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A field-reversed configuration �FRC� is formed by applying a rotating magnetic field �RMF� much
larger than the axial magnetic field to a cylindrical glass vacuum chamber filled with 10 Pa argon
gas without a preionization. The FRC with the plasma density 2.2�1019 m−3, the temperature
8.0 eV, the separatrix length 0.45 m, and the separatrix radius 0.035 m is sustained for the notably
long period of 40 ms. It is observed that the antenna current which produces the RMF is reduced by
about half after the FRC is formed. The interaction between the plasma and the antenna circuit
increases the antenna resistance and changes the inductance of the antenna so that the circuit
becomes nonresonant. The RMF is sufficiently large to fully penetrate to the center during the period
and drive the current with a rigid rotor profile. The RMF is shown to play a major role in sustaining
the plasma pressure. © 2008 American Institute of Physics. �DOI: 10.1063/1.2997341�

A rotating magnetic field �RMF� has been used for the
purpose of the slow formation and the sustainment of a field-
reversed configuration �FRC�. When the RMF frequency sat-
isfies the conditions �ci����ce and �ei��ce �Ref. 1�,
where �ci and �ce are the cyclotron frequency of ions and
electrons for RMF and �ei the electron-ion collision fre-
quency, the RMF drives plasma current and forms FRCs with
temperature about 10–100 eV, and density about 1018

−1019 m−3.2–7 The conditions for the RMF to completely
penetrate into the plasma and drive the current were obtained
empirically from numerical simulations,8,9

�ce/�ei � 1.12R/� for R/� � 6.5

and

�ce/�ei � 1.12R/��1.0 + 0.12�R/� − 6.5�0.4�

for R/� � 6.5,

where R the separatrix radius and �= �2� /	0��1/2 is the clas-
sical skin depth. The magnitude of the RMF required to pen-
etrate into the plasma does not depend on the axial field.

The effect of the RMF on the pressure balance equations
was assumed negligible in the early theoretical
investigations10,11 and this assumption was verified by de-
tailed measurements of the magnetic field, plasma density,
and temperature.12 In a more recent work, Steinhauer13

showed that there is a correction RMF term in the pressure
balance equations. We report here the first experimental evi-
dence for the effect of the RMF on the radial pressure bal-
ance in an FRC sustained by an RMF.

Figure 1 shows a schematic diagram of the experimental
device. The cylindrical vacuum chamber is made of Pyrex
glass and has an internal radius of 35 mm. The length of the
discharge chamber is 600 mm. The vacuum is achieved to be

less than 10−4 Pa in 10 min by a rotary pump and a turbo-
molecular pump in a series. Argon gas is fed from the oppo-
site side to the vacuum pumping system. The axial field is
produced by six coils and the strength is fairly uniform along
the central axis and 60 G at the maximum. Two RMF power
supplies, of which sinusoidal output is 90° out of phase,
deliver the current 300 A with the frequency 200 kHz and
output power 26 kW for 40 ms. The current decreases to
200 A at t=40 ms due to the limited capacity of the con-
denser. The two turn antennas are placed directly on the
outer wall of the chamber in order to produce the largest
RMF inside the chamber. The amplitude of the RMF in the
vacuum is initially 120 G at the center and reduces to 80 G
at t=40 ms due to the decrease of the antenna current. The
production of current in the antenna uses an R-L-C series
resonant circuit and insulated gate bipolar transistor semi-
conductor switching devices. The amplitude of the RMF is
large enough for full penetration during the discharge.

There are three ports in the chamber, into which the
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FIG. 1. �Color online� Schematic diagram of experimental device.

PHYSICS OF PLASMAS 15, 104504 �2008�

1070-664X/2008/15�10�/104504/3/$23.00 © 2008 American Institute of Physics15, 104504-1

Downloaded 22 Oct 2008 to 131.217.6.6. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp

http://dx.doi.org/10.1063/1.2997341
http://dx.doi.org/10.1063/1.2997341
http://dx.doi.org/10.1063/1.2997341


magnetic and electrostatic probes are inserted. The former
probe is mounted on an optical rotational stage so that its
orientation can be precisely adjusted in order to eliminate
any pick up from the RMF when we measure the axial mag-
netic field, while the probe can be rotated by 90° in order to
measure the 
 component of the RMF. The latter probe gives
us the plasma density and the electron temperature. The
probes are movable in the radial direction to measure the
radial profiles. Eight 25–turn coils are wound around the
chamber to measure the excluded magnetic flux so that we
can estimate the length of the separatrix.

The axial field rises to reach 25 G in 5 ms. When apply-
ing the RMF, the axial field reduces to about −27 G in 4 ms
at the center �r=0, z=0� to 20 G near the wall �r=35 mm,
z=0�. Figure 2 shows the time behaviors of antenna currents
and the 
 component of the RMF at the instance of the
plasma production. The antenna current is initially 300 A
and reduced to 155 A after a plasma is formed. The 
 com-
ponent of the RMF 120 G reduces to 35 G due to the de-
crease of the antenna currents and the induction of a shield-
ing current, but still exists in the center, which shows the

FIG. 2. �Color online� Antenna currents and the 
 component of RMF in the center of vacuum chamber. Lower three curves are the enlargements of them
about the instance of the plasma formation.
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FIG. 3. �Color online� Radial dependences of the � component of the RMF
at t=0 and t=40 ms. The triangles and the circles show the profiles along
the lines A-A� and B-B�, respectively.
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RMF continues to penetrate into the center after the forma-
tion of the FRC. The reduction of the antenna current may be
caused both by an increase in the antenna resistance and by
being out of the resonant condition due to the decrease of the
inductance.14 As the RMF penetrates the plasma, the reduc-
tion in the inductance of the antenna becomes smaller and
the antenna current increases as the resonance condition is
gradually restored. The RMF gradually increases again asso-
ciated with the penetration process, finally becomes about
60 G, and the RMF penetrates deeply into the plasma. The
penetration conditions are satisfied throughout the discharge.
Figure 3 shows the radial dependence of the � component of
the RMF at t=0 and 40 ms along the lines A-A’ and B-B’,
respectively. The magnitudes of the RMF along the line A-A’
are peaked at the center. On the other hand, the magnitude
along the line B-B’ takes a minimum value at the center and

increases outward. The magnitudes of the field between at
t=0 and t=40 ms do not make a large difference.

Figures 4�a� and 4�b� show the radial profiles of the axial
magnetic field and the magnetic flux evaluated from the axial
field at the three axial positions z=0 and �65 mm at t=0,
respectively. The magnetic flux shows the separatrix radius is
r=35 mm at z=0, and r=25 mm at z= �65 mm. The axial
magnetic profiles of a parabolic shape indicate that the elec-
trons are supposed to be synchronous to the RMF. The ex-
cluded magnetic flux detected by the coils wound on the
glass chamber at eight positions. The signal of the coils
shows that the separatrix length is about 330 mm. The an-
tenna length, incidentally, is 220 mm. The plasma density
and electron temperature are measured to be about 8 eV and
2.2�1019 m−3 at the center, respectively. The measurements
are carried out by a double probe, when the FRC is in a quiet
phase.

Now, the plasma pressure p=nikTi+nekTe�nekTe

�17.6 Pa and the axial field pressure is Bz
2 /2	0�0.29 Pa. It

is then clear that the plasma pressure is not balanced by the
pressure of the axial field. The RMF pressure is approxi-
mately evaluated by B


2 /2	0=1 /8	0�B
A−A�
2 +B
B−B�

2 �
�20 Pa, where B
A−A�

and B
B−B�
are the amplitudes of the


 component of the RMF along the lines A-A� and B-B�,
respectively. The pressure of the RMF is sufficient to balance
the plasma pressure. We are not able to make a quantitative
comparison to the theoretical analysis for two reasons.
Firstly, the contribution of the RMF pressure to the pressure
balance in our experiment is too large to be considered ap-
proximately as a small correction form. Secondly, we are not
able to make sufficiently detailed measurements of both
components of the RMF.

The authors acknowledge Dr. K. Kitano �Osaka Univ.�
for his invaluable suggestion in constructing the Kansai
Rotamak device.
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FIG. 4. �Color online� �a� Radial profiles of axial magnetic field. �b� Mag-
netic fluxes at the three axial positions z=0 and �65 mm, respectively.
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