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laboratory, Plasma Physics is an excellent entree for students 
into this rapidly growing field. It’s also a useful reference for 
professional low-temperature plasma researchers.”  
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As we begin the 30th volume of Physics of Plasmas, I cannot help
but remark that 2022 has been a landmark year for plasma physics.
During the past few weeks, photos from the James Webb Space
Telescope are everywhere and remind us of the beauty of plasma phys-
ics.1 Even more so, 2022 began with the February announcement of
the Joint European Torus (JET) record-setting release of 59 MJ of
fusion energy during a steady 5 s pulse2 and ended with the announce-
ment of net fusion energy gain, achieved safely in the National
Ignition Facility (NIF).3 Our instruments view the bright universe with
ever greater detail, and our research facilities control high-temperature
matter with ever greater precision. Progress in plasma physics is
unmistakable.

The Editors at Physics of Plasmas are fortunate to be working
with the largest number of authors in the field, rapidly reporting their
research, discoveries, and applications. In the past 2 years, some of the
most important and highly cited accounts of progress have appeared
in Physics of Plasmas. These include the review by Gary Zank and
coauthors4 on the turbulence models used to interpret the amazing
observations from the Solar Parker Probe, the invited perspective of
the nature of astrophysical turbulence by William Matthaeus, the
recipient of the 2019 James Clerk Maxwell Prize,5 Annie Kritcher’s
article coauthored with her NIF collaborators describing the physics
behind the HYBRID-E inertial confinement implosion design that was
critical to achieving record yields at NIF,6 the review by Yevgen
Kazakov, Jozef Ongena, John Wright, and Stephen Wukitch, winners
of the 2018 Lev Landau and Lyman Spitzer Award, on the importance
of the three-ion ICRF heating scenario for magnetic fusion research,7

and the review by XinPei Lu (Huazhong University of Science and
Technology, China) and coauthors presenting the results of decades of
successful research leading to the now state-of-the-art generation and
application of cold atmospheric plasma jets.8

As Editors, our goal is to serve the entire field of plasma physics,
whether created in the laboratory, acquired by satellites, studied theo-
retically, or modeled computationally. Last year, we welcomed authors
to submit to Special Topics that encompassed frontier research and
the expanding study of plasma physics. The Special Collection on the

Plasma Physics from the Magnetospheric Multiscale Mission with
Guest Editors Julia Stawarz (Northumbria University) and Kevin
Genestreti (University of New Hampshire) was our first “open call”
for papers and has become the largest Special Collection in Physics of
Plasmas. This collection highlights new understandings learned from
magnetospheric multiscale (MMS) investigations and reflects the
broad interest in the plasma physics behind the MMS mission. Guest
Editors Stuart Bale, Nicola J. Fox, David McComas, and Marco Velli
launched the Special Collection of papers on the Plasma Physics of the
Sun in Honor of Eugene Parker to highlight the observations, analyses,
and plans for the Parker Solar Probe (PSP) and Solar Orbiter Missions
and to recognize Eugene Parker’s remarkable insights and many con-
tributions physics.9 Guest Editors Stephanie Diem (University of
Wisconsin-Madison), Valerie Izzo, Fiat Lux (General Atomics), and
Ben Zhu (LLNL) invited authors to contribute to a Special Collection
of papers from the 2021–2022 Sherwood Fusion Theory Conferences,
and Guest Editors Peter Heuer, Scott Feister, Derek Schaeffer, and
Hans Rinderknecht invited authors to the Special Collection on High
Repetition Rate Frontier in High-Energy-Density Physics.

Last year also marked several “firsts” for Physics of Plasmas. Soon
to be announced, the 2022 Early Career Collection will recognize the
outstanding papers from authors within 5 years of receiving their PhD,
including student authors, in all areas of plasma physics research.
Guest Editors Paul Terry (University of Wisconsin-Madison) and
Chunxiao Xu (Tsinghua University) have opened the first Joint Special
Collection of papers, with Physics of Fluids, on Turbulence in Plasmas
and Fluids. Welcoming authors who usually publish in either Physics
of Fluids or Physics of Plasmas, this Special Collection will showcase
turbulence research and increase awareness of emerging developments
covered by these journals. Third, Guest Editors David Anderson,
Martin Greenwald, and Uri Shumlak have opened a Special Collection
of papers on the theme “Private Fusion Research: Opportunities and
Challenges in Plasma Science.” This Special Collection will contain
perspectives papers, where authors explore future directions for fusion
and plasma science in light of the expansion of private fusion research
and provide unique views on where the field is headed.

Phys. Plasmas 30, 010401 (2023); doi: 10.1063/5.0141240 30, 010401-1
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ABSTRACT

This is a review of recent research exploring and extending present-day quantum computing capabilities for fusion energy science applications.
We begin with a brief tutorial on both ideal and open quantum dynamics, universal quantum computation, and quantum algorithms. Then, we
explore the topic of using quantum computers to simulate both linear and nonlinear dynamics in greater detail. Because quantum computers
can only efficiently perform linear operations on the quantum state, it is challenging to perform nonlinear operations that are generically
required to describe the nonlinear differential equations of interest. In this work, we extend previous results on embedding nonlinear systems
within linear systems by explicitly deriving the connection between the Koopman evolution operator, the Perron–Frobenius evolution operator,
and the Koopman–von Neumann evolution (KvN) operator. We also explicitly derive the connection between the Koopman and Carleman
approaches to embedding. Extension of the KvN framework to the complex-analytic setting relevant to Carleman embedding, and the proof
that different choices of complex analytic reproducing kernel Hilbert spaces depend on the choice of Hilbert space metric are covered in the
appendixes. Finally, we conclude with a review of recent quantum hardware implementations of algorithms on present-day quantum hardware
platforms that may one day be accelerated through Hamiltonian simulation. We discuss the simulation of toy models of wave–particle interac-
tions through the simulation of quantum maps and of wave–wave interactions important in nonlinear plasma dynamics.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0123765

I. INTRODUCTION
A. Motivation

The three pillars of quantum information science (QIS)—quantum
sensing, quantum communications, and quantum computing (QC)—
promise to have transformative impact on science, engineering, and
technology as we know it.1 This article presents a pedagogical introduc-
tion to quantum computing and reviews recent research to develop and
apply quantum algorithms and utilize quantum computing hardware
platforms for fusion energy science (FES) applications. The interesting
results obtained so far make it hopeful that QIS may one day lead to
game-changing capabilities for FES.

Before diving into quantum computing (QC), let us briefly men-
tion the other two pillars of QIS. First, quantum sensing techniques are
already being used today to improve measurement sensitivity by
orders of magnitude. Instead of being limited by the central limit theo-
rem to yield a noise-to-signal ratio of 1=

ffiffiffi
S
p

, where S is the number of
samples, using intrinsically quantum entangled states, such as

squeezed states, as sensitive probes can reduce the detection threshold
to the Heisenberg limit 1=S. Such techniques have been used to
improve the sensitivity of the Laser Interferometer Gravitational-wave
Observatory (LIGO) gravitational wave detector by a factor of 2 for
nearly a decade.2 New detectors based on nitrogen vacancy centers
(NV centers) in diamond have provided unprecedented sensitivity for
measurements of magnetic and electric fields as well as temperature
and pressure. Advances in atom interferometry3 have led to a revolu-
tion in gravitational and inertial (gyroscopic) sensing, now transition-
ing to real world applications, such as navigation without the Global
Positioning System (GPS), rapid passive sensing of mass distributions,
and underground structure discovery, as well as basic science applica-
tions, such as gravitational wave detection in the frequency regime
between LIGO and the Laser Interferometer Space Antenna (LISA).

Second, quantum communications offer the possibility of secure
and intrinsically parallel information transfer.4 The goal is to trans-
form and transport quantum information over long distances and to
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with the environment so that the probable range of energy exchanges
with the environment is much less than the energy differences between
these two states as well as the energy differences between these two
states and all other states. Moreover, one must also be careful to con-
trol environmental interactions that cause decoherence and destroy
superposition and entanglement.

The wavefunction of a qubit lives in a two-dimensional complex
Hilbert space

jwi ¼ sin ðh=2Þei/=2j0iþ cos ðh=2Þe%i/=2j1i: (20)

Due to the fact that the wavefunction is a ray in Hilbert space, i.e., it
actually lives in projective Hilbert space, the overall complex constant
is unimportant and is normalized to unity. Note, however, that for
describing a normalized vector in Hilbert space, and for describing
unitary transformations of physical states, one must include the overall
complex phase factor, eivjwi.

Thus, the qubit is described by two real parameters that form the
surface of a sphere, called the Bloch sphere. By convention, the þẑ
direction that points toward the top of the sphere corresponds to the
j0i state while the %ẑ direction that points toward the bottom of the
sphere corresponds to the j1i state. Thus, an arbitrary qubit state can
also be defined by the direction that it points in; if the unit direction
vector is n̂, then the state is denoted jn̂i. For example, jẑi :¼ j0i and
j%ẑi :¼ j1i, but remember that these states are orthogonal. Similarly,
one can define the states

j6x̂i ¼ j0i6 j1ið Þ=21=2; (21)

j6ŷi ¼ j0i6 ij1ið Þ=21=2: (22)

Given the definition above, when measurements are made along
the ẑ axis, the probability of j0ih0j is p0 ¼ cos2ðh=2Þ ¼ ð1þ cos hÞ=2
and the probability of j1ih1j is p1 ¼ sin2ðh=2Þ ¼ ð1% cos hÞ=2. In
fact, the probability of measuring a given outcome is simply given by
the binomial probability distribution with probability p1 of obtaining
the value 1 on each trial. For S trials, the binomial distribution has
mean p1S and variance p0p1S, so the variance of the mean decreases as
the central limit theorem would predict, p0p1=S. In agreement with
QM Postulate 2: immediately after a measurement, the state is known
with certainty, so the variance must vanish. As S!1 for fixed prob-
ability, the binomial distribution is well-approximated by a normal
Gaussian distribution, but this approximation breaks down for small
sample sizes or if one of the probabilities becomes vanishingly small.
For example, if S!1, but the product k ¼ p1S is held fixed, then
the binomial distribution tends toward the Poisson distribution with
mean and variance k.

There is also the possibility of rotating the measurement basis to
point along the x̂ or ŷ directions. In this case, the probability is con-
trolled by the angle / rather than h. In practice, it usually easier to
keep the measurement apparatus fixed and, instead, to rotate the state.
For example, to measure the probabilities along the 6x̂ axis, simply
rotate the state counterclockwise around the ŷ axis by 790&.

It is useful to explicitly define the effect of a rotation as a unitary
operation on the qubit. Define the Pauli vector as the vector of Pauli
matrices~r ¼ ðrx; ry;rzÞT . A rotation around the unit vector n̂ by the
angle h is defined by

Rn̂ðhÞ ¼ e%ihn̂'~r=2 ¼ cos ðh=2Þ1% i sin ðh=2Þn̂ '~r: (23)

Note that a rotation by h ¼ 2p multiplies the qubit by the overall
phase e%ip ¼ %1. This explicitly demonstrates the fact that the special
unitary group, SU(2), is actually a double cover of the special orthogo-
nal group of rotations SO(3).

A classical probability distribution over qubit wavefunctions is
equivalent to a positive Hermitian matrix called the density matrix

q ¼
q00j0ih0jþ q01j0ih1j
þq10j1ih0jþ q11j1ih1j

: (24)

Due to Hermiticity, the off diagonal elements must be complex conju-
gates, q(10 ¼ q01 and the diagonal elements must be real. These diago-
nal elements represent the probability of measuring the two states,
j0ih0j and j1ih1j, and are guaranteed to be positive due to the positiv-
ity of the density matrix. In order for the probabilities to sum to one,
there is the constraint Tr q ¼ q00 þ q11 ¼ 1. The off diagonal ele-
ments represent non-classical superposition states that have no analog
in the classical world.

Again, due to Hermiticity, the density matrix can be diagonal-
ized, so that it has the form

q ¼ pþjn̂ihn̂jþ p%j%n̂ih%n̂j; (25)

where j6n̂i are orthogonal states and p6 are the classical probabilities
of each of these states occurring. Any 2) 2 density matrix can also be
written in the form

q ¼ 1þ ðpþ % p%Þn̂ '~r½ +=2: (26)

Thus, the qubit density matrix can be visualized as an arrow of length
jpþ % p%j pointing in the n̂ direction, called the Bloch vector. A proper

FIG. 1. A classical bit (top left) can only ever be found in the states j0ih0j or j1ih1j
(bottom left). Physically, this is created with two deep potential wells that trap the
physical state in one region or the other. A quantum qubit (top right) can be in any
superposition of states j0i and j1i (bottom right). Physically, this is created using
the ground and first excited states of a quantum system.
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ABSTRACT

The supersonic solar wind, first predicted by Parker and then observed by Mariners, extends to form a heliosphere around the Sun. The
energy supply from the energy containing range, the energy cascade though the inertial range, and the eventual energy dissipation are three
basic processes of the energy transfer in the solar wind and have been studied for a long time. However, some basic issues remain to be
discovered. Here, we review the recent progress in the mechanisms of energy transfer of the solar wind turbulence from the observational
perspective. Based on the Parker solar probe observations, the energy supply mechanism by the low-frequency break sweeping is proposed to
provide enough energy for the proton heating in the slow solar wind. This mechanism also works in the fast solar wind. The energy flux by
the low-frequency break sweeping is consistent with that by the classical von K!arm!an decay mechanism. For the energy cascade in the iner-
tial range, the scaling behavior of the third-order structure functions demonstrates the effect of the complex dynamics of the solar wind. The
process of energy transfer is fundamental to understand the solar wind turbulence and help to construct the model of the space environment.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0121140

I. INTRODUCTION
Solar wind is a continuous plasma outflow driven by the solar

wind corona expansion, permeating the interplanetary space with the
magnetic field rooted on the Sun. Parker1 predicted that due to the high
temperature and thus high pressure, the atmosphere of the corona
escaped from the gravitation and formed the supersonic plasma outflow,
bringing the energy from the corona to the heliosphere. The supersonic
plasma outflow was confirmed by the direct measurements of the
plasma from Mariner 2 in the interplanetary space,2 opening the era of
the solar wind research. Parker3 proposed that the magnetic field was
brought out by the solar wind and the field lines presented the spiral
shape due to the effect of both the radial expansion and the Sun rotation.

The interplanetary fluctuations have always been among the
major research topics in the solar wind physics for decades because of
their direct impact on the acceleration and transport of the solar wind

and provide a great laboratory to study MHD turbulence.4,5 The mag-
netic power spectrum illustrates a power law shape.6–10 Matthaeus and
Goldstein11 applied the statistical methods to analyze the solar wind fluc-
tuations and found that the observational results were consistent with
the expectations of homogeneous and incompressible MHD turbulence
theory.9,11,12 On the other hand, Belcher and Davis13 found the high cor-
relation between the fluctuations of the magnetic field and velocity vec-
tors, which was the feature of Alfv!en waves.14 The fluctuations are
believed to be a superposition of outward propagating linear Alfv!en
waves with different scales,15–17 and the Wentzel–Kramers–Brillouin
(WKB) theory was developed to describe the propagation of pure Alfv!en
waves in the expanding solar wind.18–21

Coleman6 suggested that the solar wind is an evolving turbulent
flow, stirred perhaps by stream shear based on the measurements in
1962 in the region near 1AU obtained by the spacecraft Mariner 2.

Phys. Plasmas 30, 020501 (2023); doi: 10.1063/5.0121140 30, 020501-1

VC Author(s) 2023

Physics of Plasmas REVIEW scitation.org/journal/php
 25 August 2023 22:31:49

flux conservation expects that the radial magnetic field decreases with
r!2 and the azimuthal magnetic field decreases with r!1. As the dis-
tance increases, the azimuthal magnetic field becomes more and more
important and the magnetic field magnitude decreases slower. The dif-
ferences between the model prediction and the observations may be
due to the dependence of the solar wind origin, making magnetic flux
to evolve.88 The radial dependences clearly present two parts: inside
0.25AU, the temperature decreases much slower than the magnetic
field magnitude B and the magnetic moment T?=B increases as r
increases; outside 0.25AU, the temperature decreases faster and T?=B
increases slower than inside. These imply that the slow solar wind
experiences stronger heating inside 0.25AU than outside 0.25AU.89

This conclusion can be confirmed in the left panel of Fig. 2 in which
the observed heating rate for the slow solar wind is shown by solid
blue lines. The comparability of the black dots and blue lines indicates
that different heating rates observed inside and outside 0.25AU by
PSP may be explained by different energy supply rates. It also confirms
the balance between the energy supply by the low frequency sweeping
and the energy dissipation for the solar wind heating, which is a strong
evidence for the applicability of the low frequency sweeping mecha-
nism in the slow solar wind.

In the right panel of Fig. 2, the energy supply rates from 0.3 to
4.8AU in the fast wind calculated by two methods are shown in black
dots and black dashed line, respectively. One method obtains the gra-
dient of low-frequency break from its profile fitting, and another of
step-by-step calculates the gradient by the ratio between the difference
of low-frequency break and radial distance in two adjacent points. Its
apparent consistency with the observed heating rate68 manifests that
in the fast solar wind turbulence, the energy is also supplied by the low
frequency sweeping mechanism.

The energy containing range with the scaling of !1 could result
from the interplanetary magnetic field and the structured surface of

the Sun,90 the early superposition of uncorrelated samples of turbu-
lence originating from different solar source region.91 Recently,
Matteini et al.50 suggested that the 1=f scaling observed in the
observed in fast wind magnetic field might be the consequence of the
large-scale saturation of the fluctuations. In other words, the amplitude
of the fluctuations would be limited by the local magnetic field magni-
tude. Figure 4 shows the radial evolution of the mean magnetic-trace
fluctuations with respect to the time lag Dt in the left and the normal-
ized fluctuations in the right. It is clear that the fluctuations in the 1=f
range are maintained at the saturation level dB=B " 1 and the break
between the inertial and 1=f range is identified at the scale where
dB=B approaches 1. This interpretation of the magnetic field Alfv!enic
fluctuations saturation was expanded to the slow solar wind later.66

How the 1=f range generates is a fundamental issue, however, does
not affect the conclusion that low-frequency break sweeping plays an
important role in the energy transfer process.

III. EDDY AND EDDY DECAY MECHANISM
In hydrodynamic turbulence, the basic element of nonlinear

interactions is the vortex of the velocity, which is named eddy. The
energy cascades from larger to smaller scales through the interactions
of isotropic eddies with self-similarity in the inertial range.47 What is
the basic element of nonlinear interactions in the solar wind turbu-
lence? Some theories are developed to interpret the nonlinear interac-
tions for the MHD turbulence. The Iroshnikov–Kraichnan (IK) model
considers the role played by Alfv!en waves in the MHD fluid and pro-
poses the idea that the nonlinear interactions are between the Alfv!en
wave packets.7,23,92 The elements are predicted to be 2D anisotropic as
tubes under the critical balance conjecture that the nonlinear interac-
tion time and the Alfv!en-propagation time are comparable at each
scale.93 In order to interact with each other, the magnetic and velocity
fluctuations need not to be parallel but becomemore andmore aligned

FIG. 2. Left: The radial variations of the energy supply rate by low-frequency sweeping (black dots) and perpendicular heating rate (blue solid lines: "r!3:49 inside 0.25 AU
and "r!4:43 outside 0.25 AU) calculated from PSP observations for slow solar wind. The blue dashed line indicates the perpendicular heating rate ("r!3:49) obtained by
Helios measurements for fast solar wind. Right: radial variations of the energy supply rate by low-frequency sweeping (black) and perpendicular heating rate (blue) for the
high-speed solar wind from 0.29 to 4.8 AU. The black dots are obtained from a step-by-step calculation. The black dashed line results from the fitted parameters and "r!3:94.
The blue solid line is the heating rate based on the fitted parameters and "r!3:72. The estimated errors are shown by the shadow. Reproduced with permission from Wu
et al., Astrophys. J. Lett. 904, L8 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution (CC BY) license.67 Reproduced with permission from Wu
et al., Astrophys. J. 912, 84 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution (CC BY) license.68
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ABSTRACT

The study of relativistic electron–positron pair plasmas is both of fundamental physics interest and important to understand the processes
that shape the magnetic field dynamics, particle acceleration, and radiation emission in high-energy astrophysical environments. Although it
is highly desirable to study relativistic pair plasmas in the laboratory, their generation and control constitutes a critical challenge. Significant
experimental and theoretical progress has been made over recent years to explore the use of intense lasers to produce dense relativistic pair
plasma in the laboratory and study the basic collective plasma processes associated with these systems. Important challenges remain in terms
of improving the number of pairs, system size, and control over the charge neutrality required to establish laboratory platforms that can
expand our understanding of relativistic pair plasma and help validate underlying models in conditions relevant to high-energy astrophysical
phenomena. We highlight recent progress in this field, discuss the main challenges, and the exciting prospects for studying relativistic pair
plasmas and astrophysics relevant instabilities in the laboratory in the near future.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0134819

I. INTRODUCTION
Relativistic electron–positron (e!eþ) pair plasmas are abundant

in high-energy astrophysical systems, such as those associated with
neutron star and black hole environments.1–8 The interactions of
c-photons with each other and with strong magnetic fields—which
exceed the quantum critical field Bc ¼ 4:4$ 1013 G in some
systems9,10—lead to prolific pair creation via electromagnetic cas-
cades.4,11–16 These pair plasmas are relativistically hot (with tempera-
ture T6 >MeV) and can be accelerated to high speeds (with Lorentz
factors reaching up to c6 % 104) in the relativistic winds or jets asso-
ciated with these compact astrophysical objects.4,17 Important exam-
ples are pulsar magnetospheres,14,18–20 relativistic jets from active
galactic nuclei (AGN),21–24 and gamma-ray bursts (GRBs),7,25 all
believed to be associated with relativistic pair plasmas. Collective
plasma processes, such as streaming instabilities,26–28 magnetic recon-
nection,29–31 collisionless shocks,32,33 and turbulence,34,35 shape the
magnetic field dynamics, energy partition, and radiation emission in
these systems. The plasma behavior in such extreme, relativistic, and
often radiative, environments can depart significantly from that of
traditional non-relativistic plasmas studied in the laboratory and in

space. Despite significant advances in theoretical and numerical stud-
ies of relativistic pair plasmas, our understanding of the plasma
dynamics at these exotic, but rather important, regimes is still limited.

The fundamental interest and astrophysical importance of rela-
tivistic pair plasmas has motivated efforts to produce and study them
in the laboratory.36–40 While the full range of conditions associated
with compact astrophysical objects is unattainable in terrestrial labora-
tories, there is a significant value in the development of experimental
platforms that would enable studies of the basic collective processes
associated with pair plasmas in a controlled environment. Such experi-
ments can offer a unique avenue for testing theoretical and numerical
models and developing a deeper understanding of the plasma physics
that shapes high-energy astrophysical systems.

Advances in high-power lasers are enabling the generation of
e!eþ beams in high atomic number (high-Z) metal targets, using
either direct irradiation of the target by an intense laser
pulse38,41–44 or by a relativistic electron beam produced by laser
wakefield acceleration (LWFA).40,45–48 In the past two decades,
significant progress has been made in controlling and characteriz-
ing pair production with lasers. Experiments using direct laser

Phys. Plasmas 30, 020601 (2023); doi: 10.1063/5.0134819 30, 020601-1

Published under an exclusive license by AIP Publishing
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irradiation of a gold target have now produced !1012 relativistic
pairs,42 and experiments based on LWFA have reached pair beam
densities of !1015 cm"3.40 There is now a better understanding of
how the number of pairs and their density scales with laser
energy, and how to control the pair beam duration, divergence,
energy, and charge neutrality by tuning both laser and target
parameters.

At the same time, the continued increase in laser intensity is
starting to open new avenues to explore pair production in ultra-
strong fields that can exceed the quantum critical (or Schwinger)
electric field Ec ¼ 1:3$ 1016 V/cm49 leading to prolific pair produc-
tion in vacuum. Under such conditions, the photon mean free path to
one-photon pair decay can become small and lead to the onset of a
quantum electrodynamic (QED) cascade with high multiplicity.50 This
is a tantalizing prospect that would enable the generation of very dense
relativistic pair plasmas in the laboratory and enable controlled studies
of the interplay between strong-field QED and collective plasma
processes.50–54

In this paper, we discuss the current status of relativistic pair pro-
duction with intense lasers and give our perspective on future develop-
ments and opportunities for experimental laboratory studies of
relativistic pair plasmas and their relevance to astrophysical systems.
We note that other schemes not involving powerful lasers have been
proposed, and are being explored, for the generation of pair plasmas.
These include trapping of positrons from radioactive sources,37

nuclear reactors,39,55–57 and particle accelerators.36,58,59 While these
schemes also hold promise for the generation of pair beams and plas-
mas, they will not be discussed in this paper, which is focused on
laser-based configurations.

This paper is organized as follows. In Sec. II, we start with a
general discussion of the astrophysical and fundamental plasma
physics motivation to study relativistic pair plasmas and the
requirements for laboratory experiments to access the basic pro-
cesses associated with these plasmas. We review the main mecha-
nisms for pair production in experiments with intense lasers in
Sec. III. In Sec. IV, we discuss the current status of relativistic pair
generation and characterization using intense lasers. In Sec. V, we
provide our perspectives for future laboratory studies of relativistic

pair plasmas based on the current status and expected advances.
Finally, in Sec. VI, we present our conclusions.

II. RELATIVISTIC ELECTRON–POSITRON PLASMAS
A. Astrophysical motivation

In the past decade, extraordinary discoveries associated with
extreme astrophysical plasmas have excited scientists and the public
alike—from the first images of the plasma orbiting a black hole60,61 to
the high-energy cosmic rays and radiation produced by relativistic jets
and gamma-ray bursts62,63 to fast radio bursts from galactic neutron
stars.64 It has long been recognized that the plasmas at the core of
these extreme environments are relativistic and often electron–posi-
tron pair dominated.1–4 Pair-driven plasma processes shape the
dynamics and energy partition in these systems over a wide range of
scales and conditions—from highly magnetized regions near the com-
pact objects to the interaction of very dilute relativistic pair beams
with the intergalactic medium at 100 Mpc distances—in ways that are
not well understood. This is schematically illustrated in Fig. 1.

Relativistic pair plasmas can be produced around neutron stars
and black holes by interactions of c-ray photons with each other or
with strong magnetic fields in the magnetospheres of these compact
objects [Fig. 1(a)]. For example, particles accelerated near the neutron
star surface emit energetic c-rays that propagate across a magnetic
field of near quantum critical strength (B ! Bc) and decay into an
e"eþ pair. The freshly produced pairs undergo acceleration and also
emit c-rays, triggering an avalanche of pair production.4,11–16 Newly
born pairs start screening the accelerating electric field, thus prevent-
ing further particle acceleration. Similar electromagnetic (EM) cas-
cades occur near the event horizon of supermassive black holes. These
EM cascades fill the magnetospheres of compact objects with pair
plasma and might comprise a significant part of the observed flux of
cosmic rays (CR) high-energy positrons. They are expected to fill rela-
tivistic jets launched by compact objects with pair plasma.17 The pair
collective plasma motions in the discharge process can excite coherent
EM waves that provide critical observational signatures of these
extreme environments.65 The most intriguing class of neutron stars
are magnetars, whose magnetic field strength can reach !1015 G.9,10

This field strength significantly exceeds the QED critical field Bc.

FIG. 1. Schematic representation of the prevalence of relativistic pair plasmas at different scales and physical regimes associated with high-energy sources from compact
astrophysical objects. Copious pair production occurs via QED cascades near compact objects (a), such as black holes and neutron stars, and gives rise to pair-dominated rel-
ativistic plasma jets that emanate from these objects. Pair plasma processes associated with relativistic instabilities, magnetic reconnection, turbulence, and collisionless
shocks shape high-energy emission in these extreme environments (b)–(d).
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ABSTRACT

We review the current literature on the formation of coherent structures (CoSs) in strongly turbulent 3D magnetized plasmas. CoSs [Current
Sheets (CS), magnetic filaments, large amplitude magnetic disturbances, vortices, and shocklets] appear intermittently inside a turbulent
plasma and are collectively the locus of magnetic energy transfer (dissipation) into particle kinetic energy, leading to heating and/or
acceleration of the latter. CoSs and especially CSs are also evolving and fragmenting, becoming locally the source of new clusters of CoSs.
Strong turbulence can be generated by the nonlinear coupling of large amplitude unstable plasma modes, by the explosive reorganization of
large-scale magnetic fields, or by the fragmentation of CoSs. A small fraction of CSs inside a strongly turbulent plasma will end up reconnect-
ing. Magnetic Reconnection (MR) is one of the potential forms of energy dissipation of a turbulent plasma. Analyzing the evolution of CSs
and MR in isolation from the surrounding CoSs and plasma flows may be convenient for 2D numerical studies, but it is far from a realistic
modeling of 3D astrophysical, space, and laboratory environments, where strong turbulence can be exited, such as in the solar wind, the solar
atmosphere, solar flares and Coronal Mass Ejections, large-scale space and astrophysical shocks, the magnetosheath, the magnetotail, astro-
physical jets, and Edge Localized Modes in confined laboratory plasmas (tokamaks).

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0141512

I. INTRODUCTION
Strong turbulence is a complex nonlinear dynamic phenomenon,

which has a great impact on the heating and acceleration of particles
in space and laboratory plasmas.1,2 Unfortunately, courses for the
study of turbulence are little present in university graduate programs.
As a result, strong turbulence is also absent from the modeling of labo-
ratory, astrophysical, and space phenomena when they enter a fully
developed turbulent stage. The basic plasma physics courses at the uni-
versities start with the exploration of normal modes and linear insta-
bilities. The nonlinear evolution of unstable waves is analyzed with the
use of the quasilinear approximation. In laboratory, space, and astro-
physical plasmas, the “linear” phase of a normal mode has no meaning
since the fluctuations grow in the presence of strong turbulence. The
estimate of the growth time of the fluctuations in the presence of fully
developed turbulence remains an open problem. Recently, Prof.
William H. Matthaeus wrote a review article with the provocative title
“Turbulence of space plasmas: Who needs it?”3 to stress the following
fact: the scientific community avoids the use of strong turbulence in
the interpretation of many astrophysical or laboratory plasma phe-
nomena. Most studies treat the linear part of the evolution of a system
very carefully, but when their models enter the regime of fully

developed turbulence, the intermittent appearance of coherent struc-
tures (CoSs) and their multi-scale evolution fall beyond the ability of
their numerical tools to handle them with present day computers.
Therefore, the interpretations of many 3D strongly turbulent space
and laboratory phenomena remain unexplored.

A. Weak vs strong turbulence
The study of turbulence can be divided into “weak” or “wave”

turbulence and “strong” turbulence. We define as weak or wave turbu-
lence the magnetic fluctuations resulting from the superposition of
any spectrum of N linear modes,

bðr; tÞ ¼
XN

i¼1
b0ieiðki$r%xðkiÞtþ/iÞ; (1)

where ki is the wave vector, xðkiÞ the dispersion relation derived
through linearization, b0i the amplitude, and /i the random phase of
the weakly damped/amplified wave mode i. This is a correct represen-
tation of a physical system if its unstable fluctuations have very small
amplitude (i.e., for magnetized plasmas the fluctuations of the mag-
netic field b are very weak, jbj' jB0j, where B0 is the ambient mag-
netic field of the plasma).

Phys. Plasmas 30, 040502 (2023); doi: 10.1063/5.0141512 30, 040502-1

Published under an exclusive license by AIP Publishing

Physics of Plasmas REVIEW scitation.org/journal/php

 25 August 2023 22:33:51

For the CoSs to form, Isliker et al.51 let the MHD equations
evolve until the largest velocity component starts to exceed twice the
Alvfèn speed. The magnetic Reynolds number at final time is
hjujil=g ¼ 3:5" 103 (being actually rather constant over time), with
l # 0:01 a typical small-scale eddy size, and the ratio of the energy car-
ried by the magnetic perturbation to the kinetic energy is
ð0:5hb2iÞ=ð0:5hqu2iÞ ¼ 1:4, which is a clear indication that they were
dealing with strong turbulence.

The overall picture demonstrates the spontaneous formation of
CoSs, with the intermittent appearance and disappearance of CSs
dominating the overall evolution of the strongly turbulent environ-
ment. This result resembles the 2D simulations of Biskamp and
Walter33 about 30 years ago. The perpendicular component of the cur-
rent fluctuates rapidly but lacks the coherent structures shown in Jz.
Similar results were obtained by Arzner et al.,45,55 using strong
Gaussian fields or a large eddy simulation scheme.

It is of foremost importance to find ways to identify 3D CoSs
inside a turbulent plasma and measure their statistical characteristics.
Several algorithms have been proposed in order to identify and charac-
terize the geometrical structures of CoSs in numerical simulations and
observations.26,46–48,58–65

Dong et al.66 presented the world’s largest, so far, 3D MHD tur-
bulence simulation, using&200 " 106 Central Processing Unit (CPU)
hours. In their analysis, a myriad of fine structures (CSs) is produced
(see Fig. 3).

They initialized their simulation with uncorrelated, equiparti-
tioned velocity and magnetic field fluctuations superimposed onto a
strong mean magnetic field. Their main focus was on the properties of
the reconnection-driven energy cascade, and they also discussed the
role that the breakup of the reconnecting CSs into smaller fragments

plays in the energy transfer. The fragmentation of large-scale CSs is
the topic of Sec. III in this review.

Comisso and Sironi67 showed that coherent structures (referring
mainly to CSs) undergo fragmentation and reconnection in fully
kinetic simulations of strong plasma turbulence. Their study proved
that reconnecting current sheets are a common feature of not only the
MHDmodels but also of the more complete fully kinetic models.

Zhdankin et al.48 developed a framework for studying the statisti-
cal properties of CSs formed inside a magnetized plasma by using a
3D reduced MHD code. The distribution of the current fragmentation
forming CSs in the x–y-plane is shown in Fig. 4. They were able to
show that a large number of CSs do not contain reconnection sites,
and likewise, many reconnection sites do not reside inside 3D CSs.

The most striking characteristic of the CSs formed spontaneously
inside the strongly turbulent plasma is the probability distribution of
the dissipated energy, e ¼

Ð
gj2dV , and of the characteristic lengths of

the CSs, which are shown in Fig. 5, as reported by Zhdankin et al.48

The techniques applied by Zhdankin et al.48 for the analysis of their
numerical simulations have initially been developed by Urisky et al.59

Recently, a number of attempts were made to extend the search for 3D
CoSs to satellite data.62,64

The distribution in real space of CoSs in turbulence influences
their dynamics and dissipation characteristics through the complex
interrelationship. In Fig. 6, the probability distribution function (PDF)
of the electric current density is shown, and the corresponding regions
in real space are indicated.58 The low values of the current density
(region I) follow a super-Gaussian distribution and are related to the
lanes between the islands. The intermediate values of the current den-
sity (region II) correspond to cores (filaments in 3D) and follow a
sub-Gaussian distribution, and finally the super-Gaussian tails of the

FIG. 3. Volume rendering of the current density jJj in the entire domain at a stage
when turbulence is fully developed. A myriad of current sheets is evident in the
plane perpendicular to the mean magnetic field Bz0 (for details of the simulation,
see Dong et al.66). Reproduced with permission from Dong et al., Sci. Adv. 8, 7627
(2022). Copyright 2022 AAAS.66

FIG. 4. Current density in the cross section of the x-y-plane. Red indicates negative
current, and blue indicates positive current. The presence of current sheets (in
green color) throughout the volume is clearly visible. Reproduced with permission
from Zhdankin et al., Astrophys. J. 771, 124 (2013). Copyright 2013 AAS.48
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ABSTRACT

Solar energetic particles (SEPs) from suprathermal (few keV) up to relativistic (!few GeV) energies are accelerated at the Sun in association
with solar flares and coronal mass ejection-driven shock waves. Although our knowledge of the origin, acceleration, and transport of these
particles from close to the Sun through the interplanetary medium has advanced dramatically in the last 40 years, many puzzles have still
remained unsolved due to the scarcity of in situ measurements well inside 1AU. Furthermore, energetic particle intensity enhancements
associated with high-speed streams or stream interaction regions (SIRs) have been routinely observed at interplanetary spacecraft near Earth
orbit since the 1960s. Since only a small sample of SIR events were observed by the Helios spacecraft inside 1AU, additional observations
well inside 1AU were also needed to further investigate the energization and transport effects of SIR-associated ions and to compare with
expectations from contemporary SIR-associated particle acceleration and transport models and theories. The Solar Orbiter (SolO) and
Parker Solar Probe (PSP) pioneering missions have been providing unprecedented measurements of energetic particles in the near-Sun envi-
ronment. This review presents the unexpected observations of SEP and SIR-related ion events as measured by the PSP/IS"IS and SolO/EPD
experiments, which revealed surprises that challenge our understanding.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0147683

I. INTRODUCTION
Solar energetic particles (SEPs) from suprathermal (few keV) up

to relativistic (few GeV) energies occur as episodic events and can vary
in intensity by several orders of magnitude in minutes. SEPs are emit-
ted from the Sun in association with solar flares and coronal mass ejec-
tion (CME)-driven shock waves. Transient interplanetary shocks at
!1AU are sometimes accompanied by enhancements in the intensi-
ties of energetic ions above !0.05MeV/nucleon, known as energetic

storm particle (ESP) events (e.g., Cohen, 2006; Desai and Giacalone,
2016). SEP radiation storms have durations from hours to days and
exhibit a large range of energy spectrum profiles. These events pose a
threat to modern technology which strongly relies on spacecraft and
constitute a serious radiation hazard to humans in space, and addi-
tionally are of concern to avionics and commercial aviation in extreme
circumstances (Malandraki and Crosby, 2018a, 2018b). Our knowl-
edge of the origin, acceleration, and transport of SEPs from close to
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MeV/nuc by the IS!IS/EPI-Hi instrument identified in the first two
orbits of PSP as SIR events (Fig. 22). Three of the events occurred
when PSP was inside of "0.6AU, with two inside 0.5AU, which is
substantially closer to the Sun than most studied SIR/CIR events.
Helios reported five events at these distances (Van Hollebeke et al.,
1978). For each event, the proton intensities were integrated over the
duration of the event and corrected for background. The resulting
spectra from the three EPI-Hi LET apertures are shown on the left of

Fig. 23 for each event. Although there are some variations, particularly
at the higher energies, generally the three spectra show good agree-
ment indicating a fairly isotropic particle distribution. Cohen et al.
(2020) carried out further analysis, averaging the LETA and LETB
spectra for each event.

On the right of Fig. 23, a comparison of the proton spectra for
the seven events is shown, with a power law corresponding to E#4.5

also shown for reference. Fitting of the spectra resulted in power-law
indices ranging from -4.3 to -6.5, which is softer than is typical for SIR
events observed near 1AU. Based on the findings that none of the
events occurred near a clear solar wind shock/compression region and
all exhibited particle isotropy and a lack of clear velocity dispersion,
Cohen et al. (2020) concluded that there is no evidence of local accel-
eration in any of these events at these energies but they rather corre-
spond to regions previously filled with energetic particles sweeping
over the spacecraft. More plausibly, the particles were accelerated at
larger distances from the Sun where SIRs may have developed into
either shock pairs or at least significant compression regions.
Accelerated particles could then propagate and eventually result in an
isotropic distribution that filled a region through which PSP then
passed. Thus, the observations by Cohen et al. (2020) show that the
energetic protons of a few MeV nuc#1 propagate unhindered far
enough into the inner heliosphere up to"0.38AU to reach PSP.

From a heavier ion perspective, Desai et al. (2020) studied in detail
the properties of suprathermal-through-energetic "0.030–3MeV/nuc
He ions associated with six CIRs or SIRs observed between "0.35 and
0.95AU during the first two orbits of PSP. Figure 24 compares the
omnidirectional, event-averaged He differential energy spectra in all six
events studied. Event #1 corresponds to the first-ever measurements of
suprathermal-through-energetic He ions with energy between "0.03
and 2MeV/nuc during one intensity enhancement that was associated

FIG. 21. Energetic particle spectra computed for an observer at 1 AU via the model
of Fisk and Lee (1980) for different distances of the shock region from the Sun.
Reproduced with permission from Mason et al., Space Sci. Rev. 89, 327–367
(1999). Copyright 1999 AIP Publishing (Mason et al., 1999).

FIG. 22. (Top panel) First two orbits of PSP (2018 September 25–2019 January 20, left, and 2019 January 20–2019 June 19, right). The color intensity shows the "1–2MeV
proton counting rate measured by LETA. The location of the Sun is shown by the orange circle and radial distances are marked by the gray concentric circles. (Bottom panel)
Proton intensity spectrogram from LETA showing the seven events (as numbered along the top of the panel) as a function of time and energy. Gray regions are data gaps.
Reproduced with permission from Cohen et al., Astrophys. J. Suppl. Ser. 246, 20–30 (2020). Copyright 2020 AAS (Cohen et al., 2020).
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ABSTRACT

Atomic layer etching (ALE) has emerged as a promising technique for the precise and controlled removal of materials in nanoscale devices.
ALE processes have gained significant attention due to their ability to achieve high material selectivity, etch uniformity, and atomic-scale res-
olution. This article provides a perspective of the important role of plasma in ALE including thermal ALE for nanometer-scale device
manufacturing. Advantages as well as challenges of ALE are discussed in contrast to classic reactive ion etching. A tally-up of known plasma-
based ALE processes is listed, and novel thermal ALE processes are described that are based on the so-called ligand addition mechanism. We
explain the potential of using plasma for increasing wafer throughput in a manufacturing environment, its use when it comes to anisotropy
tuning, the benefits in enabling a wider range of pre-cursors in thermal ALE, and the advantages it may bring for thermal ALE of crystalline
materials. The benefits and challenges of different plasma sources in ALE are discussed, and an outlook for future development is provided.
Finally, applications of plasma for productivity reasons such as particle avoidance and process stability are outlined.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0158785

I. INTRODUCTION
Shrinking chip feature sizes and the emergence of new device

architectures have traditionally required the development of new wafer
processing regimes that were enabled through the deployment of new
processing equipment.

Since the beginning of the reactive ion etch (RIE) era in device
fabrication some sixty years ago, tremendous effort has been put into
decoupling various process parameters. For example, ion energy and
plasma density needed to be controlled nearly orthogonally for certain
etch applications. This was done by designing etch chambers with two
independent radio frequency (RF) sources, for instance, an inductive
source at the chamber top for plasma density control and a capacitive
“source” tied to the substrate that can control the ion energy to the
wafer. These additional “control knobs” typically result in very expen-
sive wafer etch chambers with high maintenance costs. They also
demand an advanced skill level from an operator for its mastery.

Despite the successful “decoupling” of certain processing param-
eters in classical continuous plasma etching, many limitations of the
etch process continue to exist. Some of them stem from the confines
of transport-related phenomena with respect to the delivery of reac-
tants to the wafer surface as well as the removal of by-products. These
restrictions extend to all length scales of wafer processing, from wafer
size (center-to-edge) to the nanoscale of the actual devices. They can
even impact performance matching within a tool fleet in a wafer fab.

Other constrains stem from the strong correlation of certain etch
results with temperature. For example, depending on the process
chemistry, wafer center-to-edge control of critical feature dimensions
to less than 1nm necessitated the development of temperature control
means across this area of less than 1K.

The emergence of three-dimensional device structures in recent
years is currently spawning the development of new deposition and
etch techniques that allow for a precise addition and removal of materi-
als on an atomic scale. One of these emerging techniques is atomic layer
etching (ALE) which is particularly useful for fabricating complex 3D
nanostructures in high-performance microelectronic devices. This new
technology has two principal implementations: a class where the entire
processes is based on thermal reactions and a second class that is mak-
ing use of plasma, typically a high-frequency plasma, in at least part of
the process. The former has been coined thermal or isotropic ALE,
whereas the latter is referred to as plasma-based or directional ALE.

The two ALE embodiments show a number of similarities but
exhibit some important differences. Directional ALE uses a flux of
accelerated ions or radicals to etch in a specific direction, while ther-
mal isotropic ALE uses a chemical reaction between the device surface
and a gas to etch uniformly in all directions. In addition, plasma-based
ALE typically removes more material per cycle than thermal isotropic
ALE, but the former is less precise and can cause more unintentional
damage in the surrounding areas.
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minimum (low sheath voltage) or if a remote plasma source is
utilized.

3. Transport-related phenomena such as across-wafer uniformity
and aspect ratio dependent etching rates can be mitigated and
the etch chemistry can be simplified in atomic layer etching due
to its two-step character and by allowing at least one of the ALE
steps to be operated in saturation mode.
In ALE, etch chemistries characteristically consist of a single
reactant per process step that is not further dissociated into a
“soup” of ions and radicals as is the case in RIE.8 Furthermore,
the interaction of this single reactant with the etching film is lim-
ited to a monolayer. Even if parts of the substrate (center/edge of
the wafer or top/bottom in a device) complete the etching of a
monolayer first, no additional removal of material occurs until
the next ALE cycle. This self-limitation assures high etch unifor-
mity thereby eliminating the need for expensive decoupling or
“uniformity control” knobs in etch reactor designs.

4. Thermal ALE is a process based on thermal energy entirely.
Plasma-enhanced ALE processes utilize ion energies at the sub-
strate of only a few tens of electronvolts—energies below the
sputter threshold of the material to be etched. This low-energy
environment reduces the risk for unwanted damage to other
parts of the device structure, especially to an underlayer, allowing
for the etch front to be controlled at the atomic scale thereby
achieving the highest control in removal.

5. Another critical parameter for any etch process is the etch rate
selectivity to other materials such as the mask or other exposed
materials in the device itself. Due to the high reactivity of ions
and radicals from an RIE plasma, achieving high selectivities
between materials requires careful chemistry selection and pro-
cess tuning for reaching best results.
In ALE, etch selectivities can be very high between materials due
to the use of “targeted” chemistry and due to the absence of ener-
getic ions and radicals. An example of etch selectivity between a
variety of materials is shown in Fig. 2. In this thermal ALE pro-
cess, high-k oxides were exposed to 1000 ALE cycles and
removed. The amount of material removed from other materials
in the test structure which were exposed equally to the chemistry
was immeasurably small.
The etch selectivities in Fig. 2 between the two high-k materials
and SiN/SiO2 as well as TiN are at least 1000:1 due to the
immeasurably small etch rate of the latter three. It should be
noted that the good etch resistance of TiN can be compromised
and etch selectivity to that material be reduced by the presence
of small amounts of oxygen stemming from leaks in the chamber
hardware from the outside. As was pointed out by Chen and Lu,
Jung et al., and Tompkins,10–12 TiN reacts thermally with oxygen
at higher temperatures forming TiO2, titanium oxide. It is well
established that TiO2 reacts spontaneously with hydrogen fluo-
ride, the reactant used in a large number of ALE modification
steps. In other words, the TiN etch resistance to these types of
ALE precursors could be compromised should the reactor be
designed with insufficient vacuum integrity.

6. A final advantageous aspect of ALE lies in its low electrical and
UV light-based damage risk. This low risk particularly applies to
the thermal type of ALE. In plasma-enhanced ALE, electrical
charging and UV exposure may still occur but would be orders

of magnitude lower than in some high-power, high-voltage RIE
processes in which sheath voltages can reach hundreds of volts
or more potentially leading to severe device damage or even
wafer arcing with the destruction of some of the chamber hard-
ware if plasma ignition, step transitions or the plasma extinction
are not designed and controlled carefully.

IV. CHALLENGES OF ALE COMPARED TO RIE

1. The level of control on an atomic scale exerted by ALE bears a
simultaneous downside that relates to the etching rates. Many mod-
ern devices today still have dimensions that are tens of nanometers
in size. Etch processes with monolayer-by-monolayer removal even
with ALE cycle times of 10 s would require several hours to com-
plete, an outcome that is incompatible with wafer throughput
requirements in most high-volume manufacturing settings. Thus,
ALE processes are currently limited to etch depths below a few tens
of nanometers.
Etch rates per cycle (EPCs) and thereby wafer throughput can be
boosted by high dosing during each of the process steps and by
increasing the substrate temperature.13 Additionally, the use of
plasma increases the reactivity of a molecule thereby lowering
the time necessary for an ALE step. Plasma may be applied to
either ALE step if it is compatible with the chemistry and etch
results on the wafer.
Fundamentally, throughput could be increased by designing
ALE-specific process chambers with ultra small gas volumes that
have high gas flows and pumping speeds to reduce the above-
wafer gas residence time into the single millisecond range thereby
bringing the per-step cycle time into the sub-second range.

2. Wafer throughput constraints generate a tradeoff with the self-
limiting character of ALE reactions as sufficient time may not be
available for a surface to reach chemical saturation. As a conse-
quence, undesirable wafer center-to-edge etch uniformity or
device top-to-bottom issues as well as feature size loading effects
may start to appear.

3. Stemming from the thermal character of the chemistry of the etch
steps, many ALE processes must be run at elevated temperatures,

FIG. 2. Example of etch selectivity in thermal ALE at 250 !C. Materials are SiN (1),
HfO2 (2), SiO2 (3), TiN (4), Al2O3 (5). No measurable removal in SiN, SiO2, and
TiN was detected after 1000 ALE cycles.9
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Key Concepts from Plasma 1
• Debye length and the plasma sheath 

• Describing a plasma (part 1): how do 
charged particles move? 

• Describing a plasma (part 2): distribution of 
charged particles and collisions 

• Moments of the distribution function: 
plasma “fluid” theory and “collisionless 
closure” 

• Linear waves in “cold” plasma 

• Linear waves in bounded plasma 

• Waves in “warm” plasma: the wave-particle 
resonance 

• Magnetohydrodynamics (MHD) and 
examples (solar wind and plasma dynamo) 

• Equilibria of magnetized plasmas (Straight 
pinches and the Grad-Shafranov Equation) 

• Ideal and resistive instabilities in the large-
aspect ratio (“straight”) tokamak

15



Plasma Parameters

• n(r,t) – density - plasma frequency, ωp 

• T(r,t) – temperature, vth = (kT/m)1/2 

• λD – Debye length, vth/ωp 

• ND - plasma parameter, (4 λD3/3) n >> 1

16



FIGURE S.1 Plasmas that occur naturally or can be created 
in the laboratory are shown as a function of density (in 
particles per cubic centimeter) and temperature (in kelvin). 
The boundaries are approximate and indicate typical 
ranges of plasma parameters.  
Distinct plasma regimes are indicated: 
• For thermal energies greater than that of the rest mass of 

the electron (kBT>mc2), relativistic effects are important.  
• At high densities, where the Fermi energy is greater than 

the thermal energy (EF>kBT), quantum effects are 
dominant.  

• In strongly coupled plasmas (i.e., nλD3 < 1, where λD is 
the Debye screening length), the effects of the Coulomb 
interaction dominate thermal effects; and  

• When Ef>e2n1/3, quantum effects dominate those due to 
the Coulomb interaction, resulting in nearly ideal 
quantum plasmas.  

• At temperatures less than about 105 K, recombination of 
electrons and ions can be significant, and the plasmas 
are often only partially ionized.

http://www.nap.edu/catalog/4936/plasma-science-from-fundamental-research-to-technological-applications
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FIGURE S.1 Plasmas that occur naturally or can be created in the 
laboratory are shown as a function of density (in particles per 
cubic centimeter) and temperature (in kelvin). The boundaries are 
approximate and indicate typical ranges of plasma parameters.  

Distinct plasma regimes are indicated: 
• For thermal energies greater than that of the rest mass of the 

electron (kBT>mc2), relativistic effects are important.  
• At high densities, where the Fermi energy is greater than the 

thermal energy (EF>kBT), quantum effects are dominant.  
• In strongly coupled plasmas (i.e., nλD3 < 1, where λD is the 

Debye screening length), the effects of the Coulomb 
interaction dominate thermal effects; and  

• When Ef>e2n1/3, quantum effects dominate those due to the 
Coulomb interaction, resulting in nearly ideal quantum 
plasmas.  

• At temperatures less than about 105 K, recombination of 
electrons and ions can be significant, and the plasmas are 
often only partially ionized.

\
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The Equations of Plasma Physics

19

Distribution Function

Particle Motion



Debye Length:  
The small scale of electric fluctuations
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Debye Length: 
Potential near a change within a plasma

2.2 Collective Behavior of a Plasma 39

which is independent of the mass m but depends on the energy W . Noting that the
tangent to the parabola at the exit point intersects the undeflected orbit at x = L/2,
the deflection angle becomes α = arctan(2s/L). This independence of mass is the
reason why a transverse electric field can be used as an energy filter to sort out
particles of same energy independent of their mass.

The shielding length λD is often called the linearized Debye length. The reader
may also recognize an analogy between the structure of (2.23) and the parallel circuit
of two resistors in electricity:

1
λ2
D
= 1

λ2
De

+ 1
λ2
Di

↔ 1
Rtotal

= 1
R1

+ 1
R2

. (2.31)

In the shielding process, electrons and ions work in parallel. Attracting electrons and
repelling ions both results in a net negative charge in the vicinity of the extra charge.
Similar to the total resistance Rtotal of the parallel circuit, which is smaller than any
of the two resistors R1 and R2, the linearized Debye length is smaller than λDe and
λDi. A comparison between a Coulomb potential and a shielded potential is shown
in Fig. 2.4. For r > λD, the potential decays much faster than a Coulomb potential.

Summarizing, the perturbed electric potential around an extra charge Q decays
exponentially for r > λD. This observation has two consequences. When we require
that a cloud of electrons and ions behaves as a plasma, the cloud must have a size of
several Debye lengths.Moreover, any deviation from equal densities of electrons and
ions tends to be smoothed by Debye shielding. Therefore, a plasma has the natural
tendency to become quasineutral.

Fig. 2.4 Comparison of a
Coulomb and shielded
(Debye–Hückel or Yukawa)
potential. Note the stronger
decay for r/λD > 1

21



Plasma Parameter

8 ⌅ Plasma Physics: An Introduction (2nd Edition)

Table 1.1 Key parameters for some typical weakly coupled plasmas.

Plasma n(m�3) T (eV) ⇧(sec�1) �D(m) ⇤

Solar wind (1AU) 107 10 2 ⇥ 105 7 ⇥ 100 5 ⇥ 1010

Tokamak 1020 104 6 ⇥ 1011 7 ⇥ 10�5 4 ⇥ 108

Interstellar medium 106 10�2 6 ⇥ 104 7 ⇥ 10�1 4 ⇥ 106

Ionosphere 1012 10�1 6 ⇥ 107 2 ⇥ 10�3 1 ⇥ 105

Inertial confinement 1028 104 6 ⇥ 1015 7 ⇥ 10�9 5 ⇥ 104

Solar chromosphere 1018 2 6 ⇥ 1010 5 ⇥ 10�6 2 ⇥ 103

Arc discharge 1020 1 6 ⇥ 1011 7 ⇥ 10�7 5 ⇥ 102

Table 1.1 lists the key parameters for some typical weakly coupled plasmas. In con-
clusion, characteristic plasma behavior is only observed on timescales longer than
the plasma period, and on lengthscales larger than the Debye length. The statistical
character of this behavior is controlled by the plasma parameter. Although ⇧ , �D,
and ⇤ are the three most fundamental plasma parameters, there are a number of other
parameters that are worth mentioning.

1.7 COLLISIONS
Collisions between charged particles in a plasma di↵er fundamentally from those be-
tween molecules in a neutral gas because of the long range of the Coulomb force. In
fact, the discussion in Section 1.6 implies that binary collision processes can only be
defined for weakly coupled plasmas. However, binary collisions in weakly coupled
plasmas are still modified by collective e↵ects, because the many-particle process of
Debye shielding enters in a crucial manner. (See Chapter 3.) Nevertheless, for large ⇤
we can speak of binary collisions, and therefore of a collision frequency, denoted by
⌫ss0 . Here, ⌫ss0 measures the rate at which particles of species s are scattered by those
of species s0. When specifying only a single subscript, one is generally referring to
the total collision rate for that species, including impacts with all other species. Very
roughly,

⌫s '
X

s0
⌫ss0 . (1.21)

The species designations are generally important. For instance, the relatively small
electron mass implies that, for unit ionic charge and comparable species temperatures
[see Equation (1.27)],

⌫e ⇠

 
mi

me

!1/2

⌫i. (1.22)

The collision frequency, ⌫, measures the frequency with which a particle trajectory
undergoes a major angular change due to Coulomb interactions with other particles.
Coulomb collisions are, in fact, predominately small angle scattering events, so the
collision frequency is not the inverse of the typical time between collisions. (See
Chapter 3.) Instead, it is the inverse of the typical time needed for enough collisions to

22
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Plasma Frequency:  
“Fast” Electron Motion of Plasma

23



1.7 Outline of the Book 25

questions have been compiled in a recent analysis of the status and perspectives of
plasma science [53].

• Space and astrophysical plasmas

– What are the origins and the evolution of plasma structures throughout the
magnetized universe?

– How are particles accelerated throughout the universe?
– How do plasmas interact with non-plasmas?

• Low temperature plasmas

– How can plasmas be used in the next generation of energy-efficient light
sources?

– How can plasma methods be optimized for purifying drinking water and for
other environmental problems?

– To which extent can new materials or advanced nanoparticles and nanowires
be tailored by plasma processes?

• Plasma physics at high energy densities

– Can we achieve fusion ignition and, eventually, useful fusion energy from
compressed and heated fusion plasma?

– Can we generate, using intense short-pulse lasers, electric fields in the multi-
GeV/cm range for accelerating charged particles to energies far beyond the
present limits of standard accelerators?

– Can we better understand some aspects of observed high-energy astrophysical
phenomena, such as supernova explosions or galactic jets, by carrying out
appropriately scaled experiments?

• Basic plasma science
The fields of basic research at the present forefront of plasma science are:

– Non-neutral plasmas and single-component plasmas
– Ultracold neutral plasmas
– Dusty plasmas
– Laser produced and high energy density plasmas
– Microplasmas at atmospheric pressure
– Plasma turbulence and turbulent transport
– Magnetic fields in plasmas
– Plasma waves, structures and flows

1.7 Outline of the Book

Before starting with the physics of plasmas, some words about using this book are
necessary.

Chapters 2–7 cover the typical subjects of introductory courses to plasma physics.
These chapters can be used in parallel with an introductory course. Chapters 8–11

From Piel:  
Current questions in plasma physics?
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Next Week:  
In Class Homework

Problems 43

• The coupling parameter Γ determines the state of each plasma component
(electrons, ions, dust)

Γ = q2

4πε0a2
W S kBT

.

Γ may be different for the components, depending on the individual tem-
peratures and densities. A gaseous phase is found for Γ ! 1, the liquid
state for 1 < Γ < 180 and the solid phase for Γ > 180.

Problems

2.1 Prove that the electron Debye length can be written as

λDe = 69 m
[

T (K)

ne(m−3)

]1/2

2.2 Calculate the electron and ion Debye length
(a) for the ionospheric plasma (Te = Ti = 3000 K, n = 1012 m−3).
(b) for a neon gas discharge (Te = 3 eV, Ti = 300 K, n = 1016 m−3).

2.3 Consider an infinitely large homogeneous plasma with ne = ni = 1016 m−3.
From this plasma, all electrons are removed from a slab of thickness d = 0.01 m
extending from x = −d to x = 0 and redeposited in the neighboring slab from x =
0 to x = d. (a) Calculate the electric potential in this double slab using Poisson’s
equation. What are the boundary conditions at x = ±d? (b) Draw a sketch of space
charge, electric field and potential for this situation. What is the potential difference
between x = −d and x = d?

2.4 Show that the equation for the shielding contribution (2.24) results from (2.21)
and (2.23).

2.5 Derive the relationship between the coupling parameter for ion-ion interaction
Γ Eqs. (2.15) and ND (2.33) under the assumption that Te = Ti.

2.6 Show that the second Lagrange multiplier in Eq. (2.6) is λ = (kBT )−1.
Hint: Start from

1
T

= ∂S
∂λ

∂λ

∂U

and use
∑

ni = 1.

From Piel (answers in back)

From Fitzpatrick
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It is actually possible for quantum e↵ects to modify collisions in nondegenerate
plasmas that satisfy the inequality rd � o. In fact, the criterion for quantum e↵ects
not to modify collisions is rc � o, where rc is the mean distance of closest ap-
proach during collisions. However, it follows from Equation (1.20) that rc ⇠ rd/⇤2/3.
Hence, the criterion for classical collisions becomes rd � ⇤2/3 o. In a weakly cou-
pled plasma, for which ⇤ � 1, this criterion is harder to satisfy that the criterion,
rd � o, for nondegeneracy.

1.11 EXERCISES
1. Consider a quasi-neutral plasma consisting of electrons of mass me, charge
�e, temperature Te, and mean number density, ne, as well as ions of mass mi,
charge Z e, temperature Ti, and mean number density ni = ne/Z.

(a) Generalize the analysis of Section 1.4 to show that the e↵ective plasma
frequency of the plasma can be written

⇧ =
⇣
⇧2

e + ⇧
2
i

⌘1/2
,

where ⇧e = (e2 ne/✏0 me)1/2 and ⇧i = (Z2 e2 ni/✏0 mi)1/2. Furthermore,
demonstrate that the characteristic ratio of ion to electron displacement
in a plasma oscillation is �xi/�xe = �Z me/mi.

(b) Generalize the analysis of Section 1.5 to show that the e↵ective Debye
length, �D, of the plasma can be written

 
1
�D

!2

=
1
2

2
666664

 
1
�D e

!2

+

 
1
�D i

!23777775 ,

where �D e = (✏0 Te/ne e2)1/2 and �D i = (✏0 Ti/ni Z2 e2)1/2.

2. The perturbed electrostatic potential �� due to a charge q placed at the origin
in a plasma of Debye length �D is governed by

0
BBBB@r2
�

2
�2

D

1
CCCCA �� = �

q �(r)
✏0
.

Show that the nonhomogeneous solution to this equation is

��(r) =
q

4⇡ ✏0 r
exp

0
BBBB@�
p

2 r
�D

1
CCCCA .

Demonstrate that the charge density of the shielding cloud is

�⇢(r) = �
2 q

4⇡ r �2
D

exp
0
BBBB@�
p

2 r
�D

1
CCCCA ,Plasma Parameters ⌅ 13

and that the net shielding charge contained within a sphere of radius r, centered
on the origin, is

Q(r) = �q
2
666641 �
0
BBBB@1 +

p
2 r
�D

1
CCCCA exp

0
BBBB@�
p

2 r
�D

1
CCCCA
3
77775 .

3. A quasi-neutral slab of cold (i.e., �D ! 0) plasma whose bounding surfaces
are normal to the x-axis consists of electrons of mass me, charge �e, and mean
number density ne, as well as ions of charge e, and mean number density ne.
The ions can e↵ectively be treated as stationary. The slab is placed in an ex-
ternally generated, x-directed electric field that oscillates sinusoidally at the
angular frequency !. By generalizing the analysis of Section 1.4, show that
the relative dielectric constant of the plasma is

✏ = 1 �
⇧2

!2 ,

where ⇧ = (e2 ne/✏0 me)1/2.

4. A capacitor consists of two parallel plates of cross-sectional area A and spacing
d ⌧

p
A. The region between the capacitors is filled with a uniform hot plasma

of Deybe length �D. By generalizing the analysis of Section 1.5, show that the
d.c. capacitance of the device is

C =
✏0 A

d
(d/
p

2 �D)
tanh(d/

p
2 �D)

.

5. A uniform isothermal quasi-neutral plasma with singly-charged ions is placed
in a relatively weak gravitational field of acceleration g = �g ez. Assuming,
first, that both species are distributed according to the Maxwell-Boltzmann
statistics; second, that the perturbed electrostatic potential is a function of z
only; and, third, that the electric field is zero at z = 0 (and well behaved as
z ! 1), demonstrate that the electric field in the region z > 0 takes the form
E = Ez ez, where

Ez(z) = E0

2
666641 � exp

0
BBBB@
p

2 z
�D

1
CCCCA
3
77775 ,

and
E0 =

mi g

2 e
.

Here, �D is the Debye length, e the magnitude of the electron charge, and mi
the ion mass.

6. Consider a charge sheet of charge density � immersed in a plasma of unper-
turbed particle number density n0, ion temperature Ti, and electron tempera-
ture Te. Suppose that the charge sheet coincides with the y-z plane. Assuming
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Next Week: Mechanics of Charged Particles

• Tonks and Langmuir, “Oscillations in Ionized Gases,” PR, 1929. 

• Charged particle motion in inhomogeneous, static and slowly-varying electric and 
magnetic fields
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