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• Classical Transport

Plasma Transport

The heat and momentum fluxes can be estimated in similar fashion.
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• Classical Diffusion

Plasma Transport
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• Classical Transport

Plasma Transport
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• Classical Transport

Plasma Transport
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- Particle transport in weakly ionised plasmas

density: nn

Γ+

Γ-

x0

ΔxΓ = Γ++Γ-

Estimate transport coefficients: 
τ from collision frequency with neutrals
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• Classical Transport

Plasma Transport

- Particle transport in weakly ionised plasmas
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• Classical Transport

Plasma Transport

- Particle transport in weakly ionised plasmas with magnetic field
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• Classical Transport

Plasma Transport

- Particle transport in fully ionised plasmas with magnetic field
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• Classical Transport

Plasma Transport

- Classical thermal conductivity (expectation): χi ~ 40χe

- Typical numbers expected: 10-4 m2/s
- Experimentally found: 1 m2/s, χi ~ χe

Bohm diffusion (1946):
eB
kTD e
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• Classical Transport

Plasma Transport

Bohm diffusion:
eB
kTD e

16
1

=^

F. F. Chen, “Introduction to Plasma 
Physics and Controlled Fusion” (2006)

τE in various types of 
discharges in the Model C 

Stellarator
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• Braginskii Equations

Plasma Transport
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• Transport / Closure Theories

Plasma Transport

Braginskii Neoclassical 
transport

Unified 
Closure (Ji)

Collisionality High High: PS
Low: banana General

Magnetic field
strength General Strong Strong

Magnetic 
geometry General Nested General

Collision 
operator Landau Landau Landau

Jeong-Young Ji, Lecture at SNU, 2012
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• Braginskii Equations

Plasma Transport

Tu RRR +=

- Transfer of momentum from ions to electrons by collisions

Ru: force of friction due to the existence of a relative velocity  
u=ve-vi

RT: thermal force which arises by virtue of a gradient in the 
electron temperature
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• Braginskii Equations

Plasma Transport

- Heat flux
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• Braginskii Equations

Plasma Transport

- Heat generated as a consequence of collisions
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• Braginskii Equations

Plasma Transport

In a strong magnetic field
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• Braginskii Equations

Plasma Transport

- Heat generated as a result of viscosity
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Individual Charge Trajectories
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Magnetic Mirror
Enrico Fermi (1901-1954)

Nobel Laureate in physics in 1938
Cf. Marshall Rosenbluth (Doctoral student)

CP-1 (Chicago Pile-1, the world's first human-made nuclear reactor) and 
Drawings from the Fermi–Szilárd "neutronic reactor" patent
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Magnetic Mirror
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Magnetic Mirror

HW: Derive (13)

.
sin

2
1

2
1

.
2
1

2
1

2
1

222

2
||

22
0

const
B

mv

B

mv

constmvmvmvE

===

=+==

^

^

q
m



24

Magnetic Mirror
• Fermi as a genuine scientist
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• Condition for Trapping of Particles
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Why are particles reflected in the increased field of the mirrors?
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• Neoclassical theory of transport

Tokamak Transport

- A. A. Galeev and R. Z. Sagdeev
“Transport phenomena in a collisionless plasma in a toroidal 
magnetic system”, Zhurnal Experimentalnoi i Teoreticheskoi Fiziki
53 348 (1967)

- Major changes arise from toroidal effects characterized by 
inverse aspect ratio, ε = a/R0
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• Particle Trapping

Tokamak Transport
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• Particle Trapping

Tokamak Transport

- Trapped fraction:

for a typical tokamak, ε ~ 1/3 → ftrap ~ 70%

- Particle trapping by magnetic mirrors
trapped particles with banana orbits
untrapped (transit or passing) particles with circular orbits
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• Particle Trapping

Tokamak Transport

trapped particles Passing (transit) particles
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• Particle Trapping

Tokamak Transport

HOMEWORK:
- The real particle trajectory 

is as shown. Why?
- In ST, B is small, what is 

the particle trajectory like?
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• Particle Trapping

Tokamak Transport

J. P. Graves et al, Nature Communications 3 624 (2012)
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• Particle Trapping

Tokamak Transport

J. P. Graves et al, Nature Communications 3 624 (2012)
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• Particle Trapping

Tokamak Transport

J. P. Graves et al, Nature Communications 3 624 (2012)
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• Particle Trapping

Tokamak Transport

- With known particle trajectories it is possible to find corresponding 
kinetic coefficients by solving the kinetic equations with Coulomb 
collisions.

- Rough estimation of transport coefficients: δ2νeff

δ: particle displacement between collisions
νeff : appropriate frequency of collisions
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• Particle Trapping

Tokamak Transport

- If the fraction of trapped particle is large, this leakage 
enhancement constitutes a substantial problem in tokamak 
confinement.

- Collisional excursion across flux surfaces
untrapped particles: 2rg = 2rLi

trapped particles: Δrtrap >> 2rg

– enhanced radial diffusion across the confining magnetic field
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• Particle Trapping

Tokamak Transport
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• Classical Transport

Plasma Transport

The heat and momentum fluxes can be estimated in similar fashion.
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