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1 Introduction to Plasma Diagnostics

Measurement science is a fundamental and important part of all �elds of sci-
ence and engineering, as well as almost all everyday activities. It involves
theoretical, numerical, and experimental methods to determine the outcome
of a measurement at any level of uncertainty. There is even a speci�c �eld
called metrology designated to study the science of measurement. The capa-
bility of measurement, alongside of theoretical and numerical predictability,
often de�nes the frontier or maturity of a particular �eld. In fact, there have
been numerous Nobel prizes awarded based on the success of a particular mea-
surement technique or its outcome. Table 1 provides an non-exhaustive list
of Nobel Prizes falling in this category of achievements. Plasma physics is no
exception - plasma measurement methods or diagnostics are an integral part of
the �eld. The purpose of this course is to provide an overview and introduction
to plasma diagnostics across nearly all sub-�elds of plasma physics.

1.1 Diversity of Plasmas

Plasmas are extremely diverse. One important category is low-temperature
plasmas which include capacitively coupled plasmas (CCP), inductively cou-
pled plasmas (ICP), helicon plasmas, arc discharges, glow discharges, 
ames,

Table 1: A non-exhaustive list of Nobel prizes awarded to measurement
achievements or experimental techniques relevant to plasma.

Name(s) Year Discipline Citation
Victor Hess 1936 Physics \for his discovery of cosmic radiation"
Martin Ryle 1974 Physics \for their pioneering research in radio astro-

physics: Ryle for his observations and inven-
tions, in particular of the aperture synthesis
technique"

Arno Penzias,
Robert Wilson

1978 Physics \for their discovery of cosmic microwave
background radiation"

Frederick Reines 1995 Physics \for the detection of the neutrino"
Raymond Davis,
Masatoshi Koshiba

2002 Physics \for pioneering contributions to astro-
physics, in particular for the detection of
cosmic neutrinos"

Riccardo Giacconi 2002 Physics \for pioneering contributions to astro-
physics, which have led to the discovery of
cosmic X-ray sources"

John C. Mather,
George F. Smoot

2006 Physics \for their discovery of the blackbody form
and anisotropy of the cosmic microwave
background radiation"

Eric Betzia 2014 Chemistry \for the development of super-resolved 
uo-
rescence microscopy"

Takaaki Kajita,
Arthur McDonald

2015 Physics \for the discovery of neutrino oscillations,
which shows that neutrinos have mass"

Rainer Weiss,
Barry Barish, Kip
Thorne

2017 Physics \for decisive contributions to the LIGO
detector and the observation of gravitational
waves"

G�erard Mourou,
Donna Strickland

2018 Physics \for their method of generating high-
intensity, ultra-short optical pulses"
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Fig. 1: Various plasmas across the universe and in the laboratory in the param-
eter space of density and temperature.

hot cathode discharges, plasma gun discharges, and dusty (complex) plasmas.
Another category is non-neutral plasmas, either pure electron or pure ion
plasmas, some of which are being developed as qubits for quantum comput-
ing. Furthermore we have those plasma used in magnetic con�nement fusion
made by ohmic discharges or heated by RF power or neutral beam injection
(NBI). Inertial con�nement fusion uses plasmas made by high-power lasers,
pulsed power, or heavy ion beams. Natural plasmas include those in Earth's
ionosphere, near-Earth space, heliosphere, and on the Sun, collectively called
heliophysical plasmas. Giant planet cores and the solar interior are also in the
plasma state but with much higher densities and pressures. Plasmas beyond
our solar system are astrophysical plasmas, which are extremely diverse them-
selves, from intestellar medium or galactic plasma, to much more tenuous
intergalactic plasmas, to much denser and exotic plasmas in white dwarfs and
neutron stars, to those surrounding black holes. Their measurements and study
are an integral part of astronomy. Figure 1 illustrates plasmas' extreme diver-
sity in the parameter space of number density over 30 decades and temperature
over 9 decades.
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Not shown in Fig. 1 are other properties which encompass a wide diversity.
For example, the magnetic �eld can be extremely weak (< �Gauss or 10�10

Tesla) in intergalactic plasmas or extremely strong (109�11 Tesla) in magne-
tized neutron stars or magnetars. Plasmas can be extremely poorly ionized
(ionization fraction < 10 �12 ) in protoplanetary disks, or can be fully ionized,
even with all electrons fully stripped from their heavy metal ions at relativis-
tic energies above GeV. Plasmas can be nearly collisionless with very long
Coulomb collision mean free paths or strongly coupled where Coulomb cou-
pling dominates inter-particle interactions, and can even be degenerated at
high density as in the neutron star interior. Plasmas can be an active ingredi-
ent of a complex system involving chemical radicals as in plasma chemistry, or
an active agent interacting with other forms of matter as in micro-electronic
processing or even with biological systems in plasma medicine. The de�nition
of plasma can be further extended to intermediate areas between di�erent
states of matter, such as warm dense matter which is too dense to be described
by weakly coupled plasma physics yet too hot to be described by condensed
matter physics.

1.2 Components of a Plasma

Given the extreme diversity of plasmas, we take a broader de�nition of what
constitutes a plasma:

ˆ Charged particles consist of: free electrons; ions with various degrees of
ionization until all of their bounded electrons are fully stripped or with
extra electrons attached so that ions are negatively charged; and positively
or negatively charged molecules. These particles can be in the form of mat-
ter or anti-matter. Charged ions with at least one bound electron, as well as
charged molecules, can have their electron(s) in an excited state ready to fall
to a lower energy state by emitting an electromagnetic wave (line radiation),
or to jump to a higher energy state by absorbing an incoming electromag-
netic wave (line absorption). Charged particles can emit electromagnetic
waves when they experience acceleration or de-acceleration (Bremsstrahlung
radiation due to electric �eld and cyclotron or synchrotron due to magnetic
�eld).

ˆ Electromagnetic �elds at all frequencies and wavelengths can in
uence
the motion of charged particles by exerting forces on them. The charge
density and the motion of charged particles (thus electric current) are linked
to electromagnetic �elds via Maxwell equations. In extremely dense plasmas
such as in the solar interior where electromagnetic waves are constantly
absorbed and emitted, photons can be treated as another particle
species carrying momentum and energy but no mass. In these case, plasmas
often become opaque or the opacity becomes larger than unity.

ˆ Neutral particles, such as charge-neutral atoms or molecules, do not nor-
mally interact with electromagnetic �elds and instead in
uence charged
particles through collisions. In addition, when a plasma is su�ciently
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opaque, electromagnetic waves or photons can directly interact with neutral
particles by exchanging energy and momentum with them.

ˆ Neutrino and gravitational waves, emerged in recent years as new
information carriers from the plasma where they originate in some extreme
astrophysical events such as supernovae and compact object mergers.

Since the discovery of gravitational waves, combining information from mul-
tiple carriers like light waves (photons), neutrinos, cosmic rays (charged
particles), and gravitational waves to study extreme astrophysical events is
often called multi-messenger astronomy.

1.3 Plasma Properties

Of the above plasma constituents, charge and neutral particles are usually
treated statistically due to their sheer numbers. Below are plasma models
following the hierarchy of plasma models in order of increasing simplicity and
more assumptions.

1. Exact microscopic descriptions of each particles (Chap.7 in Krall and
Trivelpiece, 1973).

2. Boltzman/Vlasov Equations: the Boltzmann equation describes evolution
of particle distribution f(x; v; t) with binary interactions (collisions):

df
dt

=
@f
@t

+ v �
@f
@x

+
q
m

(E + v � B) �
@f
@v

=
�

�f
�t

�

coll
; (1)

where x and v are the particle location and velocity vectors, respectively.
E and B are the electric and magnetic �eld vectors, respectively. The
Vlasov equation is the Boltzmann equation without collisions, i.e. where
(�f=�t) coll = 0.

3. Drift-kinetic/Gyro-kinetic Models: approximation based on guiding center
motion or charge ring motion.

4. Multi-
uid Models: approximation based on 
uid descriptions for each
species.

5. Single 
uid (MHD) Models: approximation based on a combined one-
uid
description.

6. Mean-�eld Theory/Models: approximation based on averaged 
uid quanti-
ties over a certain spatial or temporal scale.

The macroscopic 
uid quantities are obtained by taking moments of the
Boltzmann equation, Eq. (1), to remove the dependence on particle velocity v,

hg(x; t)i �
Z

g(x; v; t)f (x; v; t)dv; (2)

which calculates any quantity (can be a vector or a general tensor), g, with
weighted contributions based on the distribution f at each location and time.
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Taking g = 1 yields the macroscopic particle density,

n(x; t) =
Z

f (x; v; t)dv; (3)

while taking g = mv yields the momentum density,

m hv(x; t)i) = m
Z

vf(x; v; t)dv; (4)

leading to the macroscopic 
uid velocity V (x; t) = hv(x; t)i =n(x; t).
When g = 1

2 m (v � V ) (v � V ), i.e. the velocity spread after the frame
shift to V , the corresponding moment of g becomes the pressure tensor,

1
2

m h(v � V ) (v � V )i = pI + �; (5)

where p is the isotropic macroscopic pressure, I is a unit tensor, and � is the
o�-diagonal pressure tensor. Thus, the macroscopic temperature in units of
energy can be de�ned as T (x; t) = p(x; t)=n(x; t). Note that the diagonal com-
ponents of the pressure here can be anisotropic with respect to the magnetic
�eld, i.e. pressure in the parallel direction of the �eld lines can be di�erent
from pressure in other directions, pk 6= p? . For simplicity, we take the pressure
to be isotropic here.

The next and �nal moment we consider is the heat 
ux

q =
1
2

m
D

(v � V ) 2 (v � V )
E

: (6)

The terms due to Coulomb collisions include the plasma source via e.g.

ionization or recombination S =
R�

�f
�t

�

coll
dv, the frictional force R =

R
m (v � V )

�
�f
�t

�

coll
dv, and the heating Q =

R
1
2 m (v � V ) 2

�
�f
�t

�

coll
dv.

The above 
uid moment can be constructed for each species in a plasma,
and then combined for a single 
uid MHD model. We de�ne macroscopic
quantities of a single 
uid MHD model by combining electron and ion 
uids as

� = m i ni + m ene � m i ni ; (7)

V =
mi ni Vi + m eneVe

�
� V i ; (8)

j = e (Zn i Vi � n eVe) � en e (V i � V e) ; (9)

where Z is the ion charge and ne � Zn i . These 
uid quanti�es are related via
Maxwell's equations. For example, together B, ne, Ve, and Vi need to satisfy
Amp�ere's law in the non-relativistic limit where the displacement current is
negligible,

r � B = � 0j � e� 0ne (V i � V e) : (10)
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See GPPII lecture notes (Ji, 2024) for more detailed derivations and discussion
of 
uid models including the standard magnetohydrodynamic or MHD model.

1.4 Diversity of Plasma Diagnostics

Unsurprisingly, extremely diverse plasmas are matched by extremely diverse
measurement methods or diagnostics, which can be categorized in several
di�erent ways. One traditional way is by plasma categories:

ˆ Laboratory plasmas which can be further subdivided into:

{ Low-temperature plasmas
{ High-temperature plasmas

which can be measured by both in-situ and ex-situ (or remote sensing)
techniques. Each of these techniques can be further subdivided into passive
ones (such as emission measurements) and active ones (such as techniques
using lasers).

ˆ Space plasmas which include the Earth's ionosphere and magnetosphere,
the magnetospheres of other planets in the solar system, the solar wind
or interplanetary plasmas, as well as the near-solar interstellar medium.
These plasmas can be primarily measured in-situ by spacecraft launched
from Earth, and are collectively covered by heliophysical plasmas.

ˆ Solar and astrophysical plasmas, which are primarily measured by ex-situ
(or remote-sensing) techniques, such as cosmic ray measurements. They
are basically all natural plasmas beyond heliophysical plasmas, except solar
plasmas.

Typical courses based on this categorization are o�ered by each sub�eld
of plasma physics: laboratory plasma physics, heliophysics (space and solar
physics), and astrophysics (astronomy).

Plasma diagnostics can also be categorized in several other ways, each with
its own advantages. They include

ˆ Measurement techniques, such as in-situ and ex-situ (or remote sensing).
Each of these techniques can be based on the detection of particles (neu-
tral, charged, photon, neutrino) or waves (wavelengths from gamma-rays
to radio-frequency light waves, and gravitational waves). A complementary
way to categorize plasma diagnostics based on measurement techniques is
by whether they are active or passive diagnostics:

{ Passive versus active techniques. The latter include measurements of par-
ticles, �elds, and waves with external interference by injecting particles
(such as charged or neutral particle probe beams) or waves (microwaves
or laser as light waves) while the former does not involve external inter-
ference. Active diagnostics sometimes can achieve localized measurements
at a remote distance via proper arrangement of injection and detection
angles.
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Table 2: A list of plasma diagnostics and the quantities they measure. Vsp is
the plasma potential relative to a reference ground.

diagnostics quantities categories sub�elds
Energy analyzer / parti-
cle 
ux measurements

f e ; f i ; f 0 in-situ, ex-situ lab, space, astro

Magnetic probes/loops B in-situ, global lab, space
Electric probes f e ; ne ; Te ; Vsp ; V i , E in-situ lab, space
Refraction index ne ; B path ex-situ lab, astro
EM radiation by free elec-
trons

f e ; ne ; Te ; Z; B ex-situ lab, astro

Line radiation by
bounded electrons

ne , n i , n0 , Te , Ti ,
Vi;path , B

ex-situ, in-situ lab, astro

EM wave scattering ne ; Te , Ve , Z, n i , Ti , Vi passive, active lab, astro
Diagnostics using neutral
beam injection (NBI)

ne ; n i ; Ti ; V i ; B active lab

Laser-induced-

uorescence (LIF)

f i ; f 0 active lab

Neutron measurements fusion reaction rates ex-situ lab
Neutrino and grav-
itational waves
measurements

indirect information on
plasmas

ex-situ astro

This categorization is sometimes used in programs emphasizing engineering
aspects of plasma diagnostics focusing on implementation, including detector
and sensing technology.

ˆ Measurement principles. This categorization emphasizes the physical prin-
ciples of diagnostics and is suitable for the study or development of
measurement techniques sometimes called metrology. This categorization
is often used by programs emphasizing the physics behind measurement
methods, especially laboratory plasma physics.

ˆ Measurement quantities, such as electron density, magnetic �eld etc. Each
of these quantities can be measured by multiple techniques, and each can
serve as a benchmark or for the calibration of others. This categorization is
often used in programs emphasizing the usage of various data sources for
their synthesis to develop new physics insights.

In AST555, we use several of these categorizations: primarily based on lab-
oratory plasma physics (including both high-temperature and low-temperature
plasmas), but supplemented by providing overviews in space, solar and astro-
physical plasma measurements to provide a broader understanding of each
diagnostic. We also emphasize the physical principles of each diagnostic, which
are universal regardless of their speci�c applications, supplemented by speci�c
measurement techniques to provide some practical knowledge on how they are
implemented in real world. However, the purpose of this course is not to train
students to be experts on any speci�c diagnostic but rather to provide a basic
foundation in the �eld.
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1.5 Summary
ˆ Measurement science (metrology) is a fundamental and important part of

all �elds of science and engineering, including plasma physics.
ˆ Plasma is extremely diverse across laboratory, space, solar physics and

astrophysics.
ˆ Plasma consists of particles (charged, neutral, and neutrino), �elds (electric,

magnetic, their combination as light waves). Gravitational waves also carry
information about the plasmas from which they originate.

ˆ Plasma diagnostics are also extremely diverse across each sub�eld of plasma
physics. They can be categorized in several di�erent ways, each with its own
advantages.

ˆ A list of plasma diagnostics is summarized in Table 2.

1.6 Further Reading
ˆ Hutchinson (2002)
ˆ Pfa� et al (1998a,b)
ˆ W•uest et al (2007)
ˆ Rieke (2012)
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2 Magnetized Plasma Experiments

Magnetized laboratory plasma experiments can be divided into two broad
categories: magnetic con�nement experiments of high-temperature (& 1 keV)
plasmas to achieve and control the conditions for nuclear fusion reactors and
magnetized experiments of low-temperature (. 10 eV) plasmas to provide
a platform for the study of basic plasma processes and phenomena. There
are many plasma diagnostics common to both categories but there are also
signi�cant di�erences. In this lecture, a brief introduction is given for both
categories to provide context for the diagnostics that will be discussed in the
following Lectures.

2.1 Magnetic Con�nement Experiments

We begin with a primer for magnetically con�ned plasmas. As shown by the
Virial Theorem (see Sec 2.2, Ji, 2024), a plasma cannot be con�ned in steady
state by the magnetic �eld it generates. In order to con�ne a plasma mag-
netically, it is thus necessary to supply current to external coils. The coil
design, therefore, dictates the con�nement magnetic con�guration, and there
are literally in�nite degrees of freedom in coil design.

The simplest magnetic geometry is linear geometries which include the
magnetic cusp, magnetic mirror, theta pinch, Z pinch, and screw pinch (or
stabilized pinch). They have many favorable characteristics for con�ning plas-
mas, in addition to being simple, but they all su�er end losses that cannot be
avoided. This naturally leads to the solutions based on toroidal con�gurations,
which are classi�ed into six categories brie
y described below. We begin by
following Chap. 2 of Ji (2024) on magnetostatic equilibrium. Then we
describe the six categories in turn by using the toroidal coordinates shown in
Fig. 2 where various de�nitions are given.

2.1.1 Toroidal Con�gurations

In all toroidal con�gurations, a �nite poloidal magnetic �eld B � is required
since the plasma cannot be con�ned by a pure vacuum toroidal magnetic �eld,
B �;v . This is because B�;v / R �1 , causing particles drift vertically due to
the rB drift, but its direction depends on the charge. This charge separation
results in a vertical electric �eld, E Z , which drives plasma out of the con�ne-
ment region radially by the E Z � B �;v drift. To suppress EZ , a �nite poloidal
magnetic �eld can short out the charge separation by connecting areas with
opposite charges via helical �eld lines.

The poloidal �eld B � can be provided by current 
owing either in the coils
or in the plasma. The dimensionless parameters to quantify B� are

q(r) �
2�
�(r)

�
# of toroidal turn
# of poloidal turn

�
rB �

R0B �
; (11)
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Fig. 2: Magnetic con�guration of a toroidal con�nement system. The cylin-
drical coordinate system is de�ned as (R; �; Z) while the toroidal coordinate
system is de�ned as (r; �; �). Here the toroidal angle is � and the poloidal angle
is �. Other de�nitions: the major radius is R 0 and the minor radius is a. The
magnetic axis is also shown in the �gure. Surfaces shown in red represent mag-
netic 
ux surfaces, on which the magnetic �eld and current density vectors lie
and the plasma density and temperature are constant (when in magnetostatic
equilibrium) (see Sec 2.3, Ji, 2024).

when integrating along the �eld line at large aspect ratio R0=r � 1. Here �(r)
is the rotational transform used in stellarators while q(r) is the safety factor
used elsewhere.

The q(r) pro�le determines MHD stability against current-driven instabil-
ities which appear in discrete pairs of mode numbers (m; n), where m (n) is
the poloidal (toroidal) mode number. The locations where q = m=n are called
rational surfaces where k �B = (B � =r)(m�nq) = 0 so that perturbations have
constant phases along the �eld lines, meaning instabilities grow easily without
bending them. Usually, the higher the q, the more stable the plasma is against
current-driven instabilities.

In contrast, pro�les of plasma kinetic parameters (ne, Te, and Ti ), together
with q(r), determine MHD stability against pressure-driven instabilities, such
as interchange instabilities or ballooning mode instabilities, which also appear
in (m; n). Interchange instabilities are sensitive to the balance between the
good curvature of �eld lines on the inboard side and the bad curvature on
the outboard side, while ballooning mode instabilities are localized on the bad
curvature side. Pressure-driven instabilities can be stabilized by �nite magnetic
shear q0 � @q=@r so that bending �eld lines, which is stabilizing, becomes
unavoidable even slightly away from the rational surfaces. A �nite toroidal

ow V � can also contribute to plasma stability, especially when coupled with
the nearby electrically conducting wall. More detailed descriptions of toroidal
con�nement con�gurations and their MHD stability are given by the GPP
II lecture notes (Chap.5-8, Ji, 2024).
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Collisional transport in toroidal plasmas is dominated by neoclassical trans-
port mediated by the trapped particles along �eld lines on the outer-board side
where the magnetic �eld is relatively weak. However, the overall transport is
dominated by anomalous transport, especially for electrons, due to drift-wave
turbulence driven by radial temperature gradients.

Fig. 3: Tokamak con�guration.

2.1.2 Tokamaks

The tokamak, illustrated in Fig. 3, is the most advanced and mature fusion
con�guration, the one ITER will use. It generates a poloidal magnetic �eld
by its toroidal current or simply plasma current. Typically, its toroidal cross-
section takes an elongated shape which not only increases the plasma volume,
but also increases q for improved MHD stability as it takes more toroidal turns
for �eld lines to complete a poloidal turn. More recently, further �ne-tuning of
the plasma shape for negative triangularity (reversed D-shaped plasmas) seems
to show better con�nement than the usual positive triangularity (D-shaped
plasmas) shown in Fig. 3.

In order to illustrate how tokamaks, or magnetically con�ned fusion plas-
mas in general, work in the laboratory, a typical sequence of events are listed
below for an Ohmically heated plasma:

1. Vacuum vessel is evacuated to a su�ciently low residual pressure <
10�7 Torr.

2. Toroidal �eld coils are energized to provide B� in vacuum.
3. The Ohmic transformer is \pre-charged", i.e., its primary current is 
at-

topped at a full value for a short time, when possible.
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Fig. 4: Discharge waveforms of TFTR Tokamak: Ohmic plasma and NBI-
heated plasma.

4. The vacuum vessel is �lled with the gas of choice (H, D, or D-T), up to a
pressure of a few 10�4 Torr.

5. The primary Ohmic transformer current is decreased so that the loop volt-
age Vloop (measured by a 
ux loop, Lecture 3) increases leading to a �nite
Ek . When Ek is su�ciently large, the gas breaks down to generate plasma,
and the plasma current Ip increases while it drops.

6. The vertical �eld is increased as the plasma current is increased to keep the
plasma centered radially.

7. The plasma is heated and fueled (by gas pu�ng etc.) while the discharge
is sustained.

8. The primary transformer current reaches its negative maximum and decays,
leading to Vloop / E k < 0. I p decreases with narrowing current channel and
eventually the discharge terminates or disrupts.

An example discharge from TFTR (Tokamak Fusion Test Reactor) is shown
in Fig. 4. TFTR was a large tokamak with a circular cross-section. Its major
radius was R0 = 2:45 m and minor radius a = 0:8 m. E k can be calculated
by Vloop =2�R 0 � 0:39 V/m in peak and 0.06 V/m in steady state. The latter
translates to an averaged resistivity of Ek=(I p=�a 2) � 6:5 � 10 �8 
 m which is
only a factor of four larger than that of copper of 1:7 � 10 �8 
 m. Also shown
in Fig. 4 is a Neutral Beam Injection (NBI) heated discharge which is much
hotter with sawtooth oscillations in X-ray emission, indicating central electron
temperature Te drops during repeated reconnection events.

To develop some physical intuition, some key dimensionless parameters are
listed in Table 3 for a typical L-mode discharge in TFTR with corresponding
comments.

One particular dimensionless �gure of merit for tokamak con�nement
e�ciency is the beta normal, � N , de�ned as the beta limit,

� < � N
I(MA)

a(m)B(T)
= � N

�
I

1 MAmp

� � a
1 meter

� �1
�

B
1 Tesla

� �1

; (12)
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Table 3: A list of dimensionless parameters for a typical L-mode discharge in
TFTR: line-averaged density �n e � 5�10 19 m�3 , Ti � T e � 9 keV, B �;V = 5 T,
I p � 2 MA, � E � 0:1 s, R 0 � 2:6 m, a � 1:0 m.

parameter value comment
(4�=3)� 3

D n � 10 8 plasma approximation valid
� mfp =2�R 0 � 10 2 plasma is quite kinetic along the �eld line;

uniformity on 
ux surfaces

vk =vth;e , vk � I p
�a 2 =ene � 2:5 � 10 �3 electron drift speed � thermal speed: f e ,

f i nearly Maxwellian despite long � mfp
� � � � i =a 2 � 10 �3 MHD description valid despite long � mfp

[see Chap 1 of Ji (2024)]
� E =� A � 3 � 10 7 transport much slower than ideal MHD

time, justifying MHD equilibrium and sta-
bility analysis

� p (see Lecture 3) � 1 plasma energy comparable to B � energy

Fig. 5: Three major interconnected pillars of tokamak research and their cou-
plings to boundary physics as well as technology such as controls from Luce
(2011).

where � N = 4:4 for the Sykes limit (1974, 1983) and �N = 2:8 for the Troyon
limit (1984) due to ballooning mode instabilities. A nominal � N = 2:1 has been
chosen for ITER.

Tokamaks typically start with Ohmically heated plasma by inductively
driving plasma current through a transformer, but its heating becomes inef-
�cient when T e reaches about 1 keV due to reduced plasma resistance. Thus,
auxiliary heating by Neutral Beam Injection (NBI), Ion Cyclotron Range
of Frequency (ICRF or ICRH), and Electron Cyclotron Resonance Heating
(ECRH) are needed for the plasma to reach the fusion temperatures & 10 keV.
Tokamaks also require a continuous supply of plasma current beyond the ini-
tial Ohmic induction for steady-state operation. Current drive techniques such
as those via Electron Cyclotron Current Drive (ECCD) and NBI have been
used with some success but there is more work to be done.
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Fig. 6: Tokamak pressure pro�le for L-mode and advanced modes including
H-mode with an Edge Transport Barrier (ETB) and an Internal Transport
Barrier (ITB).

Figure 5 illustrates relationships between the three major pillars of tokamak
research: global stability, transport, and current drive. Their solutions must
be compatible with each other to be viable for a tokamak fusion reactor. In
addition, they must also be compatible also with boundary conditions (such
as plasma-material interactions or PMI) and available technologies (such as
controls to avoid disruptions). More details of the integrated tokamak research
can be found in Luce (2011).

2.1.3 Advanced Tokamaks and Spherical Torus (ST)

Compared to the relatively conservative ITER design based on the so-called L-
mode (L stands for low) operation, there are several more \advanced" features
that can be used to improve e�ciency and thus reduce the size and cost of
a tokamak fusion reactor. Sometimes they are called \advanced tokamaks"
although there is no formal de�nition. The advanced modes include the H-
mode (H stands for high) with an ETB (Edge Transport Barrier) and an ITB
(Internal Transport Barrier) mode. Figure 6 illustrates their di�erences in
pressure pro�le. As a result, � N can be substantially larger, as shown in Fig. 7.

A larger pressure gradient can also bene�t current drive by inducing boot-
strap current through neoclassical e�ects. Trapped particles do not carry net
current themselves, but their gradient can yield a current just like diamagnetic
current but with a �nite parallel component to the local magnetic �eld. Pass-
ing and trapped particles are illustrated in Fig. 8. A gradient in the trapped
particles (either in their density or temperature) can result in a net current
in the green box in Fig. 8. The bootstrap current helps sustain the toroidal
plasma current as long as the pressure gradient is maintained. Collisions can
spread bootstrap current to passing particles leading to a net 
owing current,
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which can be a signi�cant fraction of the required current in advanced tokamak
scenarios. See more details in Luce (2011).

The Spherical Torus (ST) can be regarded as an advanced tokamak with a
lower aspect ratio (see Fig. 9). Many advanced features depend on the aspect
ratio and become more pronounced at lower aspect ratios. For example, at
lower aspect ratios the fraction of bootstrap current is larger while the beta
normal increases substantially (see Fig. 7) due to better con�nement e�ciency.
These can make fusion reactors based on ST more compact and thus more
economical. However, STs are less developed in general compared to tokamaks
and they are also more restrictive in the available space for the reactor.

Finally, high con�nement e�ciency in advanced tokamaks and STs inher-
ently carries higher risks in terms of global stability, requiring advanced control
technologies such as robust disruption avoidance. The recent interest in data
science in Arti�cial Intelligence and Machine Learning techniques is timely to
address this issue.

2.1.4 Stellarators

In contract to tokamaks and STs where the poloidal magnetic �eld is gener-
ated by current 
owing in the plasma, the poloidal �eld can be generated by
specially designed coils in stellarators. The stellerator was originally invented
by Spitzer (1958) and has been intensively researched in Princeton (Fig. 10)
before the switch to tokamaks in the 1970s. Tokamaks are axisymmetric while
stellarators are necessarily non-axisymmetric in con�guration. Three dimen-
sional shapes have much more freedom, but stellarators have two major types:
in one type helical coils are used inside otherwise axisymmmetric coils, and
the other type uses modular coils all together as shown in Fig. 11. The for-
mer type is represented by the Large Helical Device (LHD) in Japan while an
example of the latter is the Wendelstein 7-X device in Germany.

The main advantage of stellarators over tokamaks is that they do not
require plasma current. This not only removes the need for current drive but
also eliminates a source of free energy which can lead to disruptions. The main
disadvantage is that stellarators lack symmetry and so are also necessarily

Fig. 7: Achieved beta values in various tokamaks (left from Luce (2011)) and
NSTX (right).
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Fig. 8: Left: Passing (red) and trapped (blue) particle trajectories projected
to a toroidal cross section. Right: Schematic illustration of trapped particle
orbits in a tokamak as viewed from above. The plasma current is taken to be
in the counterclockwise direction as shown (from Luce (2011)).

complex and large (and thus expensive) due to the specially designed coils.
The 3D shapes also lead to complex plasma edge geometry for divertors to
remove intense heat.

Neoclassical transport, which is important especially for alpha particles,
is largely due to the so-called �eld ripples which are much larger in the 3D
geometry of stellarators. An outstanding, yet untested, idea is to use the
vast coil design freedom to achieve quasi-symmetry to lower �eld ripples or

Fig. 9: Spherical Torus (ST) con�guration.
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Fig. 10: Lyman Spitzer and his Model A Stellarator.

Fig. 11: Two main types of stellarators.

magnetic �eld strength variations along �eld lines to levels comparable in
tokamaks (Boozer, 1983). On the other hand, the existing con�nement scal-
ing from stellarators is nearly identical to those from tokamaks, suggesting
that both con�gurations su�er from the same anomalous transport rather than
neoclassical transport.

2.1.5 Low-Field Con�gurations

Quite opposite to the direction that stellarators are aiming for, the last three
categories of magnetic con�nement con�gurations, shown in Fig. 12, use low
external magnetic �eld but a much larger current in the plasma to generate
the poloidal magnetic �eld. The safety factor, q, is therefore smaller than
that in tokamaks. Thus these low-�eld con�gurations are much more prone
to current-driven MHD instabilities. Due to their large currents, these low-
�eld con�gurations can lead to much more compact fusion reactors if their
disadvantages can be overcome.

The Reversed Field Pinch (RFP) (Marrelli et al, 2021) can be regarded
as a tokamak at a much larger (by an order of magnitude) plasma current or
low q. It requires much weaker external toroidal �elds, a signi�cant advantage,
but has many MHD instabilities to avoid. Due to its unstable nature, RFP
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plasmas are said to experience magnetic self-organization or relaxation (see
Lecture 12, Ji, 2024) resulting in a toroidal �eld pro�le with its edge values
having opposite sign relative to those in the core. The reversal of toroidal �eld
can be explained by Taylor's relaxation theory (Taylor, 1974) where magnetic
energy is minimized while magnetic helicity is conserved. In addition to the
MHD instabilities, RFPs have di�culty sustaining their large plasma current
for fusion applications.

The Spheromak (Jarboe, 1994) can be regarded as an RFP at unity aspect
ratio. Its main advantage is that it does not require a center stack. Toroidally
con�ned plasmas without a center stack are sometimes called a compact toroid.
Spheromaks fall into the same category of magnetic self-organization, which is
also associated with MHD instabilities. Spheromaks can be made by 
ux cores
(see below) or by coaxial guns. Current drive is also a challenging issue.

The Field Reversed Con�guration (FRC) (Steinhauer, 2011) is another type
of compact toroid and can be regarded as a spheromak without a toroidal
�eld. It has the highest plasma beta, closer to unity, but also more free plasma
energy for instabilities. Classical FRCs do not have 
ux surfaces due to their
�eld lines forming loops within their poloidal planes. There are three methods
to generate FRCs: the theta-pinch followed by reconnection at each end { the
merging of two counter-helicity spheromaks { and a rapidly rotating magnetic
�eld. The �rst two methods can only be used to form the FRCs but the last
one can also be used to sustain the con�guration. Neutral beam injection
can be used to sustain FRCs with the additional bene�t of stabilizing MHD
instabilities via kinetic �nite ion Larmor radius e�ects.

Magnetic mirror con�nement is not a toroidal con�nement con�guration
but is closely related to FRCs which often are embedded within to enhance
con�nement, as done recently. Magnetic mirrors originated back in early days
of fusion research in the 1950s but their research was discontinued due to
severe loss cones at each end. The concept has recently been revisited due to
renewed interest in its simplicity.

Fig. 12: Three con�gurations using low �eld and high currents: Reversed Field
Pinch (RFP), Field Reversed Con�guration (FRC), and spheromak.
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2.2 Magnetized Low-temperature Plasma Experiments

There have been many magnetized plasma experiments using various tech-
niques and diagnostics. In this Lecture, we discuss brie
y only three represen-
tative ones:

ˆ The Large Plasma Device (LAPD) which is a linear device at University of
California, Los Angeles:

ˆ The Magnegtic Reconnection Experiment (MRX) and Facility for Labo-
ratory Reconnection Experiments (FLARE) which are toroidal devices at
Princeton Plasma Physics Laboratory (PPPL): and

ˆ The Big Red Ball (BRB), which is a spherical device at the University of
Wisconsin - Madison.

2.2.1 LAPD

The latest LAPD device, shown in Fig. 13, is a linear device described in Gekel-
man et al (2016). The 20-meter-long cylindrical plasma with a 1 m diameter
is made by hot BaO and LaB6 cathodes. Typical plasma parameters are:
ne = (1{4) � 10 18m�3 , Te = 6 eV, T i = 1 eV, and B Z = 400{2500 Gauss.
Typically plasma is made from Helium, Nitrogen, Neon, or Argon gases. A
plasma discharge is made every second and each discharge lasts 6-20 ms. The
main diagnostics are various types of probes and the strategy taken to collect
data is to repeat nearly identical discharges while scanning a small number of
probes over space by automated probe drives.

2.2.2 MRX and FLARE

The Magnetic Reconnection Experiment (MRX) (Yamada et al, 1997) and
its successor, the Facility for Laboratory Reconnection Experiments (FLARE)

Fig. 13: The LAPD device from Gekelman et al (2016).
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