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WHY ROTATION CONTROL ?



ROTATION CONTROL TO ENABLE APPLICATIONS
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Plasma mass separation

Leverage the differential confinement 
properties offered by a rotating plasma 

[think e. g. of a plasma centrifuge] 

Zweben, Gueroult and Fisch (2018), Phys. Plasmas, 25, 090901  
Gueroult et al. (2018),  PPCF, 60, 014018

Er

Bz

m1

m2>m1

Technology attractive for nuclear fuel cycle, 
nuclear clean up, rare earth recycling…  

Largely explored for instabilities and turbulence curbing or suppression. Also interesting in the 
confinement properties rotation creates.



Centrifugal confinement in linear geometry, e. g. 
rotating mirrors 

Magneto-electric confinement in toroidal geometry:  

ROTATION CONTROL TO ENABLE APPLICATIONS
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Plasma mass separation

Leverage the differential confinement 
properties offered by a rotating plasma 

[think e. g. of a plasma centrifuge] 

Magnetic confinement fusion

Rax, Gueroult and Fisch (2017), Phys. Plasmas, 24, 032504 

Zweben, Gueroult and Fisch (2018), Phys. Plasmas, 25, 090901  
Gueroult et al. (2018),  PPCF, 60, 014018

Toroidal B + E x B poloidal 
rotation  

 
Wave Driven Rotating Torus 

≐

[active programs at UMD and UW]Er

Bz

m1

m2>m1

E

Technology attractive for nuclear fuel cycle, 
nuclear clean up, rare earth recycling…  

Largely explored for instabilities and turbulence curbing or suppression. Also interesting in the 
confinement properties rotation creates.

Endrizzi et al. (2023), J. Plasma Phys. 89 (5), 975890501 -  Romero-Talamas et al. (2021), APS DPP



๏
Could have an impact on applications 
where accurate beam trajectory modelling 
is important, e. g.  RF waves for MCF. 

๏ New diagnostics using orbital angular 
momentum waves 

Supplemental source of polarization rotation,  
on top of Faraday rotation

ROTATION CONTROL TO STUDY BASIC PLASMA PHYSICS
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Gueroult et al. (2019), Nat. Comm., 10, 3232

How is wave propagation affected by rotation?

Gueroult et al. (2023), PPCF, 65, 034006

๏ Possibly important for pulsars, errors in 
galactic magnetic field estimates 

๏ Could be used to manipulate light, 
tuneable non-reciprocal properties 

Gueroult et al. (2020), Phys. Rev. E, 102, 051202(R)

Light drag affects ray trajectory
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Rax and Gueroult (2021), J. Plasma Phys., 87, 905870507

ANR-21-CE30-0002-01

“Waves in rotating plasmas”
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CROSS-FIELD ROTATION: HOW CAN WE CONTROL E⟂ ? 

Chapter 2

Basic di�erences between cross-field dynam-
ics in slab and cylindrical geometry

As a starting point to the upcoming discussions of confinement and transport in rotating magnetised plasma
and their applications, let us revisit in this first chapter the dynamics of plasmas in a simple axisymmetric
cross-field geometry with a radial electric field E = Erêr and an axial magnetic field B = B0êz. This
configuration is shown in Fig. ??. Our objective in this chapter is primarily to underline how inertia e�ects
in this canonical cross-field rotating plasma a�ect flow dynamics, and from there plasma properties such as
conductivity. In this spirit we limit ourselves here to idealised configurations to highlight some of the key
manifestations of rotation. A broader discussion of the e�ect of neutrals can be found in Ref. [0], and of the
e�ect of Coulomb collisions including for non solid body rotating plasmas in Refs. [0]

Figure 2.1: Cross-field geometry in cylindrical geometry with a homogeneous axial magnetic fieldB = B0êz

and a radial electric fieldE = Erêr. The trochoidal orbit of a radially confined ion is depicted for illustration.

2.1 Collisionless dynamics

To set the stage we first recall the properties of the collisionless equiliria for the linear configuration shown
in Fig. ??. This discussion draws largely from Davidson’s textbook [0].

12



ELECTRODES TO CONTROL E⊥
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Controls Δ⟂ϕ but not E⟂ 

Goes against plasma’s “self-
organization”

Table 4.1: PDE verified by the potential � in di�erent perpendicular conductivity regimes. �k is assumed
independent of � and its derivatives in all cases, e. g. Spitzer conductivity.
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4.2 Electrode biasing: sheath e�ects

Having considered in the previous section how a set potential at a given location in a magnetised plasma
influences the potential at a given distance along and across magnetic field lines from this point, the next step
is to consider how one may control the potential there in the first place. A very natural and conceptually
simple scheme to do so is to use biased electrodes. The underlying idea here is that while a biased surface
in contact with the plasma is known to have a negligible e�ect on the plasma potential in the limit of an
infinitely small surface - an essential hypothesis in probe theory -, a large enough surface can a�ect the local
plasma potential [141]. A combination of individually biased electrodes could then in principle be used to
control the electric field.

This approach is precisely the idea behind the ring end-electrode biasing scheme proposed by Lehnert [44,
45] depicted in Fig. 4.4. Lehnert’s proposition is that the potential along a given magnetic field line can be
controlled by the bias on the electrode on which this field line terminates. A set of electrodes in turn allows
for a precise control of the perpendicular electric field.

Although this proposition is very attractive, this end-electrode scheme requires in practice two key el-
ements to be e�ective. First, the conductivity along field lines has to be large enough to connect the elec-
trodes to the plasma bulk [142], which is often restated as magnetic field lines being isopotential [131] i. e.
µ = �?/�k ! 0. We showed though in the previous section that this condition may actually be relaxed to

Plasma

Figure 4.4: Individually biased ring end-electrodes terminating axially a plasma column at both ends. Lehn-
ert’s proposal [44, 45] was that the bias imposed by an electrode on a given field line would be recovered in
the plasma, allowing for direct control over the perpendicular electric field and cross-field rotation.

56

Option #1 [Simplest idea]: Central electrode
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45] depicted in Fig. 4.4. Lehnert’s proposition is that the potential along a given magnetic field line can be
controlled by the bias on the electrode on which this field line terminates. A set of electrodes in turn allows
for a precise control of the perpendicular electric field.

Although this proposition is very attractive, this end-electrode scheme requires in practice two key el-
ements to be e�ective. First, the conductivity along field lines has to be large enough to connect the elec-
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Figure 4.4: Individually biased ring end-electrodes terminating axially a plasma column at both ends. Lehn-
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the plasma, allowing for direct control over the perpendicular electric field and cross-field rotation.
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Lehnert (1973), Phys. Scr., 7, 102 

Symmetric ring-electrodes
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4.2 Electrode biasing: sheath e�ects

Having considered in the previous section how a set potential at a given location in a magnetised plasma
influences the potential at a given distance along and across magnetic field lines from this point, the next step
is to consider how one may control the potential there in the first place. A very natural and conceptually
simple scheme to do so is to use biased electrodes. The underlying idea here is that while a biased surface
in contact with the plasma is known to have a negligible e�ect on the plasma potential in the limit of an
infinitely small surface - an essential hypothesis in probe theory -, a large enough surface can a�ect the local
plasma potential [141]. A combination of individually biased electrodes could then in principle be used to
control the electric field.

This approach is precisely the idea behind the ring end-electrode biasing scheme proposed by Lehnert [44,
45] depicted in Fig. 4.4. Lehnert’s proposition is that the potential along a given magnetic field line can be
controlled by the bias on the electrode on which this field line terminates. A set of electrodes in turn allows
for a precise control of the perpendicular electric field.

Although this proposition is very attractive, this end-electrode scheme requires in practice two key el-
ements to be e�ective. First, the conductivity along field lines has to be large enough to connect the elec-
trodes to the plasma bulk [142], which is often restated as magnetic field lines being isopotential [131] i. e.
µ = �?/�k ! 0. We showed though in the previous section that this condition may actually be relaxed to

Plasma

Figure 4.4: Individually biased ring end-electrodes terminating axially a plasma column at both ends. Lehn-
ert’s proposal [44, 45] was that the bias imposed by an electrode on a given field line would be recovered in
the plasma, allowing for direct control over the perpendicular electric field and cross-field rotation.
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Option #1 [Simplest idea]: Central electrode

Option #2: Improved scheme
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45] depicted in Fig. 4.4. Lehnert’s proposition is that the potential along a given magnetic field line can be
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for a precise control of the perpendicular electric field.

Although this proposition is very attractive, this end-electrode scheme requires in practice two key el-
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Figure 4.4: Individually biased ring end-electrodes terminating axially a plasma column at both ends. Lehn-
ert’s proposal [44, 45] was that the bias imposed by an electrode on a given field line would be recovered in
the plasma, allowing for direct control over the perpendicular electric field and cross-field rotation.
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However, even if neglecting gradients in plasma parameters,
quantifying perpendicular conductivity r? in a magnetized plasma
represents a challenge. Beyond the classical collisionality driven con-
ductivity, it is well established that instability and turbulence,46 mag-
netic field fluctuations,47,48 ion viscosity,49,50 and particle sources and
sinks50 can all contribute to an enhanced perpendicular conductivity.
Recently, it has also been shown that the interplay between Coriolis,
centrifugal, and collisional drag forces can lead to a nonlinear and pos-
sibly nonlocal relation between the current density j and the nonho-
mogeneous radial electric field E driving rotation in a magnetized
plasma column.50,51

Notwithstanding the possibly important contribution of these
additional phenomena, the analytical derivation suggests that a neces-
sary but not sufficient condition for end-electrode potential control is
that s! 1 at least for collisionally driven electric perpendicular con-
ductivity. With that prediction in hand, we take another look at past
experimental end-electrode biasing results. To avoid further complica-
tions, we focus here on end-electrode biasing experiments in linear
geometry. In addition, and despite the promising results shown by
emissive electrodes for electric field and rotation control,45,52 we fur-
ther restrict our study to nonemissive electrodes and consider a set of
experiments surveyed in a previous study.21 These experiments range
from low density, low temperature plasmas used in the study of basic

plasma phenomena53,54 to high density, high temperature plasmas
produced in magnetic confinement fusion devices55,56 and thus offer
the opportunity to test theoretical models across a wide range of
plasma parameters. The machines on which these experiments were
conducted are listed in Table I, and the particular plasma parameters
used in each of these experiments are given in Table II.

A. Collisionality driven perpendicular conductivity
As shown in Table II, experiments range from fully ionized to

partially ionized plasmas and cover a large range of electron tempera-
tures. As a result, the ordering between electron-ion and electron-
neutral collision frequencies !ei and !en is not consistent across these
experiments. The parallel conductivity,

rk ¼
ne2

með!ei þ !enÞ
; (25)

with e and me the electron charge and mass and n the plasma density,
can be governed by neutrals or ions, or both. The respective contribu-
tions to parallel conductivity are estimated using the order of magni-
tude estimate for electron-neutral collision,

!en ¼ r0N

ffiffiffiffiffiffiffiffiffiffiffi
8kbTe

pme

s

; (26)

with Te the electron temperature, N the neutral density, and r0 a fidu-
cial cross section taken to be 5& 10'15 cm'2, and the electron-ion
collision frequency

!ei ¼
nZ2e4K

6
ffiffiffi
2
p

p3=2"20
ffiffiffiffiffiffi
me
p ðkbTeÞ3=2

; (27)

with Z being the ion charge state and K the Coulomb logarithm. Note
that these are order of magnitude estimates and that a detailed model-
ing will require accounting for the temperature dependence of r0. In
addition, with the exception of F-TAE and M-UW, the neutral densi-
ties N given in Table II correspond to gas fill pressure and not actual
measurements, which adds further uncertainty to the collision fre-
quency estimates. Quantitatively,

TABLE II. Plasma parameters in selected end-electrode biasing experiments: plasma density n, electron temperature Te, ion temperature Ti, magnetic field B, neutral density N,
ion atomic mass M, plasma column radius a, plasma length L, and typical applied bias w0 with respect to machine ground. For mirror experiments (QT-Upgrade, Gamma 10
and Phaedrus), the parameters are taken in the middle of the central cell. For the field reverse configuration (C-2), parameters are taken at the edge.

n (&1012 cm' 3) Te (eV) Ti (eV) B (kG) N (&1012 cm'3) M (amu) a (cm) L (m) w0 (V) References

Q-WVU 0.001 0.2 0.2 1.5 0.099 39 3 0.8 '6 to 18 53, 57
H-KU 0.01 4.5 0.2 1 5.3 40, 131 22 1.7 0 to 250 58
M-TU 0.3 5 0.8 6 0.2 1.5 1.6 40 8.5 1.4 '20 to 20 54, 59
M-UT 0.75 6 0.25 90 6 30 650 6 150 4 0.033 1 20 27 '2000 to 750 60–62
L-UCLA 0.2 1 1 1 3.3 4 15 13 0 to 150 63–65
M-UW 2 17.5 6 2.5 30 0.6 5 6 5 1 17 10 '60 to 60 55
H-UNM 10 4 6 1 0.2 0.44 66 6 33 40 6 3 0 to 40 66, 67
H-PPPL 10 5 6 2 0.2 0.7 6 0.3 165 6 33 40, 84 6 0.4 '25 to 15 68
F-TAE 40 200 500 1 0.05 6 0.05 2 50 15 '1000 56, 69
M-USTC 0.10 6 0.05 7 6 3 0.2 0.3 6 0.1 25 1 12 9 '30 to 350 70, 71

TABLE I. Selected end-electrode biasing experiments.

Experiment Shorthand

Q-machine, West Virginia Univ. Q-WVU
Large diameter helicon, Kyushu Univ. H-KU
QT-Upgrade machine, Tohoku Univ. M-TU
Gamma 10 mirror, Univ. Tsukuba M-UT
LAPD afterglow, Univ. California Los Angeles L-UCLA
Phaedrus tandem mirror, Univ. Wisconsin M-UW
Helcat, Univ. New Mexico H-UNM
PMFX, Princeton Plasma Physics Lab. H-PPPL
C-2 device, Tri Alpha Energy F-TAE
KMAX mirror, Univ. Sci. Tech. China M-USTC
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Gueroult et al. (2019), Phys. Plasmas, 26, 122106 

Experimental results so far are however 
inconclusive: when can end-electrodes 
biasing be expected to be effective?
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4.2 Electrode biasing: sheath e�ects

Having considered in the previous section how a set potential at a given location in a magnetised plasma
influences the potential at a given distance along and across magnetic field lines from this point, the next step
is to consider how one may control the potential there in the first place. A very natural and conceptually
simple scheme to do so is to use biased electrodes. The underlying idea here is that while a biased surface
in contact with the plasma is known to have a negligible e�ect on the plasma potential in the limit of an
infinitely small surface - an essential hypothesis in probe theory -, a large enough surface can a�ect the local
plasma potential [141]. A combination of individually biased electrodes could then in principle be used to
control the electric field.

This approach is precisely the idea behind the ring end-electrode biasing scheme proposed by Lehnert [44,
45] depicted in Fig. 4.4. Lehnert’s proposition is that the potential along a given magnetic field line can be
controlled by the bias on the electrode on which this field line terminates. A set of electrodes in turn allows
for a precise control of the perpendicular electric field.

Although this proposition is very attractive, this end-electrode scheme requires in practice two key el-
ements to be e�ective. First, the conductivity along field lines has to be large enough to connect the elec-
trodes to the plasma bulk [142], which is often restated as magnetic field lines being isopotential [131] i. e.
µ = �?/�k ! 0. We showed though in the previous section that this condition may actually be relaxed to

Plasma

Figure 4.4: Individually biased ring end-electrodes terminating axially a plasma column at both ends. Lehn-
ert’s proposal [44, 45] was that the bias imposed by an electrode on a given field line would be recovered in
the plasma, allowing for direct control over the perpendicular electric field and cross-field rotation.

56

Sheath?
E⊥

CONTROL

However, even if neglecting gradients in plasma parameters,
quantifying perpendicular conductivity r? in a magnetized plasma
represents a challenge. Beyond the classical collisionality driven con-
ductivity, it is well established that instability and turbulence,46 mag-
netic field fluctuations,47,48 ion viscosity,49,50 and particle sources and
sinks50 can all contribute to an enhanced perpendicular conductivity.
Recently, it has also been shown that the interplay between Coriolis,
centrifugal, and collisional drag forces can lead to a nonlinear and pos-
sibly nonlocal relation between the current density j and the nonho-
mogeneous radial electric field E driving rotation in a magnetized
plasma column.50,51

Notwithstanding the possibly important contribution of these
additional phenomena, the analytical derivation suggests that a neces-
sary but not sufficient condition for end-electrode potential control is
that s! 1 at least for collisionally driven electric perpendicular con-
ductivity. With that prediction in hand, we take another look at past
experimental end-electrode biasing results. To avoid further complica-
tions, we focus here on end-electrode biasing experiments in linear
geometry. In addition, and despite the promising results shown by
emissive electrodes for electric field and rotation control,45,52 we fur-
ther restrict our study to nonemissive electrodes and consider a set of
experiments surveyed in a previous study.21 These experiments range
from low density, low temperature plasmas used in the study of basic

plasma phenomena53,54 to high density, high temperature plasmas
produced in magnetic confinement fusion devices55,56 and thus offer
the opportunity to test theoretical models across a wide range of
plasma parameters. The machines on which these experiments were
conducted are listed in Table I, and the particular plasma parameters
used in each of these experiments are given in Table II.

A. Collisionality driven perpendicular conductivity
As shown in Table II, experiments range from fully ionized to

partially ionized plasmas and cover a large range of electron tempera-
tures. As a result, the ordering between electron-ion and electron-
neutral collision frequencies !ei and !en is not consistent across these
experiments. The parallel conductivity,

rk ¼
ne2

með!ei þ !enÞ
; (25)

with e and me the electron charge and mass and n the plasma density,
can be governed by neutrals or ions, or both. The respective contribu-
tions to parallel conductivity are estimated using the order of magni-
tude estimate for electron-neutral collision,

!en ¼ r0N

ffiffiffiffiffiffiffiffiffiffiffi
8kbTe

pme

s

; (26)

with Te the electron temperature, N the neutral density, and r0 a fidu-
cial cross section taken to be 5& 10'15 cm'2, and the electron-ion
collision frequency

!ei ¼
nZ2e4K

6
ffiffiffi
2
p

p3=2"20
ffiffiffiffiffiffi
me
p ðkbTeÞ3=2

; (27)

with Z being the ion charge state and K the Coulomb logarithm. Note
that these are order of magnitude estimates and that a detailed model-
ing will require accounting for the temperature dependence of r0. In
addition, with the exception of F-TAE and M-UW, the neutral densi-
ties N given in Table II correspond to gas fill pressure and not actual
measurements, which adds further uncertainty to the collision fre-
quency estimates. Quantitatively,

TABLE II. Plasma parameters in selected end-electrode biasing experiments: plasma density n, electron temperature Te, ion temperature Ti, magnetic field B, neutral density N,
ion atomic mass M, plasma column radius a, plasma length L, and typical applied bias w0 with respect to machine ground. For mirror experiments (QT-Upgrade, Gamma 10
and Phaedrus), the parameters are taken in the middle of the central cell. For the field reverse configuration (C-2), parameters are taken at the edge.

n (&1012 cm' 3) Te (eV) Ti (eV) B (kG) N (&1012 cm'3) M (amu) a (cm) L (m) w0 (V) References

Q-WVU 0.001 0.2 0.2 1.5 0.099 39 3 0.8 '6 to 18 53, 57
H-KU 0.01 4.5 0.2 1 5.3 40, 131 22 1.7 0 to 250 58
M-TU 0.3 5 0.8 6 0.2 1.5 1.6 40 8.5 1.4 '20 to 20 54, 59
M-UT 0.75 6 0.25 90 6 30 650 6 150 4 0.033 1 20 27 '2000 to 750 60–62
L-UCLA 0.2 1 1 1 3.3 4 15 13 0 to 150 63–65
M-UW 2 17.5 6 2.5 30 0.6 5 6 5 1 17 10 '60 to 60 55
H-UNM 10 4 6 1 0.2 0.44 66 6 33 40 6 3 0 to 40 66, 67
H-PPPL 10 5 6 2 0.2 0.7 6 0.3 165 6 33 40, 84 6 0.4 '25 to 15 68
F-TAE 40 200 500 1 0.05 6 0.05 2 50 15 '1000 56, 69
M-USTC 0.10 6 0.05 7 6 3 0.2 0.3 6 0.1 25 1 12 9 '30 to 350 70, 71

TABLE I. Selected end-electrode biasing experiments.

Experiment Shorthand

Q-machine, West Virginia Univ. Q-WVU
Large diameter helicon, Kyushu Univ. H-KU
QT-Upgrade machine, Tohoku Univ. M-TU
Gamma 10 mirror, Univ. Tsukuba M-UT
LAPD afterglow, Univ. California Los Angeles L-UCLA
Phaedrus tandem mirror, Univ. Wisconsin M-UW
Helcat, Univ. New Mexico H-UNM
PMFX, Princeton Plasma Physics Lab. H-PPPL
C-2 device, Tri Alpha Energy F-TAE
KMAX mirror, Univ. Sci. Tech. China M-USTC
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However, even if neglecting gradients in plasma parameters,
quantifying perpendicular conductivity r? in a magnetized plasma
represents a challenge. Beyond the classical collisionality driven con-
ductivity, it is well established that instability and turbulence,46 mag-
netic field fluctuations,47,48 ion viscosity,49,50 and particle sources and
sinks50 can all contribute to an enhanced perpendicular conductivity.
Recently, it has also been shown that the interplay between Coriolis,
centrifugal, and collisional drag forces can lead to a nonlinear and pos-
sibly nonlocal relation between the current density j and the nonho-
mogeneous radial electric field E driving rotation in a magnetized
plasma column.50,51

Notwithstanding the possibly important contribution of these
additional phenomena, the analytical derivation suggests that a neces-
sary but not sufficient condition for end-electrode potential control is
that s! 1 at least for collisionally driven electric perpendicular con-
ductivity. With that prediction in hand, we take another look at past
experimental end-electrode biasing results. To avoid further complica-
tions, we focus here on end-electrode biasing experiments in linear
geometry. In addition, and despite the promising results shown by
emissive electrodes for electric field and rotation control,45,52 we fur-
ther restrict our study to nonemissive electrodes and consider a set of
experiments surveyed in a previous study.21 These experiments range
from low density, low temperature plasmas used in the study of basic

plasma phenomena53,54 to high density, high temperature plasmas
produced in magnetic confinement fusion devices55,56 and thus offer
the opportunity to test theoretical models across a wide range of
plasma parameters. The machines on which these experiments were
conducted are listed in Table I, and the particular plasma parameters
used in each of these experiments are given in Table II.

A. Collisionality driven perpendicular conductivity
As shown in Table II, experiments range from fully ionized to

partially ionized plasmas and cover a large range of electron tempera-
tures. As a result, the ordering between electron-ion and electron-
neutral collision frequencies !ei and !en is not consistent across these
experiments. The parallel conductivity,

rk ¼
ne2

með!ei þ !enÞ
; (25)

with e and me the electron charge and mass and n the plasma density,
can be governed by neutrals or ions, or both. The respective contribu-
tions to parallel conductivity are estimated using the order of magni-
tude estimate for electron-neutral collision,
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with Te the electron temperature, N the neutral density, and r0 a fidu-
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collision frequency
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with Z being the ion charge state and K the Coulomb logarithm. Note
that these are order of magnitude estimates and that a detailed model-
ing will require accounting for the temperature dependence of r0. In
addition, with the exception of F-TAE and M-UW, the neutral densi-
ties N given in Table II correspond to gas fill pressure and not actual
measurements, which adds further uncertainty to the collision fre-
quency estimates. Quantitatively,

TABLE II. Plasma parameters in selected end-electrode biasing experiments: plasma density n, electron temperature Te, ion temperature Ti, magnetic field B, neutral density N,
ion atomic mass M, plasma column radius a, plasma length L, and typical applied bias w0 with respect to machine ground. For mirror experiments (QT-Upgrade, Gamma 10
and Phaedrus), the parameters are taken in the middle of the central cell. For the field reverse configuration (C-2), parameters are taken at the edge.
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Experimental results so far are however 
inconclusive: when can end-electrodes 
biasing be expected to be effective?
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Figure 4.9: Illustration of the voltage drop �sh�(r) across the sheath and the voltage drop �k�(r) along
field line in the quasi-neutral plasma at a radial position r within the button electrode radius re. The negative
electrode bias is �e.

the voltage drop across the sheath and the voltage drop between the midplane and the sheath edge along a
magnetic field line in the quasi-neutral plasma.

A first picture of the combined e�ect of sheath and quasi-neutral physics on potential control can be
drawn by simply considering the axial current. From Ohm’s law, we have

jk = ��k
@�

@z
. (4.42)

This relation holds true anywhere in the quasi-neutral plasma, and in particular at the sheath edge where from
current continuity the parallel current density must match the current density at the electrode surface. This
suggests that increasing the current through the sheath, for instance through thermionic emission, should
lead to a larger potential variation along magnetic field lines. Although this result is here local, we have
shown that in the particular case that the current density through the sheath does not depend on the radius,
which is precisely verified in the saturated regime, this result can be generalised to obtain to lowest order in
⌧ the global result [0]

�k� =
L

4�k
jis(1 + ⌅). (4.43)

While it is only truly valid in the saturated regime where control over the plasma potential has precisely
been lost, this result suggests that the gain in control over the plasma potential at the sheath edge obtained
through thermionic emission would be achieved at the expense of a larger voltage drop along magnetic field
lines. This result is surprising in that it in appearance seems to contradict the result obtained earlier that the
relative voltage drop along field lines in a quasi-neutral plasmas simply scales as ⌧2 = (L/a)2�?/�k. However
this apparent contradiction is lifted when considering that the quasi-neutral model relies on a set potential
at the end of a field line, and that we just showed that in the presence of a saturated sheath this potential is
actually controlled by the current with  ⇠ (1 + ⌅)��1, which from Eq. (??) does yield the scaling found
in Eq. (??). In other words, a larger current through the sheath leads to a more negative plasma potential at
the sheath edge, which then leads to a larger absolute voltage drop along field line �k� for a given ⌧ .

To confirm and quantify this finding on the e�ect of thermionic emission, we went back to the simple
partial di�erential equation for the potential Eq. (??) taking conductivities as inputs, but enforced this time
flux boundary conditions representative of a negatively biased electrode and the ion sheath formed in front
of it. Although this choice of boundary conditions makes analytical solutions di�cult, it can be solved
straightforwardly using finite di�erences and the simple code ALS has been developed to this end by Baptiste
Trotabas in the first part of his thesis [0]. This code then allows modelling consistently the plasma potential
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Table 4.1: PDE verified by the potential � in di�erent perpendicular conductivity regimes. �k is assumed
independent of � and its derivatives in all cases, e. g. Spitzer conductivity.
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4.2 Electrode biasing: sheath e�ects

Having considered in the previous section how a set potential at a given location in a magnetised plasma
influences the potential at a given distance along and across magnetic field lines from this point, the next step
is to consider how one may control the potential there in the first place. A very natural and conceptually
simple scheme to do so is to use biased electrodes. The underlying idea here is that while a biased surface
in contact with the plasma is known to have a negligible e�ect on the plasma potential in the limit of an
infinitely small surface - an essential hypothesis in probe theory -, a large enough surface can a�ect the local
plasma potential [141]. A combination of individually biased electrodes could then in principle be used to
control the electric field.

This approach is precisely the idea behind the ring end-electrode biasing scheme proposed by Lehnert [44,
45] depicted in Fig. 4.4. Lehnert’s proposition is that the potential along a given magnetic field line can be
controlled by the bias on the electrode on which this field line terminates. A set of electrodes in turn allows
for a precise control of the perpendicular electric field.

Although this proposition is very attractive, this end-electrode scheme requires in practice two key el-
ements to be e�ective. First, the conductivity along field lines has to be large enough to connect the elec-
trodes to the plasma bulk [142], which is often restated as magnetic field lines being isopotential [131] i. e.
µ = �?/�k ! 0. We showed though in the previous section that this condition may actually be relaxed to

Plasma

Figure 4.4: Individually biased ring end-electrodes terminating axially a plasma column at both ends. Lehn-
ert’s proposal [44, 45] was that the bias imposed by an electrode on a given field line would be recovered in
the plasma, allowing for direct control over the perpendicular electric field and cross-field rotation.
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However, even if neglecting gradients in plasma parameters,
quantifying perpendicular conductivity r? in a magnetized plasma
represents a challenge. Beyond the classical collisionality driven con-
ductivity, it is well established that instability and turbulence,46 mag-
netic field fluctuations,47,48 ion viscosity,49,50 and particle sources and
sinks50 can all contribute to an enhanced perpendicular conductivity.
Recently, it has also been shown that the interplay between Coriolis,
centrifugal, and collisional drag forces can lead to a nonlinear and pos-
sibly nonlocal relation between the current density j and the nonho-
mogeneous radial electric field E driving rotation in a magnetized
plasma column.50,51

Notwithstanding the possibly important contribution of these
additional phenomena, the analytical derivation suggests that a neces-
sary but not sufficient condition for end-electrode potential control is
that s! 1 at least for collisionally driven electric perpendicular con-
ductivity. With that prediction in hand, we take another look at past
experimental end-electrode biasing results. To avoid further complica-
tions, we focus here on end-electrode biasing experiments in linear
geometry. In addition, and despite the promising results shown by
emissive electrodes for electric field and rotation control,45,52 we fur-
ther restrict our study to nonemissive electrodes and consider a set of
experiments surveyed in a previous study.21 These experiments range
from low density, low temperature plasmas used in the study of basic

plasma phenomena53,54 to high density, high temperature plasmas
produced in magnetic confinement fusion devices55,56 and thus offer
the opportunity to test theoretical models across a wide range of
plasma parameters. The machines on which these experiments were
conducted are listed in Table I, and the particular plasma parameters
used in each of these experiments are given in Table II.

A. Collisionality driven perpendicular conductivity
As shown in Table II, experiments range from fully ionized to

partially ionized plasmas and cover a large range of electron tempera-
tures. As a result, the ordering between electron-ion and electron-
neutral collision frequencies !ei and !en is not consistent across these
experiments. The parallel conductivity,

rk ¼
ne2

með!ei þ !enÞ
; (25)

with e and me the electron charge and mass and n the plasma density,
can be governed by neutrals or ions, or both. The respective contribu-
tions to parallel conductivity are estimated using the order of magni-
tude estimate for electron-neutral collision,

!en ¼ r0N

ffiffiffiffiffiffiffiffiffiffiffi
8kbTe

pme

s

; (26)

with Te the electron temperature, N the neutral density, and r0 a fidu-
cial cross section taken to be 5& 10'15 cm'2, and the electron-ion
collision frequency

!ei ¼
nZ2e4K

6
ffiffiffi
2
p

p3=2"20
ffiffiffiffiffiffi
me
p ðkbTeÞ3=2

; (27)

with Z being the ion charge state and K the Coulomb logarithm. Note
that these are order of magnitude estimates and that a detailed model-
ing will require accounting for the temperature dependence of r0. In
addition, with the exception of F-TAE and M-UW, the neutral densi-
ties N given in Table II correspond to gas fill pressure and not actual
measurements, which adds further uncertainty to the collision fre-
quency estimates. Quantitatively,

TABLE II. Plasma parameters in selected end-electrode biasing experiments: plasma density n, electron temperature Te, ion temperature Ti, magnetic field B, neutral density N,
ion atomic mass M, plasma column radius a, plasma length L, and typical applied bias w0 with respect to machine ground. For mirror experiments (QT-Upgrade, Gamma 10
and Phaedrus), the parameters are taken in the middle of the central cell. For the field reverse configuration (C-2), parameters are taken at the edge.

n (&1012 cm' 3) Te (eV) Ti (eV) B (kG) N (&1012 cm'3) M (amu) a (cm) L (m) w0 (V) References

Q-WVU 0.001 0.2 0.2 1.5 0.099 39 3 0.8 '6 to 18 53, 57
H-KU 0.01 4.5 0.2 1 5.3 40, 131 22 1.7 0 to 250 58
M-TU 0.3 5 0.8 6 0.2 1.5 1.6 40 8.5 1.4 '20 to 20 54, 59
M-UT 0.75 6 0.25 90 6 30 650 6 150 4 0.033 1 20 27 '2000 to 750 60–62
L-UCLA 0.2 1 1 1 3.3 4 15 13 0 to 150 63–65
M-UW 2 17.5 6 2.5 30 0.6 5 6 5 1 17 10 '60 to 60 55
H-UNM 10 4 6 1 0.2 0.44 66 6 33 40 6 3 0 to 40 66, 67
H-PPPL 10 5 6 2 0.2 0.7 6 0.3 165 6 33 40, 84 6 0.4 '25 to 15 68
F-TAE 40 200 500 1 0.05 6 0.05 2 50 15 '1000 56, 69
M-USTC 0.10 6 0.05 7 6 3 0.2 0.3 6 0.1 25 1 12 9 '30 to 350 70, 71

TABLE I. Selected end-electrode biasing experiments.

Experiment Shorthand

Q-machine, West Virginia Univ. Q-WVU
Large diameter helicon, Kyushu Univ. H-KU
QT-Upgrade machine, Tohoku Univ. M-TU
Gamma 10 mirror, Univ. Tsukuba M-UT
LAPD afterglow, Univ. California Los Angeles L-UCLA
Phaedrus tandem mirror, Univ. Wisconsin M-UW
Helcat, Univ. New Mexico H-UNM
PMFX, Princeton Plasma Physics Lab. H-PPPL
C-2 device, Tri Alpha Energy F-TAE
KMAX mirror, Univ. Sci. Tech. China M-USTC
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However, even if neglecting gradients in plasma parameters,
quantifying perpendicular conductivity r? in a magnetized plasma
represents a challenge. Beyond the classical collisionality driven con-
ductivity, it is well established that instability and turbulence,46 mag-
netic field fluctuations,47,48 ion viscosity,49,50 and particle sources and
sinks50 can all contribute to an enhanced perpendicular conductivity.
Recently, it has also been shown that the interplay between Coriolis,
centrifugal, and collisional drag forces can lead to a nonlinear and pos-
sibly nonlocal relation between the current density j and the nonho-
mogeneous radial electric field E driving rotation in a magnetized
plasma column.50,51

Notwithstanding the possibly important contribution of these
additional phenomena, the analytical derivation suggests that a neces-
sary but not sufficient condition for end-electrode potential control is
that s! 1 at least for collisionally driven electric perpendicular con-
ductivity. With that prediction in hand, we take another look at past
experimental end-electrode biasing results. To avoid further complica-
tions, we focus here on end-electrode biasing experiments in linear
geometry. In addition, and despite the promising results shown by
emissive electrodes for electric field and rotation control,45,52 we fur-
ther restrict our study to nonemissive electrodes and consider a set of
experiments surveyed in a previous study.21 These experiments range
from low density, low temperature plasmas used in the study of basic

plasma phenomena53,54 to high density, high temperature plasmas
produced in magnetic confinement fusion devices55,56 and thus offer
the opportunity to test theoretical models across a wide range of
plasma parameters. The machines on which these experiments were
conducted are listed in Table I, and the particular plasma parameters
used in each of these experiments are given in Table II.

A. Collisionality driven perpendicular conductivity
As shown in Table II, experiments range from fully ionized to

partially ionized plasmas and cover a large range of electron tempera-
tures. As a result, the ordering between electron-ion and electron-
neutral collision frequencies !ei and !en is not consistent across these
experiments. The parallel conductivity,

rk ¼
ne2

með!ei þ !enÞ
; (25)

with e and me the electron charge and mass and n the plasma density,
can be governed by neutrals or ions, or both. The respective contribu-
tions to parallel conductivity are estimated using the order of magni-
tude estimate for electron-neutral collision,

!en ¼ r0N

ffiffiffiffiffiffiffiffiffiffiffi
8kbTe

pme
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with Te the electron temperature, N the neutral density, and r0 a fidu-
cial cross section taken to be 5& 10'15 cm'2, and the electron-ion
collision frequency

!ei ¼
nZ2e4K
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with Z being the ion charge state and K the Coulomb logarithm. Note
that these are order of magnitude estimates and that a detailed model-
ing will require accounting for the temperature dependence of r0. In
addition, with the exception of F-TAE and M-UW, the neutral densi-
ties N given in Table II correspond to gas fill pressure and not actual
measurements, which adds further uncertainty to the collision fre-
quency estimates. Quantitatively,

TABLE II. Plasma parameters in selected end-electrode biasing experiments: plasma density n, electron temperature Te, ion temperature Ti, magnetic field B, neutral density N,
ion atomic mass M, plasma column radius a, plasma length L, and typical applied bias w0 with respect to machine ground. For mirror experiments (QT-Upgrade, Gamma 10
and Phaedrus), the parameters are taken in the middle of the central cell. For the field reverse configuration (C-2), parameters are taken at the edge.

n (&1012 cm' 3) Te (eV) Ti (eV) B (kG) N (&1012 cm'3) M (amu) a (cm) L (m) w0 (V) References

Q-WVU 0.001 0.2 0.2 1.5 0.099 39 3 0.8 '6 to 18 53, 57
H-KU 0.01 4.5 0.2 1 5.3 40, 131 22 1.7 0 to 250 58
M-TU 0.3 5 0.8 6 0.2 1.5 1.6 40 8.5 1.4 '20 to 20 54, 59
M-UT 0.75 6 0.25 90 6 30 650 6 150 4 0.033 1 20 27 '2000 to 750 60–62
L-UCLA 0.2 1 1 1 3.3 4 15 13 0 to 150 63–65
M-UW 2 17.5 6 2.5 30 0.6 5 6 5 1 17 10 '60 to 60 55
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TABLE I. Selected end-electrode biasing experiments.

Experiment Shorthand

Q-machine, West Virginia Univ. Q-WVU
Large diameter helicon, Kyushu Univ. H-KU
QT-Upgrade machine, Tohoku Univ. M-TU
Gamma 10 mirror, Univ. Tsukuba M-UT
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Experimental results so far are however 
inconclusive: when can end-electrodes 
biasing be expected to be effective?
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Figure 4.9: Illustration of the voltage drop �sh�(r) across the sheath and the voltage drop �k�(r) along
field line in the quasi-neutral plasma at a radial position r within the button electrode radius re. The negative
electrode bias is �e.

the voltage drop across the sheath and the voltage drop between the midplane and the sheath edge along a
magnetic field line in the quasi-neutral plasma.

A first picture of the combined e�ect of sheath and quasi-neutral physics on potential control can be
drawn by simply considering the axial current. From Ohm’s law, we have

jk = ��k
@�

@z
. (4.42)

This relation holds true anywhere in the quasi-neutral plasma, and in particular at the sheath edge where from
current continuity the parallel current density must match the current density at the electrode surface. This
suggests that increasing the current through the sheath, for instance through thermionic emission, should
lead to a larger potential variation along magnetic field lines. Although this result is here local, we have
shown that in the particular case that the current density through the sheath does not depend on the radius,
which is precisely verified in the saturated regime, this result can be generalised to obtain to lowest order in
⌧ the global result [0]

�k� =
L

4�k
jis(1 + ⌅). (4.43)

While it is only truly valid in the saturated regime where control over the plasma potential has precisely
been lost, this result suggests that the gain in control over the plasma potential at the sheath edge obtained
through thermionic emission would be achieved at the expense of a larger voltage drop along magnetic field
lines. This result is surprising in that it in appearance seems to contradict the result obtained earlier that the
relative voltage drop along field lines in a quasi-neutral plasmas simply scales as ⌧2 = (L/a)2�?/�k. However
this apparent contradiction is lifted when considering that the quasi-neutral model relies on a set potential
at the end of a field line, and that we just showed that in the presence of a saturated sheath this potential is
actually controlled by the current with  ⇠ (1 + ⌅)��1, which from Eq. (??) does yield the scaling found
in Eq. (??). In other words, a larger current through the sheath leads to a more negative plasma potential at
the sheath edge, which then leads to a larger absolute voltage drop along field line �k� for a given ⌧ .

To confirm and quantify this finding on the e�ect of thermionic emission, we went back to the simple
partial di�erential equation for the potential Eq. (??) taking conductivities as inputs, but enforced this time
flux boundary conditions representative of a negatively biased electrode and the ion sheath formed in front
of it. Although this choice of boundary conditions makes analytical solutions di�cult, it can be solved
straightforwardly using finite di�erences and the simple code ALS has been developed to this end by Baptiste
Trotabas in the first part of his thesis [0]. This code then allows modelling consistently the plasma potential
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mass ratio. Eq. (4.32) is here obtained immediately from Eq. (4.31) since the plasma potential  is assumed
constant equal to  p in the electrode shadow. Putting these pieces together, one finally obtains an equation
for the normalised plasma potential  p in the shadow of the electrode (r < re),

exp (⇤ +  e �  p) � 1 � � p = 0, (4.34)

where we have introduced the dimensionless parameter
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whose physical meaning will be elicited later.

(a) Symmetric button end-electrodes (b) Equivalent electric circuit

Figure 4.5: Symmetric single button end-electrodes (potential �e, radius re) terminating axially a plasma
column of radius rg and length L (a) and equivalent electric circuit proposed by Liziakin [142] capturing the
electrode bias �e, the voltage drop across the ion sheath �e � �p and the voltage drop �p through the plasma
resistance Rp between the axis and the grounded vessel (b).

Saturated and non-saturated regimes

While very simple, Eq. (4.34) brings up interesting insights into opportunities for plasma potential control,
as can be seen in Fig. 4.6(a). First, in the limit that | p| ⌧ ��1, one recovers the floating potential limit
with  p =  e +⇤. This implies that for | e| ⌧ ��1 the plasma potential follows the applied bias other than
for the classical voltage drop across the sheath ⇤. The current drawn at the electrode is in this case close to
zero, as one expects for a floating electrode. For reasons that will become clear later we refer to this regime
as non-saturated. Conversely, for  e ⌧ ���1, the plasma potential does not follow the applied bias, and
is constant equal to ���1. Looking at this more closely, one finds that the fact that the potential  p does
no longer vary with  e for su�ciently large | e| is the consequence that the current drawn at the negatively
biased electrode has reached its maximum amplitude jis⇡re

2. We therefore refer to this regime as saturated.
In this regime any further decrease in  e is entirely recovered in the sheath.

Reframing these findings in terms of potential control, we see that controlling the potential in the quasi-
neutral plasma  p via the negative bias imposed on an electrode  e is only possible for | e| ⌧ ��1. Trying
to make physical sense of this condition, one sees from Eq. (4.35) that � is the inverse of the non-dimensional
potential constructed from the maximum radial current I = �2jis⇡re

2 and the plasma resistance Rp. The
parameter � (or rather its inverse) is thus a measure of the maximum voltage drop the plasma column can
support.

This same model can, as done by Baptiste Trotabas [24, RG28], be extended to capture the e�ect of
thermionic emission at the biased electrode. For a hot electrode, the current density at the electrode surface
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While very simple, Eq. (4.34) brings up interesting insights into opportunities for plasma potential control,
as can be seen in Fig. 4.6(a). First, in the limit that | p| ⌧ ��1, one recovers the floating potential limit
with  p =  e +⇤. This implies that for | e| ⌧ ��1 the plasma potential follows the applied bias other than
for the classical voltage drop across the sheath ⇤. The current drawn at the electrode is in this case close to
zero, as one expects for a floating electrode. For reasons that will become clear later we refer to this regime
as non-saturated. Conversely, for  e ⌧ ���1, the plasma potential does not follow the applied bias, and
is constant equal to ���1. Looking at this more closely, one finds that the fact that the potential  p does
no longer vary with  e for su�ciently large | e| is the consequence that the current drawn at the negatively
biased electrode has reached its maximum amplitude jis⇡re

2. We therefore refer to this regime as saturated.
In this regime any further decrease in  e is entirely recovered in the sheath.

Reframing these findings in terms of potential control, we see that controlling the potential in the quasi-
neutral plasma  p via the negative bias imposed on an electrode  e is only possible for | e| ⌧ ��1. Trying
to make physical sense of this condition, one sees from Eq. (4.35) that � is the inverse of the non-dimensional
potential constructed from the maximum radial current I = �2jis⇡re

2 and the plasma resistance Rp. The
parameter � (or rather its inverse) is thus a measure of the maximum voltage drop the plasma column can
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This same model can, as done by Baptiste Trotabas [24, RG28], be extended to capture the e�ect of
thermionic emission at the biased electrode. For a hot electrode, the current density at the electrode surface
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Saturated and non-saturated regimes

While very simple, Eq. (4.34) brings up interesting insights into opportunities for plasma potential control,
as can be seen in Fig. 4.6(a). First, in the limit that | p| ⌧ ��1, one recovers the floating potential limit
with  p =  e +⇤. This implies that for | e| ⌧ ��1 the plasma potential follows the applied bias other than
for the classical voltage drop across the sheath ⇤. The current drawn at the electrode is in this case close to
zero, as one expects for a floating electrode. For reasons that will become clear later we refer to this regime
as non-saturated. Conversely, for  e ⌧ ���1, the plasma potential does not follow the applied bias, and
is constant equal to ���1. Looking at this more closely, one finds that the fact that the potential  p does
no longer vary with  e for su�ciently large | e| is the consequence that the current drawn at the negatively
biased electrode has reached its maximum amplitude jis⇡re

2. We therefore refer to this regime as saturated.
In this regime any further decrease in  e is entirely recovered in the sheath.

Reframing these findings in terms of potential control, we see that controlling the potential in the quasi-
neutral plasma  p via the negative bias imposed on an electrode  e is only possible for | e| ⌧ ��1. Trying
to make physical sense of this condition, one sees from Eq. (4.35) that � is the inverse of the non-dimensional
potential constructed from the maximum radial current I = �2jis⇡re

2 and the plasma resistance Rp. The
parameter � (or rather its inverse) is thus a measure of the maximum voltage drop the plasma column can
support.

This same model can, as done by Baptiste Trotabas [24, RG28], be extended to capture the e�ect of
thermionic emission at the biased electrode. For a hot electrode, the current density at the electrode surface
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Saturated and non-saturated regimes

While very simple, Eq. (4.34) brings up interesting insights into opportunities for plasma potential control,
as can be seen in Fig. 4.6(a). First, in the limit that | p| ⌧ ��1, one recovers the floating potential limit
with  p =  e +⇤. This implies that for | e| ⌧ ��1 the plasma potential follows the applied bias other than
for the classical voltage drop across the sheath ⇤. The current drawn at the electrode is in this case close to
zero, as one expects for a floating electrode. For reasons that will become clear later we refer to this regime
as non-saturated. Conversely, for  e ⌧ ���1, the plasma potential does not follow the applied bias, and
is constant equal to ���1. Looking at this more closely, one finds that the fact that the potential  p does
no longer vary with  e for su�ciently large | e| is the consequence that the current drawn at the negatively
biased electrode has reached its maximum amplitude jis⇡re

2. We therefore refer to this regime as saturated.
In this regime any further decrease in  e is entirely recovered in the sheath.

Reframing these findings in terms of potential control, we see that controlling the potential in the quasi-
neutral plasma  p via the negative bias imposed on an electrode  e is only possible for | e| ⌧ ��1. Trying
to make physical sense of this condition, one sees from Eq. (4.35) that � is the inverse of the non-dimensional
potential constructed from the maximum radial current I = �2jis⇡re

2 and the plasma resistance Rp. The
parameter � (or rather its inverse) is thus a measure of the maximum voltage drop the plasma column can
support.

This same model can, as done by Baptiste Trotabas [24, RG28], be extended to capture the e�ect of
thermionic emission at the biased electrode. For a hot electrode, the current density at the electrode surface
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Ohm’s law:

ϕp = RpI

mass ratio. Eq. (4.32) is here obtained immediately from Eq. (4.31) since the plasma potential  is assumed
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Saturated and non-saturated regimes

While very simple, Eq. (4.34) brings up interesting insights into opportunities for plasma potential control,
as can be seen in Fig. 4.6(a). First, in the limit that | p| ⌧ ��1, one recovers the floating potential limit
with  p =  e +⇤. This implies that for | e| ⌧ ��1 the plasma potential follows the applied bias other than
for the classical voltage drop across the sheath ⇤. The current drawn at the electrode is in this case close to
zero, as one expects for a floating electrode. For reasons that will become clear later we refer to this regime
as non-saturated. Conversely, for  e ⌧ ���1, the plasma potential does not follow the applied bias, and
is constant equal to ���1. Looking at this more closely, one finds that the fact that the potential  p does
no longer vary with  e for su�ciently large | e| is the consequence that the current drawn at the negatively
biased electrode has reached its maximum amplitude jis⇡re

2. We therefore refer to this regime as saturated.
In this regime any further decrease in  e is entirely recovered in the sheath.

Reframing these findings in terms of potential control, we see that controlling the potential in the quasi-
neutral plasma  p via the negative bias imposed on an electrode  e is only possible for | e| ⌧ ��1. Trying
to make physical sense of this condition, one sees from Eq. (4.35) that � is the inverse of the non-dimensional
potential constructed from the maximum radial current I = �2jis⇡re

2 and the plasma resistance Rp. The
parameter � (or rather its inverse) is thus a measure of the maximum voltage drop the plasma column can
support.

This same model can, as done by Baptiste Trotabas [24, RG28], be extended to capture the e�ect of
thermionic emission at the biased electrode. For a hot electrode, the current density at the electrode surface
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Saturated and non-saturated regimes

While very simple, Eq. (4.34) brings up interesting insights into opportunities for plasma potential control,
as can be seen in Fig. 4.6(a). First, in the limit that | p| ⌧ ��1, one recovers the floating potential limit
with  p =  e +⇤. This implies that for | e| ⌧ ��1 the plasma potential follows the applied bias other than
for the classical voltage drop across the sheath ⇤. The current drawn at the electrode is in this case close to
zero, as one expects for a floating electrode. For reasons that will become clear later we refer to this regime
as non-saturated. Conversely, for  e ⌧ ���1, the plasma potential does not follow the applied bias, and
is constant equal to ���1. Looking at this more closely, one finds that the fact that the potential  p does
no longer vary with  e for su�ciently large | e| is the consequence that the current drawn at the negatively
biased electrode has reached its maximum amplitude jis⇡re

2. We therefore refer to this regime as saturated.
In this regime any further decrease in  e is entirely recovered in the sheath.

Reframing these findings in terms of potential control, we see that controlling the potential in the quasi-
neutral plasma  p via the negative bias imposed on an electrode  e is only possible for | e| ⌧ ��1. Trying
to make physical sense of this condition, one sees from Eq. (4.35) that � is the inverse of the non-dimensional
potential constructed from the maximum radial current I = �2jis⇡re

2 and the plasma resistance Rp. The
parameter � (or rather its inverse) is thus a measure of the maximum voltage drop the plasma column can
support.

This same model can, as done by Baptiste Trotabas [24, RG28], be extended to capture the e�ect of
thermionic emission at the biased electrode. For a hot electrode, the current density at the electrode surface
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Ohm’s law:Current balance at electrode:

ϕp = RpI
I = Iis [1 − exp (Λ + e

ϕe − ϕp

Te )]

mass ratio. Eq. (4.32) is here obtained immediately from Eq. (4.31) since the plasma potential  is assumed
constant equal to  p in the electrode shadow. Putting these pieces together, one finally obtains an equation
for the normalised plasma potential  p in the shadow of the electrode (r < re),

exp (⇤ +  e �  p) � 1 � � p = 0, (4.34)
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Saturated and non-saturated regimes

While very simple, Eq. (4.34) brings up interesting insights into opportunities for plasma potential control,
as can be seen in Fig. 4.6(a). First, in the limit that | p| ⌧ ��1, one recovers the floating potential limit
with  p =  e +⇤. This implies that for | e| ⌧ ��1 the plasma potential follows the applied bias other than
for the classical voltage drop across the sheath ⇤. The current drawn at the electrode is in this case close to
zero, as one expects for a floating electrode. For reasons that will become clear later we refer to this regime
as non-saturated. Conversely, for  e ⌧ ���1, the plasma potential does not follow the applied bias, and
is constant equal to ���1. Looking at this more closely, one finds that the fact that the potential  p does
no longer vary with  e for su�ciently large | e| is the consequence that the current drawn at the negatively
biased electrode has reached its maximum amplitude jis⇡re

2. We therefore refer to this regime as saturated.
In this regime any further decrease in  e is entirely recovered in the sheath.

Reframing these findings in terms of potential control, we see that controlling the potential in the quasi-
neutral plasma  p via the negative bias imposed on an electrode  e is only possible for | e| ⌧ ��1. Trying
to make physical sense of this condition, one sees from Eq. (4.35) that � is the inverse of the non-dimensional
potential constructed from the maximum radial current I = �2jis⇡re

2 and the plasma resistance Rp. The
parameter � (or rather its inverse) is thus a measure of the maximum voltage drop the plasma column can
support.

This same model can, as done by Baptiste Trotabas [24, RG28], be extended to capture the e�ect of
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as can be seen in Fig. 4.6(a). First, in the limit that | p| ⌧ ��1, one recovers the floating potential limit
with  p =  e +⇤. This implies that for | e| ⌧ ��1 the plasma potential follows the applied bias other than
for the classical voltage drop across the sheath ⇤. The current drawn at the electrode is in this case close to
zero, as one expects for a floating electrode. For reasons that will become clear later we refer to this regime
as non-saturated. Conversely, for  e ⌧ ���1, the plasma potential does not follow the applied bias, and
is constant equal to ���1. Looking at this more closely, one finds that the fact that the potential  p does
no longer vary with  e for su�ciently large | e| is the consequence that the current drawn at the negatively
biased electrode has reached its maximum amplitude jis⇡re

2. We therefore refer to this regime as saturated.
In this regime any further decrease in  e is entirely recovered in the sheath.

Reframing these findings in terms of potential control, we see that controlling the potential in the quasi-
neutral plasma  p via the negative bias imposed on an electrode  e is only possible for | e| ⌧ ��1. Trying
to make physical sense of this condition, one sees from Eq. (4.35) that � is the inverse of the non-dimensional
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Ohm’s law:Current balance at electrode:
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mass ratio. Eq. (4.32) is here obtained immediately from Eq. (4.31) since the plasma potential  is assumed
constant equal to  p in the electrode shadow. Putting these pieces together, one finally obtains an equation
for the normalised plasma potential  p in the shadow of the electrode (r < re),

exp (⇤ +  e �  p) � 1 � � p = 0, (4.34)

where we have introduced the dimensionless parameter

�
.
=

L�?
jisre

2

kBTe

e


ln

✓
rg

re

◆��1

(4.35)

whose physical meaning will be elicited later.

(a) Symmetric button end-electrodes (b) Equivalent electric circuit

Figure 4.5: Symmetric single button end-electrodes (potential �e, radius re) terminating axially a plasma
column of radius rg and length L (a) and equivalent electric circuit proposed by Liziakin [142] capturing the
electrode bias �e, the voltage drop across the ion sheath �e � �p and the voltage drop �p through the plasma
resistance Rp between the axis and the grounded vessel (b).

Saturated and non-saturated regimes

While very simple, Eq. (4.34) brings up interesting insights into opportunities for plasma potential control,
as can be seen in Fig. 4.6(a). First, in the limit that | p| ⌧ ��1, one recovers the floating potential limit
with  p =  e +⇤. This implies that for | e| ⌧ ��1 the plasma potential follows the applied bias other than
for the classical voltage drop across the sheath ⇤. The current drawn at the electrode is in this case close to
zero, as one expects for a floating electrode. For reasons that will become clear later we refer to this regime
as non-saturated. Conversely, for  e ⌧ ���1, the plasma potential does not follow the applied bias, and
is constant equal to ���1. Looking at this more closely, one finds that the fact that the potential  p does
no longer vary with  e for su�ciently large | e| is the consequence that the current drawn at the negatively
biased electrode has reached its maximum amplitude jis⇡re

2. We therefore refer to this regime as saturated.
In this regime any further decrease in  e is entirely recovered in the sheath.

Reframing these findings in terms of potential control, we see that controlling the potential in the quasi-
neutral plasma  p via the negative bias imposed on an electrode  e is only possible for | e| ⌧ ��1. Trying
to make physical sense of this condition, one sees from Eq. (4.35) that � is the inverse of the non-dimensional
potential constructed from the maximum radial current I = �2jis⇡re

2 and the plasma resistance Rp. The
parameter � (or rather its inverse) is thus a measure of the maximum voltage drop the plasma column can
support.

This same model can, as done by Baptiste Trotabas [24, RG28], be extended to capture the e�ect of
thermionic emission at the biased electrode. For a hot electrode, the current density at the electrode surface

54

Assumptions: 

Negative bias, ion sheath,  

Classical transport, radial resistance

σ∥ → ∞

Rp ≐
1

2πLσ⊥
ln (

rg

re )

Equivalent circuit:

Equating currents gives a transcendental equation for the plasma potential

j
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combined increase and decrease in N and n, as found in the radio fre-
quency (RF) plasma experiment H-KU, or from a decrease in Te, as
found in the hot-cathode experiment L-UCLA. Alternatively, larger
rk values (!106 X"1 m"1) are found for the higher Te plasmas in
the high power mirror experiment M-UT and the field reverse con-
figuration (FRC) experiment F-TAE. Finally, both low rk and low rP

(!10"7 and 10 X"1 m"1) are estimated for the low temperature and
low density plasma of the Q-machine Q-WVU.

Substituting the plasma radius a and length L yields the dimen-
sionless parameter

sP ¼
L
a

ffiffiffiffiffi
rP

rk

r
; (34)

computed for the Pedersen perpendicular conductivity rP for each of
the selected experiments. Quantitatively, two formulas can be derived
for electron-neutral collisions and electron-ion collisions dominated
parallel conductivity, respectively, with

sP ¼ 1:2$ 10"4
L
a

N12

BkG
ffiffiffi
Z
p MTieVTeeVð Þ1=4

if
n12
N12

TeeV

Z

" #2

' 1:5$ 102 (35a)

and

sP ¼ 1:5$ 10"3
L
a
M1=4T1=4

ieV

BkG

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n12N12Z

T3=2
eeV

s

if
n12
N12

TeeV

Z

" #2

( 1:5$ 102: (35b)

The results are plotted in Fig. 5. Although the conductivities used
here are at best very crude estimates and r? accounts only for ion-
neutral collisions, Fig. 5 already reveals interesting trends. A group of

experiments formed by H-PPPL, M-USTC, and H-UNM is found
to have sP ¼ Oð1Þ, which, according to the simple model derived in
this study, prohibits effective connection between end-electrodes.
Interestingly, this is consistent with experimental measurements show-
ing large potential variation along the machine axis in M-USTC70 and
limited potential control. At the other end of the spectrum, one finds
another group of experiments for which 10"3 ) sP ) 10"2. Barring
other possible contributions to r?, this in principle allows for end-
electrode potential control. Among these is found M-TU, for which
electric connectivity between end-electrodes has been demonstrated,
and radial electric fields with both polarities have been produced.54

The partial correlation observed experimentally between s and
end-electrode electric field control is encouraging. It suggests that this
simple scaling can indeed be used to identify a priori plasma regimes
where end-electrode biasing is ineffective in controlling the perpendic-
ular electric field. However, it is still insufficient to predict regimes
where end-electrode biasing should be effective. To enable such pre-
dictive capabilities, the model will have to be extended to include pos-
sible additional contributions to conductivity. It should also capture
possible coupling effects between these different contributions. In
addition, spatial gradients of plasma parameters are also expected,
under certain conditions, to play a role and should be included in a
global perpendicular conductivity model. Although such an extensive
analysis goes well beyond the scope of this study, we briefly illustrate
this task in the next paragraph by considering the possible contribu-
tion of inertia to perpendicular conductivity. Finally, detailed compari-
son with experiments will require supplementing conductivity models
with sheath models. Indeed, even if assuming s! 0, the electric field
imposed on ring electrodes (see Fig. 1) will be identically recovered in
the plasma column only if the voltage drop across the sheath does not
vary significantly along the machine radius. For a classical voltage
drop D/ across the sheath of a few Te, this in turn sets an upper limit
on how large the electron temperature gradient can be for a given tar-
get radial electric field.

FIG. 4. Distribution of the selected experiments (see Table I) in ðrk;rPÞ space.
FIG. 5. Estimated dimensionless parameter sP ¼ L=a
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combined increase and decrease in N and n, as found in the radio fre-
quency (RF) plasma experiment H-KU, or from a decrease in Te, as
found in the hot-cathode experiment L-UCLA. Alternatively, larger
rk values (!106 X"1 m"1) are found for the higher Te plasmas in
the high power mirror experiment M-UT and the field reverse con-
figuration (FRC) experiment F-TAE. Finally, both low rk and low rP

(!10"7 and 10 X"1 m"1) are estimated for the low temperature and
low density plasma of the Q-machine Q-WVU.

Substituting the plasma radius a and length L yields the dimen-
sionless parameter
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computed for the Pedersen perpendicular conductivity rP for each of
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The results are plotted in Fig. 5. Although the conductivities used
here are at best very crude estimates and r? accounts only for ion-
neutral collisions, Fig. 5 already reveals interesting trends. A group of

experiments formed by H-PPPL, M-USTC, and H-UNM is found
to have sP ¼ Oð1Þ, which, according to the simple model derived in
this study, prohibits effective connection between end-electrodes.
Interestingly, this is consistent with experimental measurements show-
ing large potential variation along the machine axis in M-USTC70 and
limited potential control. At the other end of the spectrum, one finds
another group of experiments for which 10"3 ) sP ) 10"2. Barring
other possible contributions to r?, this in principle allows for end-
electrode potential control. Among these is found M-TU, for which
electric connectivity between end-electrodes has been demonstrated,
and radial electric fields with both polarities have been produced.54

The partial correlation observed experimentally between s and
end-electrode electric field control is encouraging. It suggests that this
simple scaling can indeed be used to identify a priori plasma regimes
where end-electrode biasing is ineffective in controlling the perpendic-
ular electric field. However, it is still insufficient to predict regimes
where end-electrode biasing should be effective. To enable such pre-
dictive capabilities, the model will have to be extended to include pos-
sible additional contributions to conductivity. It should also capture
possible coupling effects between these different contributions. In
addition, spatial gradients of plasma parameters are also expected,
under certain conditions, to play a role and should be included in a
global perpendicular conductivity model. Although such an extensive
analysis goes well beyond the scope of this study, we briefly illustrate
this task in the next paragraph by considering the possible contribu-
tion of inertia to perpendicular conductivity. Finally, detailed compari-
son with experiments will require supplementing conductivity models
with sheath models. Indeed, even if assuming s! 0, the electric field
imposed on ring electrodes (see Fig. 1) will be identically recovered in
the plasma column only if the voltage drop across the sheath does not
vary significantly along the machine radius. For a classical voltage
drop D/ across the sheath of a few Te, this in turn sets an upper limit
on how large the electron temperature gradient can be for a given tar-
get radial electric field.
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combined increase and decrease in N and n, as found in the radio fre-
quency (RF) plasma experiment H-KU, or from a decrease in Te, as
found in the hot-cathode experiment L-UCLA. Alternatively, larger
rk values (!106 X"1 m"1) are found for the higher Te plasmas in
the high power mirror experiment M-UT and the field reverse con-
figuration (FRC) experiment F-TAE. Finally, both low rk and low rP

(!10"7 and 10 X"1 m"1) are estimated for the low temperature and
low density plasma of the Q-machine Q-WVU.
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sionless parameter
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The results are plotted in Fig. 5. Although the conductivities used
here are at best very crude estimates and r? accounts only for ion-
neutral collisions, Fig. 5 already reveals interesting trends. A group of

experiments formed by H-PPPL, M-USTC, and H-UNM is found
to have sP ¼ Oð1Þ, which, according to the simple model derived in
this study, prohibits effective connection between end-electrodes.
Interestingly, this is consistent with experimental measurements show-
ing large potential variation along the machine axis in M-USTC70 and
limited potential control. At the other end of the spectrum, one finds
another group of experiments for which 10"3 ) sP ) 10"2. Barring
other possible contributions to r?, this in principle allows for end-
electrode potential control. Among these is found M-TU, for which
electric connectivity between end-electrodes has been demonstrated,
and radial electric fields with both polarities have been produced.54

The partial correlation observed experimentally between s and
end-electrode electric field control is encouraging. It suggests that this
simple scaling can indeed be used to identify a priori plasma regimes
where end-electrode biasing is ineffective in controlling the perpendic-
ular electric field. However, it is still insufficient to predict regimes
where end-electrode biasing should be effective. To enable such pre-
dictive capabilities, the model will have to be extended to include pos-
sible additional contributions to conductivity. It should also capture
possible coupling effects between these different contributions. In
addition, spatial gradients of plasma parameters are also expected,
under certain conditions, to play a role and should be included in a
global perpendicular conductivity model. Although such an extensive
analysis goes well beyond the scope of this study, we briefly illustrate
this task in the next paragraph by considering the possible contribu-
tion of inertia to perpendicular conductivity. Finally, detailed compari-
son with experiments will require supplementing conductivity models
with sheath models. Indeed, even if assuming s! 0, the electric field
imposed on ring electrodes (see Fig. 1) will be identically recovered in
the plasma column only if the voltage drop across the sheath does not
vary significantly along the machine radius. For a classical voltage
drop D/ across the sheath of a few Te, this in turn sets an upper limit
on how large the electron temperature gradient can be for a given tar-
get radial electric field.
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THE LARGE PLASMA DEVICE (LAPD) AT UCLA

20 m

1 
m

๏ Magnetic field up to 2.5 kG uniform over 20 m.  

๏ Plasma source: hot cathode. LaB6 disk ⌀ 38 cm. 

๏ Pulsed operation, typical repetition rate of 1 Hz. 

๏ , partially to nearly fully ionized. 

๏ Access ports for automated probe diagnostics every 30 cm.

ne ≤ few 1019 m−3, Te, Ti ≤ 20 eV

UCLA Physics and Astro Dpt - US NSF/DOE User Facility
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Objective: study the effect of end-electrode biasing - towards rotation control
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(a)
(b)

FIGURE 1. Picture of the multidisk electrode used in this experimental campaign (a) and
electric circuit used to bias each electrode (b). The outer radius of each electrode is ri = 2.54i cm,
i ∈ [[1, 5]]. Here Rwi is the resistance of the cable between the point of measure near the voltage
divider and the disk Ei in the machine.

FIGURE 2. Experimental set-up used in this campaign. The plasma is created by applying a
voltage between the cathode and a mesh anode. The five concentric disk electrodes are installed
on port #35 and biased with respect to the grounded vacuum chamber, with bias φi for i ∈ [[1, 5]].
The magnetic field in the source Bs is 0.2 T whereas the field in the main chamber B0 is 0.1 T.

corresponds to a plasma density of approximately 6 × 1018 m−3, which was used as our129
target operating point during the one-week-long campaign.130

The active phase during which electrodes are biased starts at 12 ms and ends at 18 ms131
(blue region in figure 3). The active bias phase thus covers both the end of the main132
discharge during which electrons are still injected in the plasma and the afterglow regime133
which refers to the phase after the discharge voltage has been switched off (Gekelman134

8 R. Gueroult, S. K. P. Tripathi, F. Gaboriau, T. R. Look and N. J. Fisch

Parameter Value

Gas helium
Discharge current Id [kA] 3.2

Main chamber magnetic field B0 [T] 0.1
Magnetic field ratio ⇢b 2

Plasma density ne [m�3] 5 1018

Electron temperature Te [eV] 5
Plasma radius [cm] 25
Plasma length [m] 11

Table 1. Typical machine and plasma parameters for the operating point targeted in this
campaign.

operating point in this campaign, we obtain a characteristic ion saturation current density

j⇧
is = 8.7 kA.m�2. (3.3)

For reasons that will become clear later, it is informative to compare this current to the
current density deduced from the discharge current Id. Considering a uniform emission
on the cathode, and accounting for the anode transparency ◆ = 0.66 (Qian et al. 2023),
the current density of primary electrons injected in the plasma through the anode during
the main discharge is

jinj = � ◆Id

⇡⇢Br2
c

(3.4)

where ⇢B is the field ratio previously defined. For the discharge current Id ⇠ 3.2 kA
shown in figure 3 and ⇢B = 2 one gets jinj = �9.3 kA.m�2.

Although the amplitude of these currents will vary with the location through the spatial
dependence of Te and ne on one hand, and with the exact discharge current on the other
hand, the important point here is to note that in the conditions investigated here these
two terms are of comparable magnitude.

4. E↵ect of biasing on the radial profile of plasma parameters

4.1. Biasing profiles

We choose six biasing profiles to impose on the multi-disk electrode to study the e↵ect
of di↵erential electrode biasing on plasma parameters. Our motivation for choosing these
six specific biasing scenarios, which are listed in table 2 and illustrated in figure 5, is
that they cover di↵erent polarities with respect to machine ground as well as di↵erent
directions of the radial gradient of the potential. In other words, we examine the e↵ect
of both positive and negative biases, as well as concave-up and -down potential profiles.
The amplitude in all cases is 30 V, though as mentioned above the resistance of the
connectors is such that the actual bias on the electrode can be slightly larger or smaller
depending on the current drawn by this particular electrode.

A consequence of this resistance, and of the biasing circuit shown in figure 1(b), is that
the plasma potential profiles already show a weak dependence on the particular biasing
scenario implemented before the active biasing phase. This is illustrated in figure 6,
which corresponds to t = 11.1 ms, that is 0.9 ms before the biasing power supply is
turned on. Indeed, even if the bias is o↵, electrodes are not floating. They are connected
through the connectors and the voltage divider. Because the position of a given pin on

ri ∼ 2.5i cm
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FIGURE 3. Time evolution of the anode–cathode voltage (green, right-hand axis) and discharge
current (red, left-handaxis) during a typical shot. The t = 0 reference corresponds to Id = 1 kA.
The blue region 12 ≤ t ≤ 18 ms corresponds to the time the electrode bias is on. The vertical
dashed lines indicate three different instants during the shot that we will focus on in our data
analysis. The first one (11.1 ms) is before bias has been turned on, the second one (12.6 ms) is
during the main discharge with bias on, and the last one (15.6 ms) is in the afterglow with bias
on.

et al. 2016). Since the electron temperature Te drops rapidly in the afterglow, this allows135
probing the effect of biasing in different plasma conditions.136

2.3. Diagnostics137

Plasma parameters in the machine are inferred through a suite of probe diagnostics. In138
this campaign, four-tip probes are mounted on probe drives on ports #20 and #34, which139
correspond to distances of approximately 5.5 m and 30 cm from the multidisk electrode.140
The tip area is approximately 4 mm2. On each of these probes, three tips are used. Two141
of these three tips are used to acquire, respectively, the ion saturation current Isat and142
the floating potential φf . The last tip is used as a swept Langmuir probe to acquire I(V)143
characteristics. Plasma potential estimates φp are obtained from I(V) probe characteristics144
using spline fitting and a standard inflection-point method (Godyak & Alexandrovich145
2015). The electron temperature is determined from a linear fit of the logarithm of146
the electron current as a function of bias for biases between the floating potential and147
the inflection point. Practically, 200-ms-long I(V) Langmuir sweeps separated by a148
100 ms pause were used, for a total of 23 sweeps starting at t = 11.1 ms. In addition,149
an emissive probe (Martin et al. 2015) is mounted on a third probe drive on port #32,150
which is approximately 90 cm away from the multidisk electrode. The heating current151
is first adjusted to ensure symmetrical I(V) curves, whereafter the plasma potential φp152
is taken to be the floating potential of the emissive electrode. All three probe drives153
are computer-controlled, making it possible to obtain two-dimensional maps of plasma154
parameters at three axial locations (ports #20, #32 and #34). In practice we will mostly155
focus on results from planes at ports #20 and #34, and will verify that the plasma potential156
estimated from the emissive probe on port #32 is consistent with estimates obtained from157
I(V) data on port #34. Absolute plasma density estimates are simply deduced from Isat data158
after calibration using microwave interferometric data taken on port #20. Variations in Isat159
are therefore entirely attributed to variations in density n, while they could also result from160

Data at different instants during a shot
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FIGURE 3. Time evolution of the anode–cathode voltage (green, right-hand axis) and discharge
current (red, left-handaxis) during a typical shot. The t = 0 reference corresponds to Id = 1 kA.
The blue region 12 ≤ t ≤ 18 ms corresponds to the time the electrode bias is on. The vertical
dashed lines indicate three different instants during the shot that we will focus on in our data
analysis. The first one (11.1 ms) is before bias has been turned on, the second one (12.6 ms) is
during the main discharge with bias on, and the last one (15.6 ms) is in the afterglow with bias
on.

et al. 2016). Since the electron temperature Te drops rapidly in the afterglow, this allows135
probing the effect of biasing in different plasma conditions.136

2.3. Diagnostics137

Plasma parameters in the machine are inferred through a suite of probe diagnostics. In138
this campaign, four-tip probes are mounted on probe drives on ports #20 and #34, which139
correspond to distances of approximately 5.5 m and 30 cm from the multidisk electrode.140
The tip area is approximately 4 mm2. On each of these probes, three tips are used. Two141
of these three tips are used to acquire, respectively, the ion saturation current Isat and142
the floating potential φf . The last tip is used as a swept Langmuir probe to acquire I(V)143
characteristics. Plasma potential estimates φp are obtained from I(V) probe characteristics144
using spline fitting and a standard inflection-point method (Godyak & Alexandrovich145
2015). The electron temperature is determined from a linear fit of the logarithm of146
the electron current as a function of bias for biases between the floating potential and147
the inflection point. Practically, 200-ms-long I(V) Langmuir sweeps separated by a148
100 ms pause were used, for a total of 23 sweeps starting at t = 11.1 ms. In addition,149
an emissive probe (Martin et al. 2015) is mounted on a third probe drive on port #32,150
which is approximately 90 cm away from the multidisk electrode. The heating current151
is first adjusted to ensure symmetrical I(V) curves, whereafter the plasma potential φp152
is taken to be the floating potential of the emissive electrode. All three probe drives153
are computer-controlled, making it possible to obtain two-dimensional maps of plasma154
parameters at three axial locations (ports #20, #32 and #34). In practice we will mostly155
focus on results from planes at ports #20 and #34, and will verify that the plasma potential156
estimated from the emissive probe on port #32 is consistent with estimates obtained from157
I(V) data on port #34. Absolute plasma density estimates are simply deduced from Isat data158
after calibration using microwave interferometric data taken on port #20. Variations in Isat159
are therefore entirely attributed to variations in density n, while they could also result from160

Data at different instants during a shot

Main discharge
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FIGURE 3. Time evolution of the anode–cathode voltage (green, right-hand axis) and discharge
current (red, left-handaxis) during a typical shot. The t = 0 reference corresponds to Id = 1 kA.
The blue region 12 ≤ t ≤ 18 ms corresponds to the time the electrode bias is on. The vertical
dashed lines indicate three different instants during the shot that we will focus on in our data
analysis. The first one (11.1 ms) is before bias has been turned on, the second one (12.6 ms) is
during the main discharge with bias on, and the last one (15.6 ms) is in the afterglow with bias
on.

et al. 2016). Since the electron temperature Te drops rapidly in the afterglow, this allows135
probing the effect of biasing in different plasma conditions.136

2.3. Diagnostics137

Plasma parameters in the machine are inferred through a suite of probe diagnostics. In138
this campaign, four-tip probes are mounted on probe drives on ports #20 and #34, which139
correspond to distances of approximately 5.5 m and 30 cm from the multidisk electrode.140
The tip area is approximately 4 mm2. On each of these probes, three tips are used. Two141
of these three tips are used to acquire, respectively, the ion saturation current Isat and142
the floating potential φf . The last tip is used as a swept Langmuir probe to acquire I(V)143
characteristics. Plasma potential estimates φp are obtained from I(V) probe characteristics144
using spline fitting and a standard inflection-point method (Godyak & Alexandrovich145
2015). The electron temperature is determined from a linear fit of the logarithm of146
the electron current as a function of bias for biases between the floating potential and147
the inflection point. Practically, 200-ms-long I(V) Langmuir sweeps separated by a148
100 ms pause were used, for a total of 23 sweeps starting at t = 11.1 ms. In addition,149
an emissive probe (Martin et al. 2015) is mounted on a third probe drive on port #32,150
which is approximately 90 cm away from the multidisk electrode. The heating current151
is first adjusted to ensure symmetrical I(V) curves, whereafter the plasma potential φp152
is taken to be the floating potential of the emissive electrode. All three probe drives153
are computer-controlled, making it possible to obtain two-dimensional maps of plasma154
parameters at three axial locations (ports #20, #32 and #34). In practice we will mostly155
focus on results from planes at ports #20 and #34, and will verify that the plasma potential156
estimated from the emissive probe on port #32 is consistent with estimates obtained from157
I(V) data on port #34. Absolute plasma density estimates are simply deduced from Isat data158
after calibration using microwave interferometric data taken on port #20. Variations in Isat159
are therefore entirely attributed to variations in density n, while they could also result from160
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FIGURE 3. Time evolution of the anode–cathode voltage (green, right-hand axis) and discharge
current (red, left-handaxis) during a typical shot. The t = 0 reference corresponds to Id = 1 kA.
The blue region 12 ≤ t ≤ 18 ms corresponds to the time the electrode bias is on. The vertical
dashed lines indicate three different instants during the shot that we will focus on in our data
analysis. The first one (11.1 ms) is before bias has been turned on, the second one (12.6 ms) is
during the main discharge with bias on, and the last one (15.6 ms) is in the afterglow with bias
on.

et al. 2016). Since the electron temperature Te drops rapidly in the afterglow, this allows135
probing the effect of biasing in different plasma conditions.136

2.3. Diagnostics137

Plasma parameters in the machine are inferred through a suite of probe diagnostics. In138
this campaign, four-tip probes are mounted on probe drives on ports #20 and #34, which139
correspond to distances of approximately 5.5 m and 30 cm from the multidisk electrode.140
The tip area is approximately 4 mm2. On each of these probes, three tips are used. Two141
of these three tips are used to acquire, respectively, the ion saturation current Isat and142
the floating potential φf . The last tip is used as a swept Langmuir probe to acquire I(V)143
characteristics. Plasma potential estimates φp are obtained from I(V) probe characteristics144
using spline fitting and a standard inflection-point method (Godyak & Alexandrovich145
2015). The electron temperature is determined from a linear fit of the logarithm of146
the electron current as a function of bias for biases between the floating potential and147
the inflection point. Practically, 200-ms-long I(V) Langmuir sweeps separated by a148
100 ms pause were used, for a total of 23 sweeps starting at t = 11.1 ms. In addition,149
an emissive probe (Martin et al. 2015) is mounted on a third probe drive on port #32,150
which is approximately 90 cm away from the multidisk electrode. The heating current151
is first adjusted to ensure symmetrical I(V) curves, whereafter the plasma potential φp152
is taken to be the floating potential of the emissive electrode. All three probe drives153
are computer-controlled, making it possible to obtain two-dimensional maps of plasma154
parameters at three axial locations (ports #20, #32 and #34). In practice we will mostly155
focus on results from planes at ports #20 and #34, and will verify that the plasma potential156
estimated from the emissive probe on port #32 is consistent with estimates obtained from157
I(V) data on port #34. Absolute plasma density estimates are simply deduced from Isat data158
after calibration using microwave interferometric data taken on port #20. Variations in Isat159
are therefore entirely attributed to variations in density n, while they could also result from160
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FIGURE 3. Time evolution of the anode–cathode voltage (green, right-hand axis) and discharge
current (red, left-handaxis) during a typical shot. The t = 0 reference corresponds to Id = 1 kA.
The blue region 12 ≤ t ≤ 18 ms corresponds to the time the electrode bias is on. The vertical
dashed lines indicate three different instants during the shot that we will focus on in our data
analysis. The first one (11.1 ms) is before bias has been turned on, the second one (12.6 ms) is
during the main discharge with bias on, and the last one (15.6 ms) is in the afterglow with bias
on.

et al. 2016). Since the electron temperature Te drops rapidly in the afterglow, this allows135
probing the effect of biasing in different plasma conditions.136

2.3. Diagnostics137

Plasma parameters in the machine are inferred through a suite of probe diagnostics. In138
this campaign, four-tip probes are mounted on probe drives on ports #20 and #34, which139
correspond to distances of approximately 5.5 m and 30 cm from the multidisk electrode.140
The tip area is approximately 4 mm2. On each of these probes, three tips are used. Two141
of these three tips are used to acquire, respectively, the ion saturation current Isat and142
the floating potential φf . The last tip is used as a swept Langmuir probe to acquire I(V)143
characteristics. Plasma potential estimates φp are obtained from I(V) probe characteristics144
using spline fitting and a standard inflection-point method (Godyak & Alexandrovich145
2015). The electron temperature is determined from a linear fit of the logarithm of146
the electron current as a function of bias for biases between the floating potential and147
the inflection point. Practically, 200-ms-long I(V) Langmuir sweeps separated by a148
100 ms pause were used, for a total of 23 sweeps starting at t = 11.1 ms. In addition,149
an emissive probe (Martin et al. 2015) is mounted on a third probe drive on port #32,150
which is approximately 90 cm away from the multidisk electrode. The heating current151
is first adjusted to ensure symmetrical I(V) curves, whereafter the plasma potential φp152
is taken to be the floating potential of the emissive electrode. All three probe drives153
are computer-controlled, making it possible to obtain two-dimensional maps of plasma154
parameters at three axial locations (ports #20, #32 and #34). In practice we will mostly155
focus on results from planes at ports #20 and #34, and will verify that the plasma potential156
estimated from the emissive probe on port #32 is consistent with estimates obtained from157
I(V) data on port #34. Absolute plasma density estimates are simply deduced from Isat data158
after calibration using microwave interferometric data taken on port #20. Variations in Isat159
are therefore entirely attributed to variations in density n, while they could also result from160

Data at different instants during a shot

Plasma potential shaping in the Large Plasma Device 9

Biasing profile Shorthand Color code

Positive, concave-down (negative gradient) _+

Positive, flat +

Positive, concave-up (positive gradient) ^+

Negative, concave-up (positive gradient) ^�

Negative, flat �

Negative, concave-down (negative gradient) _�

Table 2. Six biasing scenarios studied in this campaign. The amplitude is 30 V in all cases.
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Figure 5. Potential profile imposed on the electrodes for the six biasing scenarios tested in this
campaign, as listed in table 2. The thin solid coloured lines represent the continuous targeted
profile, while the thicker coloured segments represent the actual steplike profile imposed on the
electrodes. The grey hatched regions represent the position of the di↵erent electrodes Ei.

the voltage divider di↵ers with the di↵erent biasing scenarios, the resistance between
a given electrode and ground also di↵ers. This leads to a di↵erent electrode bias, and
from there to a di↵erent plasma potential in front of this electrode. Note that the larger
error bars seen in figure 6 for r & 25 cm corresponds to the region beyond the projected
cathode radius rc

p
⇢B ⇠ 27 cm where the density drops rapidly.

We also verify in figure 6 that, while there is a small o↵set of about 2 V between the
two datasets, the plasma potential estimated from I(V ) sweeps on port #34 (solid lines)
is consistent with that obtained about 60 cm away from the emissive probe on port
#32 (triangle symbols). The radial dependence predicted by both methods is notably
remarkably similar. This is particularly noteworthy in that these two datasets were
obtained in di↵erent runs (days apart), so that small variations in plasma parameters
cannot be excluded.

6 biasing scenarios, both 
polarities, both potential gradient 

signs
Main discharge

Afterglow 
ne ∼ cst, Te ↘

Today: “main discharge” only
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Figure 12. Angular plasma frequency on port #34, that is about 30 cm away from the multi-disk
electrode, at t = 12.6 ms (left) and t = 15.6 ms (right) for the six biasing scenarios (colour code)
listed in table 2. Rotation is computed from the plasma potential profiles assuming pure E⇥B
rotation. The dashed and dash-dotted black curves represent sonic rotation for Ti = 5 and
0.5 eV, respectively. The vertical grey dashed lines show the electrodes position.

results obtained for active biasing in the main discharge (t = 12.6 ms) and in the early
afterglow (t = 15.6 ms) are shown in figure 12.

As anticipated from the plasma potential profiles, we find the largest rotation in the
core for the two negative gradient biasing scenarios (blue and purple) for which electrons
are drawn by the electrodes on the axis. Rotation is counterclockwise, that is in the
ion diamagnetic direction. Although the ion temperature was not directly measured in
this experimental campaign, data obtained for comparable operating conditions suggest
a typical value 0.5 6 Ti 6 5 eV (Gekelman et al. 2016). Using these estimates as a
baseline, figure 12 shows that the azimuthal drift remains subsonic, though it can locally
approach what would be the sonic speed for the lower end of the ion temperature range.
We also confirm that ⌦E⇥B remains at least two orders of magnitude smaller than the
ion cyclotron frequency ⌦ci, supporting the fact that inertia corrections to the drift
motion (Brillouin 1945) and perpendicular transport (Rax et al. 2015) are small. We
further verify that the non-monotonic plasma potential profiles measured for the two
positive gradient biasing scenarios (green and red) lead to a rotation reversal near the
edge of the outermost electrode. Rotation is in this case clockwise in the core, and
counterclockwise in the outer region. Finally, uniform biasing profiles (orange and brown),
which we have seen lead to comparatively flat plasma potential profiles, consistently yield
weak rotation.

Note however again that this analysis assumed |⌦E⇥B | � |⌦D|. Clearly this is not valid
for non-monotonic profiles near the point of reversal, where by definition ⌦E⇥B ⇠ 0. This
ordering is also questionable for flat potential profiles. In short, the examination of the
potential profiles points to a strong plasma rotation driven by biasing for the negative

PREDICTED CROSS-FIELD ROTATION
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WITH THAT, POTENTIAL CONTROLLED BY AXIAL CURRENTS
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Potential radial profile is well approximated by the 
axial voltage drop computed from the Spitzer 
resistivity and the current collected on each 
electrode.

ϕp(r) = ϕa + φ + Lηei jelec(r)

plasma pot. 
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anode pot. 
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(inferred from plasma  and 

current on electrodes)
ne, Te
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(free parameter)

Radial potential profile is driven by the axial 
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profile φ + Lηei jelec(r)

Gueroult et al. (2024), arXiv:2401.06480
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Figure 2. Experimental setup used in this campaign. The plasma is created by applying a
voltage between the cathode and a mesh anode. The five concentric disk electrodes are installed
on port #35 and biased with respect to the grounded vacuum chamber, with bias �i for i 2 J1, 5K.
The magnetic field in the source Bs is 0.2 T whereas the field in the main chamber B0 is 0.1 T.

connection between symmetrical end-electrodes for ⌧ ⌧ 1, it is still possible to study
how the potential distributes itself along and across field lines in these conditions. In this
regard, our study builds on the study by Jin et al. (2019) by exploring di↵erent biasing
configurations using multiple electrodes �i and both positive and negative biases.

2.2. Shot parameters

With the LAPD cathode upgrade (Qian et al. 2023), the discharge is fueled by gas
pu↵ed near the new LaB6 source. In this campaign, we use helium gas pu↵ with a
maximum chamber pressure reaching 3.45⇥10�5 Torr and a 15 ms long pulsed discharge
with a repetition rate of 1 Hz. The source magnetic field and magnetic field in the main
chamber are respectively Bs = 0.2 T and B0 = 0.1 T, for a field ratio ⇢B

.
= Bs/B0 = 2.

In these conditions, as can be seen in figure 3, the peak discharge current is Id ⇠ 3.2 kA
with an anode-cathode voltage di↵erence of about 65 V. We will verify that it corresponds
to a plasma density of about 6⇥1018 m�3, which was used as our target operating point
during the one-week-long campaign.

The active phase during which electrodes are biased starts at 12 ms and ends at 18 ms
(blue region in figure 3). The active bias phase thus covers both the end of the main
discharge during which electrons are still injected in the plasma and the afterglow regime
which refers to the phase after the discharge voltage has been switched o↵ (Gekelman
et al. 2016). Since the electron temperature Te drops rapidly in the afterglow, this allows
probing the e↵ect of biasing in di↵erent plasma conditions.

2.3. Diagnostics

Plasma parameters in the machine are inferred through a suite of probe diagnostics. In
this campaign, four-tip probes are mounted on probe drives on ports #20 and #34, which
correspond to distances of about 5.5 m and 30 cm from the multi-disk electrode. The tip
area is about 4 mm2. On each of these probes, three tips are used. Two of these three tips
are used to acquire respectively the ion saturation current Isat and the floating potential
�f . The last tip is used as a swept Langmuir probe to acquire I(V ) characteristics. Plasma
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SUMMARY AND PERSPECTIVES
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Controlling plasma rotation has high upside potential, both for basic physics and for 
applications: wave physics, fusion, separation, …  

One long proposed solution is to use biased electrodes… but experimental results so far have 
been mixed. Likely causes are the sheath and the voltage drops along field line at finite .  

New results obtained in LAPD show that the radial electric field can indeed be affected/
controlled via axial currents and finite , but many questions remain including:

σ⊥/σ∥

σ⊥/σ∥

Symmetric end conditionsAsymmetry in positive and negative gradients
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MEAN PROFILES
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EVOLUTION OF PROFILES WITH BIASING
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Radial profiles of density and temperature before 
and during active biasing
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COLLECTED CURRENT
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2D MAPS: +30 V INVERTED = GREEN
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2D MAPS: +30 V INVERTED = GREEN
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2D MAPS: NO ELECTRODES
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2D MAPS: NO ELECTRODES
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