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ABSTRACT9

The properties of the suprathermal particle distributions observed upstream of interplanetary shocks10

depend not only on the properties of the shocks but also on the transport conditions encountered by11

the particles as they propagate away from the shocks. The confinement of particles in close proximity12

to the shocks, as well as particle scattering processes during propagation to the spacecraft, lead to13

the common observation of upstream diffuse particle distributions. We present observations of a rare14

extended anisotropic low-energy (.30 keV) proton beam together with a trapped &500 keV proton15

population observed in association with the arrival of an oblique interplanetary shock at the ACE, Wind16

and IMP-8 spacecraft on 2001 January 31. Continuous injection of particles by the traveling shock17

into a smooth radial magnetic field region formed in the tail of a modest high-speed solar wind stream18

produced an extended foreshock region of energetic particles. The absence of enhanced magnetic field19

fluctuations upstream of the shock results in the observation of a prolonged anisotropic field-aligned20

beam of .30 keV protons as well as a population of higher-energy (&500 keV) protons with small21

pitch-angle cosine (µ∼0) extending far from the shock.22
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1. INTRODUCTION25

Energetic particle intensity enhancements associated with the passage of traveling interplanetary shocks past Earth26

are known as Energetic Storm Particle (ESP) events due to their concurrence with geomagnetic storms that commence27

at the same shock (Bryant et al. 1962). ESP events exhibit a large variety of energetic particle intensity-time profiles28

(e.g., van Nes et al. 1984; Tsurutani & Lin 1985; Wenzel et al. 1985; Kallenrode 1995; Lario et al. 2005). In general, the29

spatial distribution of energetic particles observed in ESP events depends on the conditions for particle acceleration30

at the shock, for particle escape from the vicinity of the shock, and for particle transport between the shock and the31

observing spacecraft (e.g., Sanderson et al. 1985; van Nes et al. 1985). Ion distributions in ESP events may consist of32

both particles locally accelerated at the time of the shock passage and particles previously accelerated at the shock33

that remain confined in the vicinity of the shock by either scattering processes undergone by the particles as they34

interact with the pre-existing or self-amplified turbulent medium or by the effects produced by intervening solar wind35

structures (e.g., Gosling 1983; Lario & Decker 2002; Lee 2005; Shen et al. 2008).36

Because of the characteristics of spacecraft instrumentation, a distinction is often made between energetic ions at37

energies &50 keV observed by “energetic particle” instruments and “suprathermal” ions, usually detected by solar wind38

Corresponding author: D. Lario

david.larioloyo@nasa.gov

http://orcid.org/0000-0002-3176-8704
http://orcid.org/0000-0002-3855-3634
http://orcid.org/0000-0002-4313-1970
http://orcid.org/0000-0002-6849-5527
http://orcid.org/0000-0002-0608-8897
mailto: david.larioloyo@nasa.gov


2 Lario et al.

plasma instruments, with energies .30 keV but higher than those of the thermal population whose energy spectrum39

can be described by a quasi-Gaussian distribution. In this paper we will make this distinction to refer to energetic40

particles (i.e., &50 keV), suprathermal particles (i.e., .30 keV), or thermal solar wind particles.41

By analogy with the particle distributions observed in the Earth’s bow shock (e.g., Thomsen 1985; Wilson 2016, and42

references therein), low-energy (.30 keV) particle distributions observed upstream of traveling interplanetary (IP)43

shocks can be described in terms of: (1) Upstream field-aligned beams, characterized by a relatively collimated flow44

away from the shock along the magnetic field and by a sharp energy peak that rarely exceeds more than ∼10 keV in45

Earth’s foreshock; (2) Diffuse distributions, characterized by broad, nearly isotropic angular distributions that often46

exhibit flat energy spectra in phase space density units up to several 10s of keV but that can extend to high energies up47

to ∼300 keV in the case of Earth’s bow shock, whereas in the case of traveling IP shocks they can extend up to several48

MeV; (3) Intermediate distributions, similar to field-aligned beams but which exhibit a large spread in pitch-angle and49

are thought to result from pitch-angle scattering of gyrating ions; (4) Gyrating ion distributions which are symmetric50

about the quasi-static magnetic field direction and are produced near the quasi-parallel region of the Earth’s bow51

shock by specular reflection; and (5) Gyrophase-bunched ions which are symmetric about the magnetic field direction52

but tend to form at larger distances from the bow shock through wave-particle interactions. The first three types are53

all nearly gyrotropic and are distinguished primarily by their pitch-angle distributions (PADs) and range of energies,54

whereas the level of gyrotropy and distance from the bow shock where they are observed distinguish gyrating and55

gyrophase-bunched ions. Examples of these ion distributions can be found in Figure 16.4 of Wilson (2016).56

At energies &50 keV, the ion distributions observed in association with the passage of IP shocks may include the57

following: (1) A slow, quasi-exponential increase of the ion intensity extending several hours upstream of the shock,58

followed by a nearly constant intensity downstream, with a moderate upstream flow of particles away from the shock59

and isotropic distributions in the downstream medium that are consistent with particles being accelerated at the shock60

by the diffusive shock acceleration (DSA) mechanism (Lee 1983). (2) A spike of a few (.10) minutes duration at61

or near the shock, with large upstream anisotropies and moderate downstream anisotropy and indications of protons62

gyrating about the magnetic field with pitch angles around 90◦ consistent with particle acceleration by the shock63

drift acceleration (SDA) mechanism (Decker 1983). (3) Isotropic step-like, post-shock intensity increases produced64

when small-gyroradii particles get coupled to the downstream solar wind plasma (Tsurutani & Lin 1985). And (4) ion65

distributions that, depending on energy, are unchanged by the passage of the shock. Examples of these ESP energetic66

particle signatures can be found elsewhere (e.g., Sanderson et al. 1985; Tsurutani & Lin 1985; Kallenrode 1995; Lario67

et al. 2003, 2005).68

During the passage of IP shocks, ion intensities at energies .30 keV very often exhibit a significant increase at the69

time of the shock passage and stay elevated for a long distance downstream of the shock. However, such ions are70

only rarely detectable upstream of the shock (e.g., Gosling et al. 1978a, 1984; Lario et al. 2019). Shock geometry, the71

ability of the suprathermal particles to escape from the vicinity of the shock, and instrument capabilities, all influence72

the detectability of upstream suprathermal ions (Lario et al. 2019). For those IP shocks with ion distributions that73

can be detected by current instruments, the .30 keV ion distributions commonly resemble those of diffuse events,74

whereas observations of field-aligned beams, gyrating ions and reflected ions upstream of IP shocks are very rare75

(e.g., Gosling 1983; Gosling et al. 1984; Tokar et al. 2000; Kajdič et al. 2017; Cohen et al. 2019; Yang et al. 2020).76

Gosling (1983) suggested that a spacecraft establishes magnetic connection with IP shocks through field lines that77

remain connected to the large-scale structure of the traveling shock for an extended time, resulting in an ESP event78

where the .30 keV ion distributions consist not only of particles locally accelerated at the arrival of the shock but79

also of particles accelerated earlier by the shock that remain confined close to the shock. Particles leaving the shock80

may encounter, and be scattered by, magnetic perturbations generated self-consistently further upstream, resulting81

in the diffuse distributions that are usually observed in ESP events (Gosling 1983; Wilson et al. 2009; Blanco-Cano82

et al. 2016). Another key ingredient for particles to be efficiently scattered in the shock upstream is the presence of83

pre-existing fluctuations, due to the ambient turbulence in which shocks propagate (e.g., Guo et al. 2021; Trotta et al.84

2021).85

Here we report measurements of an unusual ESP event showing a macro-scale, long-lasting, field-aligned, proton86

beam upstream of an oblique shock at low-energies (.30 keV). This event also shows a population of &500 keV87

protons with angular distributions peaking at ∼90◦ pitch angles trapped between the shock and the tail of a preceding88

modest high-speed solar wind stream. What makes this event unusual is the extended region upstream of the shock89

for which both populations were observed. This region was characterized by a smooth magnetic field with very few90
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Table 1. Spacecraft locations and interplanetary shock parameters at ACE and Wind

Catalog rn rb Vs Mms θBn ~n

ACE shock at 07:22 UT (day 31.307) (xGSE=241.19, yGSE=-13.86, zGSE=24.35 RE)

ipshocks.fia 3.2±0.7 2.2±0.1 387±29 1.5±0.2 51±9 (-0.70±0.08, 0.70±0.08, 0.16±0.11)

CfA shock listb 3.9±0.5 2.2±0.4 410±11 1.5±0.1 44±3 (-0.80±0.01, 0.55±0.01, 0.23±0.22)

IMP-8 shock at 08:09 UT (day 31.339) (xGSE=8.00, yGSE=30.56, zGSE=-21.64 RE)

Wind shock at 08:35 UT (day 31.358) (xGSE=-20.91, yGSE=196.1, zGSE=-12.88 RE)

ipshocks.fia 2.7±0.6 2.6±0.2 431±29 2.1±0.4 54±8 (-0.81±0.06, 0.29±0.15, 0.51±0.11)

CfA shock listb 2.3±0.2 2.6±0.6 485±16 3.5±0.2 45±4 (-0.84±0.02, 0.44±0.03, 0.33±0.32)

aipshocks.fi/ (Kilpua et al. 2015)

bwww.cfa.harvard.edu/shocks/

field fluctuations, suggesting that conditions were favorable for nearly scatter-free particle transport. We suggest that91

the observation of a long-lasting, field-aligned beam of low-energy particles upstream of transient IP shocks requires92

the presence of a magnetically quiet region upstream of the shock, and that the formation of a long-lasting trapped93

high-energy particle population additionally requires the presence of magnetic field disturbances far from the shock94

that allow the escape of high-energy particles with large pitch-angle cosine (|µ|∼1) but confine particles with small95

pitch-angle cosine (µ∼0).96

2. OBSERVATIONS97

A relatively strong interplanetary shock was observed by the magnetic field experiment (MAG; Smith et al. 1998)98

and the Solar Wind Electron, Proton, and Alpha Monitor (SWEPAM; McComas et al. 1998) on board the Advanced99

Composition Explorer (ACE) at 07:22 UT on day 31 (January 31) of 2001. In units of fractional day of the year, the100

shock arrived at ACE at day 31.307. The same IP shock was observed by the Magnetic Field Investigation (MFI;101

Lepping et al. 1995) and the Solar Wind Experiment (SWE; Ogilvie et al. 1995) on board the Wind spacecraft at102

08:35 UT on the same day (day 31.358). The Solar Plasma Faraday cup experiment (PLS; Bellomo & Mavretic 1978)103

on board the Interplanetary Monitoring Platform-8 (IMP-8) detected an abrupt increase in solar wind density, speed104

and temperature at 08:09 UT (day 31.339), that most likely was associated with the passage of the shock by this105

spacecraft. Unfortunately, the lack of magnetic field data from IMP-8 (whose magnetometer failed in June 2000)106

prevents us from fully characterizing the shock at this spacecraft. Table 1 lists the locations of these three spacecraft107

in Geocentric Solar Ecliptic (GSE) coordinates at the time of the respective shock passages.108

Table 1 provides also the main shock parameters at ACE and Wind as listed in the Database of Heliospheric Shock109

Waves generated by the University of Helsinki at ipshocks.fi (Kilpua et al. 2015), and the Harvard-Smithsonian Center110

for Astrophysics (CfA) Interplanetary Shock Database at www.cfa.harvard.edu/shocks/ using the method RH08 to111

solve the set of Rankine-Hugoniot (RH) continuity equations across the shock as described in Szabo (1994) and Koval112

& Szabo (2008). In particular, the RH08 method is a nonlinear least-squares fitting technique that uses eight equations113

derived from the RH mass flux conservation equation, the conservation equation for the tangential components of the114

momentum flux, the continuity equation for the tangential electric field, and the continuity of the normal component115

of the magnetic field (see Vinas & Scudder (1986) and the supplemental material in Wilson et al. (2017) for details).116

Specifically, Table 1 lists the density compression ratio rn, the magnetic field compression ratio rb, the shock speed117

in the spacecraft frame of reference Vs, the fast magnetosonic Mach number Mms, the angle between the normal to118

the shock and the upstream magnetic field θBn, and the normal to the shock ~n in GSE coordinates, as obtained119

from solving the RH equations using either ACE (top) or Wind (bottom) data. Within the error bars, the shock120

parameters from both databases seem consistent, even when different approaches were used to select the time intervals121

representative of the upstream and downstream media and to compute the shock parameters. There are only slight122

differences between the parameters of the shock at ACE and at Wind. Whereas the shock at ACE was relatively123

strong rn>3 and its magnetosonic Mach number was a modest Mms∼1.5, the shock at Wind was weaker rn∼2.5, but124

with a larger magnetosonic Mach number Mms>2, even though the shock was oblique θBn&45◦ at both spacecraft.125

Small differences between shock parameters at ACE and Wind should be expected (e.g., Szabo et al. 2001) since the126

two spacecraft intercepted the shock at different times and at different heliospheric locations.127

ipshocks.fi/
www.cfa.harvard.edu/shocks/
ipshocks.fi
www.cfa.harvard.edu/shocks/
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2.1. Solar energetic particle observations128

The most likely solar origin of the shock observed by the three spacecraft on 2001 January 31 was a halo coronal129

mass ejection (CME) first seen by the C2 coronagraph of the Large Angle and Spectrometric Coronagraph (LASCO)130

on board the Solar and Heliospheric Observatory (SOHO) (Brueckner et al. 1995) at 15:54 UT on 2001 January 28131

propagating with a plane-of-sky speed of 916 km s−1 as reported in the Coordinated Data Analysis Web (CDAW)1132

CME catalog. This CME was temporally associated with a M1.5/1N solar flare from NOAA Active Region 9313 at133

S04W59 with 1-8 Å X-ray emission starting at 15:40 UT, peaking at 16:00 UT and ending at 16:24 UT on 2001 January134

28. The absence of signatures suggestive of an interplanetary coronal mass ejection following the passage of this IP135

shock by ACE, IMP-8 and Wind (Richardson & Cane 2010a) is consistent with an encounter with the flank of the shock136

from this western solar event. The solar eruption generated a solar energetic particle event (SEP) observed by the137

energetic particle instruments on board the three spacecraft. The following sections describe these SEP observations138

and the influence of the IP structures preceding the shock on the energetic particles.139

2.1.1. ACE solar energetic particle observations140

Figure 1 shows a collection of data from the ACE spacecraft during the associated SEP event. Figure 1a shows spin-141

averaged ion intensities at energies from 47 keV to 4.8 MeV measured in eight energy channels of the LEMS120 telescope142

of the Electron, Proton, and Alpha Monitor (EPAM) on board ACE (Gold et al. 1998). The ACE/EPAM/LEMS120143

telescope does not distinguish among different ion species, and we assume that ion intensities in Figure 1a are dominated144

by the more abundant protons. Figures 1(b-d) show the solar wind proton (b) speed Vsw, (c) density Np, and (d)145

temperature Tp measured by ACE/SWEPAM. Figures 1(f-j) show magnetic field data collected by ACE/MAG. In146

particular, Figure 1f shows the magnetic field magnitude B, and Figures 1g and 1h, the polar θGSE and azimuth φGSE147

angular magnetic field directions in GSE coordinates, respectively. Figure 1i shows the angle αR formed between the148

magnetic field and the Sun-ACE radial direction. Figure 1j shows the root mean square (rms) of the magnetic field149

vector dBrms computed using high-resolution measurements of ACE/MAG (3 vectors per second) as
[ 3∑
i=1

< (Bi− <150

Bi >)2 >
]1/2

where Bi is each component of the vector ~B and <> is the average over 16 second intervals. Figure 1e151

shows the proton plasma beta βp computed as the ratio of the proton thermal energy NpκTp to the magnetic energy152

B2/8π. We have indicated by red shading those periods when βp<0.5. The vertical arrow in Figure 1a indicates the153

onset of the soft X-ray solar flare associated with the origin of the SEP event. The vertical black solid line marks the154

time of the passage of the shock by ACE.155

ACE/EPAM/LEMS120 ion intensities at &2 MeV started to increase above the pre-event background shortly (.6156

h) after the occurrence of the solar flare. Energetic ions arrived at ACE when the spacecraft was immersed in a region157

of elevated magnetic field intensity and solar wind density with βp<0.5 observed by ACE between day ∼28.8 and day158

∼29.7. This region is most likely a stream interaction region (SIR) (Richardson 2018) resulting from the interaction159

between the preceding slow (∼300 km s−1) solar wind and the following faster solar wind. The time of maximum160

solar wind speed (∼500 km s−1) at day 29.75, also associated with decreases in density and magnetic field intensity,161

marks the trailing edge of the SIR. Particle intensities at energies &300 keV abruptly increased at day 29.2 coinciding162

with a sharp decrease of Np and increase of Tp, and changes in the solar wind ion charge states (not shown here)163

observed by the Solar Wind Ion Composition Spectrometer (SWICS; Gloeckler et al. 1998) on board ACE . These are164

typical signatures of the stream interface (SI) within an SIR (Burlaga 1974; Gosling et al. 1978b; Forsyth & Marsch165

1999). We indicate the passage of this SI by a vertical pink line in Figure 1. After this sudden energetic particle166

intensity increase, all particle intensities below .2 MeV converged as they gradually increased with time. We indicate167

this period of similar intensity levels at energies .2 MeV by the tilted hatched rectangle in Figure 1a. Note that the168

47-68 keV ion intensities (red trace in Figure 1a) only acquired this common intensity value around day ∼29.75 due to169

the elevated pre-event background and possible contamination by higher-energy particles that can occur in this lowest170

energy channel early in SEP events (e.g., Marhavilas et al. 2015). The rising phase of the SEP event at energies .2171

MeV was therefore characterized by a flat energy spectrum (similar examples can be found in Lario et al. 2018). The172

ion intensity-time profiles then departed from the flat-spectrum intensity level at a time that is ordered by energy – the173

higher the energy, the earlier the ion intensities separated from the common flat-spectrum intensity level. At energies174

1 cdaw.gsfc.nasa.gov/CME list/



Long-lasting field-aligned proton beam and trapped particle populations upstream of shocks 5

Figure 1. From top to bottom: (a) 96-second averages of spin-averaged ion intensities measured in eight differential energy
channels of the telescope LEMS120 of the EPAM instrument on board ACE; 64-second averages of the solar wind proton (b)
speed Vsw, (c) density Np, and (d) temperature Tp as measured by the ACE/SWEPAM; 64-second averages of the (e) proton
plasma βp; 64-second averages of the magnetic field (f) magnitude B, (g) polar θGSE , and (h) azimuth φGSE angular directions in
GSE coordinates, and (i) the angle αR between the magnetic field and the Sun-ACE radial direction as measured by ACE/MAG;
(j) the rms value of the magnetic field vector dBrms computed as described in the text. The pink vertical line identifies the
passage of the stream interface (SI), the black solid vertical line the passage of the IP shock and the dashed vertical line marks
the onset of an upstream smooth-field low-βp region. The vertical arrow in panel (a) indicates the onset of the soft X-ray parent
solar flare. The tilted hatched bar in panel (a) indicates the period with nearly flat energy spectrum at energies .2 MeV.

below ∼300 keV ion intensities kept increasing until the arrival of the shock, with the lower energies displaying a higher175

increase. The ion intensity-time profiles at energies &2 MeV did not reach the common flat-spectrum intensity level,176

but reached a maximum around day ∼29.5 and then gradually decreased.177

Prior to the arrival of the shock, ACE observed a region of at least ∼16 hours characterized by a very smooth178

magnetic field closely aligned with the radial direction (αR.25◦), a decreasing solar wind speed Vsw and βp.0.5 in179

the trailing part of the high speed stream. The dashed black vertical line and gray shaded bar in Figure 1 indicate180

the start time and duration of this region (ending at the shock) at ACE, respectively. Magnetic field fluctuations181

within this region were much smaller than in either the preceding solar wind or in the downstream region of the182

shock (Figure 1j). Magnetic field directions that tend to be more radial than the nominal Parker spiral magnetic field183

direction have been regularly observed during periods when the solar wind speed decreases (e.g., Lario & Roelof 2010,184

and references therein), and the trailing edges of high-speed streams at 1 au also exhibit a decay in the amplitude185

of Alfvénic fluctuations (e.g., Borovsky & Denton 2016; Carnevale et al. 2021). Therefore, we suggest that this quiet186

radial magnetic field region is a similar example, lying in the tail of the preceding modest high-speed solar wind stream.187

Shock-accelerated particles escaping from the vicinity of the shock and reaching the spacecraft before shock arrival188

would most likely have propagated through this region.189
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Anisotropy observations are also valuable for interpreting particle events. However, the spin axis of ACE points190

toward the Sun within ±20◦ (i.e., close to the radial direction), and therefore, the range of pitch-angles scanned by191

each of the EPAM telescopes when the magnetic field orientation is close to radial is very limited (see Figure 2 of Gold192

et al. 1998). In addition, the measurement of anisotropies by combining different ACE/EPAM telescopes is restricted193

because the energy ranges of these telescopes are not perfectly matched. Anisotropy observations are then presented194

for the two other spacecraft (IMP-8 and Wind).195

2.1.2. IMP-8 solar energetic particle observations196

The IMP-8 spacecraft also observed the SEP event commencing on 2001 January 28. Figure 2 shows particle197

observations collected by IMP-8 from day 28.5 to day 32 of 2001. At this time, IMP-8, in Earth orbit, was in the solar198

wind and approaching the dusk flank of Earth’s bow shock (Table 1). Figures 2a-d show particle data from the Goddard199

Medium Energy (GME) instrument on IMP-8 (McGuire et al. 1986). Because of the lack of IMP-8 magnetic field200

data and the noisy data from IMP-8/PLS, we again show in Figures 2e-i ACE magnetic field and plasma observations.201

In particular, Figure 2e shows the magnetic field intensity (black) and plasma density (red), Figure 2f the polar and202

Figure 2g azimuthal angles of the magnetic field in GSE coordinates, Figure 2h the solar wind temperature (black)203

and the “expected temperature” (red) (Richardson & Cane 1995), computed assuming the well-established correlation204

between Vsw and Tp for normal solar wind expansion, and Figure 2i the solar wind speed. Since the solar wind travel205

time from ACE to IMP-8 was <1 hour, this can be ignored in this overview plot. Note however that the arrival time206

of the shock at IMP-8 (vertical green line) was slightly later than at ACE (see Table 1). The gray shaded region207

corresponds to the interval of quiet, near radial magnetic field identified in Figure 1.208

Figure 2d shows 30 minute averages of the proton intensity in selected GME energy channels ranging from 0.88-1.15209

MeV to 63-81 MeV. These observations show even more clearly than the ACE data in Figure 1 the energy-dependence210

of the intensity time profiles during the onset of the SEP event. The higher energy (&25 MeV) intensities rose promptly211

following the time of the flare (indicated by the black arrow in Figure 2d), then slowly decayed over the next ∼3 days.212

The intensity at lower (.4 MeV) energies rose more slowly, with (as at ACE) an abrupt increase coincident with the213

passage of the SI (indicated by the vertical pink line in Figure 2). This suggests that the lower energy ions propagated214

to Earth more efficiently within the high speed stream than in the preceding slower solar wind whereas higher energy215

ions populated both slow and high-speed streams. There is little evidence of the passage of the shock on the declining216

particle intensities except for a very small brief enhancement close to the shock in the lowest energy channels shown.217

Figures 2a-c summarize the particle anisotropies measured by IMP-8/GME. The results presented here are for218

0.5-4 MeV/n protons and He ions measured by the GME Low Energy Detector (LED). IMP-8 rotated on an axis219

perpendicular to the ecliptic and particle counts from the LED telescope (with a field of view ±25◦ from the ecliptic)220

were accumulated in eight azimuthal sectors. Correction for the Compton-Getting effect (Ipavich 1974) has been221

applied in the count rates shown in Figure 2. The pie plots at the top of Figure 2 show representative examples222

of sectored particle counting rates plotted vs. instrument viewing direction with the Sun to the top of each plot.223

The counts are accumulated over a 15 minute interval starting at the time shown; the number of counts s−1 in the224

maximum count sector is also shown. The first pie plot (from early in the SEP event) shows a typical case of particles225

streaming away from the Sun with a distribution approximately centered on the magnetic field direction shown by226

the arrow (based on 1 minute OMNI data2 during the data accumulation interval) and lying approximately along the227

outward Parker spiral direction. Figure 2a summarizes the sectored particle counting rates during the SEP event. It228

shows a sequence of third-order Fourier series fits in azimuth to the sectored count rates (to smooth the sectored data)229

for each 15 minute interval (Richardson & Reames 1993), normalized to the maximum intensity in that interval. The230

normalized intensities are plotted vs. instrument viewing direction in GSE coordinates. Black horizontal dashed lines231

indicate the directions parallel and anti-parallel to the measured local magnetic field direction (from OMNI). Thus, a232

particle flow away from (towards) the Sun along the nominal Parker spiral direction would be indicated by maximum233

intensities at around 315◦ (135◦). Figure 2a clearly shows highly anisotropic, anti-solar flows that persisted for around234

a day after the solar event, after which the distribution became more isotropic (see also the second pie plot at the235

top of Figure 2). Figure 2b illustrates the direction-averaged sectored 0.5-4 MeV/n proton plus He counting rate,236

which again shows the large jump at the stream interface. The intensity enhancement in the vicinity of the shock (and237

predominantly upstream), is more evident here than in Figure 2d because of the lower energy threshold and the 15238

2 omniweb.gsfc.nasa.gov/html/omni min data.html

omniweb.gsfc.nasa.gov/html/omni_min_data.html
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Figure 2. Summary of (a-d) IMP-8/GME particle observations during the 2001 January 28 SEP event and (e-i) ACE solar
wind data. Top row: Pie plots of sectored 0.5–4 MeV/n proton plus He counting rates vs. instrument viewing direction in
15 minute intervals starting at the times indicated. The small arrow indicates the magnetic field direction (from the OMNI
database). The counting rate (s−1) in the maximum sector is also shown. (a) Normalized third-order Fourier fits to the sectored
data plotted vs. instrument viewing direction (GSE coordinates). Particles streaming away from (toward) the Sun along a
nominal Parker spiral magnetic field would be at directions ∼315 (∼135) deg. Black dashed lines indicate the directions parallel
and anti-parallel to the locally observed magnetic field (from OMNI). (b) Average sectored counting rate for the 0.5-4 MeV/n
anisotropy observations. (c) Amplitudes of the first and second Fourier components of the 0.5-4 MeV/n proton plus He sectored
data. (d) Proton intensities from 0.88 MeV to 81.0 MeV separated in four energy channels. (e-i) ACE solar wind magnetic
field and plasma data, specifically: (e) magnetic field intensity (black) and solar wind proton density (red); (f) magnetic field
polar angle in GSE coordinates, (g) magnetic field azimuth angle in GSE coordinates; (h) solar wind proton temperature; and
(i) solar wind proton speed. The time of the associated solar flare is indicated by the black arrow in panel (d). The arrival time
of the shock at IMP-8 is shown by the vertical green line, while the gray shaded region indicates the interval of quiet radial
field shown in Figure 1. The vertical pink line indicates the SI in the SIR on days 28-29 associated with an abrupt jump in the
low-energy particle intensity. The unusual particle distributions, tending to peak close to ∼90◦ from the magnetic field direction
in the quiet field region are evident in panel (a) and in the corresponding sector pie plots. The pancake distribution found close
to shock passage is shown in the pie plot for 08:00 UT on January 31. The final pie plot shows sunward flows immediately after
the shock.

minute, rather than 30 minute, averaging. Figure 2c gives the amplitudes of the first- (A1) and second- (A2) order239

Fourier components. Note for example the large A1 component during the interval of anti-solar streaming early in the240

SEP event.241

Examining the angular distributions in Figure 2a, a striking feature is evident in the interval between ∼16 UT on242

2001 January 30 (day 30.67) shortly after the start of the shaded region of quiet magnetic field, and the passage of243

the shock on day 31, where there are two persistent intensity peaks (bands of light shading) that tend to lie away244
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from the magnetic field direction. The third and fourth pie plots, despite being from early and late in this interval,245

show similar distributions with the largest count rates in the sectors approximately perpendicular to the magnetic246

field direction and slightly in the sunward direction. The particle distributions were even more strongly peaked in247

the direction perpendicular to the magnetic field in the vicinity of shock passage, as the fifth pie plot, taken right at248

shock passage, shows (the magnetic field is not indicated in this plot because of an OMNI magnetic field data gap,249

but as already discussed, the ACE observations clearly show that the field was near radial, i.e., near vertical in this250

plot, at this time). Such “pancake” distributions, peaked at ∼90◦ to the magnetic field direction were often observed251

by GME at quasi-perpendicular shocks (e.g., Richardson & Cane 2010b) and are consistent with the SDA mechanism252

(e.g., Sarris & van Allen 1974). However, the shock parameters in Table 1 suggest that this was only an oblique shock,253

at least at ACE and Wind.254

In their survey for evidence of pancake distributions in GME observations at ∼350 shocks in 1996-2005, Richardson255

& Cane (2010b) noted that the shock on 2001 January 31 was one of only three cases (all oblique shocks) where such256

distributions were evident for many hours during the approach of the shock; most commonly, if pancake distributions257

were present, they were observed within ∼2 hours of shock passage. Although IMP-8 was near to the bow shock,258

the persistence of these particle anisotropies while IMP-8 was changing position relative to the bow shock, their clear259

association with the IP shock, and the relative rarity of similar distributions, suggest that connection to the bow260

shock was not involved, though this cannot be completely ruled out. Also, though not shown here, GME anisotropy261

observations for 4-22 MeV/n protons and He, and 1.7-12 MeV/n He and heavier ions generally show similar features.262

2.1.3. Wind solar energetic particle observations263

Figure 3 compiles data from the Wind spacecraft during the SEP event. This spacecraft observed the shock at264

08:35 UT on day 31 (indicated by the black solid vertical line in Figure 3). Similarly to IMP-8/GME, the spin-axis265

of Wind (perpendicular to the ecliptic plane) and the orientation of the 3DP instrument on board this spacecraft266

(Lin et al. 1995) allow the measurement of angular intensity distributions even when the magnetic field is close to267

radial. Figure 3 shows (a) ∼130 keV, (b) ∼555 keV, and (c) ∼4.4 MeV ion intensities measured by the Solid-State268

Telescope (SST) of Wind/3DP transformed into the solar wind frame of reference and binned into six pitch angles269

relative to the local magnetic field direction. The values of the pitch-angle are color-coded and provided in Figure 3h.270

Wind/3DP/SST does not distinguish among the different ion species and therefore, we assume that the intensities271

shown in Figures 3a-c are dominated by the more abundant protons. The inset panels in (a), (b), and (c) show the272

pitch-angle cosine distributions (i.e., µ-distributions) formed from the binned ∼130 keV, ∼555 keV, and ∼4.4 MeV ion273

intensities, respectively. In each inset panel we show, as a function of µ, the intensity measured at each pitch-angle274

bin normalized to the maximum intensity among the six bins measured during that time interval. Figures 3e-g show275

magnetic field data as measured by Wind/MFI in the GSE coordinates. Figure 3d shows βp computed combining276

magnetic field with solar wind proton data from Wind/SWE. Red shading indicates those periods when βp<0.5. Wind277

also observed the enhanced magnetic fields associated with the SIR present at the onset of the SEP event (the SI278

within the SIR is indicated by the vertical pink line in Figure 3), and the smooth magnetic field region prior to the279

arrival of the shock, indicated by the gray bar in Figure 3. Note that within this region, Wind observed an episode of280

out-of-ecliptic field between day 30.9 and day 31.2, with βp above 0.5, that was not evident at ACE (Figure 1g).281

The ∼4 MeV ion intensities (Figure 3c) gradually increased shortly after the occurrence of the solar flare (indicated282

by the vertical arrows in Figures 3a-c), with anisotropic flows. After the abrupt increase coincident with the SI, ∼4283

MeV ion intensities reached a maximum around day ∼29.5 still with anisotropic flows. Throughout the rising and284

maximum phases of the event, the largest intensities were observed at small pitch angles (green and dark blue traces in285

Figure 3), which correspond to particles moving in the anti-sunward direction along the magnetic field (with µ∼+1).286

Throughout the decaying phase of the event, ∼4 MeV ion intensities for different pitch-angles acquired similar values287

indicating a more isotropic character of the particle intensities during this phase of the event (but still mainly with288

anti-sunward flow).289

The ∼555 keV ion intensities (Figure 3b) abruptly increased at the time of the SI with extremely large anti-solar290

anisotropies that persisted until approximately day ∼30.0 when the anisotropies diminished but remained mostly291

antisunward until the arrival of the shock. There is however no clear local enhancement at shock passage similar to292

that observed at IMP-8 (Figure 2b). The ∼130 keV ion intensities (Figure 3a) gradually increased after the SI and293

kept increasing until about ∼4 hours before the shock passage, when an intensity decrease coincided with the end of294
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Figure 3. From top to bottom: 10-min averages of the (a) ∼130 keV, (b) ∼555 keV, and (c) ∼4.4 MeV ion intensities in
the solar wind frame of reference binned in six different pitch-angles as measured by Wind/3DP/SST; (d) proton plasma βp;
1-min averages of the magnetic field (e) magnitude, (f) polar angle θGSE , and (g) azimuthal angle φGSE in the GSE coordinate
system; (h) pitch angles used to bin the intensities shown in panels (a–c). The insets in panels (a), (b) and (c) show 10-min
averages of the µ-distributions generated from the binned ∼130 keV, ∼555 keV, and ∼4.4 MeV ion intensities measured by
Wind/3DP/SST, respectively. The black solid vertical line indicates the passage of the shock, the dashed vertical line marks
the onset of the radial smooth magnetic field region as seen by Wind, and the pink vertical solid line the SI of the preceding
SIR.

the out-of-the-ecliptic field episode. In contrast to the ∼4 MeV ions that were close to isotropic during the decay of295

the SEP event, the low-energy ions remained anisotropic with essentially anti-solar flow throughout the event.296

The low-energy ion anisotropies at Wind show some interesting features in the smooth field region. During the297

episode of out-of-ecliptic field (between days 30.9 and 31.2), particle anisotropies increased, with PADs more focused298

around µ∼+1 than just before, as shown in the inset panels identified by blue squares in Figures 3a-c. Then, for a299

period of ∼6 hours prior to the shock arrival, the µ-distributions (identified by red squares in Figures 3a-c) showed300

a deficit of ions with small pitch angles (µ∼+1) which can be identified in Figures 3a-c when the dark blue traces301

remain above the green traces. Such µ-distributions seem consistent with the pancake distributions observed by IMP-8,302

though in the case of Wind, they were observed for a shorter period and were probably interrupted by the out-of-the-303

ecliptic magnetic field episode, suggesting that at this time Wind was observing particles propagating in a different304

regime than those observed just prior to the shock arrival. It is also possible that during this out-of-the-ecliptic field305

interval, Wind established magnetic connection to portions of the shock front able to accelerate and release particles306

more easily than the portion of the shock observed in situ by Wind, resulting in the increased anti-solar anisotropies.307
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Because of the lack of magnetic field observations from IMP-8, we do not know whether this out-of-the-ecliptic field308

region also crossed IMP-8. However, Figure 2a does show a brief interval when the pancake distributions ceased at309

03:00–04:45 UT on day 31 (day ∼31.15) that might be evidence for such an encounter.310

Immediately behind the shock, the Wind ∼4 MeV ion PADs quickly reversed sign, becoming dominated by intensities311

at µ∼-1 (reddish traces in Figures 3a-c), indicating a sunward flow. At ∼555 keV, the PADs also reversed sign but312

were more isotropic. This reversal in the PADs agrees with the sunward flow seen downstream of the shock in the313

IMP-8/GME 0.5-4.0 MeV/n protons and He intensity angular distributions (last pie plot in the top row of Figure 2).314

By contrast, the ∼130 keV ion PADs continued to be anti-sunward for a period of ∼2 hours after the shock and then315

became isotropic. We have identified the panels in Figures 3a-c with downstream µ-distributions by orange squares.316

2.2. Suprathermal particle observations317

In this section, we analyze the properties of the ESP event at suprathermal energies (.30 keV) using data from318

ACE/SWICS, and the High-energy component of the Proton ElectroStatic Analyzer (PESA-H) of the 3DP instrument319

on board Wind (Lin et al. 1995).320

2.2.1. ACE/SWICS suprathermal proton observations321

ACE/SWICS is a linear time-of-flight mass spectrometer with electrostatic deflection that measures the mass, charge,322

and energy of ions in 60 logarithmical channels scanned every 12 minutes providing a clean particle count rate free323

of instrumental background. Because of the ACE spin axis, the field of view of SWICS is nearly stationary, pointing324

nearly radially toward the Sun and sampling a nearly constant section of the sky. This field of view implies that if325

particles stream along the magnetic field direction, their observation by ACE/SWICS is favored when the magnetic326

field is close to the radial direction. Details of this instrument can be found in Gloeckler et al. (1998) and Berger327

(2008).328

Figure 4 shows, as a function of time for a period commencing before the start of the smooth field region (dashed329

vertical line) to 12 hours after shock passage (solid vertical line): (a) proton differential fluxes computed from the330

count rates measured in the 60 energy channels of ACE/SWICS assuming isotropy and expressed as a function of331

1/v where v is the proton speed (1/v=0.5 s Mm−1 corresponds to E∼20 keV; 1/v=1.0 s Mm−1 to E∼5 keV; and332

1/v=1.5 s Mm−1 to E∼2.3 keV); (b) differential proton intensities for three artificial ACE/SWICS channels spanning333

4.9 to 42.26 keV, generated by summing counts over the indicated energy ranges and assuming isotropic distributions334

(orange, red and black traces), and spin-averaged differential ion intensities measured in three energy channels of335

ACE/EPAM/LEMS120 (blue and purple lines); and (c-i) ACE solar wind proton and magnetic field parameters as336

previously described in relation to Figure 1.337

Figure 4a shows that, more than ∼7.35 hours prior to the passage of the shock (starting at day ∼31.0), proton338

intensities started to increase at the highest energies ACE/SWICS can detect (i.e., E∼80 keV). As indicated by the339

tilted white dashed line, as the shock approached, the intensity increase was observed at lower and lower energies,340

reaching 1/v=1.2 s Mm−1 or E∼3.5 keV at the time of shock passage, suggesting that particles arrived at ACE with341

signatures of velocity dispersion. A straightforward interpretation of this velocity dispersion is that the higher the342

energy of the protons escaping from the traveling shock front, the earlier they arrived at the spacecraft. Figure 4i343

shows that, starting at day 30.6, the angle αR remained below ∼25◦ until the arrival of the shock, indicating that the344

magnetic field was oriented close to the radial direction. Assuming the particles were propagating along the magnetic345

field direction, this field configuration would have favored the observation of particles by ACE/SWICS, even in the346

case of a narrow field-aligned beam.347

2.2.2. Wind/3DP/PESA-H suprathermal particle observations348

In order to infer pitch-angle distributions in the suprathermal energy regime, we use additional data from349

Wind/3DP/PESA-H. This instrument measures ions at 15 different energies ranging from ∼80 eV to ∼30 keV (the350

typical energy range of solar wind protons is 500 eV to 28 keV). PESA-H is mounted on a small boom and has an351

almost unobstructed field of view of the 4π-sky, allowing 3D velocity distribution functions and PADs to be generated352

(e.g., Wilson et al. 2021). At energies E.1.5 keV, the one-count levels of the detector are too high to observe parti-353

cles in this low-energy range. Scattered solar UV light might contribute to produce an instrumental background in354

certain directions. Penetrating higher-energy particles may also contribute to create a background usually observed355

well before the arrival of shocks in intense SEP events. However, during the passage of shocks associated with intense356

ESP components, PESA-H registers intensity increases that exceed these background intensities and correspond to357
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Figure 4. (a) ACE/SWICS proton intensities as a function of 1/v where v is the particle velocity; (b) Proton intensi-
ties in three artificial ACE/SWICS channels (red, orange and black traces) and 12-min averaged ion intensities measured by
ACE/EPAM/LEMS120 (blue and purple traces); (c to i) ACE solar wind proton and magnetic field parameters as in Figure 1.
The dashed vertical line indicates the start of the smooth field region. Shock passage is indicated by the solid vertical line. The
tilted dashed white line in (a) indicates the velocity dispersion exhibited by the highest energy protons upstream of the shock.

ions in the energy range ∼3–28 keV. Thus, while PESA-H provides a broader field of view than ACE/SWICS, it has358

an elevated instrumental background that may hinder measurements of weak signals and does not distinguish among359

ion species, although the measured intensities should be dominated by protons.360

Figure 5a shows from top to bottom (a) spin-averaged particle intensities measured by Wind/3DP/PESA-H (five361

top traces) and by Wind/3DP/SST (nine bottom traces). The lower panels of Figure 5 show Wind magnetic field362

parameters, as in Figure 3, and solar wind parameters measured by Wind/SWE. The solid vertical line indicates the363

passage of the shock, while the dashed vertical line denotes the onset of the nearly radial, smooth magnetic field region.364

The vertical dotted lines indicate discontinuities in the solar wind parameters that correspond to abrupt changes in365

Np or βp that were not observed at ACE (Figures 1c and 1e). Not until day ∼30.85 (i.e., ∼12 hr prior to the shock366

arrival) did PESA-H ion intensities at ∼14 keV increase above the instrumental background intensities observed from367

the beginning of the time interval plotted in Figure 5. The increase at lower energies (.9 keV) occurred at ∼31.20368

(i.e., ∼220 minutes, or ∼3.67 hours, prior to the shock arrival) coincident with a decrease of Np, an increase of B, and369

hence a decrease of βp (last vertical dotted line in Figure 5). Thus, whereas the upstream proton intensity increase370

measured by ACE/SWICS at similar energies was more gradual (starting about ∼6 hours prior to the shock arrival),371

the suprathermal intensity increase at Wind was more discontinuous, coinciding with changes in B and Np. Figures 5a372

and 4b show that the suprathermal ion intensities increased by more than one of order of magnitude peaking at the373

arrival of the shock. By contrast, at energies &500 keV, the passage of the shock by Wind did not display a significant374
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Figure 5. (a) 10-minute averages of the spin-averaged particle intensities at 4.34–14.17 keV measured by Wind/3DP/PESA-H
(five top traces) and at 55.97–5200 keV measured by Wind/3DP/SST (nine bottom traces); (b) βp, (c) B as measured by
Wind/MFI, and (d) Np, (e) Tp, and (f) Vsw as measured by Wind/SWE. The solid vertical line indicates passage of the shock,
and the dashed vertical line denotes the onset of the low-βp region (as indicated in Figure 3). The vertical dotted lines identify
discontinuities in the solar wind parameters that correspond to abrupt changes in Np and βp.

enhancement (Figures 5a and 3b), whereas at IMP-8 and ACE there was a small enhancement (Figures 1a, 2b), but375

not at higher energies (Figure 2d).376

Wind/3DP/PESA-H allows us to obtain ion intensities at different pitch-angles. Figure 6 shows, from top to bottom,377

(a) ∼15 keV ion intensities measured by Wind/3DP/PESA-H transformed into the solar wind frame of reference and378

binned into six pitch angles, (b) βp, (c) B, (d) azimuthal magnetic field angle φGSE , (e) polar magnetic field angle379

θGSE , and (f) the pitch-angle values of the similarly colored bins plotted in panel (a). Orange colors correspond380

to sunward pitch angles (µ∼-1) and green/blue correspond to anti-sunward pitch angles (µ∼+1). Intervals of large381

antisunward anisotropies, easily distinguishable in Figure 6a when the ion intensities at different pitch angles are well382

separated, were observed between day ∼30.92 and ∼31.13, and especially after day ∼31.20 in the increase in intensity383

extending to the arrival of the shock. Those periods of large anisotropy coincide with changes in the magnetic field.384

For example, the period with out-of-the-ecliptic magnetic field (i.e. elevated θGSE in Figure 6e), between the first385

dotted vertical line at day 30.92 and the third dotted vertical line at day 31.13, particle intensities at energies between386

∼10 keV and ∼200 keV were more elevated, especially for anti-solar pitch angles, than in the prior and subsequent387

periods (cf. Figure 5). These relatively elevated intensities were observed up to ∼200 keV by Wind/3DP/SST, but not388

at energies .10 keV because of the elevated instrumental background of Wind/3DP/PESA-H (cf. Figure 5a). Note389

that prior to day 30.92, βp acquired low values (βp<0.5), and after 30.92 βp oscillated between low and high values.390

Therefore, the anisotropic character of the ion intensities prior to 31.20 seems to be controlled by discontinuities in391

the magnetic field rather than by the local value of βp.392
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Figure 6. (a) ∼15 keV ion intensities in the solar wind frame of reference binned in six different pitch-angles as measured by
Wind/3DP/PESA-H; (b) proton plasma βp; (c) magnetic field magnitude; (d) φGSE ; (e) θGSE ; and (f) pitch angles used to
bin the intensities shown in panel (a). The solid vertical line indicates the passage of the shock and the dashed vertical line
the onset of the radial smooth magnetic field region. The dotted vertical lines indicate discontinuities in the plasma data as
identified in Figure 5.

Figure 7. The bottom panel shows ∼15 keV ion intensities in the solar wind frame of reference during the final increase ahead
of the shock (the last dotted line in Figure 6 is shown near the beginning of the figure) binned in six different pitch-angles as
measured by Wind/3DP/PESA-H using the same color scheme as in Figure 6a. The small panels labelled 1-10 show the ∼15
keV ion intensity pitch-angle cosine distributions at the times indicated by the corresponding vertical lines in the bottom panel.
The gray rectangles in the bottom panel indicate time intervals with enhanced magnetic field fluctuations (see Section 2.3).

Figure 5a shows that the last intensity increase, observed at day 31.20 (i.e., ∼3.78 hours prior to shock arrival),393

occurred abruptly at all energies below ∼15 keV, coinciding with an increase of B and a decrease of Np and hence394

a decrease of βp (last dotted vertical line in Figure 5). As already mentioned, this increase was highly anisotropic395

(Figure 6a) with intensities at different pitch angles separated by almost an order of magnitude, contrasting with the396
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Figure 8. The top panels show contours of constant phase space density (s3 km−3 cm−3) versus velocity in the bulk flow rest
frame in the plane formed by ~B and ( ~B× ~Vsw)× ~B. The bottom panels show cuts along the parallel (red line) and perpendicular
(blue line) magnetic field directions, whereas the green line shows the one-count level (details can be found in Wilson et al.
2013). Projected onto each contour plot are ~Vsw (dark blue arrow) and the shock normal ~n (green arrow) obtained from the
CfA catalog (Table 1). ~B and ~Vsw coordinates used to slice the ion distributions and project ~n and ~Vsw are provided in the
bottom panels.

moderate anisotropies typically observed prior to quasi-parallel IP shocks for periods of a few tens of minutes (e.g.,397

Sanderson et al. 1985). Figure 7 shows the µ-distributions observed by Wind/3DP/PESA-H during this intensity398

increase. The bottom horizontal panel shows ∼15 keV ion intensities at different pitch angles following the same color399

scheme as in Figure 6a. The small panels 1 through 10 show the ∼15 keV µ-distributions at the times specified at400

the top of the panels (also indicated by the purple vertical lines in the bottom panel). We note that throughout401

the upstream region, ∼15 keV ion intensities displayed large anisotropies with PADs maximizing at µ∼+1 (panels 1402

through 9), whereas about ∼14 minutes after the shock particle intensities isotropized (panel 10). At some instances403

during the upstream region, intensities at µ∼-1 increased as for example in the µ-distributions shown in panels 2,404

4 and 5, that contrast with the other panels where the normalized intensities at µ∼-1 were very small (close to 0).405

We have indicated these periods where the reddish traces (µ∼-1) increase by the horizontal gray bars in the bottom406

panel of Figure 7. Those periods correspond to time intervals with enhanced field fluctuations as discussed below in407

Section 2.3.408

An alternative view of the low-energy ion distributions makes use of the almost unobstructed 4π-sr409

Wind/3DP/PESA-H field of view that allows the generation of 3D phase-space ion velocity distributions (Wilson410

et al. 2010, 2013). The top panels of Figure 8 show 2D slices of the ion distributions (in the solar wind frame) plotted411

as contours of constant phase-space density versus velocity (the axes range from ±2000 km s−1) into the plane formed412

by ~B and ( ~B × ~Vsw) × ~B. The horizontal axis indicates the direction parallel to the magnetic field. The dark blue413

and green arrows indicate the projections of the solar wind velocity ~Vsw and shock normal ~n (obtained from the CfA414

catalog as listed in Table 1), respectively. Each panel contains ∼100 s measurements of data from Wind/3DP/PESA-H415

and uses averages over the indicated time interval of ~B and ~VSW as measured by Wind/MFI and Wind/SWE, respec-416

tively. The bottom panels of Figure 8 show cuts of the velocity distributions parallel (red line) and perpendicular417

(blue line) to the magnetic field direction. The green line indicates the one-count level. The first three distributions418

correspond to periods prior to the shock arrival, whereas the last is from immediately following shock passage. The419

solar wind core is clearly identified in the center of each distribution. An upstream beam, clearly separated from the420

core population, extending up to speeds above ∼1000 km s−1 in the looking-direction antiparallel to ~B (corresponding421
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Figure 9. Energy spectra of thermal (orange), suprathermal (red) and energetic particle (blue) populations in the spacecraft
frame of reference at different times prior to and after the shock passage. Panels (a-g) show proton measurements from
ACE/SWICS (orange and red dots), and spin-averaged ion intensities from ACE/EPAM/LEMS120 (blue symbols). The time in
each panel (a-g) indicates the initial time (in units of fractional day of the year) of the 12-minutes over which ACE/SWICS data
have been collected and ACE/EPAM averaged. The tilted dashed green lines indicate the one-count level of ACE/SWICS in the
suprathermal energy regime. The orange thin lines indicate the error bar associated with each point based on Poisson statistics.
Panels (h-n) show spin-averaged ion intensities measured by Wind/3DP/PESA-H (orange and red dots) and Wind/3DP/SST
(blue symbols). The time in each panel (h-n) indicates the initial time (in units of fractional day of the year) of the 1 min 40
sec over which Wind/3DP data has been averaged. The +/- time indicated at the bottom of each panel (in units of minutes)
is the initial time covered in each panel with respect to the the shock passage at each respective spacecraft (negative values are
for times prior to the shock passage and positive values after the shock passage). The black arrows indicate the hump observed
in the energy spectra upstream of the shock.

to particles moving in the anti-sunward direction) can be distinguished from the core population (note that a ∼1000422

km s−1 proton in the solar wind frame would correspond to an energy of ∼10 keV in the spacecraft frame of reference).423

Whereas the upstream beam appears in the velocity distributions with a clear distinct peak separated from the solar424

wind core in the left column of Figure 8, closer to the shock (third column in Figure 8) the velocity distribution evolves425

more continuously from thermal to suprathermal speeds. This low-energy beam was observed starting around day426

∼31.2 when low-energy Wind/3DP/PESA-H ion intensities increased above the background coincident with changes427

in B and Np (Figure 6). Therefore, the beam at these low-energies extended for more than ∼220 minutes (∼3.7 hours)428

before the shock arrival. The ∼15 keV ion intensities started increasing about ∼10.5 hours prior to the shock, but the429

structured medium observed upstream of the shock by Wind (Figure 6) makes the observation of the beam at these430

energies discontinuous.431

2.2.3. Energy spectra evolution across the shock432

Another way of examining the evolution of the suprathermal ion population and its relation with the energetic particle433

populations is to consider the energy spectra. The top row of Figure 9 displays the proton energy spectra observed434

by ACE/SWICS (orange and red dots) and the spin-averaged ion energy spectra measured by ACE/EPAM/LEMS120435

(blue dots) at different times around the passage of the shock. The figures cover an energy range of 0.1 keV to 10436

MeV. The orange and red dots distinguish those ACE/SWICS data points in the thermal and suprathermal regimes,437

respectively. The two components are distinguished by fitting a Gaussian function to the thermal component. The438

suprathermal component then starts when the spectrum departs from the Gaussian profile. The green dashed straight439

line indicates the one-count level of ACE/SWICS in the suprathermal regime. Each panel contains a 12-minute interval440

in which ACE/SWICS scanned all energies sampled by this instrument. The label in each panel indicates the initial441
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time (in units of fractional day) of the 12-minute interval; ACE/EPAM data have been averaged over the same interval.442

The time before (negative values) or after shock passage (positive values) is also indicated. The thermal component443

of the spectra (orange dots) may differ from solar wind measurements from ACE/SWEPAM because ACE/SWICS444

was not designed to measure the solar wind thermal protons. The suprathermal portion of the energy spectrum (red445

dots) was gradually populated as the shock approached the spacecraft, starting at high energies and displaying a bump446

(indicated by the black arrow in the spectrum of Figure 9d) that peaked below 10 keV just before the arrival of the447

shock. Figure 9e covers a 12-minute interval that starts upstream but spans a large fraction of the downstream region,448

and Figures 9f and 9g continue in the downstream region where the spectra extended smoothly from the suprathermal449

into the energetic particle range.450

The bottom row of Figure 9 displays the spin-averaged ion energy spectra measured by Wind/3DP/PESA-H (red and451

orange dots) and Wind/3DP/SST (blue dots) in the spacecraft frame of reference. Similar to ACE/SWICS, PESA-H452

was not designed to measure the thermal portion of the solar wind spectra, which is indicated with the orange symbols.453

Each panel covers 100 seconds of data starting at the time indicated in each panel (note that these times do not match454

those in the upper row). Far from the shock, PESA-H instrumental background intensities affected the suprathermal455

portion of the spectra (Figures 9h and 9i). Around 220 minutes prior to shock passage (Figure 9j), the energy spectrum456

acquired a well developed bump around ∼6 keV (indicated by the black arrow in Figures 9j, 9k and 9l) similar to457

that observed at ACE. Downstream of the shock (Figures 9m and 9n), the suprathermal and energetic particle energy458

spectra were power-laws ∝E−1.9±0.3 over the energy range 55-400 keV.459

The formation of a bump in the energy spectra upstream of the shock (black arrows in Figure 9) is a consequence of460

the inability of the low-energy particles to escape from the shock, resulting in a deficit of low-energy particles just above461

the thermal population). The energy at which this bump is observed depends on the relative difference between the462

velocity of the escaping particles along the upstream field lines and the speed of the shock parallel to these field lines463

(see similar examples in Lario et al. 2019). The width of this bump and its separation from the thermal component464

also depend on the level of magnetic fluctuations upstream of the shock (Trotta et al. 2021).465

2.3. Extended foreshock region466

We now consider in more detail, particle and magnetic field conditions during the extended foreshock region of the467

2001 January 31 shock. The proton intensity enhancement in the suprathermal energy regime above the sensitivity468

of ACE/SWICS was observed for ∼7 hours prior to shock passage for ∼80 keV protons but for only ∼220 minutes469

(3.67 hours) for .10 keV protons (cf. Figure 4). Therefore, the extent of the foreshock region at ACE was energy470

dependent. At Wind, the foreshock region was more disturbed than at ACE, with discontinuous enhancements of ion471

intensities responding to plasma and field fluctuations (Figures 5 and 6). The final ion intensity enhancement prior472

to the shock arrival at Wind occurred at day 31.20 (indicated by the last dotted vertical line in Figures 5 and 6).473

Figure 10 shows in detail the interval from this final intensity increase until just after shock passage. In particular, we474

show (a) ∼5 keV and (b) ∼15 keV ion intensities in the solar wind frame of reference, binned in six different pitch-475

angles, as measured by Wind/3DP/PESA-H (using the same color code as in Figures 6 and 7), (c) δB/<B>, where476

δB=
[ 3∑
i=1

(δBi)
2
]1/2

, and δBi=Bi-<Bi>, where Bi is one of the components of the vector ~B in the GSE coordinate477

system, and <> indicates the average computed over the time interval between day 31.205 and the shock arrival,478

(d) δBx/<B>, (e) δBy/<B>, (f) δBz/<B>, (g) φGSE , and (h) θGSE . Magnetic field variations δB and δBi have479

been computed using Wind/MFI field data with a time resolution of 0.092 seconds. Figure 10 shows that most of480

the magnetic field oscillations during the last ion intensity enhancement prior to the shock arrival occurred in the y481

and z directions, i.e., mostly perpendicular to the mean field that was close to the radial direction. They were most482

prominent in two intervals of enhanced fluctuations (indicated by gray rectangles in Figure 10c and also in Figure 7)483

between day ∼31.25 and ∼31.27 and between day ∼31.28 and ∼31.30 (also seen in the fluctuating values of θGSE),484

and in a short region of enhanced fluctuations just before the arrival of the shock, also indicated by a gray rectangle.485

During these periods, the ∼15 keV ions became less anisotropic, as indicated by the increase in intensities for the486

pitch angles represented by the reddish traces relative to the intensities for other pitch angles in Figure 10b. The ∼5487

keV ion intensities (Figure 10a) displayed also large anisotropies, especially in the last intensity increase prior to the488

shock at day ∼31.32 (i.e., about ∼60 minutes before the shock arrival). Note that the ∼5 keV reddish traces (µ∼-1)489

increased also during the time intervals indicated by the gray rectangles.490
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Figure 10. (a) ∼4.5 keV ion intensities in the solar wind frame of reference binned in six different pitch-angles as measured by
Wind/3DP/PESA-H using the same color code as in Figures 2 and 4; (b) ∼14.8 keV ion intensities in the solar wind frame of
reference binned in six different pitch-angles as measured by Wind/3DP/PESA-H using the same color code as in Figures 2 and
4; (c) δB/<B>, (d) δBx/<B>, (e) δBy/<B>, (f) δBz/<B>, (g) magnetic field azimuthal angle φGSE ; (h) magnetic field polar
angle θGSE . Over the time interval between 31.205 (dotted vertical line) and the shock arrival, the averaged magnetic field in
GSE coordinates is <~B>=(-4.73±0.56,0.85±0.84,-1.30±0.78) nT. The gray rectangles in panel (c) indicate time intervals with
enhanced magnetic field fluctuations.

As already noted, magnetic field fluctuations in the first two time intervals indicated in Figure 10c were primarily491

in the y and z GSE components, implying a wave vector mostly along the x-GSE direction propagating in the anti-492

sunward direction, i.e., along the background quasi-static magnetic field. Analyses of the magnetic field power spectra493

(not shown here) show that the transverse power was about two orders of magnitude stronger than the compressional494

power, peaking at about 0.01-0.03 Hz in the spacecraft frame of reference. Whereas the observed waves were mostly495

left-handed polarized with negative ellipticities, they also displayed positive ellipticities in some frequencies and/or time496

intervals. Some aspects of these fluctuations could be related to fluctuations observed upstream of IP shocks generated497

by field-aligned beams (e.g., Jian et al. 2009; Kajdič et al. 2012; Blanco-Cano et al. 2016, and references therein),498

although in our case they cannot be classified as coherent ion-scale cyclotron waves because of their intermittency and499

far from circular ellipticities.500

Immediately before the shock arrival, there was also an increase of field fluctuations, but at a higher frequency than501

those observed farther upstream of the shock and involving also field magnitude B fluctuations. Figure 11 shows the502

evolution of the field magnitude and components around the shock arrival. In particular, we show, from top to bottom,503

(a) B, the three components of ~B in GSE coordinates (b) BxGSE
, (c) ByGSE

, (d) BzGSE
, and the three components of504

~B in the shock normal coordinates, (e) Bn, (f) Bl, (g) Bm. Bn points along the shock normal, Bl is parallel to the505

projection of the averaged upstream interplanetary magnetic field onto the plane of the shock, and Bm completes the506
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Figure 11. 0.092 second measurements of (a) B, (b) BxGSE , (c) ByGSE , (d) BzGSE , (e) Bn, (c) Bl, (d) Bm, as measured by
Wind/MFI around the arrival of the shock indicated by the solid vertical line.

right-hand system. Upstream magnetic field coordinates used to perform such rotation are indicated in Figure 11a as507

listed in the CfA catalog when solving the RH equations to find the shock parameters. Whereas low frequency waves508

appeared as early as ∼20 min before the shock arrival, the amplitude of the field fluctuations increased in the last 2509

minutes before the shock passage. In the spacecraft frame of reference, the estimated frequency was about 0.2-0.7 Hz510

∼35 seconds before the shock arrival and 2-3 Hz immediately at the shock arrival. The higher frequency, the frequency511

dispersion with higher frequencies closer to the shock ramp, and the changes in B concurrent with the component512

fluctuations, indicate that the field fluctuations immediately adjacent to the shock were whistler precursors typically513

observed very close to IP shocks (e.g., Wilson et al. 2017). Therefore, field fluctuations immediately upstream of the514

shock were of a different nature from those observed far upstream.515

3. DISCUSSION516

The general properties of ESP events depend upon the processes of particle acceleration at the approaching shock,517

the presence of a seed population of particles being injected into these particle acceleration processes, the mechanisms518

that allow the particles to escape from the vicinity of the shock, the presence of intervening IP structures affecting the519

transport of shock-accelerated particles toward the spacecraft, and the level of turbulence of the medium through which520

the shock and the shock-accelerated particles propagate. Trotta et al. (2021) investigated the processes of interaction521

between shock and upstream magnetic field fluctuations and determined the role played by magnetic field turbulence522

in the upstream particle transport. In particular, they showed that the particle transport strongly depends on the523

upstream turbulence properties, where different turbulence patterns may act as transport corridors or barriers, and524

hence modify the characteristics of ESP events. In addition, upstream fluctuations convected into the shock front are525

able to induce strong changes in the local shock geometry, further complicating the picture of creation and propagation526

of field-aligned beams (e.g., Kajdič et al. 2019).527

We suggest that the steady, smooth radially-orientated magnetic field upstream of the shock on 2001 January 31528

(Figures 1f-i), provided the appropriate conditions for the observation of a field-aligned ion beam over a wide range of529

energies in an extended region upstream of the shock. This quiet, radial magnetic field region was most likely formed530

at the tail of a modest high-speed (∼500 km s−1) solar wind stream observed by ACE, IMP-8 and Wind on January531
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29-30 (similar examples of quiet field intervals at the tail of fast solar wind streams can be found in, e.g., Borovsky &532

Denton 2016; Carnevale et al. 2021, and references therein). Also, although not directly related to the ESP event, we533

note that a SIR lying at the leading edge of this stream passed the spacecraft on January 28-29, and influenced the534

arrival of SEPs at the three spacecraft following the solar eruption on 2001 January 28 that was responsible for the535

IP shock observed in situ on day 31. In particular, the passage of the stream interface within this SIR was associated536

with an abrupt increase in the intensity of .4 MeV ions at 1 au, suggesting that these ions could propagate to 1 au537

more efficiently within the high-speed stream than in the preceding slower solar wind. In contrast, &25 MeV ions538

populated both slow and high-speed streams. Discontinuities of particle intensities coinciding with the SI of SIRs have539

been previously observed at different heliocentric distances and latitudes (e.g., Intriligator et al. 1995, 2001). The fact540

that the time-intensity profiles of the near-relativistic electrons during this SEP event (not shown here) resemble those541

of the high (&25 MeV) energy protons (Figure 2d) suggests that the particle speed rather than particle gyroradius542

played a more relevant role in the arrival of particles at each spacecraft across the passage of the SI.543

The continuous injection of particles by traveling IP shocks favors the observation of long-lasting particle anisotropies544

in SEP events, especially for the low energy particles that shocks are thought to accelerate more efficiently (Heras et al.545

1994). The conditions in the background plasma through which the particles propagate and the ability of streaming546

particles to enhance magnetic field fluctuations are factors that may determine the transport conditions for particles547

leaving the shock vicinity, and hence whether large anisotropies are observed by a distant spacecraft (e.g. Lee 1971; Ng548

et al. 2012). In particular, Reames et al. (2001) suggested that particle streaming is organized by the value of βp, with549

a value 0.5 discriminating between a turbulent plasma (where βp>0.5) and plasma with low magnetic field fluctuations550

(βp<0.5). Low-βp, characterized by a lack of magnetic turbulence, is then expected to favor free particle streaming,551

and hence the observation of anisotropic flows. Figure 3 shows that, at the onset of the SEP event, βp<0.5 coincided552

with the observation of anisotropic flows. βp increased above 0.5 around day 29.75 (at the trailing edge of the SIR) and553

the ion distributions became more isotropic but still with anti-sunward flows. However, the ∼130 keV and ∼555 keV554

ion intensities became anisotropic again at around day ∼30.25 when βp was still >0.5 (Figures 3a-b). The decaying555

∼4.4 MeV ion intensities were more isotropic regardless of the βp value. Therefore, we attribute the fact that large556

anisotropies were more persistent at low (Figures 3a-b) than at high energies (Figure 3c) during this SEP event to the557

continuous injection of low-energy particles from the approaching shock rather than the local measurement of βp.558

The entry into the quiet radial magnetic field upstream of the shock (gray bar in Figures 1- 3) did entail a change in559

the pitch-angle distributions observed during the SEP event, especially at high (&500 keV) energies. For a period of∼16560

hours prior to the shock during this smooth magnetic field region, and extending to shock passage but not beyond, IMP-561

8/GME observed unusual energetic ion angular distributions, where the largest count rates were observed in sectors562

approximately perpendicular to the magnetic field direction. These IMP-8/GME pancake angular distributions were563

observed for 0.5-4.0 MeV/n protons+He intensities (Figures 2a), but also for 4-22 MeV/n protons and He, and 1.7-12564

MeV/n He and heavier ions. Pitch-angle distributions from Wind/3DP/SST also indicated a reduction in intensity565

at small pitch angles parallel or anti-parallel to the magnetic field (|µ|∼1), but only for a period of ∼6 hours prior566

to the shock (as shown by the µ-distributions indicated by red squares in the inset panels in Figures 3a-c). Such a567

deficit of particles with |µ|∼1 at Wind was more pronounced for ∼555 keV ions than for ∼130 keV ions, and occurred568

after a period of out-of-ecliptic magnetic field orientations. Most likely particles arriving at Wind during this out-of-569

the-ecliptic field excursion experienced different transport conditions than those observed during the ∼6 hours prior570

to shock arrival.571

A possible explanation for these pancake-like ion distributions is that the quiet magnetic fields in the radial field572

region resulted in a near scatter-free transport of particles, allowing small pitch-angle ions to escape from this region573

while large pitch-angle ions remained. This is somewhat analogous to the formation of pancake ion distributions in the574

lobes of the geomagnetic tail, also characterized by low variance magnetic fields (Owen et al. 1990, 1991). As particles575

escape from the approaching shock, the decreasing magnetic field magnitude with radial distance leads the particles576

to be focused along the magnetic field direction, until they reach the trailing edge of the preceding SIR, now located577

beyond 1 au, where the increased magnetic field magnitude causes the particles to be reflected. Assuming that the578

magnetic field magnitude in the SIR is similar to the magnetic field observed downstream of the shock at its passage579

by 1 au (∼15 nT) and that the magnetic field between these two enhanced field regions reaches a minimum around580

∼5 nT (cf. Figure 3e), one can estimate that particles with pitch angles &35◦ remained confined within this magnetic581

bottle. The larger the speed of the particles, the more likely they (at least those with smaller pitch angles) were to582

reach the SIR, resulting in pancake-like angular distributions that were more evident at higher (&500 keV) than at583
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lower (.100 keV) energies. The continuous and more efficient injection of low-energy particles in the anti-sunward584

direction by the approaching shock implies that the difference between the intensities with µ∼+1 and µ∼-1 was more585

prominent at lower energies (Figure 3a) than at higher energies (Figure 3c), and hence, the event was more anisotropic586

at low energies.587

The anisotropic character of the SEP event at ∼130 keV energies was also observed in the suprathermal energy588

(.30 keV) regime but only for a short time interval before the shock passage. The orientation of the magnetic589

field prior to the arrival of the shock favored the observation of upstream suprathermal particles by ACE/SWICS590

(Figure 4). The upstream time interval when these suprathermal protons were observed by ACE/SWICS (above a591

clean pre-event background intensities dominated by zero-count intensities in the suprathermal regime; see Figures 4a,592

4b, and 9a) varied from about ∼7 hours before the shock arrival for ∼80 keV protons to ∼240 minutes before the593

shock arrival for ∼10 keV protons (at ∼20 keV, ACE/SWICS intensities were observed to increase ∼300 minutes594

before the shock). Therefore, the arrival of foreshock particles at ACE exhibited velocity dispersion similar to that595

at the onset of SEP events (cf. Figure 4a). This velocity dispersion effect might result if higher-energy particles in596

the upstream proton distribution extended further upstream of the shock than lower-energy particles. The intensity597

of these particles decayed with distance from the shock, remaining below the sensitivity of ACE/SWICS or below the598

Wind/3DP/PESA-H background for longer distances.599

However, the upstream proton intensity increase was not observed at energies .3 keV. In fact, the particle energy600

spectra observed before the shock arrival exhibited a bump at energies ∼6–10 keV (Figures 9d, 9k and 9l) characteristic601

of the energy spectra observed in the suprathermal regime upstream of oblique shocks (Giacalone et al. 1993; Lario602

et al. 2019). These energy spectra might develop as a consequence of the ability of particles to escape from the603

vicinity of oblique shocks (e.g., Burgess 1995). Low-energy particles propagating along magnetic field lines are unable604

to propagate long distances upstream of the shock because the shock motion overtakes them, whereas higher-energy605

particles are able to run away from the shock. The relative difference between the speed of the particles parallel to the606

magnetic field and the shock speed along the upstream field lines marks the energy at which the bump of the energy607

spectra develops (e.g., Lario et al. 2019). The low turbulence levels found upstream of the shock on 2001 January608

31 also favor the development of this bump in the energy spectra. The propagation of particles in an unperturbed609

upstream medium results in energy spectra where particles escaping from the shock are well separated from the610

thermal population, whereas in more turbulent media, shock-accelerated particles spread their energy in phase space,611

resulting in a more extended energy spectra where thermal and shock-accelerated populations blend (Trotta et al.612

2021). Velocity distribution functions shown in the bottom panels of Figure 8 allow the thermal particles and those613

that constitute the field-aligned beam to be distinguished (an ∼3(6) keV proton in the spacecraft frame of reference614

would correspond to a ∼400(700) km s−1 proton in the solar wind frame of reference used in Figure 8). However, this615

distinct peak is not always continuously observed as in some distributions it appears as an extension of the thermal616

population (third column in Figure 8), which may depend on the local properties of the medium.617

The sporadic changes in the field orientations observed by Wind in the foreshock region led to abrupt increases of618

particle intensities, especially at low energies .15 keV. This is particularly evident at the final particle enhancement619

just before the shock, where the particle increase coincided with a decrease of Np, increase of B, and hence a decrease620

of βp (Figure 5). The anisotropic character of the event at Wind was affected by these plasma and magnetic field621

discontinuities rather than local changes in βp (Figure 6). The final suprathermal particle increase at Wind just before622

shock arrival (after day 31.20, cf. Figure 5) was highly anisotropic, with particle intensities varying by one order of623

magnitude for different pitch angles (Figure 7). The final intensity enhancement just prior to the shock arrival was624

much more anisotropic for ∼15 keV ions, with PADs more focused toward µ∼+1 as shown in Figure 7, than for ∼130625

keV ions (Figure 3a). Since intensity enhancements were observed also for pitch angles close to 90◦ (µ∼0) (Figure 7),626

the use of “beam” to describe these ion distributions should be understood in its broader sense, implying a certain627

width for a relatively collimated flow of particles along the magnetic field direction. The arrival of particles with µ∼0628

at the spacecraft might result from their finite gyroradii as well as possible small scatters as they propagate from the629

shock to the spacecraft.630

Whereas the foreshock smooth magnetic field region might have favored the nearly scatter-free transport of particles631

injected from the shock, isolated periods of enhanced magnetic field fluctuations observed by Wind (first two gray bars632

in Figure 10c) still affected these particles, reducing their anisotropy. It is possible that these field fluctuations far633

upstream were enhanced by the propagating particles. Alternatively, they may have been intrinsic to the solar wind in634

these intervals and thus affected the transport of the suprathermal particles. As the shock approached the spacecraft,635



Long-lasting field-aligned proton beam and trapped particle populations upstream of shocks 21

the ion distributions intensified mostly at pitch angles with µ>0 (Figures 10a and 10b), but also for µ∼-1 just ∼6636

minutes before the shock (last gray rectangle in Figure 10c). The close proximity of the shock continuously injecting637

low-energy particles was most likely responsible for this final intensity increase. Whistler pre-shock fluctuations were638

observed just for less than a couple of minutes prior to the shock arrival (Figure 11). Whistler precursors can be639

driven by both dispersive radiation from the shock and modified two-stream instabilities. The latter are usually due640

to shock-reflected ions near the shock ramp but these cannot excite waves further upstream because of the decreasing641

beam density with distance from the shock.642

Apart from the particle transport conditions in the upstream smooth magnetic field region, the evolution of both643

the suprathermal (.30 keV) and the energetic (&50 keV) particle populations (Figure 5) is determined also by the644

efficiency of the shock as particle accelerator. The large upstream anisotropies observed at low energies (.130 keV)645

by Wind, although affected by changes in the magnetic field (such as the out-of-ecliptic field excursion), indicate646

that these particles were continuously injected by the approaching shock. The pronounced peak in the .15 keV647

ion intensities at the shock passage (Figure 10) suggests that, as its arrival at 1 au, the shock was an efficient648

accelerator in the suprathermal energy regime (whereas at energies &130 keV, the shock was not so efficient as shown649

in Figure 5 and in the unchanging particle spectra at energies &100 keV displayed by blue symbols in Figure 9). On650

the other hand, the IMP-8/GME observations do show a small enhancement of >0.5 MeV/n ions in the vicinity of651

shock passage (Figure 2b), suggesting that there was energetic particle acceleration at the location of this spacecraft.652

Apart from the shock parameters, the efficiency of the shock in particle acceleration may depend also on the presence653

of a seed population of particles being injected into the acceleration processes. The fact that ACE/SWICS only654

observed suprathermal particles above its one-count level sensitivity a few hours before the shock (Figure 4) and that655

Wind/3DP/PESA-H observed only an increase above the elevated instrumental background coinciding with B and656

Np discontinuities (Figure 5) prevents us from identifying suprathermal seed populations far from the shock arrival.657

The large SEP event with onset on day 28 may have supplied abundant particles for the IP shock to reaccelerate in658

its way to 1 au. The lack of magnetic field oscillations in the extended foreshock region indicates that the beam of659

particles accelerated by the shock was not intense enough to drive strong instabilities that would have grown to a660

sufficient amplitude before convected back to the shock and thus favoring the scatter of particles leading to multiple661

interactions with the shock. Therefore, whereas it is possible that the SEP event may have provided an abundant seed662

population (not observed by ACE/SWICS or Wind/3DP/PESA-H far from the shock), the efficiency of the shock in663

particle acceleration may have been limited by the easy escape of particles from the shock vicinity.664

4. SUMMARY665

The ESP event observed by ACE, Wind and IMP-8 in association with the passage of the interplanetary shock on666

2001 January 31 showed several unusual features: (i) A region extending ∼16 hours upstream of the shock characterized667

by a smooth radial magnetic field in the tail of a modest high-speed solar wind stream, (ii) an anisotropic low-energy668

particle intensity increase observed upstream of the shock for an extended time interval, and (iii) a higher-energy669

particle population trapped within this quiet field region. We suggest that the continuous injection of particles by670

the traveling shock into the quiet field region produced this extended foreshock region, with a spatial extent that671

depended on the energy of the particles. In the absence of enhanced magnetic field fluctuations upstream of the shock,672

particle scattering was likely to be infrequent, allowing the particles with small pitch-angles (µ∼1) to escape from the673

shock and thus lead to the observation of an extended anisotropic, field-aligned beam at low (.30 keV) energies. Only674

during short time intervals at Wind when field fluctuations were enhanced, did the .30 keV ion anisotropies diminish675

somewhat. The presence of a more perturbed region lying ahead of the quiet field region allows the escape of the more676

mobile high-energy particles with large pitch-angle cosine (|µ|∼1) but confine particles with small pitch-angle cosine677

(µ∼0) and hence the observation of pancake ion distributions at high (&500 keV) energies.678
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