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Today’s presentation owes a lot to many!
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• This presentation is 95% the study of Lorentz Force:

• Many of the slides and derivations today are from 
previous presentations, particularly Dr. Cami Collins’ 
2019 lecture on single particle motion.

Dr. Cami Collins
Group Lead, Advanced Tokamak Physics
Interim Section Head, Burning Plasmas
Oak Ridge National Laboratory

https://en.wikipedia.org/wiki/Lorentz_force


Super quick math review: fields
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§ Scalar fields:  Every point in space 
is associated with a given value.

§ Vector fields:  Every point in space is 
associated with a given vector.

For example: Temperature For example: Wind 
velocity



Super quick math review: Vector calculus
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Curl

Gradient

Laplacian



Gospel according to  Maxwell 
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r⇥ ~B = µ0
~J +

1

c2
d ~E

dt
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Electric potential and Poisson’s equation

5

r · ~E =
⇢

✏0
<latexit sha1_base64="BJAzkqicF7EGT4FtRZqtlekNxWI=">AAACE3icbVDLSsNAFJ34rPVVdekmWARxUZIq6EYoiuCygn1AE8pkctMOncyEmUmhhPyDG3/FjQtF3Lpx5984fSy09cDA4ZxzuXNPkDCqtON8W0vLK6tr64WN4ubW9s5uaW+/qUQqCTSIYEK2A6yAUQ4NTTWDdiIBxwGDVjC4GfutIUhFBX/QowT8GPc4jSjB2kjd0qnHccCwR0KhvSGQ7Da/8iKJSebJvsgzDxJFmUk6ebdUdirOBPYicWekjGaod0tfXihIGgPXhGGlOq6TaD/DUlPCIC96qYIEkwHuQcdQjmNQfja5KbePjRLakZDmcW1P1N8TGY6VGsWBScZY99W8Nxb/8zqpji79jPIk1cDJdFGUMlsLe1yQHVIJRLORIZhIav5qkz42jWhTY9GU4M6fvEia1Yp7Vqnen5dr17M6CugQHaET5KILVEN3qI4aiKBH9Ixe0Zv1ZL1Y79bHNLpkzWYO0B9Ynz+R5p85</latexit>

~E = �r�
<latexit sha1_base64="Qwe+6ND2b/KA78kceWLSFiW5FS0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0tSBd0IRRFcVrAPaEKZTG/boZNJmJkUaij+ihsXirj1P9z5N07bLLT1wIXDOfdy7z1BzJnSjvNt5ZaWV1bX8uuFjc2t7R17d6+uokRSqNGIR7IZEAWcCahppjk0YwkkDDg0gsHNxG8MQSoWiQc9isEPSU+wLqNEG6ltH3hDoOnt+OrUEyTgBHvVPmvbRafkTIEXiZuRIspQbdtfXieiSQhCU06UarlOrP2USM0oh3HBSxTEhA5ID1qGChKC8tPp9WN8bJQO7kbSlNB4qv6eSEmo1CgMTGdIdF/NexPxP6+V6O6lnzIRJxoEnS3qJhzrCE+iwB0mgWo+MoRQycytmPaJJFSbwAomBHf+5UVSL5fcs1L5/rxYuc7iyKNDdIROkIsuUAXdoSqqIYoe0TN6RW/Wk/VivVsfs9aclc3soz+wPn8AoESUrw==</latexit>

r · (�r�) =
⇢

✏0
<latexit sha1_base64="dETPmoomfNVEbRrAoUOud35JWME=">AAACGXicbVDNS8MwHE39nPOr6tFLcAjz4GinoBdh6MXjBPcBaxlpmm5haVKSVBil/4YX/xUvHhTxqCf/G7OtB918EHh57/1Ifi9IGFXacb6tpeWV1bX10kZ5c2t7Z9fe228rkUpMWlgwIbsBUoRRTlqaaka6iSQoDhjpBKObid95IFJRwe/1OCF+jAacRhQjbaS+7XgcBQx5OBS6elpcmkN6cuVFEuHMk0ORZx5JFGUm7+R9u+LUnCngInELUgEFmn370wsFTmPCNWZIqZ7rJNrPkNQUM5KXvVSRBOERGpCeoRzFRPnZdLMcHhslhJGQ5nANp+rviQzFSo3jwCRjpIdq3puI/3m9VEeXfkZ5kmrC8eyhKGVQCzipCYZUEqzZ2BCEJTV/hXiITCPalFk2JbjzKy+Sdr3mntXqd+eVxnVRRwkcgiNQBS64AA1wC5qgBTB4BM/gFbxZT9aL9W59zKJLVjFzAP7A+voBA9mg8w==</latexit>

r2� = � ⇢

✏0
<latexit sha1_base64="Xf6GSuH06b3APqI8EaYChX8bFxA=">AAACDnicbVDLSgMxFM34rPU16tJNsBTcWGaqoBuh6MZlBfuAzlgyaaYTmkmGJCOUYb7Ajb/ixoUibl27829M21lo64HA4ZxzubknSBhV2nG+raXlldW19dJGeXNre2fX3ttvK5FKTFpYMCG7AVKEUU5ammpGuokkKA4Y6QSj64nfeSBSUcHv9DghfoyGnIYUI22kvl31OAoYuq97zYhennihRDjzZCTyzCOJosyEnLxvV5yaMwVcJG5BKqBAs29/eQOB05hwjRlSquc6ifYzJDXFjORlL1UkQXiEhqRnKEcxUX42PSeHVaMMYCikeVzDqfp7IkOxUuM4MMkY6UjNexPxP6+X6vDCzyhPUk04ni0KUwa1gJNu4IBKgjUbG4KwpOavEEfINKJNg2VTgjt/8iJp12vuaa1+e1ZpXBV1lMAhOALHwAXnoAFuQBO0AAaP4Bm8gjfryXqx3q2PWXTJKmYOwB9Ynz95aZxk</latexit>

E

�
<latexit sha1_base64="SIWWhw4cDOJI1oTS6WRyjqImg48=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddJt1L2reuOhWWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPkB44j</latexit>

⇢ < 0
<latexit sha1_base64="qdn2O68Z1/bA7HlfI/jvuAkXCsc=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6MFD0IvHCOYByRJmJ7PJmHksM7NCWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dUcKZsb7/7a2srq1vbBa2its7u3v7pYPDplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsa3U791hPVhin5YMcJDQUeSBYzgq2Tml09VNd+r1T2K/4MaJkEOSlDjnqv9NXtK5IKKi3h2JhO4Cc2zLC2jHA6KXZTQxNMRnhAO45KLKgJs9m1E3TqlD6KlXYlLZqpvycyLIwZi8h1CmyHZtGbiv95ndTGV2HGZJJaKsl8UZxyZBWavo76TFNi+dgRTDRztyIyxBoT6wIquhCCxZeXSbNaCc4r1fuLcu0mj6MAx3ACZxDAJdTgDurQAAKP8Ayv8OYp78V79z7mrStePnMEf+B9/gASFY7L</latexit>

Potential energy of a charge in 
an electric potential =q�
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Single Particle Motion -> Magnetic Confinement
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Roadmap
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• Plasma in a Magnetic Field
• Magnetic Mirrors
• Plasma in a Magnetic + Electric field
• Generalized drift
• Drifts in a curved geometry
• Toroidal confinement
• Tokamaks and Stellarators
• …and Beyond
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Examples of Mirrors
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Early Fusion Experiments
Tandem Mirror Experiment 
(LLNL,1980’s)

Particles with enough 
v|| can still escape

Charged particles can be trapped by 
Earth’s magnetic field Realta Fusion is trying to make 

fusion energy using a modified 
mirror

Realta uses HTS magnets and 
tandem mirrors to maximize 
confinement
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How about a B that bites its own tail?
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How about a B that bites its own tail?
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electronsPositive ions



BTW: I’M A CARTOON CHARACTER!! 
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Roadmap
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• Plasma in a Magnetic Field
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Particles feel a ”centrifugal” force in their frame 
of reference
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Rc

• Bend the magnetic field into a donut shape 
• No end losses because the field lines go around and 

close on themselves 
• BUT a particle following a toroidal magnetic field 

would experience Fcf 

centrifugal



Particles feel a ”centrifugal” force in their frame 
of reference
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Rc

centrifugal

As compared to ExB, this drift is sign dependent



Another source of drift is the varying magnetic 
field
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-

• The gyro-radius will be larger where the field is weaker and smaller 
where the field is stronger

• The resulting drift velocity is described by:

Btotal	∝ 1/R 



In a toroidal configuration we’re in trouble
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Ion 
drift

+
++

+

Electron
drift-

-
-

-

Btoroidal

ɸ

• Curvature and Grad B drifts add in a toroidal configuration:



In a toroidal configuration we’re in trouble
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• THIS EFFECT COMBINES TO EJECT THE PLASMA

Ion 
drift

Electron
drift

E

+
++

-
-

-

+

-

Btoroidal

ɸ



Roadmap
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• Plasma in a Magnetic Field
• Magnetic Mirrors
• Plasma in a Magnetic + Electric field
• Generalized drift
• Drifts in a curved geometry
• Toroidal confinement
• Tokamaks and Stellarators
• …and Beyond



How do we fix this?
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Good curvature

Bad curvature

Bad curvature

Good curvature



This results in embedded flux surfaces
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Two very important concepts:

(1) Magnetic field lines lie on nested surfaces of 
constant magnetic flux, Y

(2) Safety factor:

Iota: 𝜄 = #	$%&%'()&	*+,-.
#	*%,%'()&	*+,-. = 1/q

𝑞 =
𝑡𝑜𝑟𝑜𝑖𝑑𝑎𝑙	𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑠
𝑝𝑜𝑙𝑜𝑖𝑑𝑎𝑙	𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑠

= 𝑑𝜙
𝑑𝜃 	or	"pitch"



Particles drift off the flux surfaces but return (or 
bounce)
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Roadmap
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• Plasma in a Magnetic Field
• Magnetic Mirrors
• Plasma in a Magnetic + Electric field
• Generalized drift
• Drifts in a curved geometry
• Toroidal confinement
• Tokamaks and Stellarators
• …and Beyond



The two most-studied configurations are
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Tokamak Stellarator

NSTXU @ 
PPPL

W7X @ Max-Planck / Germany



Early stellarator experiments

28



Early stellarator experiments
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Spiraling coils give 
it the necessary 
rotation at the 
turns

Racetrack 
stellarator was 
taken to the 1958 
Atoms for Peace 
conference.



Tokamaks enter the game
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Tokamaks are the most studied
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§ Tokamaks confine with an externally produced 
toroidal field and a plasma current produced 
poloidal field

§ TOKAMAK is a Russian acronym: 
TOroidal'naya KAmera s MAgnitnymi KAtushkami 
“Toroidal Chamber with Magnetic Coils”

§ Leading magnetic confinement concept in terms of 
number of facilities and funding



A tokamak relies on a central solenoid
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The poloidal field is induced 
using a central solenoid

The plasma is the
secondary

The solenoid
Is the primary

This makes it inherently 
non-steady state.



Jumping ring demo is a good analogy
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There are many tokamaks around the world 
studying different plasma parameters and shapes
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DIII-D

SPARC (under 
construction)

NSTXU

ETE

JET

MAST

Tora Supra

Asdex U
T10

SST-1

EAST

K-Star

JT-60

*Plus many
more 

ITER



Quasi-symmerties have brought back the 
Stellarator
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In recent years, Stellarators have made a comeback with the discovery of quasi-
symmetries.  These configurations have shown fusion-relevant confinement properties

MUSE



Tokamaks vs Stellarators
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✓ Automatic guiding center confinement
✓ Much more studied
✓ “Simpler” design
❌ Requires large plasma current
❌ Steady-state is challenging/inefficient

Tokamaks

❌ Confinement optimization required
❌ Shaping by complicated coils/magnets
✓ Low recirculating power
✓ No plasma-terminating disruptions
✓ No Greenwald density limit 
✓ “softer” pressure/𝛽 limit

Stellarators



Roadmap
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• Plasma in a Magnetic Field
• Magnetic Mirrors
• Plasma in a Magnetic + Electric field
• Generalized drift
• Drifts in a curved geometry
• Toroidal confinement
• Tokamaks and Stellarators
• …and Beyond



There are a variety of magnetic approaches, 
from simple topologies to more complex ones
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Mirror

More B-field 
cost/complexityMore topological 

simplicity



There are even concepts between Inertial and 
Magnetic

39

Magnetic confinement 
fusion (MCF)

Inertial confinement 
fusion (ICF)

Magneto-inertial fusion (MIF) 
and Z pinch

Drawings by Yousef Lawrence (Twitter @FusionHub0

liner



There are many fusion approaches and companies

40


