ∼2.5 MeV/nucleon (Reames
1999). The table also lists the average abundances for large
coronal mass ejection (CME)-associated SEP events in the SIS
energy range from the survey of Desai et al. (2006). It can be
seen from the table that the 21 Jul. 2020 event shows enrichment
in heavy ions typically seen in 3 He-rich events.
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Fig. A.2. Left: fluences for selected species in the 21 Jul. 2020 event. Right: mass histograms for 0.5−2.0 MeV/nucleon He.
Table A.1. SEP abundances (O ≡ 1).

Species

21 July 2020 (1)

Large SEP Survey (2)

4

34.33 ± 0.093
0.467 ± 0.002
0.240 ± 0.001
≡1.000 ± 0.004
0.284 ± 0.002
0.297 ± 0.002
0.317 ± 0.002
0.112 ± 0.001
0.058 ± 0.001
0.738 ± 0.003

75.0 ± 23.6
0.361 ± 0.012
0.119 ± 0.003
≡1.00 ± 0.02
0.152 ± 0.005
0.229 ± 0.007
0.235 ± 0.011
0.059 ± 0.004
0.022 ± 0.002
0.404 ± 0.047

He
C
N
O
Ne
Mg
Si
S
Ca
Fe

Notes. (1) This work. (2) 0.38 MeV/nucleon, Desai et al. (2006).

Appendix B: Compton-Getting estimates
Figure B.1 shows the ratios of the sunward and anti-sunward
(a/b) telescope intensities for 4 He for several energy ranges.
The ratios were calculated during later portions of the events
when the a/b ratios were roughly steady (Event 1, 19 Jun. 2020
10:00−22:00; Event 3, 22 July 2020 02:00−20:00). ComptonGetting anisotropies (Ipavich 1974) were calculated using spectral indices from Table 1, and solar wind speeds were chosen to provide values that are close to the lower energy points
(375 km s−1 for 10 June 2020; 300 km s−1 for 21 July 2020).
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Fig. B.1. Sunward and anti-sunward telescope intensities for 4 He (filled
circles) and estimated Compton-Getting anisotropies (solid lines).

