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A leap forward in our understanding of particle energization in plasmas throughout the
heliosphere is essential to answer longstanding questions in heliophysics, including the
heating of the solar corona, acceleration of the solar wind, and energization of particles that
lead to observable phenomena, such as the Earth’s aurora. The low densities and high
temperatures of typical heliospheric environments lead to weakly collisional plasma
conditions. Under these conditions, the energization of particles occurs primarily
through collisionless interactions between the electromagnetic fields and the individual
plasma particles with energies characteristic of a particular interaction. To understand how
the plasma heating and particle acceleration impacts the macroscopic evolution of the
heliosphere, impacting phenomena such as extreme space weather, it is critical to
understand these collisionless wave-particle interactions on the characteristic ion and
electron kinetic timescales. Such understanding requires high-cadence measurements of
both the electromagnetic fields and the three-dimensional particle velocity distributions.
Although existing instrument technology enables these measurements, a major challenge
to maximize the scientific return from these measurements is the limited amount of data
that can be transmitted to the ground due to telemetry constraints. A valuable, but
underutilized, approach to overcome this limitation is to compute on-board correlations of
the maximum-cadence field and particle measurements to improve the sampling time by
several orders of magnitude. Here we review the fundamentals of the innovative field-
particle correlation technique, present a formulation of the technique that can be
implemented as an on-board wave-particle correlator, and estimate results that can be
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1 INTRODUCTION

One of the key goals in heliophysics and astrophysics is to
discover and characterize the processes controlling the flow of
energy and the impact of that energy on the evolution of the space
plasma environment. For example, although the source of energy
in the heliosphere is nuclear fusion occurring at the heart of the
Sun, the mechanisms which mediate the flow of some fraction of
that energy into the solar corona—where it ultimately heats the
coronal plasma to temperatures in excess of one million
Kelvin—remain poorly understood. In particular, the
fundamental plasma physics mechanisms of turbulence,
magnetic reconnection, shocks, and instabilities (e.g., see
Howes, 2017; Hesse and Cassak, 2020; Verscharen et al., 2019;
Wilson et al., 2021b,Wilson et al., 2021a, and references therein)
play crucial roles in mediating the transport of energy in space
and astrophysical plasmas, and have been identified as grand
challenge problems in the 2013-2022 Decadal Survey in Solar and
Space Physics by the National Research Council.

Under the typically low-density and high-temperature
conditions of turbulent plasmas in the heliosphere and
planetary magnetospheres, the energization of particles occurs
primarily through the collisionless interaction between the
electromagnetic fields and the individual plasma particles
(Howes, 2017; Wilson et al., 2018). To understand how the
consequent plasma heating and particle acceleration impacts
the macroscopic evolution of the heliosphere, driving
phenomena such as extreme space weather, it is critical to
understand these collisionless wave-particle interactions on
their characteristic ion and electron kinetic timescales. Such
understanding requires high-cadence measurements of both
the electromagnetic fields and the three-dimensional particle
velocity distributions. Although existing instrument technology
enables these measurements, a major challenge to maximize the
scientific return from these measurements is the limited amount
of data that can be transmitted to the ground due to telemetry
constraints. A valuable, but not widely used, approach to
overcome this limitation is to compute on-board correlations
of the maximum-cadence field and particle measurements. Here
we propose a novel spacecraft mission concept focused on the
coordinated operation of field and particle instruments that has
the potential to achieve an improvement in sampling time by
orders of magnitude, opening the door for transformative
progress in our understanding of particle energization in the
heliosphere.

Nonlinear plasma kinetic theory dictates that the collisionless
interactions between the electromagnetic fields and charged
particles in weakly collisional heliospheric plasmas necessarily
lead to correlations between the fields and fluctuations in the
particle velocity distributions. This fundamental insight lead to

the recent develoment of the field-particle correlation technique
(Klein and Howes, 2016; Howes et al., 2017; Klein et al., 2017),
which employs single-point measurements of the electromagnetic
fields and particle velocity distributions to determine not only the
net energy transfer between the fields and particles, but also how
that transferred energy is distributed in particle velocity space. A
variation of this technique, denoted the Particle Arrival Time
Correlation for Heliophysics (PATCH) method (Verniero et al,,
2021b), was devised specificially for implementation with on-
board wave-particle correlator  instrumentation. These
developments provide a solid theoretical foundation for the
pursuit of a new mission based on novel wave-particle
correlator instrumentation.

1.1 History of Wave-Particle Correlator

Instrumentation

Several previous rocket and spacecraft missions have indeed
sought to perform on-board mathematical correlations
between field measurements and particle measurements at the
same point in space, thereby preserving the valuable phase
information needed to establish definitively an interaction
between the fields and particles. The earliest attempts to
identify wave-particle interactions in space plasmas sought to
measure the phase bunching of resonant electrons predicted to
occur in the presence of sufficiently large-amplitude Langmuir
wave fluctuations (Melrose, 1986). On-board particle auto-
correlator instruments were developed to detect electron phase
bunching at f ~ 10° Hz frequencies in the auroral ionosphere,
even when electron count rates were v < 10° Hz (Spiger et al.,
1974; 1976; Gough, 1980; Gough et al., 1980), providing a critical
foundation for the subsequent development of wave-particle
correlators.

The first conclusive wave-particle correlator, that performed a
direct correlation of the arrival times of electrons with the phase
of the high-frequency wave field, flew on a sounding rocket in the
auroral zone (Ergun et al, 1991a; b). This experiment indeed
detected electron phase bunching during periods of intense
Langmuir waves, driving subsequent theoretical work to
develop refined theoretical predictions for finite-size Langmuir
wavepackets (Muschietti et al., 1994). A wave-particle correlator
was attempted on the Wind spacecraft (Wilson et al., 2021a
between the WAVES and 3DP instruments but it did not
correctly trigger. Another wave-particle correlator was flown
on the NASA Combined Release and Radiation Effects Satellite
(CRRES), computing correlations onboard between the Low
Energy Plasma Analyzer and the electric field/Langmuir probe
instrument (Watkins et al., 1996), and later a refined wave-
particle correlator was implemented as a component of the
Fields instrument on the FAST spacecraft (Ergun et al., 1998,
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2001). Subsequent development lead to an improved wave-
particle correlator design with higher phase resolution than
previous instruments, flown on an auroral sounding rocket,
which measured the reactive component of the electron phase
bunching in a Langmuir wave (Kletzing et al., 2005; Kletzing and
Muschietti, 2006). Further developments in wave-particle
correlator instrumentation have continued (Fukuhara et al,
2009), with the latest implementation of a Software-type
Wave-Particle Interaction Analyzer (S-WPIA) on-board the
Japanese Arase spacecraft (Miyoshi et al., 2018) to study the
energy transfer process between energetic electrons and whistler-
mode chorus emissions in the Earth’s inner magnetosphere
(Katoh et al., 2013; Katoh et al., 2018).

All of these previous wave-particle correlator instruments
were specially designed to explore the energy transfer to
particles from waves that have frequencies at or above the
particle detector counting rate, f > v, for example studying the
interaction of electrons with whistler waves or Langmuir waves in
the Earth’s magnetosphere. But the Alfvénic turbulent
fluctuations in the magnetosheath, solar wind, and solar
corona have a much lower frequency than the whistler and
Langmuir wave fluctuations of interest in the magnetosphere.
Furthermore, current spacecraft missions—such as the
Magnetospheric Multiscale (MMS) (Burch et al., 2016), Parker
Solar Probe (Bale et al., 2016; Fox et al., 2016; Kasper et al., 2016;
Whittlesey et al., 2020; Livi et al., 2021), and Solar Orbiter (Miiller
et al, 2013) missions—boast fast, three-dimensional particle
velocity measurements at a sampling rate approaching or
surpassing the frequency of the fluctuations involved in the
collisionless transfer of energy between fields and particles, f <
». These unprecedented measurement capabilities, coupled with
recent advances in plasma kinetic theory for determining particle
energization from single-point measurements of electromagnetic
field and particle velocity distribution measurements (Klein and
Howes, 2016; Howes et al., 2017; Klein et al., 2017), make possible
an entirely new approach to understanding particle energization
using an on-board field-particle correlator, providing a strong
motivation for the mission concept proposed here.

2 MATERIALS AND EQUIPMENT

In this section, we describe the heritage Electrostatic Analyzer
(ESA) particle  instrumentation,  electromagnetic  fields
instrumentation, and electronics digital processing units (DPUs)
that comprise the base elements upon which an onboard wave-
particle correlator instrument would be designed. The specific
details arise from two of the key instrument suites on the Parker
Solar Probe (PSP) mission: 1) the Solar Wind Electron Alphas and
Protons (SWEAP) investigation (Kasper et al., 2016) that measures the
core (thermal) plasma populations; and 2) the FIELDS investigation
(Bale et al., 2016) that measures the two-dimensional electric and
three-dimensional magnetic fields.

2.1 Electrostatic Analyzer Instruments
Three of the four SWEAP sensors on PSP are electrostatic
analyzers (2 electron and 1 ion) that detect single particles and

On-Board Wave-Particle Correlators

return total accumulated counts within a short ( ~1 ms) time
interval that represents only one point in phase space (Kasper
etal., 2016; Whittlesey et al., 2020; Livi et al., 2021). Even though
this intrinsic time resolution may seem short, it is long compared
to the time duration of some field-particle interactions. The goal
is to use on-board electronics to correlate the particle counts from
the electrostatic analyzer instruments with measurements of the
electromagnetic fields simultaneous with the particle detections,
yielding a new instrument denoted an Integrated Field-Particle
Correlator (IFPC) instrument.

Current heritage instrument operational parameters are listed
in Table 1 compared to the predicted requirements for an IFPC
ion and electron instruments. Note that the requirements for ions
and electrons are different. Although the process for modifying
the SPAN-E heritage sensor to perform onboard field-particle
correlation measurements is identical for jons and electrons
(excepting the micro-channel plate supply modification), the
science requirements for the electron IFPC and the ion IFPC
are different, with electron IFPC requiring a substantially faster
measurement cadence. Increasing the measurement cadence of
the heritage electron instrument is achievable with an increase in
consumed instrument power (currently ~2 W depending on the
area of phase space being scanned at the time) and additional
modifications to the Field-Programmable Gate Array (FPGA)
design.

In the heritage wave-particle correlator instrument on Parker
Solar Probe, SPAN-E, the correlator subsection is located on
another board: in the case of PSP, the SPAN-E particle counts
from either one or many anodes are summed together into a
single channel, and are sent to the FIELDS suite, where they are
correlated onboard the Time Domain Sampler (TDS) board (Bale
et al., 2016). Modifications to implement an IFPC require
upgrading the heritage instrument’s digital board and FPGA
to preserve the angular resolution from the individual separate
anodes in the correlation with electric and magnetic fields signals.
The optimal method of doing this is to modify the FPGA
firmware to perform correlations onboard the heritage
instrument, where all 16 anodes’ channels are preserved
separately, instead of running 16 output signals to an external
instrument, which would then need 16 dedicated channels to
process the correlations separately. Thus, instead of conducting
correlations on a summation of 16 channels’ worth of signal with
fields externally, we propose to introduce new input channels to
the SPAN-E Engineering Test Unit's (ETU) digital board to
perform correlations internally.

2.2 Electromagnetic Fields Instruments
The detailed specifications of the electromagnetic fields
instruments on Parker Solar Probe are presented in Bale et al.
(2016), and so we only briefly describe the relevant fields
instruments to be incorporated into a proposed IFPC here.
The electric fields essential to the computing field-particle
correlations that probe the rate of energization of particles (see
Section 3.1) are measured using four voltage sensors deployed in
nearly orthogonal, co-linear pairs slightly behind the plane of the
spacecraft heat shield. These voltage sensors are implemented as a
current-biased resistively-coupled double probe instrument.
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TABLE 1 | Heritage electrostatic analyzer for electrons (SPAN-E) measurement performance and predicted performance requirements of proposed ion and electron

Integrated Field-Particle Correlator (IFPC) instruments.

Energy Range Cadence

SPAN-E 5eV - 30 keV 0.218s 3D VDF
IFPC i 10eV-2 keV 0.3s 3D VDF
IFPC e~ 5eV-5 keV 0.06s 3D VDF

Providing measurements at 2M samples/s, this instrument
returns two-component electric field measurements over a
bandwidth from DC up to 1 MHz. A calibration procedure to
process these voltage measurements and return 2D electric field
data is detailed in Mozer et al. (2020).

The magnetic fields are measured using both fluxgate and
search-coil (induction) magnetometers mounted on a deployable
boom. The fluxgate magnetometers measure the 3D magnetic
field at 293 samples/s, covering a bandwidth from DC up to
140 Hz, with dynamic range of 65,536 nT and a resolution of 16
bits. The search-coil magnetometer measures all three
components of the AC magnetic signature of solar wind
fluctuations, from 10 Hz up to 50 kHz and a single component
from 1kHz to 1 MHz.

The wide bandwidth and dynamic range of these electric and
magnetic field instruments allows FIELDS to investigate
transients caused by interplanetary shocks and reconnection,
the turbulent cascade beyond the electron kinetic scale, and
also numerous plasma wave modes. Within different plasma
environments in the heliosphere, these processes are predicted
to play a role in the energization of particles. These heritage
instruments are sufficiently capable that, when integrated with
the particle instrumentation described in Section 2.1, an IFPC
can be developed to provide high-cadence and long-time
statistical sampling of the heliospheric plasma dynamics to
discover and characterize the dominant mechanisms of
particle energization.

2.3 Electronic Digital Processing Units

The FIELDS instrument on Parker Solar Probe includes a
waveform capture instrument which is intended to capture
voltage time-series waveform bursts, V(f), from the FIELDS
detectors. The FIELDS Time Domain Sampler (TDS) samples
five analog voltage channels at a sampling speed of ~ 2M samples/
s. This can include sampling any of the five FIELDS voltage
probes (V1, V2, V3, V4 or V5) or the dipoles formed by sampling
V1-V2 or V3-V4. In addition, the TDS can sample one mid-
frequency winding of the magnetic search coil sensor.

TDS bursts are triggered to allow the capture of waveforms
using a peak triggering mechanism. Triggered bursts are saved to
catalog of bursts in instrument memory. Evaluation of waveforms
using a combination of waveform RMS amplitude and waveform
frequency provide selection criteria for sending “interesting”
waveforms to the ground.

The TDS also incorporates a single-channel wave-particle
correlator on Parker Solar Probe, as depicted in the diagram in

# Of phase Space Bins

AE/E AB x A¢ Field of View
256 7% 6" x 3.75° 247° x 120°
- <10% 15° x 10° 180° x 30°
- <10% 10° x 10° 200" x 90°

Figure 1. The additional of a single connection (red) directly
between the SWEAP Electronics Module (SWEM) and the
FIELDS Time Domain Sampler (TDS) enables a simple
implementation of a wave-particle correlator. In addition to
the five analog channels of the TDS described above, each
sampled at 2M samples/s, or 500 ns/sample, the TDS
simultaneously counts incoming particles from the SWEAP
instrument in an accumulator. As the analog samples are
acquired during each 500ns sampling period, the number of
accumulated particle pulses are also sampled and stored in TDS
instrument memory. In this way, complete TDS bursts are
returned to the ground with high-time resolution waveforms
of electric and magnetic field values obtained simultaneously with
the corresponding particle count time series.

The wave-particle correlator implemented on Parker Solar
Probe is rather limited in capability relative to the IFPC proposed
here, and was included primarily as a proof-of-principle
demonstration of a correlator instrument. Some of the
shortcomings of this limited implementation are: 1) the duty
cycle of selected events is extremely small; 2) correlations are not
done on board, and thus there is no way to trigger on correlated
events; 3) the on-board burst selection criteria is based only on
wave amplitude, not on field-particle correlations; and 4) only a
single point in phase space (1 of 16 anodes) can be correlated at
a time.

3 METHODS

In this section, we explain how the field-particle correlation
technique is derived from the Boltzmann equation for the
evolution of a weakly collisional plasma, detail refinements of
the implementation of the technique for application to the
discrete phase-space measurements of the particle velocity
distributions provided by modern electrostatic analyzer
instruments, describe modifcations of the technique for
application to on-board wave-particle correlator
instrumentation, and finally present the proposed design of a
multi-channel, dedicated On-Board Wave-Particle Correlator
instrument.

3.1 The Field-Particle Correlation Technique
The nonlinear evolution of a kinetic plasma is governed by the
Maxwell-Boltzmann equations. Under the weakly collisional
conditions typical of heliospheric plasmas, we can drop the
collision term in the Boltzmann equation, which is
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(Faraday Cup)

SWEM (DPU)

FIELDS

s/CDP

FIGURE 1 | The SWEAP/FIELDS interface on PSP: the Wave-Particle Correlator (WPC). The additional hardware (mass resource) consists of a single cable (red)
that allows the SWEAP and FIELDS instruments to communicate to each other without the need to pass through the spacecraft interface. Wires in this cable conduct a
200 ns long particle pulse signal every time a particle is detected in a SPAN. From Verniero et al. (2021b).

unnecessary to describe the collisionless transfer of energy
between fields and particles, to obtain the Vlasov equation.

To explore the energy transfer between fields and particles, we
define the phase-space energy density for a particle species s by w;
(r,v, t) = msvzfS (r, v, 1)/2. Multiplying the Vlasov equation by
m*/2, we obtain an expression for the rate of change of the
phase-space energy density,

aws(r,v,t)__ v of, gV ofs
a ov 2 v

. (D)

Integrating over all velocity space and all physical space
eliminates the first and third terms (Howes et al, 2017),
yielding an equation for the rate of change of the energy W,
of a particle species s

ow,_ 3/3 v of, ,/3(/3 ) ,/3 . )
T /dr &'V 4. o E= &r( |dv qvf, )-E = |[drj -E (2

where an integration by parts in velocity has been used between
the second and third forms above. This expression shows that
the change in species energy W, is due to work done on that
species by the electric field, j; -E. The two middle expressions
also make clear the concept that measurements of the electric
field E and particle velocity distribution f(v) contain
sufficient information to determine the rate of energy
transfer between the fields and particle species s.

Unfortunately spacecraft measurements provide information
on the fields and particle velocity distributions at only one (or, for
multi-spacecraft missions, a few) points in space as a function of
time, a spatial sampling that is insufficient to perform the spatial
integration in Eq. 2. To determine the energy transfer between
fields and particles at a single point in space, we return to Eq. 2
which provides the rate of change of phase-space energy density
Ow; (ro, v)/0t at a single point in space ry.

From the previous analysis, we know that only the second term on
the right-hand side of Eq. 1, — g, (v*/2)E - 9f/0v, leads to a net change
of particle energy when integrated over position and velocity.

However, if the fields are oscillatory in time—for example, in the
case of plasma turbulence—this term includes both contributions
from the conservative oscillating energy transfer associated with
undamped wave motion and from the secular energy transfer
associated with the collisionless damping of the turbulent
fluctuations (Klein and Howes, 2016; Howes et al, 2017). To
eliminate the often larger amplitude oscillating energy transfer, we
perform an unnormalized correlation (essentially a sliding time-
average) between the particle and field measurements over a
suitable correlation interval 7.

Note that the optimal choice of correlation interval T depends on
the physical mechanism under investigation. For turbulent
fluctuations damped by collisionless wave-particle interactions
(through resonant mechanisms such as Landau damping or ion
cyclotron damping or other mechanisms such as stochastic ion
heating, for example), it is generally necessary to choose an
interval 7 that is longer than several of the oscillation periods of
the turbulent fluctuations at the scales suffering the collisionless
damping (Klein and Howes, 2016; Howes et al., 2017; Klein et al,
2017).

To help diagnose the nature of the physical mechanism
governing the energization of the particles, it is beneficial to
separate out the contributions to the dot product in the second
term on the right-hand side of Eq. 1 from the different
components of E. For some cases, such as plasma turbulence,
it can be beneficial to decompose E in a field-aligned coordinate
(FAC) system, (E, 1, E,,, E}). Thus, the field-particle correlations
for each of the components' are given by

_ V_ﬁafs(ro,v,t)

CEH (v, t,7) = C( qs ) av" , Ej (1o, t)) (3)

"Note that the physically essential boundary condition that f(v) — 0 as |v| — e can
be exploited to reduce the v* factor in the jth component of the dot product to v?
(Klein et al., 2017).
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FIGURE 2 | Velocity-space signatures from the application of the field-particle correlation technique to numerous kinetic particle energization mechanisms: (A)
gyrotropic velocity-space signature from the standard parallel field-particle correlation Cg, (v, v, ) for ion Landau damping in a gyrokinetic simulation of plasma turbulence
(Klein et al., 2017); (B) parallel field-particle correlation for transit-time damping by the magnetic mirror force Csg, (v, v..) for alinear kinetic Alfvén wave; (C) perpendicular
field-particle correlation Cg, (v, v, ) for ion cyclotron damping from a hybrid Viasov-Maxwell simulation of high-frequency plasma turbulence (Klein et al., 2020); (D)

total field-particle correlation Cg (v}, v,) for electron heating from a numerical model of magnetic pumping (Montag and Howes, 2022); (E) parallel field-particle correlation
Ct, (v}, v, ) for electron energization from a strong-guide field reconnection simulation (McCubbin et al., 2022); and (F) velocity-space signature of shock-drift
acceleration Cg, (vx,vy) from a Vlasov simulation of a perpendicular collisionless shock with Alfvén Mach number M =5 (Juno et al., 2021).

Uz [Vt

2 0f(ro, v,
Co,, (1,7) = C(‘qsvz“ %
11

Ce, (V,1,7) = C<—qu§2 o o v. 0 ;"’v’ 2
12

» By (xo, t)) 4

)ELZ (1'0, t)) (5)

Here, the unnormalized, time-centered correlation C (A, B) is
essentially a sliding time average, and is defined at the discrete
measurement time ¢; by

1 i+n/2
C(A,B)== ) AB,
j=i-n/2

(6)

for quantities A and B, which together as a product represent a
rate of change of energy density, measured at discrete times t; =
jAt, with their product averaged over n measurements over a
correlation interval of duration 7 = nAt (Klein et al., 2017).
Applying this correlation to a time series of electric field and
particle velocity distribution measurements at a single point
yields the velocity-space signature of the secular energy transfer.

In general, each component E; of the electric field yields a
signature in three-dimensional velocity space (3V). To aid in
visualization of the rate of energy transfer in velocity space, it is
useful to reduce these 3V determinations to a two-dimensional
form for ease of visualization. The optimal choice for such a two-
dimensional reduction depends on the physical process under
investigation. In the case of plasma turbulence, the typically
low-frequency dynamics (relative to the cyclotron

frequencies of the particle species) can be usefully
represented in the 2V gyrotropic phase space (v, v.),
where one integrates over the gyroangle about the
magnetic field to obtain variations as a function of the
perpendicular velocity coordinate 2 +4v2,. For
collisionless shocks, which generate decidedly agyrotropic
distributions, one may integrate a general 3V velocity space
(Vx> vy, v2) over each velocity dimension separately, obtaining
three 2V representations (v,, vy), (vy, v;), and (v, v,).

The application of the field-particle correlation technique
yields a velocity-space signature of the rate of particle
energization as a function of velocity. The qualitative and
quantitative features of this velocity-space signature can
typically be used to identify the physical mechanism
responsible for the particle energization. In Figure 2, we show
the velocity-space signatures of six different kinetic particle
energization mechanisms, all of which are sufficiently unique
to distinguish one mechanism from another. From a simulation
of weakly collisional electromagnetic turbulenceina 8;=1 and Ty/
T, = 1 plasma using the Astrophysical Gyrokinetics Code
(AstroGK) (Numata et al, 2010), we plot in 1) the velocity-
space signature of ion Landau damping using a visualization of
the standard parallel field-particle correlation Cg, (v, v.) on the
gyrotropic velocity-space (Klein et al., 2017). The characteristic
signature of Landau damping shows a loss of energy (blue) below
the resonant velocity (vertical dashed line at vy/v,, = 1) and a gain
of energy (red) above, corresponding to the familiar quasi-linear
flattening of the distribution function (Howes et al., 2017). In

v, =
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panel 2) is the velocity-space signature of transit-time damping
(Barnes, 1966) of a linear kinetic Alfvén wave in a f3; = 3 plasma
due to the magnetic mirror force — uV|B| acting on the magnetic
moment of the particle’s gyromotion y = mv?/(2B), given by
Csp, (v, v1), where V| is the gradient along the magnetic field. In
panel 3) is plotted the velocity-space signature of ion cyclotron
damping Cg, (v, v,) from a Hybrid Vlasov-Maxwell (HVM)
(Valentini et al, 2007) simulation of high-frequency plasma
turbulence (Klein et al., 2020). In panel 4) is plotted the total
field-particle correlation Cg (v, v,) for electron heating from a
numerical model of magnetic pumping (Montag and Howes,
2022). In panel 5) is plotted the velocity-space signature of
electron energization from a gyrokinetic simulation of
magnetic reconnection in the strong-guide-field limit in a j3; =
0.01 plasma (McCubbin et al, 2022) using the parallel field-
particle correlation Cg, (v}, v.). Finally, from a Gkeyll Vlasov
simulation (Juno et al., 2018) of a perpendicular collisionless
shock with Alfvén Mach number M, = 5, we show the velocity-
space signature of shock-drift acceleration CEy(vx,vy) (Juno
et al,, 2021). Together, these results show that the velocity-
space signatures of these different kinetic energization
mechanisms are qualitatively and quantitatively unique,
providing a “Rosetta stone” for the identification of the
physical mechanisms of particle energization. The results also
strongly motivate the development on a dedicated instrument to
provide velocity-space signatures from onboard computations of
high-cadence field-particle correlations.

3.2 Refinements of the Implementation for
Analysis of Spacecraft Measurements

The application of the field-particle correlation technique to data
from kinetic simulations codes using a continuum representation
of velocity space—where a complete grid of velocity space points
is known at each point r in configuration space—is relatively
straightforward. Specifically, one can simply implement a finite
difference, or other discrete representation, of the derivative in
velocity space needed in the field-particle correlations Eqs. 3-5.
But for kinetic simulations codes that employ a Monte-Carlo
sampling of velocity-space at a disordered set of velocity points
(Juno et al., 2022), or for spacecraft instruments where the
velocity phase-space measurements may not be uniformly
distributed (Chen et al, 2019; Afshari et al, 2021), the
computation of the velocty-space derivative df,/0v represents a
non-trivial exercise. Here we describe a specific implementation
of the technique for these latter two cases that yields usable
results.

First, we note that substituting for f; = 2w,/ (mgv?) in the Vlasov
equation and solving for the evolution of the phase-space energy
density w;, along trajectories in 3D-3V phase space yields

ow; s v ow,
3 +V.Vw5+;s<E+ZXB). - =q,v-Ef.. (7)

We define the right-hand side of Eq. 7 as the alternative field-
particle correlation

Ci, (v,t, 1) = C(qsvjfS (£, v, 1), E; (1o, t)), (8)

On-Board Wave-Particle Correlators

for the electric field component E; Note that when
integrated over all velocity space, this alternative form
yields the same net rate of change of spatial energy density
as the forms in Eqs. 3-5. The difference between the two forms
of the field-particle correlation is that the standard correlation
C(v) takes an Eulerian view of velocity space, showing which
parts of velocity space are gaining or losing energy density,
whereas the alternative correlation C'(v) takes a Lagrangian
view of velocity space, showing how small volumes of phase
space gain or lose energy along their Lagrangian particle
trajectories in 3D-3V phase space. A key advantage of the
alternative form Eq. 8 is that does not require velocity-space
derivatives.

Here we describe specific choices for the implementation of
the field-particle correlation technique to spacecraft
measurements (Chen et al., 2019); the same choices can be
used for an implementation with particle-based kinetic
simulation codes, such as particle-in-cell (PIC) codes. First,
the particle distribution measurements and electric field
measurements are Lorentz transformed to the mean bulk
flow velocity of species s over the interval to be analyzed.
Second, it is also desirable to determine the mean velocity
distribution f,o(v) averaged over the same interval and
substract it to obtain the perturbed velocity distribution
Ofs(v, 1) = f(v, t) — foo(v), computing the correlation with
&fs instead of f;, although this is not strictly necessary. Third,
the time-series of electric field measurements, which is usually
sampled at a much higher cadence than the velocity
distributions, is downsampled to the cadence of the
velocity distribution measurements. With the &f,(v, t) and
E(t) measurements now at the same cadence, the alternative
field-particle correlation Céj (Vistn) = qsViEj (t2)0 f s (v L) is
computed at each point in 3V velocity space v; for each
timeslice t,. Next, the alternative correlation Cﬁ}. (vj, tn) is
binned in velocity space, with the choice of bins tailored for
investigation of a particular particle energization process—for
the application to turbulence, it is binned into 2V gyrotropic
phase space (v, v,). The velocity derivatives needed to obtain
the standard field-particle correlation Cg, (vj,ty) can be
computed at this point; for the parallel correlation in the
2V gyrotropic velocity space, it would take the form

i aCl{?u,e (V\l’ VJ-) + Cé\l,e (VII’ VJ-)
2 Bv" 2

Cg,. (vpvi) == , 9)

For the analysis of particle energization by the dissipation of
broadband plasma turbulence, it can be helpful to high-pass
filter the electric field measurements to eliminate the large-
amplitude contribution from the electric field fluctuations
associated with large-scale, low-frequency waves—such
waves typically have negligible net secular energy transfer
associated with collisionless damping, so eliminating the
often large-amplitude contribution to the rate of energy
transfer due to undamped oscillations at large scales helps
to expose the energy transfer due to smaller scale, higher
frequency waves that dominate the collisionless damping of
the turbulent fluctuations.
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FIGURE 3 | Parallel alternative field-particle correlation for electrons, CE(,e (vy,vy), measured in the Earth’s magnetosheath from MMS data (left). Same data
integrated over v, and converted to the standard field-particle correlation Cg, ¢ (v)). Both show a clear signature of electron Landau damping at v ~vth . Figures from
Chen et al. (2019).

To demonstrate how these refinements of the implementation
can yield a clear velocity-space signature, we present in Figure 3
the results from Chen et al. (2019) showing the 2D alternative
field-particle correlation CE’“,e(v",v 1) and 1D standard field-
particle correlation Cg,.(v}) for electrons measured using 70 s
of data from the MMS spacecraft in the Earth’s magnetosheath.
The 2D correlation shows velocity-space structure primarily in v
rather than v,, and the 1D correlation directly represents the
energy transfer at each parallel velocity. Since the energy transfer
is from fields to particles (Cg,.>0) at |vj| > vy and from
particles to fields (Cg,<0) at |v)| < Ve and the expected
resonant velocity for which the kinetic Alfvén wave damping
becomes strong is ~ vy, this provides a clear signature that is
consistent with the Landau damping of kinetic Alfvén turbulence
in this region of space. Afshari et al. (2021) performed a follow-up
study, applying this technique to 20 similar intervals, finding 95%
displayed Landau-like signatures although most were more
asymmetrical than in Figure 3, which is consistent with
imbalanced turbulence, and is supported by kinetic numerical
simulations (Horvath et al., 2020). Both Chen et al. (2019) and
Afshari et al. (2021) noted that the total integrated transfer rate is
comparable to the turbulent energy cascade rate, indicating that
electron Landau damping plays a significant role in the
dissipation of turbulence here. These results indicate that the
field-particle correlation technique holds a lot of promise for
answering important questions in space plasma physics.

3.3 The PATCH Algorithm

To take advantage of the high time resolution achievable with a
Wave-Particle Correlator instrument that utilizes the particle
arrival times, the field-particle correlation technique must be
modified to exploit the arrival time information. Here we briefly
describe the Particle Arrival Time Correlation for Heliophysics
(PATCH) algorithm for determining the rate of energy transfer
between electromagnetic fields and plasma particles using
measurements at a single point in space; a detailed derivation
of the PATCH algorithm from plasma kinetic theory is presented
elsewhere (Verniero et al., 2021b).

An illustration of the concept of the PATCH algorithm for the
correlation of field and particle measurements is shown in
Figure 4, where we consider a single spatial dimension for
simplicity, with a particle velocity distribution f (x, v, ) and
an electric field E (x, t). Consider a single phase-space bin
centered at velocity v, with bin width Av measured by the
particle instrumentation at position x, within a 1D spatial
volume Ax. The distribution function at the 1D-1V phase-
space position (x,, v,) is given by

N(t)

=2 10
AxAv (10)

f (xp, Vo t)
where the number of particles within the 1D-1V phase-space
volume AxAv is given by N(¢). In Figure 4, we plot electric field
measured by the probe E (x,, t) (red) and the time-varying
number of particles in the phase-space volume AxAv, given by
N(t) (blue). Note that the probability that a particle in this phase-
space bin is counted by the instrument is proportional to N(f).

The PATCH algorithm is based on the alternative correlation
C' given by Eq. 8, which essentially computes the rate of work
done on a charged particle by the electric field. In Figure 4, we use
Poisson statistics to determine whether a particle is counted by
the detector based on the probabilities related to N(¢), and each
particle count is denoted as a green vertical line at the time of
arrival at the bottom of figure. As detailed in Verniero et al.
(2021D), the net rate of energy transfer to the particle distribution
by the electric field E can be determined by the summing the rate
of work done by the electric field on each particle that is counted,
gEv,. The resulting sum yields a discrete sampling of the in-phase
component between N(f) and E(t), which determines the net
energy transfer between the electric field and the particles over the
correlation interval 7. Note that the weighting by the particle
phase-space density f (x, v) is naturally included when summing
the electric field at each particle arrival time, capturing the relative
phases of the perturbations to f (x, v, t) and E (x, t).

For a particle instrument, such as the electrostatic analyzers on
the MMS or PSP missions (Pollock et al., 2016; Whittlesey et al.,
2020), the PATCH algorithm is relatively easy to implement in
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FIGURE 4 | Demonstration of the concept underlying the PATCH
algorithm: the variation of the particle number in a particular phase bin AxAv is
given by N(t) (blue) and the electric field E(t) (red). Individual particles, with a
probability of detection proportional to N({), arrive at discrete times ;
(vertical green lines). The PATCH correlation, C; gives the rate of work done by
the electric field on the particles, and it is essentially the summed values of the
electric field at the particle arrival times. From Verniero et al. (2021b).

the 3D-3V phase space of an astrophysical plasma. The PATCH
correlation C; over a correlation interval 7 is defined by

11 X
c qup-E(t,-) (11)
=1

T Ar,Av, :

where the measurement bin in 3D-3V phase space is given by
Ar,Av,, the 3V velocity of the phase bin is v,, the number of
particles counted in the phase bin over the correlation interval 7is
N, and the electric field at each particle arrival time is E (¢;). Note
that the contributions to the dot product v, -E = v,.E, + v, ,E, +
VpE; from each component of the electric field can be computed
and saved separately, enabling a subsequent rotation of the
coordinate system in post-processing, e.g., rotating to magnetic
field aligned coordinates (FAC).

A demonstration of how the PATCH algorithm can be used to
produce a velocity-space signature that can be used to identify a
particular particle energization mechanism is shown in Figure 5.
From a gyrokinetic simulation of strong plasma turbulence in a 3;
=1and T/T, = 1 plasma over the range 0.25 < k,p; < 5.5 (Klein
et al., 2017), we can compute the alternative correlation with the
parallel component of the electric field Céu (v}, v.). The high
velocity-space resolution simulation data has been downsampled
to the PSP velocity-space resolution, and the pattern of
Ck, (v),v.) in Figure 5A shows a peak in the rate of change
of the phase-space energy density at v/v,; = 1.1, indicative of ion
Landau damping. The PATCH algorithm, with only 25 ions
counted in the phase-space bin at the peak of the distribution,
is used to compute the correlation C, (v}, v.), recovering most of
the qualitative and quantitative details of the velocity-space
signature, as shown in Figure 5B (Verniero et al., 2021b).
This result shows that an on-board implementation of the
field-particle correlation technique, specifically the PATCH
algorithm, indeed is able to recover the velocity-space
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signature of the ion energization, opening up many new
opportunities in understanding energy transfer in space plasmas.

3.4 A Multi-Channel, Integrated

Field-Particle Correlator Instrument

Previous applications of the field-particle correlation technique to
spacecraft measurements (Chen et al., 2019; Afshari et al., 2021)
have relied on the downlink of burst-mode data for the
electromagnetic field and particle velocity distribution
measurements separately to implement later a ground-based
computation of the field-particle correlations. Although this
approach has indeed met with success—achieving the first
definitive identification of electron Landau damping in a
turbulent space plasma and assessing the importance of this
particle energization channel to the total turbulent plasma
heating—the limitations on telemetry of burst-mode data
restricts such studies to a moderate sample size relative to the
total sampling time in space. With the exception of the single-
channel correlator connecting the FIELDS and SWEAP
instrument suites on Parker Solar Probe, a dedicated, multi-
channel Integrated Field-Particle Correlator (IFPC) instrument
has never been developed. Here we describe a preliminary design
concept for such an instrument.

Fortunately, the implementation of an IFPC can exploit the
heritage instrumentation used on previous missions for the
electromagnetic field and particle velocity distribution
measurements, requiring only the development of the cables
and firmware to interface these instruments with the digital
processing unit (DPU) and the software to compute the
correlations. In discussion below, let us consider the heritage
instrumentation from the Parker Solar Probe mission, specifically
the FIELDS (Bale et al., 2016) and SWEAP (Kasper et al., 2016)
instrument specific example of modern
instrumentation that could be incorporated into an IFPC.

The key principle of operation of the proposed IFPC follows.
When the particle instrument detects a single particle (ion or
electron) in a particular energy-angle bin (dictated by the energy
sweep and deflector sweep voltages at that moment), it sends a dt,
= 200 ns pulse to the DPU with only a few ns delay. In addition,
the FIELDS instrument provides two-component electric field
measurements (strictly, differential voltage measurements from
the dipole antennas) to the DPU at a 2 MHz sampling frequency
and three-component magnetic field measurements at a 100 kHz
sampling frequency (Bale et al., 2016). The PATCH algorithm for
computing on-board correlations, described in Section 3.3,
simply requires the electric field measurement at the time of
the particle arrival and the 3V velocity representative of the
energy-angle bin (dictated by the table for energy sweep and
deflector sweep voltages). In addition, the local magnetic field
direction at the particle arrival time can also be saved for
subsequent projection of the PATCH correlation into
magnetic field aligned coordinates (FAC), if desired.

The single-channel correlator implemented on Parker Solar
Probe can only correlate the fields with a single phase-space bin.
But the SWEAP electrostatic analyzer instruments actually count
particles in the 16 azimuthal anodes simultaneously, so in
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FIGURE 5 | (A) Example of the alternative parallel electric field correlation CE’“ (vy,v,) computed at a single spatial point in a gyrokinetic simulation of plasma
turbulence and downsampled to the phase-space resolution of the SPAN-I instrument on Parker Solar Probe (Verniero et al., 2021a), compared to (B) the signature
determined from applying the PATCH algorithm C/ (v}, v.), computed using N = 25 counts in the maximum density phase-space bin at the same phase-space
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principle 16 phase-bins can be correlated simultaneously. With
minor modifications to the digital electronics board and some
significant reprogramming of the FPGA firmware, it would be
possible to convert the existing single-channel implementation into
a 16-channel correlator. Fortuitously, the design of the heritage digital
electronic board on Parker Solar Probe already has two 12-bit Analog
to Digital Converter (ADC) chips which can be repurposed to process
FIELDS measurements from an external source.

In the development of a dedicated IFPC instrument, there is
one key difference from the implmentation of the single-channel
correlator implemented on Parker Solar Probe. The existing correlator
sends to the particle counts from SWEAP to the digital processing unit
in the FIELDS suite, so to implement separate channels from multiple
anodes would require multiple dedicated cables to transmit the signal
from each anode. Instead, for a dedicated IFPC instrument, the
measurements of the electric and magnetic fields would be
transmitted to the electronic firmware for the particle instrument,
enabling the correlation to be processed locally within the processing
unit for the particle instrument.

The data products returned from the high-TRL, heritage
electrostatic analyzer instruments are formatted by 16 discrete
anodes and 256 energy times deflector bins. These three dimensions
(anode, deflector, energy) can be summed in any direction to make
smaller dimension products, but the primary data product from the
heritage instrument is a 4,116 byte (16 Anodes x 8 Deflections x 32
Energies x 1 byte each +20 bytes of packet header) Low Voltage
Differential Signal (LVDS) formatted packet that is produced every
0.218 s. After modification of the digital board and FPGA, we anticipate
producing correlation plots such as those seen from previous work (see
Figure 3) in addition to the same 4,116 byte science packets.

4 ANTICIPATED RESULTS

4.1 Laboratory Tests of a Wave-Particle

Correlator
In order to test the PSP correlator system in the laboratory, our
team devised a method to modulate the particle flux impinging on

the PSP ion analyzer (SPAN-I) using an experimental setup
with an ion source. An oscillating voltage applied to Vgate of
the ion source resulted in a modulated ion flux while the ion
beam energy remained constant in time. The same signal that
controls the ion flux was also fed into the FIELDS instrument
Time Domain Sampler (TDS), where it was digitized and
recorded.

The top panel in Figure 6 (left) shows 2 cycles of a 200 Hz
signal of the voltage that controlled the particle flux. The middle
panel shows the number of particles detected within each 0.5us
time bin, where one 5 ms wave period contains 10,000 of these
high-resolution time bins. Most bins have zero counts and the
probability of obtaining more than 1 count is very low, indicating
Poisson statistics are applicable for this implementation. The
bottom panel of Figure 6 (left) shows the counts binned at the
intrinsic time resolution of a single phase-space bin the PSP/
SPAN instrument, 6t = 0.85ms. At this field modulation
frequency, much faster than the fastest full SPAN energy-angle
sweep of At = 0.218 s, the variation in the particle count rate can
be resolved.

Note that an implementation of a wave-particle correlator
which bins all of the counts within each 6t 0.85 ms
measurements for a particular energy-angle phase bin cannot
access signals at frequencies f > 588 Hz, but the implementation
of the PATCH algorithm, because it uses the time of arrival of the
particle, should in principle be able to probe physics at kHz
frequencies and higher, such as Type III bursts. Note also that the
current PSP flight software burst selection is based on the product
of the root mean square wave amplitude and the frequency in one
of the analog channels. This produces a nice sampling of, for
example, Langmuir wave packets. It would be possible to include
some aspects of the simultaneous particle count time series which
could enhance the returned wave-particle correlator bursts.
Finally, correlating with 16 channels of particle data would be
possible with only minor modifications to the SPAN digital
electronics board, shown in Figure 6 (right), along with some
significant reprogramming of the Field-Programmable Gate
Array (FPGA) firmware.
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FIGURE 6 | (Left top) Waveform of the oscillating voltage applied to modulate the ion source (red) at f = 200 Hz frequency. (Left middle) Particles counted within
0.5pus time bins, showing mostly 0 or 1 counts, indicating Poisson counting statistics. (Left bottom) At the SPAN phase-space bin time resolution of 8t = 0.85 ms, the
modulation in the number of detected ions at the f = 200 Hz frequency. (Right) Photograph of the SPAN-E digital electronics board.

4.2 Predicted Capabilities of an Integrated

Field-Particle Correlator

The energy transfer governed by the physics of particle energization in
space plasmas—whether through the dissipation of plasma
turbulence, through the release of magnetic energy via magnetic
reconnection, or through the compression of the plasma and the
acceleration of particles at plasma shocks—generally occurs on the
characteristic kinetic timescales. Although a recent analysis has shown
clearly that, with a sufficiently long correlation interval, the field-
particle correlation technique can indeed recover the physics of
particle occuring on frequencies above the Nyquist frequency of
the sampling (Horvath et al, 2022), to resolve fully the details of
the particle energization, one must generally sample the plasma at a
faster cadence than the timescale of the process. For example, at a
heliocentric distance of 1 AU in the solar wind, the frequency
associated with fluctuations at ion length scales convected past a
spacecraft at the solar wind velocity is typically f; ~ 1 Hz. For the
frequency of the convected ion gyroradius, for example, this frequency
scales as f; oc Vg, B/ Ti” 2. Estimates of the changes in solar wind flow
velocity, magnetic field, and ion temperature enable predictions of
these characteristic frequencies at different heliocentric distances (Bale
et al,, 2016). For example, at the heliocentric distance of the first
perihelion of Parker Solar Probe at r = 36R,, this frequency rises to f; >

5 Hz; near the predicted Alfvén radius of the Sun at r = 10R,, the
frequency may rise to f; > 30 Hz. Additional collisionless energy
transfer with electrons occurs at yet higher frequencies.

The most significant obstacles to investigating the particle
energization in space plasmas are 1) the limited cadence of particle
instrumentation, such as electrostatic analyzers and 2) telemetry
limitations that constrain the amount of measured data that can
be transmitted back to the Earth for analysis. An on-board wave-
particle correlator, such as the Integrated Field-Particle Correlator
(IFPC) described in Section 3.4, is a potential approach to overcome
both of these obstacles. Here we estimate the capabilities of an IFPC
incorporating electromagnetic field and plasma instruments
equivalent to those on the Parker Solar Probe mission.

The SPAN-E electrostatic analyzer instrument for electrons on
PSP (Whittlesey et al., 2020) is capable of performing a full energy
sweep of 32 steps in energy E and 8 steps in deflector angle 0 over
a sampling interval of At = 0.218s. All 16 anodes covered the
azimuthal angles ¢ are measured simultaneously, for a total of
4,096 (E, 0, ¢) phase-space bins sampled in that interval. Each
phase-bin is therefore measured in a time &t = At/(32 x 8) =
0.85 ms, equivalent to a sampling frequency greater than 1 kHz. The
electric field components necessary to determine the rate of particle
energization are measured by the FIELDS instrument at sampling
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frequency of 2 MHz (Bale et al., 2016). By combining the electric field
and particle counts on-board using the PATCH algorithm, the
effective sampling time is reduced from At = 0.218s to &t =
0.85ms, an improvement by a factor of 256, with a corresponding
Nyquist frequency of the measurements of f = 587 Hz.

The improvement in sampling cadence is actually even larger
using the PATCH algorithm, since one of its key features is that
the electric field used in the calculation is measured at the time of
the arrival of the particle in the detector. For the 8t, = 200 ns pulse
sent from the detector to the digital processing unit (DPU) when
a particle arrives, the effective sampling frequency is 2.5 MHz,
actually faster than the electric field measurement cadence. So
within the 6t = 0.85 ms measurement interval for a single phase-
space bin, one obtains a Nyquist frequency of 1.25MHz.
Therefore, the improvement in time resolution from existing
particle instrumentation could be up to a factor of At/8t, ~ 10°.

One significant caveat is that each individual phase-bin is only
sampled once over an interval §t = 0.85ms every At = 0.218s.
Therefore, one must interpret the correlated measurements
carefully. For example, for the PATCH correlation of the parallel
electric field Cf, (v}, v, ) over the full velocity-space sweep interval of
At =0.218 s, which would appear similar to the right panel of Figure 5,
each individual phase bin measurement over 8t = 0.85 ms would be
measured at a different time during the sweep. So, a plot of a single
entire velocity-space sweep combines these measurements at different
times, but the electric field and particle measurements in each of the
phase bins would use a time accurate to approximately 200 ns.
Significant modeling efforts would be needed to ensure that the
results returned by the implementation of the PATCH algorithm
can be interpreted accurately to reflect the underlying kinetic physics
of particle energization.

Another potential capability of an IFPC is to enable alternative
operating modes that are designed to sweep over a reduced region of
3V velocity-space on a much faster cadence. For example, one could
select a single deflector angle 0 and perform a sweep over all 32
energies with a sampling interval of At = 0.0273 s, improving time
resolution by a factor of 8 by eliminating the deflector angle sweep;
alternatively, one could select a single energy and sweep over only
deflector angles with a sampling interval of At = 0.00068 s, improving
time resolution by a factor of 32 by eliminating the energy sweep. This
is not dissimilar from the existing alternating full and targeted sweeps
that are already used by the SPAN-E electrostatic analyzer instrument.
With scientific insight guiding the selection of a reduced sampling
region in 3V velocity-space, one would potentially be able to tailor
different operating modes to tackle different science questions.

5 DISCUSSION

5.1 Improvements in Understanding Plasma
Heating and Particle Acceleration in Space
Plasmas

A spacecraft mission including an Integrated Field-Particle
Correlator (IFPC) instrument, as described in Section 3.4,
would enable significant advances in our understanding of
particle energization in space plasmas, including plasma

On-Board Wave-Particle Correlators

heating and particle acceleration. Note that, unlike previous
applications of a wave-particle correlator that sorted the
particle counts by wave phase (see Section 1.1), and therefore
required a dominant single wave mode, because the IFPC
correlates each particle count with the instantaneous field
measurements, no single wave is necessary. The successful
application of the ground-based FPC method on
measurements of broadband turbulence in  Earth’s
magnetosheath to identify for the first time electron Landau
damping in a space plasma is a proof of principle of the field-
particle correlation technique (Chen et al., 2019; Afshari et al.,
2021).

For key science questions, such as how the solar corona is
heated and the solar wind accelerated—two of the primary
science questions of both the Parker Solar Probe and Solar
Orbiter missions—the vast improvement in the cadence of
measurements using an IFPC would enable the kinetic physics
of both ion and electron energization to be investigated in detail.
Within the outer boundary of the solar corona, inside the Alfvén
point, the frequencies of ion energization are likely tens of Hz,
and the electron frequencies are up to +/m;/m, = 43 times higher,
or approaching kHz frequencies. The much lower sampling
frequency of existing particle velocity distribution instruments,
with measurement cadences of At = 0.218 s, constitutes a
significant obstacle illuminating the kinetic physics
involved. But with an IFPC, one can achieve sampling at or
above the frequencies of these physical energy transfer
mechanisms. In addition, kinetic instabilities may play an
important role in the energetics of the solar wind (Bale et al,
2009), and since the energy transfer from the particle velocity
distributions to unstable electromagnetic fluctuations can equally
be explored with the field-particle correlation technique (Klein,
2017), an IFPC would be a valuable tool to explore this avenue of
energy flow in the heliospheric plasma.

The higher effective cadence of an IFPC also enables new
science investigations of collisionless field-particle interactions
that simply cannot be considered using existing instrumentation.
For example, Type III radio bursts with frequencies in the few
MH?z range can be scattered from density fluctuations in the solar
wind turbulence (Krupar et al, 2020), so an IFPC could
potentially explore the physics of this scattering using in situ
measurements of the electrons and the electric field of these
bursts. Furthermore, in the investigation of collisionless shocks,
such as Earth’s bow shock or interplanetary shocks, a spacecraft
passes through the ramp of the shock in a very short time interval.
Being able to correlate the detection of particles with the electric
fields at the time of detection will likely open up new avenues for
the observational analysis of particle acceleration mechanisms,
such as shock drift acceleration (Paschmann et al., 1982; Sckopke
et al.,, 1983; Juno et al.,, 2021). For some of these new science
targets, alternative operating modes may be utilized to focus on
the regions of interest in phase-space for a given process, as
described in Section 4.2, further increasing the time resolution of
the observations.

In addition to new science targets enabled by the development
and implementation of an IFPC instrument on an upcoming
spacecraft mission, the on-board correlations can improve the

in
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statistics of sampling by orders of magnitude. For example, the
MMS S-band downlink of 4 Gb/day allows only about 20 min of
full-cadence, burst-mode data to be transmitted to the ground for
analysis per day, even though the instruments are always
sampling at burst-mode cadence. This leads to an effective
duty cycle of 1.4%. In principle, on-board correlations could
utilize the full 24 h of burst-mode measurements per day in
computing correlations, leading to a factor of 72 improvement in
total sampling time. For more distant spacecraft that are limited
to lower downlink rates, such as Parker Solar Probe and Solar
Orbiter, the improvement factor can be even larger. With the
potential for the velocity-space signatures generated by the
PATCH algorithm to be used to identify different physical
mechanisms of particle energization and to quantify the rate
of energization, this major improvement in sampling time would
enable statistical studies of the fraction of turbulent energy
dissipation via different mechanisms, a long term goal of the
heliophysics community.

Additional opportunities are made possible by an IFPC, such
as event-based triggering. Existing spacecraft can implement
triggering based on the amplitude of field fluctuations or rapid
changes in field direction, but these events do not necessarily
correlate with significant energy transfer between particles and
fields. By triggering on the amplitude of the PATCH correlation
(possibly averaged over some suitably chosen time interval to
eliminate large amplitude oscillatory energy transfer that yields
little net particle energization), the operators can be alerted
intervals of interest for deeper investigation, or the spacecraft
can switch into an appropriate alternative operating mode.
Overall, the development of an IFPC using heritage field and
particle instrumentation opens up potentially transformative new
avenues for investigating the physics of space plasmas.

5.2 Caveats and Challenges

The development of an IFPC instrument for the exploration of
the kinetic physics of particle energization in space plasmas faces
certain challenges that will need to be addressed before such an
instrument can incorporated into a future spacecraft mission.
Specific issues include performing the instrument calibration,
transformation of electromagnetic fields and velocity coordinates
to the frame of the plasma bulk flow, filtering in frequency,
potential instrumental limitations of electric field measurements
to only two of the three spatial dimensions, and developing the
foundation of knowledge needed to interpret the velocity-space
signatures of particle energization returned by the correlator
measurements.

Data on-board spacecraft are stored in raw format, which does
not include calibration factors that are typically determined on
the ground. This impacts all of the measurements that PATCH,
or any wave-particle correlation method, requires: magnetic field
vector, electric field vector, velocity space values of particle
measurements, and  particle  distribution  functions.
Magnetometers require an absolute calibration, often provided
by rotating the spacecraft, to remove background fields caused by
the spacecraft and remove drift of the sensor with time. Electric
fields measurements by dipole antennas often require extensive
calibration to convert the differential voltage measurements into
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electric field measurements, using cross-instrument calibration to
determine DC offsets, effective antenna length, and an angular
correction, all as a function of frequency (Mozer et al., 2020).

For ions, the common calibration issue is sensor efficiency
(e.g., as set by micro-channel plate gain and threshold voltages)
which will change in time as the sensor material ages and settings
change to compensate (Lavraud and Larson, 2016). For electrons,
the spacecraft charging environment strongly affects the low
energy electrons. Most spacecraft charge up to approximately
10V depending on size, orientation and surface material
properties. The thermal energy of electrons in the solar wind
is of order 10 eV and in the magnetosheath of order 100 eV and so
the spacecraft potential magnitude and structure is frequently
important for thermal electron calibration (Scime et al., 1994;
Szita et al., 2001). The spacecraft potential accelerates the ambient
electrons, both the space plasma populations, changing both
energy and direction, and also photoelectrons generated from
the spacecraft body, creating a high-density low energy
contaminating population. This matters for the PATCH
method because photoelectrons will contaminate the triggering
events and the velocity of the particles being measured must be
corrected for the spacecraft potential, and so the absolute value of
correlation C; will have a systematic error based on the
magnitude of the spacecraft potential (Lewis et al., 2010).

Typically, correction to the electron energy is performed on
the ground, which removes photoelectrons at low energies and
shifts the energy of the observed distribution to remove the
spacecraft contribution. For most past and existing missions
the spacecraft potential is estimated on the ground from the
electron distribution and the DC electric field measurements, if
they are available. One method to include the calibration factors
in on-board data processing for field-particle correlators is to
perform regular in flight calibrations on the ground and up-link
calculated correction factors to the spacecraft to be included in
calculations on board. This has the advantage that the calibration
can be performed by a person on the ground, but the
disadvantage that the calibration factors would be determined
for a typical case and would not change with ambient conditions,
as spacecraft potential does. A mission that includes electric
potential measurements can provide an on-board estimate of
spacecraft potential that can be included in the calibration of the
energy of the electrons, but this requires accurate calibration of
the spacecraft potential measurement on-board. The spacecraft
potential environment can be modelled before launch
(Guillemant et al., 2017), but the calibration of the electron
distribution for this effect must be done in flight and so this
leads to a necessary mission requirement of a time period for
instrument calibration in space that is perhaps more extensive
than usual in order to update on-board calibrations and not rely
on the ground processing.

A significant challenge for the operation of an on-board field-
particle correlator is how to implement the field-particle
correlations in the appropriate frame of reference for the
investigation of particle energization. The standard application
to spacecraft measurements is to shift the measurements into the
frame of the bulk flow of the plasma species (Chen et al., 2019;
Afshari et al., 2021), taking care to perform the appropriate
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Lorentz transform of the electromagnetic fields. Consider
transforming from the spacecraft rest frame X' (primed) to
the plasma species rest frame /X (unprimed) moving at
velocity U relative to the spacecraft frame. The particle
velocity transforms as v = v/ - U, and for typical non-
relativistic conditions in the heliosphere, the electromagnetic
fields transform by E = E’ + U xB’ and B = B’ (Howes et al.,
2014). The PATCH correlation in the plasma frame can be

expressed in terms of the spacecraft frame measurements by

N
C qup . E(tj)

i

U)-E(t;)-qv, - [UxB'(t)]} (12

j=1

To implement this transformation on-board requires saving at
each particle arrival time ¢; the instantaneous (spacecraft frame)
electric and magnetic field measurements E'(tj) and B’(tj) over
the correlation time 7. Note that v, is the spacecraft frame
velocity for each phase-bin, and is known from the applied
operating voltages of the instrument at ¢. Over the correlation
time, the average bulk fluid velocity of plasma species p is given by
U = (U, (t)),, where the angle brackets indicate the time-average
over the correlation interval 7. At the end of each correlation
interval 7, the PATCH correlation C} can be computed on-board
using the known U and measurements E'(tj) and B'(tj). Another
complication of an on-board implementation of the field-particle
correlation technique is how to high-pass filter the electric field
measurements to eliminate large-amplitude, low frequency
oscillations that yield zero net energy transfer (Chen et al,
2019; Afshari et al., 2021). One could, of course, design a
high-pass electronic circuit to eliminate the low-frequency
components, but since transformation to the plasma rest
frame requires storage of data and on-board processing, a
preferred approach is to perform on-board high-pass filtering
of the high-cadence electric field measurements in flight software.
To do so, one again uses a chosen correlation interval 7 over
which to save the highest cadence electric field time series E'(#),
performs a Fourier transform in time E'(f), applies the
appropriate filtering in frequency E’(f), and then inverse
transforms back to a time series E'(f). One then simply
replaces the E'(t) values in Eq. 12 with the filtered values
E'(t;). Such a software-based filtering approach would enable
high-pass, band-pass, or low-pass filtering, potentially enabling
energy transfers at different frequencies to be isolated.
Determining the appropriate correlation intervals 7 (likely
numerous operating modes with different 7 will be designed to
tackle different science targets) and the optimal algorithms for
on-board frequency filtering will require substantial design work.

A final complication with the implementation of an IFPC
instrument is that many spinning spacecraft obtain high-quality
electric field measurements in the 2D spin-plane, but poor quality
or no electric field measurements along the spin axis. Without full
3D electric field measurements, it is not possible to determine the
rate of particle energization due to the unmeasured component of
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the electric field. But, one can still determine the energization by
the two in-plane components of the electric field. Whether the
missing component yields an important contribution to the total
particle energization depends on the physical mechanism of
energy transfer and the orientation of the magnetic field
relative to the unmeasured direction, so the limitation must be
assessed on a case-by-case basis. In general, selecting an electric
field instrument that can provide reliable 3D electric field
measurements should be prioritized highly for a proposed
mission based on an IFPC instrument to ensure that all
aspects of the particle energization can be probed.

In addition to these significant instrumental challenges with
calibration, understanding and interpreting the velocity-space
signatures generated by the correlated field and particle
measurements represents a significant challenge for theory and
computation. Significant progress has already been made using
the field-particle correlation technique, from its initial conception
in 2016 (Klein and Howes, 2016) to the first successful
identification of electron Landau damping in a turbulent space
plasma using MMS measurements in 2019 (Chen et al., 2019),toa
moderate statistical sample demonstrating the relative
contribution of electron Landau damping to the total
dissipation in 2021 (Afshari et al, 2021). Nonetheless,
theoretical and numerical investigations to identify new
velocity-space signatures of different proposed particle
energization mechanisms are ongoing, identifying electrostatic
counterstreaming beam instabilities (Klein, 2017), ion Landau
damping (Klein et al., 2017), ion cyclotron damping (Klein et al.,
2020), magnetic pumping (Montag and Howes, 2022), electron
energization in strong-guide-field collisionless magnetic
reconnection (McCubbin et al., 2022), shock-drift acceleration
of ions at a perpendicular collisionless shock (Juno et al., 2021),
and adiabatic electron heating through the ramp of a
perpendicular collisionless shock (Juno et al., 2021). But many
more particle energization mechansisms are expected to play a
role in space plasmas, and much more work to identify
qualitatively their unique velocity-space signatures and to
characterize quantitatively the energization rates of all of these
mechanisms is necessary to exploit fully the promise of an IFPC
instrument.

Furthermore, to take full advantage of the 100% duty cycle of
correlated burst-mode measurements, it would be ideal to be able
to automatically identify the signatures of different energization
mechanisms to compile large statistical studies. Machine
learning, and in particular the proven capabilities of
Convolutional Neural Networks (CCNs) to learn geometric
patterns in images (LeCun and Bengio, 1995, 2015), provide a
potentially powerful avenue for classifying and identifying
different mechanisms in the investigation of the physics of
plasma heating and particle acceleration in space plasmas.

Finally, particle detector design can also be refined to employ
more efficient representation of velocity distribution functions
(VDFs), where the quest to optimize the scientific return of a
mission based on the tragedy of insufficient downlink capabilities
is universal among the astrophysical community. Ongoing efforts
for tackling this hurdle show promise. For example, a wavelet-
based compression for particle count data was explored on MMS
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data (Barrie et al., 2019). In addition, optimization of VDF basis
functions using neural networks was performed to mitigate lossy
compression artifacts (da Silva et al., 2020). Representation of the
electron VDF using Legendre polynomials has shown to be useful
in diagnosing anisotropies signifying net energy transfer
(Carcaboso et al, 2020). In a similar vein, a spherical
expansion of the ion VDF has been applied to Cluster data to
show that only the coefficients of the expansion are needed to
obtain the plasma moment information (Vinas and Gurgiolo,
2009). Based on these recent findings regarding optimal
spacecraft data compression techniques, it is apparent the
physical geometry of the detector is crucial for extracting the
most optimal information. Further onboard methodologies
considering optimal basis functions (such as polynomial
expansion coefficients) for transmitting back both the particle
and wave data will be developed in future work toward
enhancement of scientific data return.

5.3 Future Mission Concepts

Due to the requirement for simultaneous and triggered
measurements of multiple variables, the most effective way to
perform the most accurate measurements of field-particle
correlations is with a dedicated and specifically designed
sensor payload. Future missions dedicated to plasma physics
and the role of field-particle correlations are currently
proposed, for example the Debye mission (Verscharen et al,
2021) with the European Space Agency, that could include such
an Integrated Field-Particle Correlator (IFPC) instrument. As
well as a coordinated payload, there are potentially changes to the
design of the particle detectors themselves that can improve, or at
least change, the performance of an IFPC.

Electrostatic analysers cycle through energy and look-
direction by changing voltages in time. This means that
different energies and different directions in elevation are not
seen simultaneously, although different azimuths are. It is not
clear that this kind of operation is optimized for a dedicated field-
particle correlation mission. There are two different options that
can change this set-up. First, there are novel designs of
electrostatic sensors that use multiple entry apertures with
distinct electrostatic deflection voltages to sample half of the
sky simultaneously at one energy (Skoug et al, 2016; Morel
et al., 2017). Thus field-particle correlations could be measured
simultaneously in different directions but with different energies
separated in time. The second option is to sample multiple
energies simultaneously. This is possible using a magnetic field
to deflect incoming particles and then separate energies using
anodes on a micro-channel plate (MCP) at different distances
from the entry aperture (Criton et al., 2020). Different look
directions could then be sampled in time, but the energy
distribution of the correlation could be measured very rapidly.
Both of these ideas offer the opportunity to increase the speed of
the particle observations by removing one dimension of the two-
dimensional voltage sweeping in traditional ESAs. An alternative
is that the time resolution can be kept as it is, but the count-rate
will be increased due to the reduction in instrument dead time and
increase in geometric factor for these designs, which will increase
the accuracy and number of observations made by the instrument.
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As highlighted above, the IFPC concept requires a dedicated
data processing unit that links particle and field sensors. This has
become more common in recent missions, for example the Solar
Orbiter mission has shared DPU for the Solar Wind Analyser
(SWA) (Owen et al., 2020) in-situ plasma detectors and a similar
approach is proposed for Debye. However, these designs do not
take into account the specialised needs of correlation
measurements, such as the rapid pulse required for individual
particle arrival time measurement.

The Debye mission has science goals to measure the energy
transfer between fields and particles at electron scales. This
requires high time-resolution measurements of fields and
electron velocity distributions, so the application of the
field-particle correlation techniques described here are of
fundamental importance to this question. There is the
potential to enhance the Debye mission with the
integration of field-particle correlation measurements as a
central feature of the mission. The payload includes all of the
instruments required and a dedicated DPU—only the
harnessing to provide the connections between the
instruments and the firmware on the DPU is required to
make the Debye proposal the first dedicated design for a field-
particle correlation mission (Verscharen et al., 2021).

In conclusion, innovative wave-particle correlator
instrumentation, in particular the proposal here for the
design of a new Integrated Field-Particle Correlator (IFPC)
instrument, show significant promise in overcoming the
limits of telemetry to maximize the scientific return from
upcoming spacecraft missions. Concerted efforts to develop
such new instrumentation for onboard correlations are
ongoing, with the potential for transformative progress in
our understanding of particle energization mechanisms,
leading to plasma heating and particle acceleration,
operating in the heliosphere.
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