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Abstract Transient magnetic reconnection plays an important role in energetic particle acceleration in
planetary magnetospheres. Jupiter's magnetosphere provides a unique natural laboratory to study processes of
energy transport and transformation. Strong electric fields in spatially confined structures such as plasmoids
can be responsible for ion acceleration to high energies. In this study we focus on the effectiveness of ion
energization and acceleration in plasmoids. Therefore, we present a statistical study of plasmoid structures in
the predawn magnetotail, which were identified in the magnetometer data of the Juno spacecraft from 2016

to 2018. We additionally use the energetic particle observations from the Jupiter Energetic Particle Detector
Instrument which discriminates between different ion species. We are particularly interested in the analysis of
the acceleration and energization of oxygen, sulfur, helium, and hydrogen ions. We investigate how the event
properties, such as the radial distance and the local time of the observed plasmoids in the magnetotail, affect
the ion intensities close to the current sheet center. Furthermore, we analyze if ion acceleration is influenced by
magnetic field turbulence inside the plasmoids. We find significant heavy ion acceleration in plasmoids close
to the current sheet center which is in line with the previous statistical results based on Galileo observations
conducted by Kronberg et al. (2019, https://doi.org/10.1029/2019JA026553). The observed effectiveness of

the acceleration is dependent on the position of Juno in the magnetotail during the plasmoid event observation.
Our results show no correlation between magnetic field turbulence and nonadiabatic acceleration for heavy ions
during plasmoids.

1. Introduction

The understanding of the mechanisms which are responsible for strong ion acceleration in the magnetotail is
not only an important topic of interest in the Earth's magnetosphere but also in other planetary magnetospheres,
such as Jupiter's magnetosphere. The dynamics in Earth's and Jupiter's magnetospheres show similarities and
differences. At Earth, the solar wind forms the major plasma source in the magnetosphere and is the main driver
of the magnetospheric dynamics. Magnetic substorms are the consequence of transient global reconfigurations
of the magnetic field topology. During the substorms energy is rapidly released to the magnetotail. However, at
Jupiter the dynamics are more likely rotationally driven due to the unique properties of Jupiter's magnetosphere
(Vasyliunas, 1983). Jupiter's magnetosphere constitutes the largest magnetosphere in our solar system with a fast
spin period and the volcanically active moon Io as the primary magnetospheric plasma source. The interaction
between Io's SO, atmosphere and the Jovian magnetospheric plasma leads to a mass loss from Io in form of
ions and neutrals of about 1 ton per second (e.g., Thomas et al., 2004). The SO, dissociates into S and O. In the
inner-to-middle magnetosphere (<40 R)) the origin of the heavy ions is thought to be iogenic with predomi-
nantly O* and S** and with a small contribution of O**, S*, and S*** (e.g., Clark et al., 2020; Kim et al., 2020).
Carbon at about 4.5-18.4 MeV/nuc from the solar wind was also detected in the middle magnetosphere (Cohen
et al., 2001). In the outer magnetosphere light ions, H* and He**, which originate from the solar wind become
more abundant (e.g., Haggerty et al., 2009). Due to interchange motion, this plasma is transported from the source
region outward by centrifugally driven mass-loaded flux tubes (Khurana et al., 2004, and references therein).
The flux tubes stretch radially out down tail on the nightside via centrifugal force and eventually break off. The
resulting reconnection process releases plasmoids from the plasma sheet propagating tailward. The mechanism
how thermal ions can get accelerated to the superthermal energies in the magnetotail plasma sheet is very poorly
understood. Both adiabatic and nonadiabatic processes are responsible for the ion acceleration in the magnetotail.
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Plasmoids are often described as plasma bubbles on closed magnetic field loops of disconnected field lines or on
helical magnetic fields called flux ropes (see e.g., Slavin et al., 1989). Reconnection processes and the associated
ejection of plasmoids from the magnetotail were observed at Earth (e.g., Angelopoulos et al., 2008), Jupiter
(e.g., Vogt et al., 2010), Saturn (e.g., Jackman et al., 2014), Mercury (e.g., Slavin et al., 2012), Mars (Eastwood
et al., 2012), and Uranus (DiBraccio & Gershman, 2019). The perturbations of the radial magnetic field and the
meridional magnetic field component are used as key parameters for identifying magnetospheric processes, such
as magnetic reconnections, dipolarizations, and plasmoids. A bipolar signature in the meridional magnetic field
component is associated with the spacecraft encountering a magnetic reconnection site or a plasmoid from a
reconnection site (e.g., Slavin et al., 2003).

Global reconfiguration of the magnetic field topology at Jupiter's magnetotail was detected in the magnetic field
and energetic particle data of the Galileo spacecraft and studied by, for example, Kronberg et al. (2005; 2008),
Vogt et al. (2010; 2014), Woch et al. (1999). Nonadiabatic acceleration of ions during reconfiguration events in
Jupiter's magnetotail was investigated by Kasahara et al. (2011), Kronberg et al. (2012; 2019), Radioti et al. (2007).
Radioti et al. (2007) focused on the ion composition in the substorm-like events in the predawn region in the
Jovian magnetotail and proposed small-scale magnetic field variations as a possible mechanism for particle ener-
gization. In the process they saw that sulfur and oxygen ions were more effectively energized than helium ions
and protons. Kronberg et al. (2012) investigated acceleration of particles which is associated with the formation
of a magnetic X-line. Kasahara et al. (2011) examined particle acceleration associated with dipolarization fronts
in the Jovian tail. Using measurements from Galileo's magnetometer and multispecies ion observations of hydro-
gen, oxygen and sulfur from the Energetic Particle Detector (EPD) in the energy range from 22 to 1250 keV/
nuc, Kronberg et al. (2019) investigated the transfer of the electromagnetic energy to the particle energy. From a
statistical study of 14 plasmoids detected in the Jovian magnetotail, they showed that sulfur and oxygen ions are
accelerated effectively by plasmoids and that electromagnetic turbulence in plasmoids plays an essential role in
their acceleration. With the statistical study, they showed that the energy spectral indices of oxygen and sulfur
ions at energy ranges between 30 and 400 keV/nuc decrease with the wave power. This observed decrease was in
agreement with their test particle simulation results. They concluded that energy is transferred in plasmoids from
electromagnetic waves to oxygen and sulfur particles yielding an effective acceleration with a wave power thresh-
old of the order of 10 nT?Hz which is similar to the threshold in terrestrial plasmoids (Grigorenko et al., 2015).
Observations of hydrogen ions at 220-1250 keV/nuc did not reveal acceleration in the plasmoids implying that
hydrogen ions are affected by processes other than wave-particle interaction and/or that the time and energy
resolution of the observations was too coarse for the analysis of hydrogen ions. Because of the sparse Galileo
observations, ion dynamics and ion acceleration mechanisms in the plasmoids in the Jovian magnetotail are still
poorly understood and require further investigation.

Since July 2016 the Juno spacecraft provides rich data sets acquired in Jupiter's magnetosphere. Recently, Vogt
et al. (2020) presented a survey of 232 tail reconnection signatures observed in magnetic field data collected by
the Juno spacecraft during its first 16 orbits of Jupiter. Artemyev et al. (2020) investigated heavy ion acceleration
by dipolarizations observed with Juno. The role of the Jovian plasmoids detected with Juno in the ion acceleration
has not been studied yet. Therefore, in this study we investigate the plasmoids observed in the Jovian magnetotail,
where especially strong ion acceleration is expected, and present statistics on the acceleration and energization
of oxygen, sulfur, helium and hydrogen ions inside the plasmoids similar to the study of the plasmoids detected
in Galileo data by Kronberg et al. (2019). For the detection of the plasmoids in the magnetic field data we focus
on the bipolar events identified in the survey of Vogt et al. (2020). In Section 2 we describe the Juno data applied
in this study, and in Section 3 we present the properties of the identified plasmoids such as their duration and
distribution and compare the properties to those identified in the Galileo data. Then in Section 4 we describe the
methodology and present one plasmoid event. In Section 5 we present the results from the statistical analysis of
ion intensities, wave power, and energy spectral index in plasmoids and compare these results to those derived
from the plasmoids identified in the Galileo data. We finish with a summary in Section 6.

2. Juno Data

In this study we focus on the measurements of Juno's 16 orbits taking place during July 2016 and October 2018.
For each selected plasmoid event, we examine the observations from the magnetometer (MAG) (Connerney
et al., 2017) and Juno Energetic particle Detector Instrument (JEDI) (Mauk et al., 2017) which are onboard
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NASA's Juno spacecraft. MAG is a vector fluxgate magnetometer which measures the magnetic field compo-
nents. For each magnetic field component we use the data with a time resolution of 1 s. JEDI provides electron,
high- and low-energy ion fluxes, including species separation. The measured species are electrons and ions of
H, He, O, and S. JEDI measures the energy and angular and compositional distributions for ions at 20-50 keV to
more than 1 MeV. The instrument has three specific sensors (JEDI-90, JEDI-180, and JEDI-270), which differ
in the angle they are mounted to the spacecraft deck with respect to the magnetometer. Each of the sensors has 6
look directions over a 160° viewing fan. JEDI-90 and JEDI-180 sensors observe within the spacecraft equatorial
plane. The sensors use a time-of-flight (TOF) and solid-sate detector (SSD) energy system. A detailed descrip-
tion of all sensors is given in Mauk et al. (2017). We use data from the JEDI-90 sensor since this sensor data is
available for all of the plasmoid events we analyze here. We take the average ion fluxes over all angular direc-
tions. Most of the ion measurements in this study were taken when JEDI was in a low-energy-resolution mode.
The energy ranges of the ion fluxes are calculated from the average of the bounds of the energy passbands over
the look directions in the low-energy-resolution mode. The oxygen ion fluxes are grouped to energy ranges of
(382-597, 598-941, 942-1599 keV). The sulfur ion fluxes are grouped to energy ranges of (498-759, 760-1151,
1152-1858 keV). The helium ion fluxes are grouped to energy ranges of (60—133, 135-375, 376-1296 keV).
The hydrogen ion fluxes are grouped to energy ranges of (44—73, 74-126, 127-277, 278-555, 557-1222 keV).

The data in this study is presented in the right-handed Jupiter System III coordinates. The z axis is defined by the
spin axis of Jupiter. r is pointing away from Jupiter. The longitude ¢ is parallel to the jovigraphic equator and is
measured from the positive x axis (prime meridian) in direction of the positive y axis. The colatitude 6 completes
the right-handed system and is positive southward.

3. Identification of Plasmoids Using MAG Data

For the identification of plasmoid (PM) structures we consider the list of reconnection events which were
identified in the MAG data from Juno's first 16 orbits of Jupiter by an automated detection algorithm by Vogt
et al. (2020). They found 232 reconnection events but they did not specifically identify plasmoid events. Their
list contains the B, sign classification during each event which gives us the possibility to select the “B, bipo-
lar” events. Plasmoids can be identified by a bipolar structure in the meridional component of the magnetic
field. Following Vogt et al. (2010), an event is defined bipolar if B, remains negative for 15%—85% of the event
duration. We examine the data of the days of the 79 bipolar events in the reconnection list of Vogt et al. (2020)
and select events with a clear plasmoid structure in the B, component. Jupiter's background equatorial field is
southward oriented so that the undisturbed B, is positive. For the identification of plasmoids we apply the follow-
ing criteria: B, increases above the background value (+|Bg’bgl) which is the 10-hr running average of I1B,| (see
Vogt et al., 2010). The increase is followed by a change of sign of B, with a negative value of B, which is larger
than 1B, |. Then we require that B, crosses through zero and becomes positive again. We assign the start of
the plasmoid as the enhancement of B, over By, | and the end of the plasmoid as the change of sign of B, from
negative to positive values. Following Vogt et al. (2020), the change of the sign of B, could provide information
whether the plasmoid was moving tailward (positive-to-negative change) or planetward (negative-to-positive
change). Since the ion plasma moments are not available yet, we consider the change of the B, sign as a proxy
for the flow direction and take only events with a positive-to-negative change of B, into account. This magnetic
signature is expected during a tailward moving plasmoid. Plasmoid signatures which are immediately followed
by another plasmoid signature are considered as one plasmoid signature in our analysis. From the identified plas-
moid structures we choose the events which were close to the current sheet center during the plasmoid signature,
that is, the radial magnetic field component is <2 nT at some point during the plasmoid. We select only the PM
events for which the particle data is available and the plasmoid signature lasts longer than 5 min so that the dura-
tion is larger than the particles' typical gyroperiods. Furthermore, we choose plasmoids which were embedded in
a quiet magnetic field environment during the observations, that is, the magnitude of the magnetic field did not
show large scale fluctuations in the time interval before the start of the plasmoid signature. We use the standard
deviation ¢ as a measure for the variability of Bl in the 25 min time interval before the start of the PM signature
and choose only PM events with ¢ < 1 nT for our analysis. With this limitation we try to avoid that other magne-
tospheric effects (such as dipolarization fronts shortly before the start of the PM) other than plasmoids affect the
ion fluxes before and inside the PM. If more than one plasmoid event is identified during 1 day, we calculate the
duration between the end of one PM signature and the start of the following PM signature so that only PM events
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Figure 1. Histograms of different plasmoid properties for 31 plasmoid (PM) events used in this study: (a) Duration of the PMs as defined in the presented study with
the start of the PM at the increase of B, from the background (bg) value and the end of the PM with the zero crossing of B, from negative to positive values (blue
histogram) and the duration of the PMs as defined by Vogt et al. (2014) from the maximum to the minimum of B, (orange histogram). Three plasmoids with a duration
of 90, 180, and 203 min are not shown in this histogram. (b) Number of PMs in dependence on the local time of the observations. (c) Number of PMs in dependence on

the radial distance from Jupiter.

which are 25 min apart from each other are taken into account for the analysis in the time interval 25 min before
the start of the PM signature.

3.1. Plasmoid Distribution and Properties

Figure 1 shows histograms of different properties of the PM events. We defined the duration of a PM as the time
from the increase of B, over the background value (IBy,gD) to the zero crossing from negative to positive values
of B, With this definition the average duration of the 31 PMs is 38 min and the median duration is 22 min. In
Figure 1a we display a histogram of the duration for each plasmoid (blue histogram). It is visible that the analyzed
plasmoids peak at a duration in the range between 20 and 25 min (9 PMs). Vogt et al. (2014) used another defi-
nition of the duration of a PM: The time between the maximum and minimum B, With this definition of the
duration most of the PMs in our study last between 5 and 15 min with an average duration of 14 min which is
displayed in the orange histogram. Three PMs which lasted more than 80 min are not displayed in the blue histo-
gram. Since such a long duration is not visible in the orange histogram, the long duration of these three PMs are
due to a long lasting post plasmoid plasma sheet (PPPS) or due to two combined PM signatures. Vogt et al. (2014)
derived a mean duration (from maximum to minimum B,) of about 7 min from 43 PMs observed by Galileo (see
figure 7 in Vogt et al., 2014) which is in the range of the PM duration that we observe in the Juno data (orange
histogram). Kronberg et al. (2019) analyzed 14 PM events of the 43 PMs identified in the Galileo data and calcu-
lated a median duration of about 36 min (see table 1 in Kronberg et al., 2019) using the same definition for the
duration of a PM as we use in our study. In the Galileo data most of the PMs were detected at post-midnight local
times between 01:30 and 03:00 LT (see figure 7 in Vogt et al., 2014). Juno's first 16 orbits have been confined
to post-midnight/pre-dawn local times (02:00-06:00 LT). The comparison of the spatial coverage of Juno and
Galileo orbits is shown in figure 2 in Vogt et al. (2020). Most of the PMs analyzed here were identified in the
predawn local time sector between 03:30 LT and 04:30 LT and between 05:30 LT and 06:00 LT (see Figure 1b).

PMs observed with Galileo were mostly located between 80 and 110 R, radial distance from Jupiter (see figure
7 in Vogt et al., 2014). In the Juno data, we see a peak of PM events at a similar location between 90 R, and 110
R, (see Figure 1c).
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4. Methods

The purpose of our study is to investigate the effectiveness of ion acceleration in plasmoids in the Jovian magne-
totail and how the acceleration is affected by the event properties. To do so, we analyze the relation between the
ion intensity, wave power, energy spectral index and the distance from the current sheet center during the plas-
moid events. In this section we explain the methods which we apply for the calculation of the wave power and the
energy spectral index and present these methods for one PM event example.

4.1. Wavelet Transformation

For the analysis of the intensity of energetic ions and protons we apply a similar method as it was used in the
study of plasmoids observed with Galileo by Kronberg et al. (2019). However, we conduct the wavelet analysis
differently compared to Kronberg et al. (2019). We use a wavelet analysis with the Morlet wavelet (Torrence
& Compo, 1998) to the azimuthal component of the magnetic field, B, in order to calculate the frequency and
wave power of the fluctuations. The wavelet analysis applied on the magnitude of the magnetic field, |BI, led
to very similar results of the wave power in the statistical studies (shown in Section 5) as the wavelet analysis
applied on B,,. However, since we assume that the magnetic field fluctuations are related to Alfvénic fluctuations
and we would like to exclude other signals related to for example, PMs, we chose B for the wavelet analysis.
Kronberg et al. (2019) applied the wavelet analysis to the meridional component of the magnetic field, B,, but
B, fluctuations are contaminated by those associated with the plasmoid. For the calculation of the wave power
we use the same assumptions as Kronberg et al. (2019): (a) The magnetic field fluctuations are related to the
Alfvén waves and the plasmoid propagation velocity is nearly Alfvénic (Kronberg et al., 2008, 2019) with a
bulk speed of 350-500 km/s (Kronberg et al., 2008). The magnetic field fluctuations are transported by the bulk
flow tailward. Therefore, we have to take the Doppler effect into account and subtract the Doppler shift from the
observed frequency range in the spacecraft frame. This leads to a shift of the frequencies to lower frequencies in
the plasma rest frame Following Grigorenko et al. (2015), the frequency f; in the plasma rest frame is given by
fo= fsc — fSC —, where f. is the observed frequency of the magnetic field fluctuations, v is the bulk velocity of

the plasmoid, and Voh 18 @ Wave phase velocity. Here it is assumed that the wave propagates in the same direction as
the tailward moving plasm01d — can be approximated by the Alfvén Mach number (see Kronberg et al., 2019).

(b) The most probable range of the Alfvén Mach number lies between 0.6 and 0.9 (see Kronberg et al., 2008) and
therefore the frequency range of interest for our analysis lies between f; = (1 — 0.9)f; = 0.1f;. and f, = (1 — 0.6)
Jsc = 0.4f;c (c) The ions interact most effectively with waves at the corresponding ion gyrofrequency (Grigorenko
et al., 2015). Therefore, the wave frequency in the plasma rest frame f; should be equal to the gyrofrequency f,;
of the corresponding ion.

In order to calculate the integrated wavelet power from the spectrum of the magnetic field fluctuations in the
spacecraft frame for the corresponding ion, the integration range of the ion gyrofrequencies in the spacecraft
frame is shifted to the frequency range between f; = 0.1fsc and f,; = 0.4f;... In this range the large variation of the
possible plasmoid velocities relatively to the Alfvén velocity is taken into account. The frequency band for O* in
one PM event is indicated by the black lines and the power is shown by the color scale in Figure 2b. At each time
step the sum of the power in the frequency band is calculated and then divided by the number of frequency bins
which lie in the frequency band for each ion species. The wavelet power is then divided by the frequency range
for each ion species: 0.4f;-—0.1f; = 0.3f;.. Points which lie within the cone of influence are discarded from the
calculation. The cone of influence includes the red line and the red shaded area. It shows the region in the power
spectrum which is potentially influenced by edge-effect artifacts. Points which lie above the Nyquist frequency
were also discarded. The frequency averaged wavelet power over the 0.1f, and 0.4f. frequency band along time
domain will be further called “wave power.” The wave power of the magnetic field fluctuations at characteristic
frequencies of each ion species is shown in Figure 2c.

The charge states of the ions affect the ion gyrofrequencies and therefore also the frequency band for the calcu-
lation of the wave power. JEDI does not provide information on the ion charge states. Clark et al. (2020) inferred
the heavy ion charge states by analyzing energetic heavy ions accelerated by megavolt electric potentials. They
propose that the charge states of energetic oxygen are primarily O™ at large distances. The results are also consist-
ent with the higher energy (about 100 keV/q) ion measurements from the Cassini flyby at the outer (about 200 R))
post-dusk flank of the Jovian magnetosphere presented by Allen et al. (2019). Furthermore, Allen et al. (2019)
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Figure 2. (a) Time series of the magnetic field components observed by Juno magnetometer. (b) Continuous wavelet power
spectrum calculated from the wavelet analysis of B, fluctuations. Black lines on the wavelet power spectrum indicate the
integration range at 0.1f. and 0.4f;. for O* for the calculation of wave power. The cone of influence is indicated by the red
line and the red hatched area. (c) Wave power of the magnetic field fluctuations at characteristic frequencies of each ion
species for H*, He**, O, and S**. Gray bars indicate the time of the plasmoid event.

showed that 25% of the energetic sulfur ions were S*, 42% S**, and 33% S***. Therefore, we use the same charge
states of the heavy ions, O* and S**, which were used by Kronberg et al. (2019) for the analysis of the wave power
of the magnetic fluctuations at characteristic ion frequencies during the PM events.

4.2. Energy Spectral Index

The energy spectral index y represents a slope of the ion energy spectrum F;  E;”, where F; is the ion flux and E;
is the energy of the ions. y can be used to quantify the ion energy spectra and is calculated according to equation
6 in Kronberg and Daly (2013) by using the ion mean differential fluxes for two adjacent energy channels (F}
and F,) and the effective energies which are approximated by the geometric mean between the lowest energies
of the channels (E., and E.f,):

In (Fi/ F»)

" in (Eery/ Eer,) M

Since we are interested to see if energization of ions is present in the PMs, we look for a decrease of y inside the
PMs which is an indication for ion energization. In this study, we use ion intensity and ion mean differential flux
synonymously.
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Figure 3. (a): JUNO magnetometer data of the magnetic field components during the plasmoid event on DOY 229 of 2017. (b—e): Ion intensities for hydrogen, oxygen,
sulfur, and helium ions at different energy channels observed with Juno Energetic particle Detector Instrument. The intensities are averaged over a sampling interval
which we adjust for each ion species and energy channel separately according to Section 4.3. For further information see text in Section 4.4. (f—i): Spectral index y
calculated from the ion intensities shown in (b—e) for different energy ranges. The energy ranges represent the geometric mean between the lowest energies of the
neighboring channels. y for helium ions at 224-698 keV was not calculated for this event because the relative error in helium ion intensity at 376-1296 keV (panel (e))
is above 30%. The bands and bars in panels (b—e) show the relative error obtained from the Poisson statistical error of the counts and in panels (f—i) the uncertainty in y
using error propagation of the errors in the ion intensities and Equation 1. Gray bars indicate the time of the plasmoid signature.

4.3. Time Resolution of the JEDI Data

4.4. Plasmoid Event on 17 August 2017

In our analysis, the temporal resolution of the ion fluxes in each energy channel varies. We adjust the temporal
resolution of the data so that no data gap is present in the time period of one PM event and that the relative error,
which is obtained from the Poisson statistical error of the counts, is less than 30%. If both conditions can not
be fulfilled we discard the data of the ion species and energy channel for the particular PM event. The temporal
resolution of the ion intensity varies between 60 and 600 s with the most likely resolution above 300 s and the
best resolution (<200 s) for hydrogen ions in the lower energy channels (44-277 keV).

In Figure 3 we present the magnetic field data (panel (a)) and ion intensity data (panels (b)—(e)) of a plasmoid
event from orbit 8 on day 229 of 2017, when Juno was located at a radial distance of about 100 R, from Jupiter.
The plasmoid can be recognized by the bipolar fluctuation in the meridional magnetic field component shown by
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the blue line in the first panel, which resembles a magnetic signature during a tailward-moving plasmoid. B, is
positive and experiences an increase relative to the background B, at 08:39 UTC, then crosses zero and becomes
negative. About 14 min after the zero crossing B, becomes positive again. The plasmoid starts at 08:39 UTC
and lasts for about 23 min. The time interval of the plasmoid is indicated by the gray bars. The magnitude of the
radial component of the magnetic field (B,) and the total field magnitude decrease after the zero crossing in B,
at about 08:49 UTC, suggesting a magnetic loop structure. B, is mostly positive and experiences a short reversal
during the PM from 08:51 to 08:59 UTC which indicates that Juno approached the current sheet center from the
northern part of the current sheet. Figures 3b—3e show ion intensities at different energy ranges (44—1222 keV for
hydrogen, 382-1599 keV for oxygen, 498-1858 keV for sulfur, and 60-1296 keV for helium). A gradual increase
of the ion intensities can be observed already before the start of the PM (08:25 UTC) in most of the energy ranges.
Most of the intensities remain enhanced also after the end of the PM.

The JEDI data shown in Figures 3b—3e is time averaged over a time interval between 300 and 600 s. We adjust a
sampling interval for each ion species and energy channel separately so that it fulfills the conditions described in
Section 4.3. It is visible that the relative error of the intensity for the ions of higher energies is larger compared to
the ions of lower energies. Intensity of hydrogen ions at 44—73 keV for this event and temporal resolution of 300 s
has an average relative error of 7% whereas intensity of hydrogen ions at 557-1222 keV with temporal resolution
of 360 s has an average relative error of 28%. The intensity of helium ions at 376-1296 keV time averaged over
600 s shown in panel (e) does not fulfill the conditions from Section 4.3 because of an average relative error of
37% and will therefore be discarded for the statistical analysis.

Panels (f)—(i) of Figure 3 display the time profiles of the energy spectral index y for hydrogen, oxygen, sulfur, and
helium ions. Due to the large error bars a trend in the energy spectral index for most of the ions and energy ranges
can’t be resolved in this example. A slight decrease of y is visible in the hydrogen ions at 392-824 keV and oxygen
ions at 477-750 keV inside the PM. y for helium ions at 89—-224 keV increase during the PM.

The wavelet analysis for this event is shown in Figure 2. The wave power shows fluctuations at frequency bands
corresponding to H* of several orders of magnitude during the PM (blue line in (c)). The wave power of the magnetic
field fluctuations during the PM at frequency bands corresponding to O* and S** (about 3 - 10>-3 - 103 n'T?*/Hz)
is larger than those at frequency bands corresponding to H* and He** (about 10~'-10% nT?*Hz). This is because
the frequency bands for H* and He** are higher in the wavelet power spectrum due to larger ion gyrofrequencies
and the fluctuations of the power in the scalogram (see Figure 2b) are mostly located below 10~2 Hz. Comparing
the wave power in the time interval before the start of the PM signature (08:14-08:39 UTC) and during the PM
signature (gray bar), the wave power at all frequency bands starts to increase about 10 minutes before the PM
signature and reaches a local maximum inside the PM signature.

5. Results: Plasmoid Statistical Studies

In this section we present the results from the statistical analysis.

5.1. Ion Intensities and Wave Power During Plasmoid Events in the Vicinity of the Current Sheet Center

Kronberg et al. (2019) analyzed Galileo observations and showed that the intensity of heavy ions inside plas-
moids is strongly increased close to the current sheet center which indicates that the ions were accelerated inside
the plasmoids. Following Kronberg et al. (2019), we investigate if an increase is visible in the ion intensities
observed in selected plasmoids relative to the ion intensities observed before the start of the plasmoids in the
vicinity of the current sheet center. In the current sheet center the magnetic field component B, is equal to zero
and we use |B | as an indicator for the location of the spacecraft relative to the current sheet center during the PM
observations. In order to compare the ion intensities to the magnitude of B, we resample |B,| so it has the same
time resolution as the ion fluxes. Then, we define bins of a bin width of 2 nT for the magnitude of B, and distribute
the ion intensities in the bins. We calculate the mean of the ion intensities in each bin for time intervals of 25 min
before the start of the plasmoids and during plasmoids. We choose the time interval of 25 min in order to have at
least three measurements of ion fluxes from each PM event.

To quantify the increase of the ion intensity during plasmoids we introduce the factor a = Tinside,O-Z ot/ Tbefore,()-z AT

which is the relation between the mean of the ion fluxes inside (1 inside,o-z,ﬂ) and before the start of the PM
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Table 1

Relation a Between the Mean of the lon Fluxes Inside and Before the Start of the Plasmoids (PMs) Close to the Current Sheet Center and the Number of PM Events
Used for the Statistical Analysis for Different Cases

All Total R<100R, Total Total 85° <60 <95° Total ¢ > 100° Total
PMs?,P events® (R>100R)* events LT >4(LT<4)° events® (85° > 6 < 95°)* events® (¢ <100°)*  events®

Oxygen

382-597 keV 1.8 27 2.6 (0.7) 14 (11) 22(1.2) 16 (9) 3.5(1.3) 9 (16) 20(1.2)  10(15)

598-941 keV 1.2 25 2.6 (0.4) 15 (10) 1.9 (0.8) 15 (10) 3.9(0.9) 9 (16) 2.0 (0.6) 11 (14)

942-1599 keV 0.8 20 2.9 (0.2) 15 (5) 2.8 (0.5) 12 (8) 2.5(0.6) 9(11) 1.6 (0.3) 7(13)
Sulfur

498-759 keV 2.8 31 2.5(1.9) 15 (14) 2.9 (1.6) 18 (11) 2.8 (2.1) 12 (17) 232.2) 11 (18)

760-1151 keV 2.0 28 2.6 (1.2) 15 (12) 2.0 (1.2) 17 (10) 1.8 (1.4) 12 (15) 1.7 (1.7) 10 (17)

1151-1858 keV 1.5 26 2.8 (0.5) 15 (10) 2.6 (0.8) 15 (10) 3.2 (1.0) 10 (15) 2.1 (1.0) 10 (15)
Helium

60-133 keV 2.0 29 1.6 (1.7) 15 (14) 1.9 (1.1) 18 (11) 1.5 (1.6) 12 (17) 3.5(1.4) 10 (19)

135-375 keV 1.1 25 1.6 (0.7) 14 (12) 1.1 (0.6) 16 (10) 1.0 (0.6) 10 (16) 1.8 (1.0) 10 (16)

376-1296 keV 0.3 14 —(0.1) 11(3) —(0.1) 8 (6) —(0.2) 7(7) —(0.2) 3(11)
Hydrogen

44-73 keV 1.1 31 0.8 (0.9) 16 (15) 0.9 (0.6) 19 (12) 0.8 (0.8) 13 (18) 1.7 (0.9) 12 (19)

74-126 keV 1.2 31 1.1 (0.9) 16 (15) 1.1 (0.7) 19 (12) 1.0 (0.8) 13 (18) 1.0 (1.1) 12 (19)

127-277 keV 1.1 31 1.0 (1.0) 16 (15) 0.9 (0.7) 19 (12) 0.9 (0.9) 13 (18) 0.7 (1.0) 12 (19)

278-555 keV 1.7 27 2.0 (0.9) 14 (11) 1.9 (0.6) 18 (7) 1.9 (0.9) 12 (13) 0.9 (1.3) 10 (15)

557-1222 keV 1.5 15 2.1 (0.6) 11 (4) —(0.6) 7(8) —(0.9) 5(10) 1.6 (0.6) 6(9)

3 for different cases. Significant increase of ion intensities inside plasmoids is considered when a > 1.5 (marked in bold font). ®This case considers the statistical
analysis of all identified plasmoids. “Total number of events which were used for the statistical analysis in each case. The number depends on the conditions mentioned

in Section 4.3.

(ﬁcfam_o-zﬂ) in the 0-2 nT IB |-bin. For the calculation we take the upper (lower) limit of the 95% confi-
dence interval of Tiefore.0-2n7 and the lower (upper) limit of the 95% confidence interval of Tinside. 027 if

Toetore0-207 < Tinside,0-2n ( Tbefore.0-2n > Linside.0-2a7 ) fOr each ion species at each energy range. The 95% confi-
dence interval indicates that there is a 95% probability that the true mean of the data sample is included in the
range of the confidence interval. We use the bootstrapping method (Efron & Tibshirani, 1994) to calculate the
confidence interval from the data sample. The factor a represents the minimal increase of the ion intensities in
the PMs and is displayed for different classification cases in Table 1. If the confidence intervals of the ion inten-
sities before the PMs and inside the PMs overlap then a < 1.0. We consider a significant enhancement of ion
intensity close to the current sheet center when a > 1.5. The first column of Table 1 shows the calculated « for
oxygen, sulfur, helium, and hydrogen ions at different energy ranges for the 31 identified PM events denoted by
“all PMs.” Our aim is to examine how the location of the identified PM events in the Jovian magnetotail, such as
the radial distance to Jupiter or the latitudinal distribution, affects the ion intensities inside the PMs close to the
current sheet center. Therefore, we divide our study into different cases and analyze the selected PMs in these
special cases: (a) The radial distance R between the PMs and Jupiter is smaller (larger) than 100 R,, (b) Local
time of the observations is before (after) 04:00 LT, (c) The PM events are located close to the jovigraphic equa-
tor (colatitude 85° < @ < 95°), (d) The PM events are located at different longitudes. The longitudinal position
indicates the direction of the spacecraft crossing the current sheet center (see K. K. Khurana & Schwarzl, 2005).
The factor of minimum increase of different ion intensities and the number of events which were used for the
statistical analysis for each case are shown in Table 1.
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Figure 4. Statistical survey of 31 plasmoid (PM) events showing the dependence of the intensity of oxygen (a), sulfur (b), helium (c), and hydrogen ions (d) and (e) on
the position of the spacecraft with respect to the current sheet represented by |IB,|. IB,| is approximately zero in the center of the current sheet and becomes larger with
the distance from the center of the current sheet. Solid lines represent the ion intensity during the PMs and dashed lines the ion intensity in the time period of 25 min
before the start of the PMs. Colored bands and bars indicate the 95% confidence interval in the time period of 25 min before the start of the PM and during the PM,

respectively.

5.1.1. Oxygen, Sulfur, and Helium Ion Intensities

The results of the statistical analysis of the 31 PM events are shown in Figure 4. The minimal increase of the
ion intensities inside the plasmoid structures is quantified by a and is shown in the first column of Table 1 for
all PM events. The comparison between the ion intensities detected during the PMs (solid lines including error
bars) and before the start of the PMs (dashed lines including error bands) revealed a significant enhancement of
the intensities of the heavy ions, that is, oxygen ions at 382-597 keV and sulfur ions, inside the PMs close to the
current sheet center (I1B,| < 2 nT) shown in Figures 4a and 4b. The increase inside the PMs is larger for oxygen and
sulfur ions in the lower energy ranges (<600 keV for O and <760 keV for S) than in the upper energy ranges (see
Table 1). The oxygen ion intensities at the energy range of 382-597 keV are increased by an average factor of 1.8
inside the PMs compared to those before the PMs and the sulfur ion intensities at 498—759 keV are increased by
a factor of 2.8. Farther away from the current sheet center (I1B,| > 2 nT) no conclusion can be made about a signif-
icant increase or decrease of the intensities in all ion species and at all energy ranges inside the 31 PMs because
the error bars overlap (see Figure 4). Helium ion intensities in the energy range of 60—133 keV are increased by a
factor of two inside the PMs. Comparing the different classification cases in Table 1, it is visible that the increase
of sulfur and oxygen ion intensities inside the PMs is prominent in PMs with a radial distance less than 100 R, to
Jupiter, in PMs close to the jovigraphic equator, and PMs which were observed after 04:00 LT. About 85% of the
PM events close to the jovigraphic equator were observed after 04:00 LT in a radial distance less than 100 R,. For
the case of the PM events observed after 04:00 LT about 63% of the events were located in a radial distance less
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than 100 R, and 68% of the events were located close to the jovigraphic equator. A significant increase of the ion
intensities in the PMs is also observed for PM events which were detected at longitudes larger than 100°. In this
region we observed most of the south to north crossings where the spacecraft moves from the south of the current
sheet to its north which is indicated by the change of B, from a negative value to a positive value. The longitudinal
location of the south to north (north to south) crossings of the current sheet is in accordance with the study of
Khurana and Schwarzl (2005) (see their figure 13).

An enhancement of the helium ion intensities at 60-133 keV and at 135-375 keV is observed in several cases.
The results indicate that the heavy ions and helium ions are accelerated inside PMs and that the observed effec-
tiveness of the acceleration is dependent on the position of Juno during the plasmoid event.

5.1.2. Hydrogen Ion Fluxes

The statistical analysis of different classification cases revealed that a significant increase of the hydrogen ion
intensities in the PMs is not observed in the energy ranges 74-277 keV (see Table 1). Taking the error bars into
account, this is also visible in Figures 4d and 4e (orange and green lines) where no intensity increase of protons
inside the PMs is observed in these energy ranges. We observe a significant enhancement of the hydrogen ion
intensities at 278-555 keV and 557-1222 keV inside the PMs (see first column of Table 1). The most promi-
nent increase is visible in the hydrogen ion intensities at 278-555 keV for 14 and at 557-1222 keV for 11 PMs
observed in a radial distance less than 100 RJ from Jupiter (see third column of Table 1).

5.1.3. Energy Spectral Index

The analysis of the distribution of the observational probability of the energy spectral index y for different ion
species and energy ranges observed in the time interval of 25 min before the PM signatures and inside the PM
signatures does not reveal a significant difference. Also no significant differences in the y values are seen between
the light and heavy ions.

At several events a decrease of y inside the PM, which indicates the energization of the ions, is detected at
different times for different energy ranges of the ions. In order to calculate in how many PM events a decrease
of y is observed, we take the minimum values of y in the time interval of 25 min before the PM signatures
(Yoefore, min) @nd the minimum values of y inside the PM signatures (yp;,)- In Figure 5 we show the distribution
of the observational probability of yp ;. and 7.y i fOT different ion species and energy ranges. For sulfur ions
at 614-935 keV the probability is high to observe y;, ;. < 1 (see Figure 5b). Since the probability is smaller to
observe an energy spectral index in this range before the PM signature (¥ygyp. min)» the results indicate that sulfur
ions at 614-935 keV are energized inside some of the PMs.

Although the probability to observe y; ., in the range of 1 and 2 is higher than the probability for ¥y min fOT
oxygen ions at 477-750 keV, the results are not as obvious as for sulfur ions at 614-935 keV. The lighter ions do
not clearly show that the probability is higher to observe smaller values of y;, ;. than of yy.¢.. ... (see Figures 5c
and 5d). We consider a significant decrease of y inside the PM when yp 1 /Vctore, min < 0-8- Following this crite-
rion, a decrease of y at some point inside the 31 PMs was observed in about 29% of the events for oxygen ions,
in about 53% (40%) of the events for sulfur ions at 614-935 keV (935-1642 keV), in 35% (29%) of the events for
helium ions at 89-224 keV (224-698 keV), in 35% of the events for hydrogen ions at 56-96 keV, in 19% of the
events for hydrogen ions at 96-187 keV, in 20% of the events for hydrogen ions at 187-392 keV, and in 21% of
the events for hydrogen ions at 392-824 keV.

5.2. Relation Between Ion Intensities, Energy Spectral Index and Wave Power
5.2.1. Intensities Versus Wave Power

In Figure 6 we show the dependencies of the intensities for oxygen, sulfur, helium and hydrogen ions at different
energies on the wave power during the time of the observed PM signatures. The observed intensities (blue circles)
are broadly scattered in the plots. To get a better idea of the trend in the data we apply a non-parametric smoother
(LOESS) (Cleveland & Devlin, 1988) shown by the cyan line. The first and second columns of Figure 6 show
the oxygen and the sulfur ion intensities in dependence on the wave power of the magnetic fluctuations at charac-
teristic frequencies corresponding to the gyrofrequencies of O and S**, respectively. The heavy ion intensities
at the energy ranges <942 keV for oxygen and <1858 keV for sulfur ions start to increase with wave power for
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wave powers larger than 10 nT?/Hz until 300 nT?/Hz. Most of the observed oxygen and sulfur data points lie in
the wave power range between 10% and 103 nT?/Hz whereas the observed helium and hydrogen data points are
not confined to a wave power range (seen in Figures 6 and 7). Intensities of hydrogen ions at 44-73 keV and
557-1222 keV (not shown here) follow a similar distribution with wave power as hydrogen ions at 74-126 keV
and 278-555 keV, respectively. The spread of the data points of the intensity for hydrogen ions with wave power
is broader (as seen in the right column of Figure 6) than for the heavy ions. However, a slight increase of intensi-
ties of helium ions at energies <375 keV and hydrogen ions at energies <126 keV with wave power is visible. The
wave power range at characteristic frequency bands for the heavy ions (about 1-7,000 nT?/Hz) is significantly
higher than that for the light ions (about 107~100 nT%Hz for H* and 10~2-300 nT%*Hz for He**). Therefore,
we expect the energization of heavy ions to be more effective due to the resonant interaction with magnetic field
fluctuations than that of light ions.

5.2.2. Spectral Index Versus Wave Power

In Figure 7 we show the dependencies of the ion energy spectral index y at different energies on the wave power
at frequencies corresponding to the ion gyrofrequencies during the time of the observed plasmoid structures. The
spectral index was calculated with Equation 1 and the geometric mean of the energy ranges used for the calcula-
tion of y is indicated in Figure 7. The spectral index is broadly spread. y for all ion species and energy ranges does
not show a correlation with the wave power.

The reason that we do not observe a correlation between the energy spectral index and wave power might be the
coarse time resolution of our data. Especially fast accelerated hydrogen ions quickly leave the PM as shown by
the modeling in Kronberg et al. (2019).
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Figure 6. Dependencies of the ion intensities at different energy ranges on the wave power at characteristic frequency bands for O* (first column), S** (second
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column), He** (third column), and H* (fourth column) for 31 plasmoids. The observed fluxes are shown as blue filled circles. The cyan line shows the locally estimated
scatterplot smoothing method (LOESS) with 95% confidence intervals fitted to the observed fluxes.
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Figure 7. Dependencies of the energy spectral index y on the wave power at characteristic frequency bands for O* (first column), S** (second column), He** (third
column), and H* (fourth column) for 31 plasmoids. The energy ranges are the geometric means E,, of two neighboring channels. The calculated y is shown as green
filled circles. The cyan line shows the locally estimated scatterplot smoothing method curve with 95% confidence intervals fitted to the observed energy spectral index.
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Figure 8. Position of the Juno (circles) and Galileo (diamonds) spacecrafts during plasmoid (PM) events in the right-handed System III coordinates. The diamonds
show the locations of the PM events analyzed in the study of Kronberg et al. (2019). The colorbar gives information on the local time of each PM event. Dashed lines
indicate the position of the jovigraphic equator.

5.3. Comparison With Results From Galileo Observations

Kronberg et al. (2019) analyzed 14 PM events which were identified in the Galileo observations. The distribution
of the PM events observed with Galileo differs from those observed with Juno (see Section 3.1). The locations of
these 14 events are shown in the diamond shapes in Figure 8. All 14 events were located very close to the jovi-
graphic equator in a radial distance to Jupiter between 85 and 115 R,. The events were observed between 01:15
and 04:00 local time with most of them at around 02:20 LT. In the study of Kronberg et al. (2019), the comparison
between the sulfur and oxygen ion intensities during PMs and the ion intensities 25 min before PMs showed a
statistically significant increase of ion intensities during PMs not only close to the current sheet center but also
farther away (up to B, = 7 nT). The ion intensities for oxygen in the energy range of 51-112 keV/nuc (about
816-1,792 keV) and sulfur in the energy range of 62-310 keV/nuc (about 1984-9,920 keV) were increased by a
factor of 2 close to the current sheet center. Hydrogen ions at 345-822 keV/nuc did not show a change in the ion
intensities before and during the plasmoids close to the current sheet center.

We analyzed Juno observations of oxygen ions at energies between about 380 and 1600 keV and sulfur ions at
energies between about 500 and 1,860 keV. Compared to the study of Kronberg et al. (2019), we observe a larger
increase in the ion intensities for oxygen in the energy range of 942-1,599 keV and sulfur in the energy range
of 1,151-1,858 keV close to the current sheet center for the case of PM events located close to the jovigraphic
equator (see Table 1). However, only 13 PM events were located close to the jovigraphic equator and due to
limitations of the time resolution we used only 9 PM events for the statistical analysis of oxygen ions in the
energy range of 942-1,599 keV and 10 PM events for the statistical analysis of sulfur ions in the energy range of

BLOCKER ET AL.

14 of 17

85UB0| SUOLILLIOD 8A 18810 3|dedl|dde 8y Aq pausencb are sejone VO ‘88N JO Sa|ni o} Afeiq)T8ul|UQ A8]IA UO (SUORIPUOD-PUR-SWLB)/LI0O" A3 1M AeIq | Ul UO//:SdNY) SUORIPUOD PUe SWwis | 8U38eS *[£202/60/T] uo AriqiTauluo A|im ‘Auewo aueiyood Aq 09v0E0VEZZ02/620T OT/I0p/wod A8 |im Arelq1jutjuosqndnBey/:sdny wouj pepeojumoq ‘g ‘220z ‘Z0v66912



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2022JA030460

1,151-1,858 keV. Furthermore, we see an increase of hydrogen ion intensities by a factor of about 2 in the energy
range of 278-555 keV close to the current sheet center.

Kronberg et al. (2019) concluded that plasmoids with higher electromagnetic turbulence lead to stronger accel-
eration of oxygen and sulfur ions. They showed a nonlinear increase of heavy ion intensities and a decrease of
the energy spectral index with wave power of the B, magnetic field fluctuations at the frequency ranges corre-
sponding to gyrofrequencies of the O* and S*+ ions. Oxygen intensities at all observed energy ranges from 26 to
562 keV/nuc (about 416-8,990 keV) and sulfur intensities at 62-310 keV/nuc (about 1,984-9,920 keV) started
to increase from wave power in the order of 10 nT?/Hz. Although we calculated the wave power from B, , in our
study and not from the north-south magnetic field component as Kronberg et al. (2019), we also see an increase
of the oxygen and sulfur ion intensities from wave power >10 nT%Hz corresponding to gyrofrequencies of the
Ot and S** ions (see Figure 6). However, Kronberg et al. (2019) showed that sulfur intensities at lower energies
30-62 keV/nuc (960-1,984 keV) start to increase from wave power >1 nT%Hz at corresponding S** gyrofre-
quency band. A decrease of the energy spectral index of the heavy ions with wave power at corresponding O+ and
S** gyrofrequency ranges is not visible in our observations and therefore a conclusion how the electromagnetic
turbulence affects the energization of heavy ions during the PMs is not possible.

Test particle simulations performed by Kronberg et al. (2019) yielded that electromagnetic turbulence in plas-
moids plays an essential role in the acceleration of hydrogen, oxygen, and sulfur ions. In both studies derived
from Galileo and Juno observations, a significant increase of intensity and decrease of energy spectral index of
hydrogen ions at all analyzed energy channels are not correlated with wave power. The modeling in Kronberg
et al. (2019) showed that the fast accelerated protons quickly leave the plasmoid and therefore a correlation of
hydrogen ions with the wave power might not be visible due to the time and energy resolution of the data. The
protons are accelerated due to electromagnetic fluctuations during the first 150 s. The time resolution of the
fluxes measured with Galileo vary between 180 and 660 s whereas the time resolution of the fluxes measured
with Juno vary between 60 and 600 s in our study with the most probable time resolution >200 s. Therefore, the
time resolution of the Juno data might also be too coarse in order to observe acceleration effects of the hydrogen
ions in the energies <1,222 keV due to electromagnetic turbulence. The most probable energy to be observed
during a time interval of 200 s according to simulations is higher than the energy range analyzed here (>2 MeV)
(see Kronberg et al., 2019). Although simulations suggest that O* resonantly interacts with electromagnetic
fluctuations during a time period of 400 s (see figure 9 in Kronberg et al., 2019), a change of the energy spectral
index with wave power is not visible in our data. The S** ions are resonantly accelerated during the first 50 s and
then leave the plasmoid quickly because of their large gyroradii (see figure 9 in Kronberg et al., 2019). Their most
probable energy to be observed is larger than the energy of the sulfur ions we analyze in this study.

6. Summary and Conclusions

In this study we used Juno's MAG and JEDI observations and investigated the effectiveness of ion energization
and acceleration in plasmoids in the Jovian magnetotail and how the ion acceleration inside the plasmoids is
affected by the location of the plasmoids. In the MAG data of Juno's first 16 orbits of Jupiter (July 2016—October
2018) we identified 31 plasmoid events which were close to the current sheet center during the plasmoid signa-
ture and were embedded in a quiet magnetic field environment. We have examined the statistical properties of
oxygen (382-1,599 keV), sulfur (498-1,858 keV), helium (60-1,296 keV), and hydrogen (44-1,222 keV) ions
inside the plasmoids and in a time interval of 25 min before the start of the plasmoids similar to the study of the
plasmoids detected in Galileo data by Kronberg et al. (2019). We analyzed the relation between the ion intensity,
wave power, energy spectral index and the distance from the current sheet center during the plasmoid events. Our
statistical analysis yielded the following results:

1. Intensities of heavy ions were more likely to be enhanced close to the current sheet center in the PMs than
those of the lighter ions. The enhancement of heavy ion and hydrogen ion intensities at 278—1,221 keV inside
the plasmoids compared to the ion intensities before the start of the plasmoids was prominent in PMs which
were detected in a radial distance less than 100 R, to Jupiter, close to the jovigraphic equator, and after 04:00
LT. At lower energy ranges (44-277 keV) the hydrogen ions did not show a significant increase. Further-
more, a significant increase of heavy ion intensities was observed in PMs which were identified at longitudes
larger than 100°, where the spacecraft moved from the southern part to the northern part of the current sheet.
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Intensities of helium ions in the energy range of 60—133 keV were increased by a factor of about two inside
the PMs close to the current sheet center. The results indicate the acceleration of heavy ions, helium ions at
60-375 keV and hydrogen ions at 278-1,222 keV inside PMs with the observed efficiency of the acceleration
being dependent on the location and local time of the PMs.

2. A significant decrease of the energy spectral index inside the PMs was observed in more than 50% of the PM
events for sulfur ions at 614-935 keV while only in about 20% of the events a decrease of y was observed for
hydrogen ions at energies >96 keV.

3. An increase of the heavy ion intensities with wave power at energy ranges <942 keV for oxygen and
<1,858 keV for sulfur ions inside the PMs was shown for wave power >10 nT*Hz whereas no significant
increase of ion intensities with wave power was seen for helium and hydrogen ions.

4. No correlation was visible between the wave power and the energy spectral index for all ion species and
energy ranges inside the PMs. Therefore, no conclusions can be made here about the nonadiabatic ion acceler-
ation as a consequence of resonant interactions with the magnetic field fluctuations as it was shown for heavy
ions in plasmoids observed with Galileo by Kronberg et al. (2019).

The time resolution of the fluxes might be too coarse for the investigation of the influence of the magnetic field
turbulence on the acceleration of ions during the PMs. Further investigations are required on how electromagnetic
turbulence affects ion acceleration inside plasmoids. A better temporal resolution of the data and available ion
plasma moments would be helpful for further investigations. With ion plasma moments the spatial sizes of the
analyzed PMs can be estimated. The size of the PM could give indications how much time the particle spends
inside the PM and the gain of energy of the particle before it escapes the system.

Data Availability Statement

Juno MAG data used in this study were the 1-s PC files from data set “JNO-J-3-FGM-CAL-V1.0.” Juno JEDI
data were from the data set “JNO-J-JED-3-CDR-V1.0.” The data sets can be found on the Planetary Data System
at https://pds-ppi.igpp.ucla.edu/. The data analysis was done with Python using SciPy and seaborne packages
among others.
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