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Abstract

We analyze here an energetic proton enhancement in a sheath ahead of a slow interplanetry coronal mass ejection (ICME)
detected by Parker Solar Probe on June 30, 2021 at the heliospheric distance of 0.76 AU. The shock was likely quasi-parallel
and had a high Mach number. However, the proton fluxes were not enhanced at the shock but about an hour later. The fluxes
stayed elevated with a sporadic behaviour throughout the sheath. We suggest that some mechanism internal to the sheath
was responsible for the energization. The observations show enhanced levels of magnetic field fluctuations in the sheath and
frequent presence of highly reduced magnetic helicity structures (o) at various time scales, representing either small-scale
flux ropes or Alfvénic fluctuations that could have contributed to the energization. The correlation between the energetic
proton fluxes and normalized fluctuation amplitudes/occurrence of high oy, structures was generally weak or negligible. The
most striking feature of the sheath was a strong enhancement of density (up to 50 cm™3) that implies the importance of
compressive acceleration in the sheath. A statistical analysis of ion enhancements of 73 sheaths detected by ACE at ~1 AU
reveals that this sheath was peculiar as in ICME-driven sheaths preceded by strong shocks the ion fluxes typically peak at

the shock and strongly decline through the sheath.

Keywords Particle acceleration - Solar wind - Interplanetary shocks - Coronal mass ejections

1 Introduction

The acceleration of charged particles to high energies is
an intriguing fundamental and universal process that occurs
ubiquitously in various space and astrophysical plasma en-
vironments (e.g., Retino et al. 2021). In our solar system, so-
lar energetic particles (SEPs, e.g., Reames 2013) pose also
a significant threat to satellites in orbit and astronauts work-
ing in space, and they can also reach the Earth’s upper atmo-
sphere affecting its composition and dynamics (e.g., Vainio
et al. 2009; Krivolutsky and Repnev 2012; Desai and Gi-
acalone 2016). The details of how charged particles are en-
ergised are, however, not fully understood.

Energetic particles are known to be accelerated at high
Mach number shocks driven by coronal mass ejections
(CMEs; Webb and Howard 2012) and their interplanetary
counterparts (ICME:s; Kilpua et al. 2017) via diffusive shock
acceleration (DSA; e.g., Giacalone 2012). In the classic
DSA picture, particles efficiently gain energy by crossing
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the shock multiple times, scattering from upstream to down-
stream due to magnetic field irregularities generated on the
upstream side of the shock by the accelerated particles them-
selves (e.g., Afanasiev et al. 2015, 2018). This process,
known as first-order Fermi acceleration, is expected to be
most efficient for quasi-parallel shocks that have a high
level of self-induced upstream/downstream fluctuations. En-
ergetic particles are, however, also associated with rela-
tively slow CMEs in the corona that have low Mach num-
ber shocks (magnetosonic Mach number < 2) or even no
shock at all, i.e., their inferred Mach numbers are below 1
(e.g., Kouloumvakos et al. 2019; Giacalone et al. 2020). Re-
cent observations have also related energetic ion enhance-
ments to low Mach number ICME-driven shocks in inter-
planetary space (e.g., Giacalone et al. 2020; Kilpua et al.
2021b). These studies suggest that additional acceleration
mechanisms to DSA could significantly contribute to parti-
cle energization at coronal and interplanetary shock waves.

One option is that the compressed and turbulent sheath
following the shock (e.g., Kilpua et al. 2017) would have in
some cases a key role in accelerating charged particles (e.g.,
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Manchester et al. 2005; Kilpua et al. 2021b; Schwadron
et al. 2020). Even slow ICMEs preceded by weak shocks
are known to have prominent sheaths with high densities
and magnetic field fluctuation levels enhanced relative to the
preceding wind (Kilpua et al. 2019, 2020, 2021a). The event
studied by Giacalone et al. (2020) was observed in-situ at
the distance of 0.25 AU from the Sun by Parker Solar Probe
(PSP; Fox et al. 2016). In that case, the authors deduced that
the detected enhancement was a remnant from the acceler-
ation that had occurred closer to the Sun by a weak coro-
nal shock that had dissipated by the time it reached the PSP
location. In the event analyzed by Kilpua et al. (2021b) at
distances ~0.8—-1 AU from the Sun the energization was
related to small-scale coherent structures that were likely
swept from the upstream solar wind to the sheath, namely a
warp in the heliospheric current sheet (HCS) and small-scale
magnetic flux rope that was compressed at the leading edge
of the ICME ejecta. Another interesting recent event was the
series of CMEs/ICMEs analyzed by Schwadron et al. (2020)
that occurred on 18-24 April 2019 when PSP was ~0.48 AU
from the Sun. One of these ICMEs intercepted PSP and en-
hancements in energetic particle fluxes were interpreted to
result from the acceleration by the compressed sheath ahead
of the ICME rather than from DSA.

In this paper we investigate a substantial enhancement of
energetic protons during a sheath preceding an ICME de-
tected by PSP on June 30 — July 1, 2021 when it was at the
distance of ~0.76 AU from the Sun. The proton fluxes were
not enhanced immediately at the shock, but approximately
an hour later in the sheath and the fluxes stayed elevated
throughout the sheath. It is, therefore, expected that some
process internal to the sheath was responsible for the ener-
gization in this case. To gain a deeper insight into how com-
mon such enhancements are in sheaths, a statistical analysis
is conducted over 73 sheaths detected by the ACE spacecraft
at 1 AU. The paper is organized as follows: Sect. 2 will first
introduce the data sets used, Sect. 3 presents the results and
Sects. 4 and 5 discuss and conclude.

2 Data

The case study presented here uses observations from the
Parker Solar Probe. The magnetic field measurements are
obtained from the FIELDS instrument (Bale et al. 2016).
We use both 1-minute resolution data to capture the over-
all characteristics of the event and the high-resolution mag-
netic field data of 0.128-s resolution to study magnetic field
fluctuations. The plasma data comes from the Solar Wind
Electrons Alphas and Protons (SWEAP) instrument suite
(Kasper et al. 2016). The data resolution of the processed
data for the investigated interval is ~27 sec. We use here
plasma data only for discussing global features of the sheath
and do not conduct any detailed analysis based on them.
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The PSP energetic ion measurements come from the In-
tegrated Science Investigation of the Sun (ISolS McComas
et al. 2016). We use here the data from the Energetic Particle
Instrument-Low (EPI-Lo Hill et al. 2017, 2020) that mea-
sures the lower energy particles. The instrument provides
observations of ions from ~20 keV to 15 MeV/nucleon to-
tal energy.

The statistical analysis uses energetic ion observations
from the Advanced Composition Explorer (ACE; Stone
et al. 1998) spacecraft’s Electron, Proton and Alpha Mon-
itor (EPAM; Gold et al. 1998) instrument.

3 Results
3.1 Eventoverview

The analyzed ICME was observed by PSP at the helio-
spheric distance of 0.76 AU from the Sun on June 30 — July
1, 2021. Figure 1 shows the magnetic field, plasma and en-
ergetic proton data from PSP during this period. First, the
observations indicate an interplanetary shock (dashed blue
vertical line) on June 30th at 14:58:20 UT as seen by the
simultaneous jumps in the magnetic field magnitude, speed,
temperature and density. Another prominent feature in Fig. 1
is an extended period of elevated magnetic field up to about
30 nT coinciding with a coherent rotation of the magnetic
field Radial Tangential Normal (RTN) components. These
are signatures of a magnetic cloud (e.g., Burlaga et al. 1981)
that are a subset of ICMEs. Their characteristic features are
believed to be an indication of the flux rope morphology
(e.g., Kilpua et al. 2017). The leading edge of the magnetic
cloud is marked at June 30 at 21:48 UT (solid blue verti-
cal line) at the point where the coherent field rotation starts
and solar wind density drops drastically. The end time of the
ICME is ambiguous and it is not marked in the figure.

The sheath region is located between the shock and the
magnetic cloud leading edge and it lasted 7.2 hours. Fig-
ure 1 shows that magnetic field fluctuations are enhanced in
the sheath, but the magnetic field magnitude is considerably
lower than in the cloud, up to about 10-12 nT, but never-
theless clearly enhanced with respect to the preceding value
due to the interplanetary shock. The solar wind density is,
however, strongly enhanced in the sheath with respect to the
upstream wind, increasing from 15-20 cm™> upstream of
the shock to over 50 cm™> at the magnetic cloud leading
edge.

The last panel of Fig. 1 shows the proton flux spectro-
gram from the PSP EPI-Low instrument. The plot shows a
clear enhancement of protons at energies from ~80 keV to
~300 keV. This enhancement occurs solely in the sheath
and starts about an hour after the shock. The energies of
this enhancement are typical to those observed in slow-fast
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Fig. 1 Magnetic field, plasma

PSP June 30 - July 1, 2021 (0.76 AU)

and energetic ion observations 30
during the ICME event on June
30 —July 1, 2021 as observed by
PSP at 0.76 AU distance from
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stream interaction regions at the orbit of the Earth (SIRs;
e.g., Richardson 2018). As the proton flux enhancement
starts well after the shock it is likely that the sheath, not
the shock, has the key relevance for energising the protons
in this event.

3.2 Shock analysis

A zoom-in around the shock with high-resolution magnetic
field data is shown in the left part of Fig. 2. Both the up-
stream and the downstream of the shock are characterised
by large amplitude field fluctuations and variable field mag-
nitude with the amplitudes being large in the downstream.
According to Fig. 1 the solar wind speed jumps at the shock
by about 50-60 km/s and the field from ~5 to ~11 nT.

The quality and cadence of the plasma data does not al-
low using them in the determination of the shock normal and
in the calculation of the key shock parameters such as the
shock speed and shock Mach numbers. The upstream field
magnitude ~35 nT and density ~20 cm ™ give the upstream
Alfvén speed of ~24 km/s, which is a relatively low value.
For example, in the Heliospheric Shock Database (Kilpua
et al. 2015) the mean upstream Alfvén speed for shocks de-
tected at Wind is 56.3 £38.1 km/s. Since the shock strength

0
0‘63 QQ)’ 1 0 0’\ o 0’\ o Q1 0 Q1 o

=
[=]
°

. . . 102
M I -

) Q
0 AN ’LQ

Flux (chanP)
[cm~2-sr~1l-s71-keV~1]

Time [UT]

is determined by the ratio of the shock speed along the shock
normal in the shock frame of reference to the upstream
Alfvén speed, the low Alfvén speed implies that the shock
investigated could be relatively strong despite the modest
speed jump at the shock.

We estimated the shock normal using the magnetic field
coplanarity method (see, e.g., Kilpua et al. 2015), system-
atically varying the upstream and downstream averaging
intervals from 1 to 3 minutes in bins of 5 seconds, with
the method introduced in Trotta et al. (2022b). The mean
shock normal obtained was (ns;) = [0.94 4+ 0.019,0.27 £+
0.028,0.17 £ 0.070], i.e. the angle between the shock nor-
mal and radial direction from the Sun was small. This sug-
gests that the ICME complex (comprising the shock, sheath
and ejecta) was crossed close to the apex.

The estimates for the shock angle, i.e. the angle between
the shock normal and the upstream magnetic field direction,
are shown in right part of Fig. 2. The shock angle values
were calculated using normals for 1-3 minute upstream and
downstream intervals. The mean value is 35.6° &= 1.43°, i.e.
the shock is quasi-parallel. The estimation of the shock be-
ing quasi-parallel is robust also when longer (~30 minutes)
averaging windows are used. To estimate the Alfvén Mach
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Fig.2 Left) Magnetic field observations around the shock observed at
PSP on June 30, 14:58:20 UT. The top panel gives the magnetic field
magnitude and the bottom shows the magnetic field components in
RTN. The red (purple)-shaded regions show the maximum and min-

number and magnetosonic Mach number we use the up-
stream average speed and density calculated for the maxi-
mum upstream interval of 3 minutes used in the shock nor-
mal calculation. This gives the shock speed 485.5 km/s and
Alfvén Mach number 8.5 and magnetosonic Mach number
5.9. These values have large uncertainties, but based on the
discussion above we can conclude that most likely this shock
is quasi-parallel and supercritical with Mach number > 2.
To get insight into the shock dynamics we evaluate both
upstream and downstream the proton gyro frequency w. =
(eB)/mp, where e is the elementary charge, B the mag-
netic field magnitude and m, proton mass, and the pro-
ton inertial length d; = c¢/w,, where c is the speed of light

and w, = ,/(npe?)/(eom,) the proton plasma frequency,

where n, is the proton density and €y vacuum permittivity.
The mean values and standard deviations of gyro frequen-
cies calculated over 15 minute interval upstream and down-
stream are 0.4540.00134 s™" and 1.05+0.116 s™!, and ion
inertial lengths are 45.4 4= 1.55 km and 40.1 - 0.678 km, re-
spectively. The proton gyroperiods (27 /w,) are ~14.1 and
6.03 seconds upstream and downstream, respectively, con-
sistent thus approximately with the foot and overshoot do-
mains of the shock visible in Fig. 2. The multispacecraft ob-
servations with varying spacecraft separation of ~1 — 100
d; have shown that interplanetary shocks can have drasti-
cally different magnetic field profiles and shock normals on
separations over 5 d; (Kajdi¢ et al. 2019) suggesting highly
irregular shock fronts, as also elucidated by self-consistent
simulations (Preisser et al. 2020; Kajdi¢ et al. 2021). For
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the presently studied event this corresponds to distances
=200 — 250 km. Such ripples in the shock front could con-
tribute to particle acceleration at the shocks that does not oc-
cur immediately at the shock (e.g., Hietala et al. 2009; Sund-
berg et al. 2016; Trotta and Burgess 2019). As discussed in
the previous section the proton enhancement did not start
not until about 60 minutes from the shock. This downstream
interval corresponds to the width of ~1.3 x 100 km, i.e.
~3.2 x 10* d; (using the average speed of 359.8 km/s) and
therefore is much larger than expected sizes of ripples sizes
and their effects.

3.3 Sheath analysis

Next, we will analyze those aspects of the sheath that could
contribute to the energization of protons and possible ac-
celeration mechanisms. Figure 3 shows a zoom-in to the
sheath. The magnetic field magnitude and RTN components
are repeated in the top panel. The second panel shows the
wavelet spectrogram of total Power Spectral Density (PSD),
i.e. trace PSD, of magnetic field fluctuations from 1 second
to ~2.7 hours (corresponding frequency range ~0.1 mHz —
1 Hz). The last three panels give information of the mag-
netic field fluctuations, and are the fluctuation amplitude,
normalized fluctuation amplitude and the compressibility of
fluctuations. We define the fluctuation amplitudes as 6B =
B(¢) — B(¢ + t) where 7 denotes the timescale (or time lag)
of fluctuations. The normalized fluctuation amplitude is de-
fined as 6 B/B, where § B =|6B|, B is the magnetic field
magnitude calculated as the mean over the fluctuation (i.e.,
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Fig.3 PSP magnetic field and

plasma observations between
June 30 — July 1, 2021. The

panels show from top to
bottom): magnetic field
magnitude and magnetic field

components in RTN coordinates
(blue: Bg, green: Br and pink:
By ), the wavelet PSD of
magnetic field fluctuations in
the periods of 1 s to 2 hrs

(~0.1 mHz — 1 Hz frequency
range), fluctuation amplitude,
normalized fluctuation

amplitude and the
compressibility of fluctuations.

'_
In the three bottom panels the £16
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6

fluctuation amplitude and
compressibility is 111.8

seconds. The black curve shows
the 15-minute sliding window
average and the colored curves
the 1-second values
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over the chosen time scale 7, in Fig. 3 selected to be 118.8
sec.), and compressibility is §|B|/6B. In Fig. 3 both one-
second values (coloured lines) and the 15-minute sliding
window averages (black solid lines) are shown. The chosen
time lag is T = 111.8 seconds that corresponds in the inertial
(MHD) range fluctuations.

The wavelet PSD of the magnetic field and the fluctua-
tion amplitudes § B show higher values in the sheath when
compared to the upstream. In particular, there is an interval
of distinctly smoother magnetic field upstream of the shock
extending from June 30 8:59 UT to 13:32 UT, i.e. ending
approximately 76 minutes before the shock. The § B values
also vary considerably within the sheath. There is no obvi-
ous trend, but the highest values occur in the middle of the
sheath. The normalized fluctuation amplitudes (§B/B) are
also enhanced in the sheath, but at more similar levels com-
pared to the beginning of the upstream interval shown. The
compressibility of fluctuations (§|B|/§B) does not in turn
vary drastically between the sheath and the surroundings.

Figure 4 compares in more detail the variations in proton
fluxes to variations in normalized fluctuations amplitudes
and compressibility of fluctuations in the sheath. The figure
shows the values as 1-minute averages. Three energy chan-
nels (232.4, 123.0 an 82.5 keV) and two time lags (0.436
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Qo7 o
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and 111.8 seconds) for 6B/B and 6|B|/6B are selected.
Firstly, it is also clear from this plot that the shock itself does
not lead to any immediate energization of energetic proton
fluxes. The fluxes start to increase only about one hour af-
ter the shock passage and stay enhanced until the end of the
sheath. The enhancement shows a sporadic nature. There is
no obvious one-to-one correspondence between flux varia-
tions and variations in 6 B/B or §|B|/§ B, but the bursts in
3 B/ B at the mid-sheath and in the trailing part of the sheath
coincide with the enhancements of 123.0 an 82.5 keV fluxes.

The left part of Fig. 5 shows the correlation between the
proton fluxes and normalized fluctuation amplitudes. The
colors show the values of the Pearson correlation between
these two quantities. The ion fluxes include energy chan-
nels from 64.7 keV to 263.1 keV and normalized fluctuation
amplitudes are calculated for time lags from 0.436 to ~890
seconds. The correlations or anti-correlations are negligible
(<0.20) or weak (<0.40). The highest positive correlations
(~0.35) occur at the energies around 100 keV and for the
time lags =100 seconds.

The bottom panel of Fig. 4 shows the normalized reduced
magnetic helicity (o,,) calculated for time scales from 100
seconds to 2.7 hours (1072 to 10~* Hz). This quantity is a
measure of rotation in the magnetic field and can be calcu-
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Fig.4 The panels show from
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Fig. 5 Left) The colormap shows the Pearson correlation values be-
tween the 5-minute averages of proton fluxes and normalized fluc-
tuation amplitudes calculated in the sheath for energy ranges from
64.7 keV to 263 keV, and time scales from 0.436 seconds to ~890
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second. Right) the colormap shows the Pearson correlation values be-
tween the 5-minute averages of proton fluxes and occurrence of high
normalized helicity (|oy, | > 0.7) regions for periods from 100 seconds
to ~2.7 hours
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Strong (Mps > 2.0; 38 events)

Weak (Mps < 2.0; 35 events) PSP June 30, 2021
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Fig.6 A superposed epoch analysis of ion intensities during 73 sheath
regions observed by the ACE satellite at the Lagrangian point L1, i.e.,
at ~1 AU distances from the Sun. The panels on the left show the
results for all events, middle panels for strong shocks (magnetosonic
Mach number > 2.0) and right panels for weak shocks (magnetosonic
Mach number < 2.0). The thick curves give the medians and dashed

lated as (Matthaeus et al. 1982):

3 2Im[Wi (v, 1) - Wy (v, 1)]
T WRO, DRI Wr (v, D2+ Wy (v, 1) 2

Om (D
where v is the frequency of the associated wavelet function,
and Wgr(v, 1), Wr(v,t), and Wy (v, t) are the wavelet trans-
forms of the magnetic field components in RTN coordinates.
Normalized reduced magnetic helicity is one of the param-
eters that has been used to identify small-scale flux ropes
from the solar wind together with normalized cross-helicity
and residual energy (e.g., Zhao et al. 2020, 2021; Ruohotie
et al. 2022). Due to the lack of high-resolution plasma data
we were only able to calculate o, here. The black contours
show |oy,| > 0.7, i.e. the regions that have high magnetic he-
licity of either positive or negative sign and could represent
small-scale flux ropes or circularly polarized low-frequency
Alfvén waves. For the investigated event, Fig. 4 shows that
from periods <1000 seconds high-|o;,| regions occur spo-
radically throughout the sheath. Most larger-scale, high-|o, |
regions are identified near the shock and in the trailing part
of the sheath.

The right part of Fig. 5 shows the correlations between
the 5-minute averaged proton fluxes and the occurrence of
|om| > 0.7. Regarding o,,, the spectrogram was divided in
10 period bins between 100 seconds to 2.7 hours. For each of
these 10 bins we determined the fraction of when |o;,| > 0.7
and calculated the 5 minutes averages. The correlations and

curves the lower and upper quartiles. The sheath interval has been in-
dicated by the orange-shaded regions and all sheaths have been resam-
pled to the same duration. The panels on the right show the averaged
intensities at corresponding energy channels for the 30 June 2021 event
analysed in Sect. 3.3

anti-correlations are again negligible or weak. The highest
positive correlations (~0.40) occur at periods from a few
hundreds to ~1000 seconds (i.e. from a few minutes to
~15 minutes) for a wide range of energies.

3.4 Statistical analysis

To get further insight as to whether enhancements of
ion/proton fluxes are common in ICME-driven sheaths, we
performed a statistical analysis of ACE measurements. This
part of the study includes 73 sheaths that were selected
from our previous studies (Kilpua et al. 2021a) to include
those events that had ACE ion flux measurements available
(list in the Appendix) observed during 1997 - 2017 at the
Lagrangian point L1, i.e. ~1 AU distance from the Sun.
The events are divided according to the shock magnetosonic
Mach number to super- and subcritical cases M,,; > 2 and
M,,s < 2. The duration of sheaths can vary considerably. For
the included set they were between 3.4 and 21.8 hours with
the mean duration 8.2 hours. To obtain the overall trend, all
sheaths have been linearly rescaled to the same duration.
The ion fluxes were normalised to the maximum flux in the
30 minute window around the shock.

The results are shown in the three first columns of
Fig. 6 for ions in two energy channels (66—114 keV and
310-580 keV). The thick solid curve shows the population
median and dashed thick curves the lower and upper quar-
tiles. Individual curves are shown as thin lines. As expected,
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the shock has an immediate and clear enhancing effect on
the ion fluxes for the majority of M,,; > 2 cases (middle
panels). Fluxes also increase at the shock for the M,,; < 2
cases (right panels), but the effect is much less pronounced.
Another clear difference between the M,,; > 2 and M,,; <2
cases is that for weak shocks (M,,; < 2), the median and
in particular the upper quartile curves are flatter than for
stronger shocks (M,,,s > 2), in which the curves tend to de-
cline from the shock through the sheath. This could imply a
significant contribution from the sheath to the ion energiza-
tion, particularly for sheaths with weaker shocks. There is,
however, considerable event-to-event variation in flux pro-
files for both categories.

The proton measurements averaged over approximately
corresponding energy ranges are shown in the right columns
of Fig. 6 for the PSP 30 June 2021 event studied previously
in this paper. Evidently, the profile is atypical when com-
pared to most of the ACE events, in particular strong M,
cases that mostly show declining intensity profiles through
the sheath.

4 Discussion

The details of energization of charged particles related to
CMEs/ICMEs remains partly an open question in solar-
terrestrial research. As discussed in the Introduction, DSA is
considered the key mechanism for accelerating ions at coro-
nal and interplanetary shocks, but there are several mech-
anisms presented in the literature relevant to how sheaths
could contribute to the energization.

For the investigated event the enhancement of energetic
protons started about an hour after the passage of the leading
ICME shock. This is interesting as the shock was estimated
to be strong and quasi-parallel. However, the driving ICME
was slow with the peak speed only ~400 km/s and it was
able to drive a shock as the upstream Alfvén speed was very
low. Another prominent feature in the studied event was that
the energetic proton fluxes stayed elevated throughout the
sheath. These features imply that some mechanism internal
to the sheath was responsible for the observed energization.

One possible scenario is that particles gain energy via
first-order Fermi acceleration while entering in a global
compression region (e.g., Schwadron et al. 2020; Giacalone
et al. 2002). The sheath investigated in this study had a very
high density (up to 50 cm~3) and the density increased grad-
ually from the shock to the magnetic cloud leading edge.
This mechanism has been suggested to be an important con-
tributor in particle energization in SIRs rather than accel-
eration at the associated forward and reverse shocks (e.g.,
Giacalone et al. 2002).

The energetic proton fluxes had, however, large and spo-
radic variations throughout the sheath, suggesting that the
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acceleration could have occurred in an intermittent man-
ner. Another possibility is that magnetic disturbances in the
sheath accelerate particles stochastically, i.e. via second-
order Fermi acceleration (e.g., Richardson 1985). This is
less effective as the process involves both head-on and tail-
on collisions. The sheath embedded enhanced levels of mag-
netic field fluctuations compared to the upstream wind at
various time scales. The positive correlation of ~0.4 be-
tween normalized fluctuation amplitudes and proton flux
variations at larger time scales across a wide range of en-
ergies could imply that fluctuations contributed to the ener-
gization. The highest positive correlations occurred for fluc-
tuations 2100 seconds.

Particles can be accelerated stochastically with gyrores-
onant Alfvén waves (e.g., Afanasiev et al. 2014). The gy-
roresonance condition assuming Taylor hypothesis and ra-
dial wave vector and solar wind flow can be written as

\%
fres = fgﬂ,
lopl

where f,.s is the resonant frequency of the magnetic field
fluctuation in the spacecraft frame, Vi, is the solar wind
speed, f, is the gyrofrequency and, v is the speed of the
resonant particle and p the cosine of the pitch angle of that
particle. Using the average values in the sheath, B = 10 nT,
Vsw = 360 km/s and field aligned particles (1« = 1) gives
for 100 keV protons the resonant fluctuation timescale ~80
seconds and for 150 keV protons ~100 seconds. This is a
rough estimate, but corresponds to approximately the start
of the higher correlation in the left part of Fig. 5. We how-
ever note that the high correlations occur over a wider range
of time lags and peak around 500 seconds. This could be ex-
plained by the magnetic field not being radial in the sheath.
Another possibility is that the resonance is with compres-
sive magnetosonic waves. In that case transit-time damping
should dominate (e.g., Schwadron et al. 1996; Schlickeiser
and Vainio 1999).

Our study also revealed a positive correlation of ~0.4 be-
tween proton flux variation and the occurrence of periods of
highly reduced magnetic helicity in the sheath. It is therefore
possible that the related structures can contribute to the en-
ergization. Intervals of high reduced magnetic helicity can
represent either small-scale flux ropes that can energize ions
as they get compressed into the sheath (e.g., Kilpua et al.
2021b; Trotta et al. 2022a) or Alfvén waves that can act as
scattering centers for second-order Fermi acceleration (e.g.,
Vainio and Afanasiev 2018). Without good quality plasma
data we cannot distinguish between these.

The statistical analysis of ion intensities observed dur-
ing 73 sheaths by the ACE spacecraft confirms that sheaths
may in general have an important contribution to energiza-
tion. In particular, the effect was clear for sheaths behind
weak shocks. It will be interesting in the future to repeat a
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statistical analysis using observations closer to the Sun than
1 AU using a combination of PSP, Solar Orbiter and Bepi-
Colombo measurements as particle acceleration is expected
to be more effective at these distances. A more detailed anal-
ysis is also needed to investigate how ion/proton profiles de-
pend on sheath properties and internal structure.

5 Conclusion

In this paper we have investigated a peculiar energetic pro-
ton enhancement that occurred up to ~300 keV related to
a sheath region ahead of a slow ICME. The event was ob-
served by PSP at 0.76 AU on June 30 — July 1, 2022. Despite
the ICME being slow, it drove a strong shock wave ahead of
it. The energetic proton enhancement commenced about one
hour after the shock. The fluxes had a sporadic nature, but
stayed enhanced throughout the sheath. Based on a statis-
tical analysis of shocks detected at 1 AU, the energetic ion
fluxes tend to typically peak at the shock and then decline.
The investigated event resembled more the behaviour asso-
ciated with weak shocks. The possible energization mecha-
nism in the studied sheath is likely a combination of com-
pressional acceleration and acceleration by Alfvénic fluctu-
ations or small-scale structures embedded in the sheath.
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