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Plasma Mode Transitions

mode transition

noun

a sudden, major transformation of the structure and/or dynamics of a plasma in 
response to a minor change to its operating conditions



Plasma Mode Transitions

Chabert et. al., Plasma Sources Sci. Tech. 30.2 (2021): 024001

Plasma Processing Fusion Energy

Ham et al. Nature Reviews Physics 2.3 (2020): 159-167.

Tynan et al. Plasma Phys. Controlled Fusion 58.4 (2016): 044003.



Plasma Mode Transitions

Hall Thrusters Hollow Cathodes

McDonald and Gallimore. IEEE Trans. Plasma Sci. 39.11 (2011): 2952-2953.

Sekerak et al. J. Propul. Power 32.4 (2016): 903-917.

Goebel et al. 30th International Electric Propulsion Conference. 2007.

Georgin, Jorns, and Gallimore. Plasma Sources Sci. Tech. 29.10 (2020): 105010.



Mode Transitions in Aerospace Plasmas

Image: MSNW
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Topic 1: Mode transitions in helicon thrusters

Topic 2: Critical velocities for plasma aerocapture

Topic 3: Data-driven discovery of mode transition physics



Mode Transitions in Aerospace Plasmas

Image: MSNW
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Topic 1: Mode transitions in helicon thrusters

Topic 2: Critical velocities for plasma aerocapture

Topic 3: Data-driven discovery of mode transition physics



Magnetic Nozzle Experiment (Princeton University)
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Little and Choueiri. Phys. Rev. Lett. 123.14 (2019): 145001.

Little and Choueiri. Phys. Rev. Lett. 117.22 (2016): 225003.

Goal: Understand plasma expansion and detachment from magnetic nozzle



Mode Transitions

Figure 3.10: Photographs (f/7.1, 1/30 s exposure) of the plasma source (top) op-
erating in the capacitive (middle-top), inductive (middle-bottom), and helicon wave
(bottom) modes.
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Low-Field Mode Transition (LFMT)

Chen, F. F., et al. "Low-field helicon discharges." Plasma Physics and Controlled 
Fusion 39.5A (1997): A411.

Lafleur, T., Charles, C., and R. W. Boswell. "Characterization of a helicon plasma source in low 
diverging magnetic fields." Journal of Physics D: Applied Physics 44.5 (2011): 055202.

Takahashi, Kazunori, et al. "Effect of magnetic and physical nozzles on plasma thruster 
performance." Plasma Sources Science and Technology 23.4 (2014): 044004.



Low-Field Mode Transition (LFMT)

Chen, F. F., et al. "Low-field helicon discharges." Plasma Physics and Controlled 
Fusion 39.5A (1997): A411.

Lafleur, T., Charles, C., and R. W. Boswell. "Characterization of a helicon plasma source in low 
diverging magnetic fields." Journal of Physics D: Applied Physics 44.5 (2011): 055202.

Takahashi, Kazunori, et al. "Effect of magnetic and physical nozzles on plasma thruster 
performance." Plasma Sources Science and Technology 23.4 (2014): 044004.

How does the mode transition field strength 
scale with thruster parameters?



LMFT Measurements
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LMFT Measurements
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How does the mode transition 
field strength scale for a 

converging B-field and m=0 
spiral antenna?

More specifically…



Theoretical Model of the LMFT

Chabert, Pascal, and Nicholas Braithwaite. Physics of radio-frequency plasmas. 
Cambridge University Press, 2011.

RF Absorption Thruster Global Model
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Chabert, Pascal, and Nicholas Braithwaite. Physics of radio-frequency plasmas. 
Cambridge University Press, 2011.

RF Absorption Thruster Global Model



Chen, Francis F. "Plasma ionization by helicon waves." Plasma Physics and Controlled 
Fusion 33.4 (1991): 339.

Theoretical Model of the LMFT



Theoretical Model of the LMFT
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Theoretical Model of the LMFT
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Theoretical Model of the LMFT

���� ���� ���� ���� ����
�

��

���

����

���

�� (�-�)

�
(�

)

Pabs

Ploss

W-E Mode Transiti
on

B = 50 G



Theoretical Model of the LMFT
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wave phase velocity  ≫ electron thermal velocity



Theoretical Model of the LMFT

Wave absorption maximum at:

Using above plot:



Theoretical Model of the LMFT

Chabert, Pascal, and Nicholas Braithwaite. Physics of radio-frequency plasmas. 
Cambridge University Press, 2011.

RF Absorption Thruster Global Model



Theoretical Model of the LMFT

(exhaust kinetic power) (power lost to wall)

(power lost to ionization)

Power balance:

Mass balance:



LMFT Scaling with Thruster Parameters
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LMFT Scaling with Thruster Parameters
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Transition occurs when Landau damping of wave energy can longer sustain plasma



Mode Transitions in Aerospace Plasmas

Image: MSNW
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Topic 2: Critical velocities for plasma aerocapture

Topic 3: Data-driven discovery of mode transition physics



Generating Forces using Magnetic Fields in Space

Image: MSNW

Magnetic Sail

Plasma Magnetic Sail (M2P2)

Plasma Magnetoshell

Zubrin and Andrews. J. Spacecraft and Rockets 28.2 (1991): 197-203.

Winglee et al. AIP Conference Proceedings. Vol. 504. No. 1. American 
Institute of Physics, 2000.

Slough. 30th International Electric Propulsion Conference, Florence, 
Italy, IEPC-2007-15. 2007.

Slough, Kirtley, and Pancotti. 32nd International Electric Propulsion Conference. 2011.

Kirtley. NIAC Phase I, NNX12AR12G Final Report (2012).

Image: MSNW



Plasma Magnetoshell Aerocapture

Image: MSNW

Kirtley. NIAC Phase I, NNX12AR12G Final Report (2012).

“Plasma parachute” enables high-velocity aerocapture 
at lower densities compared to aeroshells

Theoretical modeling and mission analysis:

• Neptune: enables 1,000 kg orbiter spacecraft

• Mars: enables orbit insertion of 60 MT payload

• Significant reduction in TPS requirements

Proof-of-concept tests using pulsed MPDT exhaust plume

• Thrust stand à 1,000X increase in drag over aerodynamic

Image: MSNW



Image: MSNW

Image: MSNW
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Original Model (Kirtley, 2012): Our Model (Kelly and Little, 2019):

• Dipole magnetic field
• Plasma dipole equilibrium
• Particle trajectories
• Self-consistent drag area
• Full mass/energy transfer

• Magnetic “layers”
• Cylindrical plasma
• No particle trajectories
• Ad hoc drag-area
• Partial mass/energy transfer

How well does the magnetoshell utilize mass/energy from the flow?

Magnetoshell Analytical Model



Little and Kelly. Physics of Plasmas 27.11 (2020): 113512.

Behavior of Newly Ionized Flow Particles



“Stream” neutral continuity:

(ionization + charge exchange)

(magnetic topology + ne-distribution)

(Ionization frequency)

(Neutral transit frequency)~

(Characteristic Larmor radius)

(Magnetic coil radius)~

Little and Kelly. Physics of Plasmas 27.11 (2020): 113512.

Wake Formation and Flow Utilization



Power (and mass) balance in 𝜓∗:

How well does the magnetoshell utilize mass/energy from the flow?

!𝑃!" !𝑃#$%

(Power captured from the stream neutrals)

(Power injected into dipole plasma)

(Diffusion of electron thermal power)

(Ionization power loss)

(Net diffusion of ion + 
2n thermal power)

*Critical condition on electron confinement time

Little and Kelly. Physics of Plasmas 27.11 (2020): 113512.

Flow Utilization and Mode Transition



RF Absorption Thruster Global Model
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Flow Absorption Magnetoshell Global Model

MODE 
TRANSITION

Little and Kelly. Physics of Plasmas 27.11 (2020): 113512.

Mode Transitions in Aerospace Plasmas



I: Injection
CX: Charge Exchange
CIV: Critical Ionization

Increasing electron energy confinement time critical to performance!

Little and Kelly. Physics of Plasmas 27.11 (2020): 113512.

Influence of Mode Transition on Performance



Magnetoshell Global Model 

Do our predictions hold for “standard” diffusion models?

Bohm + Classical

Ambipolar

Kelly and Little. Physics of Plasmas 27.11 (2020): 113511.



Mode Transition with Increasing Flow Velocity
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Kelly and Little. Physics of Plasmas 27.11 (2020): 113511.



Kelly and Little. Physics of Plasmas 27.11 (2020): 113511.

How does the performance compare to the original model?

Map of Magnetoshell Operating Modes



𝑛& = 5×10'(m)*

𝑛& = 5×10'+m)*

Kirtley
Kelly & Little

Kirtley
Kelly & Little

Neptune Orbiter: 𝑟, = 2 meters
𝑢& = 25 km/s

Tr
an

sit
io

n
Flight envelope of magnetoshell viability at Neptune

Kelly and Little. 36th International Electric Propulsion Conference, Vienna, 
Austria, IEPC Paper 2019-202. 2019.

Do the benefits still outweigh the 
added mass/complexity?

Performance Comparison



Kelly and Little. 42nd IEEE Aerospace Conference, 2.0304, 2021. 

+70% payload mass

-30% aerocapture system mass

-30% peak heat flux , -45% total heat load

16x improvement in variable drag control

Magnetoshell Aerocapture for Neptune Orbiter Mission



Putnam and Braun, J. Spacecr. Rockets 51, 139 (2014)

Variable drag increases entry corridor width

Kelly and Little. 42nd IEEE Aerospace Conference, 2.0304, 2021. 

* Data show for Venus entry

Magnetoshell Aerocapture for Neptune Orbiter Mission



Putnam and Braun, J. Spacecr. Rockets 51, 139 (2014)

Variable drag increases entry corridor width

Kelly and Little. 42nd IEEE Aerospace Conference, 2.0304, 2021. 

* Data show for Venus entry

How do we test this concept?

Magnetoshell Aerocapture for Neptune Orbiter Mission



Wind tunnels unable to produce relevant flow regime! 

Flow Requirements of Magnetoshell Experiments



UW Plasma Magnetoshell Aerocapture Experiment



UW Plasma Magnetoshell Aerocapture Experiment



UW Plasma Magnetoshell Aerocapture Experiment
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Mode Transitions in Aerospace Plasmas

Image: MSNW
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RF Absorption Thruster Global Model
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Mode Transitions in Aerospace Plasmas



Sparse Identification of Nonlinear Dynamics (SINDy)

and Appendixes A and B. However, it may be difficult to know
the correct variables a priori. Fortunately, time-delay coordi-
nates may provide useful variables from a time series (9, 12, 38).
The ability to reconstruct sparse attractor dynamics using time-
delay coordinates is demonstrated in SI Appendix, section 4.5
using a single variable of the Lorenz system.
The choice of coordinates and the sparsifying basis are in-

timately related, and the best choice is not always clear. However,
basic knowledge of the physics (e.g., Navier–Stokes equations have
quadratic nonlinearities, and the Schrödinger equation has jxj2 x
terms) may provide a reasonable choice of nonlinear functions and
measurement coordinates. In fact, the sparsity and accuracy of the
proposed sparse identified model may provide valuable diagnostic
information about the correct measurement coordinates and basis
in which to represent the dynamics. Choosing the right coordinates
to simplify dynamics has always been important, as exemplified by
Lagrangian and Hamiltonian mechanics (39). There is still a need
for experts to find and exploit symmetry in the system, and the
proposed methods should be complemented by advanced algo-
rithms in machine learning to extract useful features.

Results
We demonstrate the algorithm on canonical systems*, ranging
from linear and nonlinear oscillators (SI Appendix, section 4.1),
to noisy measurements of the chaotic Lorenz system, to the
unsteady fluid wake behind a cylinder, extending this method to
nonlinear PDEs and high-dimensional data. Finally, we show
that bifurcation parameters may be included in the models,

recovering the parameterized logistic map and the Hopf normal
form from noisy measurements. In each example, we explore the
ability to identify the dynamics from state measurements alone,
without access to derivatives.
It is important to reiterate that the sparse identification

method relies on a fortunate choice of coordinates and function
basis that facilitate sparse representation of the dynamics. In SI
Appendix, Appendix B, we explore the limitations of the method
for examples where these assumptions break down: the Lorenz
system transformed into nonlinear coordinates and the glycolytic
oscillator model (11–13).

Chaotic Lorenz System. As a first example, consider a canonical
model for chaotic dynamics, the Lorenz system (40):

_x= σðy− xÞ, [7a]

_y= xðρ− zÞ− y, [7b]

_z= xy− βz. [7c]

Although these equations give rise to rich and chaotic dynamics
that evolve on an attractor, there are only a few terms in the
right-hand side of the equations. Fig. 1 shows a schematic of how
data are collected for this example, and how sparse dynamics are
identified in a space of possible right-hand-side functions using
convex ℓ1 minimization.
For this example, data are collected for the Lorenz system, and

stacked into two large data matrices X and _X, where each row of X
is a snapshot of the state x in time, and each row of _X is a snapshot

Fig. 1. Schematic of the SINDy algorithm, demonstrated on the Lorenz equations. Data are collected from the system, including a time history of the states X
and derivatives _X; the assumption of having _X is relaxed later. Next, a library of nonlinear functions of the states, ΘðXÞ, is constructed. This nonlinear feature
library is used to find the fewest terms needed to satisfy _X=ΘðXÞΞ. The few entries in the vectors of Ξ, solved for by sparse regression, denote the relevant
terms in the right-hand side of the dynamics. Parameter values are σ = 10, β= 8=3, ρ= 28, ðx0, y0, z0ÞT = ð−8,7,27ÞT . The trajectory on the Lorenz attractor is
colored by the adaptive time step required, with red indicating a smaller time step.

*Code is available at faculty.washington.edu/sbrunton/sparsedynamics.zip.
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Dynamical Model of the L-H Transition
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Turbulence envelope equations in 0D provide dynamical model for L-H transition 

Kim and Diamond. Phys. Rev. Lett. 90.18 (2003): 185006.

𝑄 = 0.01𝑡

𝑎' = 0.2

𝑎- = 𝑎* = 0.7

𝑏' = 1.5

𝑏- = 𝑏* = 1.0

𝑐' = 1.0

𝑐- = 0.5

𝑑 = 1.0

Linear 
instability

Shear suppressionNon-linear
saturation

Reynolds stress
Damping

Turbulent 
diffusion
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transport

Force 
balance

L-Mode H-ModeLCO
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Application of SINDy to L-H Mode Transition

𝑄 = 0.01𝑡

𝑎' = 0.2

𝑎- = 𝑎* = 0.7

𝑏' = 1.5

𝑏- = 𝑏* = 1.0

𝑐' = 1.0

𝑐- = 0.5

𝑑 = 1.0

Can SINDy find coefficients using LCO data?
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Application of SINDy to L-H Mode Transition

+ 𝑏.ℰ-𝑉/0

𝑏! = 0.5

What if we add “unknown” physics?



Application of SINDy to Mode Transitions

and Appendixes A and B. However, it may be difficult to know
the correct variables a priori. Fortunately, time-delay coordi-
nates may provide useful variables from a time series (9, 12, 38).
The ability to reconstruct sparse attractor dynamics using time-
delay coordinates is demonstrated in SI Appendix, section 4.5
using a single variable of the Lorenz system.
The choice of coordinates and the sparsifying basis are in-

timately related, and the best choice is not always clear. However,
basic knowledge of the physics (e.g., Navier–Stokes equations have
quadratic nonlinearities, and the Schrödinger equation has jxj2 x
terms) may provide a reasonable choice of nonlinear functions and
measurement coordinates. In fact, the sparsity and accuracy of the
proposed sparse identified model may provide valuable diagnostic
information about the correct measurement coordinates and basis
in which to represent the dynamics. Choosing the right coordinates
to simplify dynamics has always been important, as exemplified by
Lagrangian and Hamiltonian mechanics (39). There is still a need
for experts to find and exploit symmetry in the system, and the
proposed methods should be complemented by advanced algo-
rithms in machine learning to extract useful features.

Results
We demonstrate the algorithm on canonical systems*, ranging
from linear and nonlinear oscillators (SI Appendix, section 4.1),
to noisy measurements of the chaotic Lorenz system, to the
unsteady fluid wake behind a cylinder, extending this method to
nonlinear PDEs and high-dimensional data. Finally, we show
that bifurcation parameters may be included in the models,

recovering the parameterized logistic map and the Hopf normal
form from noisy measurements. In each example, we explore the
ability to identify the dynamics from state measurements alone,
without access to derivatives.
It is important to reiterate that the sparse identification

method relies on a fortunate choice of coordinates and function
basis that facilitate sparse representation of the dynamics. In SI
Appendix, Appendix B, we explore the limitations of the method
for examples where these assumptions break down: the Lorenz
system transformed into nonlinear coordinates and the glycolytic
oscillator model (11–13).

Chaotic Lorenz System. As a first example, consider a canonical
model for chaotic dynamics, the Lorenz system (40):

_x= σðy− xÞ, [7a]

_y= xðρ− zÞ− y, [7b]

_z= xy− βz. [7c]

Although these equations give rise to rich and chaotic dynamics
that evolve on an attractor, there are only a few terms in the
right-hand side of the equations. Fig. 1 shows a schematic of how
data are collected for this example, and how sparse dynamics are
identified in a space of possible right-hand-side functions using
convex ℓ1 minimization.
For this example, data are collected for the Lorenz system, and

stacked into two large data matrices X and _X, where each row of X
is a snapshot of the state x in time, and each row of _X is a snapshot

Fig. 1. Schematic of the SINDy algorithm, demonstrated on the Lorenz equations. Data are collected from the system, including a time history of the states X
and derivatives _X; the assumption of having _X is relaxed later. Next, a library of nonlinear functions of the states, ΘðXÞ, is constructed. This nonlinear feature
library is used to find the fewest terms needed to satisfy _X=ΘðXÞΞ. The few entries in the vectors of Ξ, solved for by sparse regression, denote the relevant
terms in the right-hand side of the dynamics. Parameter values are σ = 10, β= 8=3, ρ= 28, ðx0, y0, z0ÞT = ð−8,7,27ÞT . The trajectory on the Lorenz attractor is
colored by the adaptive time step required, with red indicating a smaller time step.

*Code is available at faculty.washington.edu/sbrunton/sparsedynamics.zip.
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1. Diagnostic advances à
more data, higher quality

2. Identification of “macro”—
scale physical drivers

3. Characterization of link 
between “macro” and 
“micro” scale physics



Conclusions

Ø Plasmas exhibit bizarre, oftentimes unexpected behavior

Ø Understanding ”non-ideal” physics critical for space technology 

Ø Exciting new methods on the horizon enabled by “big data” 
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