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Slow formation of high beta plasmas, such as FRCs, is difficult due to the need to build up plasma pressure rapidly enough to balance the 
dominant poloidal field pressure.  Slow formation was attempted in the Coaxial Slow Source (CSS) device where 4-turn inner and outer 
coils were used to explore slower formation options, but it was not possible to operate at low enough densities to avoid radiative collapse.1
FRCs have also been formed slowly at relatively low pressures and magnetic fields using Rotating Magnetic Fields (RMF), but it has also 
been difficult to overcome radiation barriers and achieve high temperatures due to relatively low power inputs.2 We have performed 
calculations that show FRCs could be formed using RMF, and then augmented in flux and energy using the inductive input from a CSS 
type internal coil.  With correct tailoring of the coil current profiles, the FRC could then be translated off the central coil. This 
methodology should be capable of producing hot, high flux FRCs using slow, low voltage technology. 

1 Z.A. Pietrzyk, et. al., Nuclear Fusion 27, 1478 (1987).
2 H.Y. Guo, et. al., Phys. Plasmas 9, 185 (2002).
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Abstract

Motivation and Goal

Two Modes of Operation:
•Fast, high voltage:  t1/4 << τL/R of FRC.

- All inner coil flux will be transferred to FRC.
• Slow, multi-turn coils:  t1/4 >> τL/R of FRC.

- FRC current will be equal to (V/N)coil/RFRC.
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to = 0 msec
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Start at –3 msec to leak some bias flux inside flux rings.
Fire inner coil at 0 msec to charge with negative flux.
Fire outer coil at same time as initiate plasma to keep FRC off walls.

tf = 0.75 msec

SPICE Circuit Modeling

Outer coil – 40 turns

Flux rings 
(2mΩ)

Plasma 
(1mΩ)

Inner solenoid 
– 40 turns

Initial bias (I2) applied so that there is ~zero field 
inside flux rings at time of plasma initiation.

3.00M 3.50M 4.00M 4.50M 5.00M
time in secs

-35.0K

-25.0K

-15.0K

-5.00K

5.00K

v1
, v

2
in

 v
ol

ts

-100K

-50.0K

0

50.0K

100K

i1
, 

i3
, i

4
in

 a
m

ps

-2.50K

-1.25K

0

1.25K

2.50K

i2
in

 a
m

ps

1

2

3

4

6
5

125 V/turn generates ~125 kA in 1 mΩ FRC.  
Applied power ~15 MW.  Equilibrium field ~ 75 mT 
and equilibrium flux ~20 mWb

SPICE CSS Calculation for 1 mΩ FRC 
Driven by 40-turn, 5 kV solenoid

The Coaxial Slow Source (CSS) Concept

• Combine the benefits of RMF formation with inductive 
current drive using a central core to form a high flux 
FRC suitable for Tangential Neutral Beam Injection 
(TNBI).

• Past CSS experiments did not successfully burn through 
the radiation barrier.  These experiments were not 
starting with a sufficiently low density plasma.  This 
problem can be overcome when the initial plasma is 
created with RMF.

• RMF can be used to form a low density FRC.  Flux can 
then be transferred from the inner coil to the FRC; in the 
process increasing the FRC flux and resistively heating it.

• This combination of techniques could be ideal for forming 
high flux FRCs suitable for studying stability limits, and 
the effects of TNBI.

W.F. Pierce, R.J. Maqueda, R.D. Brooks, R. Farengo, “Initial results from parallel coil operation of 
the coaxial slow source Field Reversed Configuration device”, Nucl. Fusion 33, 117 (1993)

Z.A. Pietrzyk, G.C. Vlases, R.D. Brooks, K.D. Hahn, and R. Raman, "Initial results from the coaxial 
slow source FRC device", Nucl. Fusion 27, 1478 (1987)
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Numerical Simulations of Coaxial Slow Source Flux Build-up
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• Resistivity
– η = max(ηconst, ηchod) : Normally ηconst = 100 µΩ-m.
– Chodura resistivity

– Cc = 0.1,  f = 3

Flex2d Code:  Dan Barnes, 1980’s vintage

Parameters
• Rci = 8 cm
• Rwi = 10 cm
• Rwo = 40 cm
• Rco = 42 cm
• Zc = 150 cm
• Circuit applies approximately 125 Volt-turns

on the inner and outer coils.

Initial Conditions
• no = 7 x 1019 m-3

• Te = Ti = 1 eV

Flux and pressure contours

Time History of Key Variables

Equilibrium Flux Level
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Equilibrium flux is:

For this calculation: rs = .35 m, V = 125 Volts, 
and η = 100 µΩ-m φ = 11.8 mWb.
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Summary

Analysis of Resistive Heating a High β Plasma

It is difficult to heat a high-β plasma with Ohmic power alone.

For a rigid-rotor profile, the absorbed (Ohmic) power is:
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where f is the impurity fraction and n is the plasma density.

For K = 1, this is:

The line-density can be expressed as:
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Thus, the power absorbed per particle (eV/particle/sec) is:
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For K = 1, this is:

Expressing η(µΩ-m), this is:

The heating rate per particle only depends on η, TT, and rs.  
The heating rate is not increased by increasing B through a 
larger voltage on the coils!
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For rs ~ 0.3 m

Radiation

Until burn through, the power lost to impurity radiation can 
be crudely approximated as:
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The heating rate exceeds the impurity losses , providing 
the impurity fraction is below the threshold:
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For η = 100 µΩ-m, TT = 20 eV, and n = 1.7 x 1019;  f < 3.7%.

Since the heating rate per particle does not depend on density, but 
the radiation rate per particle is proportional to density, it is 
important that the magnetic field rises slow enough to allow the
plasma time to burn through impurities, before the density rises too 
far.

Numerical calculations with Chodura resistivity show this analysis 
to be somewhat pessimistic, because the heating rate does in fact 
increase with increased voltage on the coils.

Ohmic Heating

•RMF current drive, combined with inductive flux build-
up using a central core could lead to a powerful technique 
for generating high flux hot FRCs suitable for Tangential 
Neutral Beam Injection (TNBI).

•This method utilizes low voltage technology that can 
scale to large sizes.

•RMF will allow us to overcome difficulties of previous 
CSS experiments:
- Start with a pre-formed, warm, low-density plasma.
- Act to stabilize the FRC during the transition from the

collisional to collisionless regime.

•The CSS technique has the potential of inducing a very 
large amount of trapped flux.

•Central core has an added benefit will allow an 
exploration of the effects of an added Bθ.
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