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In order to understand self-organization in helicity-driven systems, we have investigated the
dynamics of low-aspect-ratio toroidal plasmas by decreasing the external toroidal field and reversing
its sign in time. Consequently, we have discovered that the helicity-driven toroidal plasma relaxes
towards the flipped state. Surprisingly, it has been observed that not only toroidal flux but also poloidal
flux reverses sign spontaneously during the relaxation process. The self-reversal of the magnetic fields is
attributed to the nonlinear growth of the n � 1 kink instability of the central open flux.
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m � 1=n � 1, i.e., violation of the Kruskal-Shafranov
stability condition [12]. It is widely known that, by re-

Igun is the gun current and �bias is the bias flux. The
equilibrium analysis presented in Ref. [14] on the basis
Steady-state magnetic helicity injection using coaxial
electrodes has successfully demonstrated noninductive
current generation in spheromaks and low-aspect-ratio
torus/tokamaks (spherical torus: ST) that have a poten-
tial to lead to an attractive high-beta fusion reactor on
CTX, SPHEX, FACT/HIST, SSPX, HIT-II, and NSTX
[1–7]. Magnetic field fluctuations with toroidal mode
number n � 1 excited by coaxial helicity injection
(CHI) have been observed in all those machines. This
fact implies that nonaxisymmetric dynamic processes
create the dynamo action in the plasmas and relaxes
them toward certain minimum energy equilibria: The
helicity injection is based on both Cowling’s theorem
[8] and the Taylor driven-relaxation principle [9,10]. The
n � 1 fluctuations, which arise from a current-driven
helical kink instability on the open flux, could be respon-
sible for the formation and sustainment of the configu-
rations by helicity injection [11]. The main purpose of this
work is to reveal the essential role of the n � 1 relaxation
activity in self-organization, current generation, and
transitions between various helicity-driven relaxed states
of low-aspect-ratio toroidal plasmas: STs, spheromaks,
and spherical reversed-field pinches (RFPs). Helicity is
defined as linked magnetic fluxes; the experiment is a
demonstration of its approximate conservation even in a
strongly perturbed system.

In the HIST device at Himeji Institute of Technology
[4], we have investigated the time evolution of ST plasmas
by decreasing the strength of the external toroidal field
(TF) and reversing rapidly the direction of the TF-coil
current Itf during the helicity injection phase. This is a
useful way to create the n � 1 resonant surface in a
tokamak although it is not normally carried out, since
ST plasmas, which are usually operated with the safety
factor q > 1, must pass through the major rational ratio of
0031-9007=03=90(22)=225001(4)$20.00
versing Itf quickly during the early stage of the current
ramp-up phase, an RFP configuration is produced with-
out a major disruption, through a spontaneous dynamo
related to the excitation of resistive tearing modes. One
would expect the formation of the RFP configuration in
the driven system as well, but it is not maintained by flux
conversion because there is no poloidal current externally
driven by an Ohmic transformer. Here, a fundamental
question is how the helicity-driven ST plasma evolves
nonlinearly after passing through the q � 1 rational
barrier.

In this Letter, a most attractive finding is that the ST
plasmas do not collapse after passing through the q � 1
rational barrier, but relax towards a novel relaxed con-
figuration, that is, the flipped ST which has not previously
been found experimentally. The structural formation of
the flipped field configuration incorporates the self-
reversal process of the toroidal and poloidal (toroidal
plasma current) fields.We have examined the self-reversal
process and the transition between relaxed states by mea-
suring temporal evolutions of internal magnetic field and
current structures. This self-organizing phenomenon may
have some analogy to reversal of the dipole field of Earth
generated by a dynamo action [13]. It is fundamentally
important to elucidate a current-reversal phenomenon
occurring in space and laboratory plasmas.

The driven-relaxed configurations with open field
lines, as well as closed systems, are described by the
force-free equilibrium equation, r�B � 	B, where
the force-free parameter 	 � 
0J �B=B2 � const [10].
The nature of these relaxed states in toroidal systems is
characterized by the strength of the external toroidal
field and the value of 	 determined by coupling to a
helicity source. The constant-	 value is ideally controlled
by the gun source parameter 	g � 
0Igun=�bias, where
 2003 The American Physical Society 225001-1
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of the helicity-driven relaxation theory [10] predicts that
a flipped ST plasma is formed when the external toroidal
flux �t:e is negative (�t:e < 0).

By using the analytical solution of the force-free
equation in a rectangular flux conserver (FC) that was
presented in Ref. [15], we have calculated relaxed con-
figurations with’’open’’ magnetic field lines penetrating
the boundaries in both cases �t:e > 0 and �t:e < 0. The
toroidal field Bt is expressed as 	�=r, where � is the flux
function and r is the radius. The strength of vacuum
toroidal field Bt:e is given by a value of � � 
0Itf=2�	
at the FC wall boundary. Figure 1 shows the amount of
poloidal flux �p as a function of �t:e normalized by �bias

and poloidal flux contours for each region: ST, RFP,
flipped ST, and flipped RFP. For fixed 	 � 8:44 close to
the lowest eigenvalue 	e � 8:53, as �t:e varies continu-
ously from a positive to a negative value, we can see that,
at a certain value of �t:e < 0, the normal ST 1(A) gets to
RFP-like state 1(B), then as �t:e is reduced further, a
small island of reversed poloidal flux 1(C) appears from
the right side, leading to the flipped states 1(D). There are
clear differences in magnetic topology between ‘‘normal’’
(A) 1.0

0.8

0.6

0.4

0.2

1.0

0.8

0.6

0.4

0.2

1.0

0.8

0.6

0.4

0.2

1.0

0.8

0.6

0.4

0.2

Ψ
p

/ΨbiasΨt.e

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
-8

-6

-4

-2

0

2

4

6
8

λe=8.525 ST

(E)

Flipped RFP
(D)

(C)

(B)

(F)
RFP

Flipped ST

(A)
λ=8.44

λ=9.30

λ=8.70

λ=7.40

V

(C)

(E) (F)

(B)

0.0 0.4 0.6 0.8 1.00.2

0.0 0.4 0.6 0.8 1.00.2

0.0 0.4 0.6 0.8 1.00.2 0.0 0.4 0.6 0.8 1.00.2

0.0 0.4 0.6 0.8 1.00.2

(D)

0.0 0.4 0.6 0.8 1.00.2

1.0

0.8

0.6

0.4

0.2

1.0

0.8

0.6

0.4

0.2

r 

r 

z z 

FIG. 1. Poloidal flux as a function of �t:e=�bias for 	 � 7:40,
8.44, 8.60, and 9:30 m	1, where 	e � 8:53 m	1. Contour plot
(A) shows ST with open flux going around the outside of the
closed flux. (B) shows RFP-like configurations with open re-
versed flux. We see in (C) that the closed (reversed) flux comes
out from the right side of FC. (D) represents flipped ST with
closed (reversed) flux which is isolated from electrodes. (E) and
(F) show Flipped RFP and RFP, respectively. Dashed lines in
all contour plots denote the reversed magnetic flux.
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STand ‘‘flipped’’ ST. It should be noted that the open flux
no longer surrounds the closed flux in the flipped state
since the toroidal current is in the opposite direction (the
bias poloidal flux has the same direction), but directly
joins the gun electrodes by the shortest path. For a ST
with a lower 	 (higher q), the ratio of the closed poloidal
flux to the total flux becomes smaller. Note that the ST
must cross the RFP region transiently for the transition to
the flipped ST. As for 	 > 	e, there are flipped RFP states
(�t:e > 0) 1(E) and normal RFP states with a signifi-
cant amount of closed flux (�t:e < 0) 1(F). As for the
spheromak without a central conductor, when 	 becomes
slightly above 	e, it is flipped [16]. Note that in the doubly
connected toroidal system, on the other hand, the flipped
ST state appears in the regime of 	 < 	e, so that it could
be observed in experiments.

The HIST device and diagnostics, shown in Fig. 2, has
a major radius R � 0:30 m, minor radius a � 0:24 m,
aspect ratio A � 1:25, toroidal field Bt < 0:2 T, peak
plasma current It < 150 kA, and discharge time t <
5 ms for the ST configuration [4]. The magnetized coaxial
plasma gun (MCPG) is operated with formation capacitor
banks (13 kJ, 5 kV) and sustainment banks (61 kJ, 600 V).
The Igun and gun voltage Vgun are � 25 kA, and � 0:5 kV,
respectively, and the bias flux �bias produced around
the MCPG muzzle is 0.8–1.1 mWb in this experiment.
The TF-coil current Itf is varied from �20 kA to 0�
	60 kA. A three axis magnetic probe (nine channels each
for Br, B�, Bz) is located in the plasma at a distance of
z � 	0:75 m from the midplane (z � 0 m) of the flux
conserver. Magnetic pickup coils (26 channels each for
Bp, Bt) are located in the poloidal direction along the
inner surface of the spherical solid copper FC (diame-
ter: 1.0 m; thickness: 3 mm) to calculate the total toroidal
current It. A six channel 	 probe incorporating small size
Rogowski and flux loops is used to measure toroidal
current density and toroidal flux profiles on the FC mid-
plane. The toroidal n mode number of the magnetic
fluctuations of Bt is measured using eight magnetic
Surface Magnetic Probe (Bt,Bp) Rogowski and Flux Probe 

 Magnetic Probe
 (Br,Bφ,Βz)

Magnetized Coaxial
Plasma Gun

Central
Conductor

Toroidal Field
 Coil

Spherical Flux
Conserver

CO2 Laser Interferometer

z = -75 

Toroidal mode probe (8 chs)

 Flipped ST 

-BtBt

(Ψp< 0)

Igun
Itf

z = 0

FIG. 2. The schematic drawing of the HIST device and
diagnostics.
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pickup coils distributed toroidally at equal angles over
360
 around the outer edge. The line averaged electron
density measured by a CO2 laser interferometer is in the
range of �1–5� � 1019 m	3. The electron temperature is in
the range 20–40 eV. The vacuum base pressure reaches
2� 10	9 Torr after titanium coating on the FC.

Figure 3 shows the time evolution of It for three differ-
ent values of the reversed Itf (	 20, 	27, and 	50 kA at
the peak time). The ST plasmas with a peak toroidal
current It of 80 kA are initially produced by CHI and
the reversed-TF circuit is triggered at t � 0:16 ms during
the current ramp-down phase. The time scale over which
Itf changes is quite slow (� 0:5 ms) compared with an
Alfvén time. When Itf is reduced to 	20 kA, the toroidal
current It and the averaged paramagnetic toroidal field
hBt:ci in the central core region reverse. For increasingly
negative values of Itf, the reversal time of It tends to shift
to earlier times. The critical value of the TF-coil current
required for the current reversal is Itf � 	20 kA. In
these discharges, the It of flipped plasmas decays
smoothly due to its resistivity.

Reversing the TF-coil current during the early stage of
the current ramp-up phase, we found that the RFP-like
profile is transiently created during the discharge as ex-
pected. Figure 4 shows the time evolution of It and radial
profiles of poloidal magnetic field (axial component Bz
and radial component Br), toroidal magnetic field Bt,
and vacuum toroidal field (dotted line) at each time
[4(a)– 4(d)]. An initial plasma is produced by CHI which
presents a ST-like configuration [Fig. 4(a)]. After turning
on the reversed-TF circuit at t � 0:36 ms in the ramp-up
phase, the paramagnetic toroidal field hBt:ci in the core
region significantly amplifies due to rapid inward diffu-
sion of poloidal current inductively generated at edges.
Subsequently, the toroidal field at the edge regions de-
creases rapidly and reverses the sign slightly, which re-
sults in the formation of an ‘‘axisymmetric’’ RFP-like
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FIG. 3 (color). The time-dependent data from discharges in
reversing the TF coil current Itf. It is the toroidal current and
hBt:ci is the toroidal field averaged in the core region.

225001-3
configuration [Fig. 4(b)]. This configuration does not
remain for a long time, and then quickly enters into the
relaxation phase (t � 0:6–0:69 ms) in which a large dis-
tortion of the magnetic profiles is seen at t � 0:63 ms
[Fig. 4(c)]. After both the poloidal and toroidal fields
reverse sign spontaneously during the relaxation, the
axisymmetric magnetic field configuration of the flipped
ST is formed at t � 0:74 ms [Fig. 4(d)]. The continuity
of the averaged electron density is seen throughout the
discharge.

In order to investigate the generation process of the
RFP-like configuration and the subsequent current-
reversal process, we have measured the time evolution
of modes with toroidal mode number n and the toroidal
current density profile Jt�R�. The 	 value is estimated
by	co � 
0It=�t averaged in the central core region
(R � 0:21–0:34 m) and the q0 value around the magnetic
axis is approximately given by the formula of q0 �
2=R	co [14], where R is the major radius. We note that
the meanings of 	co and q0 are not well defined during
the relaxation. The initial ST has a value 	co � 3 m	1

(q0 � 2). Figure 5 shows that the previously hollow
current profile becomes peaked around the magnetic
axis (R � 0:32 m) for t � 0:52–0:54 ms due to anoma-
lous inward current penetration so that 	co continues
to increase until it is just below the critical value of
	e (� 9:3 m	1). The RFP-like configuration with q0 �
0:67 is formed during the quiescent period of t �
0:54–0:56 ms, where the amplitude of n � 1, 2, 3 modes
is relatively very low. After this stable phase, the growth
of the n � 1 mode causes the current profile to deform
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highly and the outer reversal point of Jt�R� begins to shift
towards the central conductor. Consequently, the toroidal
current appears to concentrate on the inner edge region
(R � 0:17 m) and to stay there during t � 0:61–0:64 ms.
This behavior suggests the nonlinear saturation of the
n � 1 kink mode of the central open column. At the
same period, the n � 2, 3 modes are being excited owing
to nonlinear coupling. Afterwards, the remaining part of
positive toroidal current changes the sign abruptly at t �
0:65 ms and the toroidal current profile is redistributed by
the relaxation. After a sufficient damping of the ampli-
tude of the n � 1 mode, the axisymmetric flipped con-
figuration is established. Here, it is likely that the safety
factor q0 of the flipped ST is bounded above q0 � 1
(corresponding to <	co � 6:5 m	1) by the Kruskal-
Shafranov criterion.

Three-dimensional MHD numerical simulations [17]
have succeeded in demonstrating the formation of the
flipped ST and substantially enabled us to understand
the nonlinear dynamic field-reversal mechanisms. The
simulation results indicate that a large helical distortion
of the open flux and the following magnetic reconnec-
tion between open and closed field lines play a major role
in the self-reversal process. The manner of growth of
toroidal n modes in the simulation agrees well with
experiment. A stability analysis [18] indicated that the
configuration including open flux linked to the electrodes
becomes linearly unstable to an ideal MHD kink insta-
bility, if 	 in the open flux region is sufficiently large.
During the transition, an unstable plasma with high 	 in
225001-4
the open flux region relaxes to a stable one with low 	.
These results are in good agreement with the present
experimental observations.

In conclusion, the most important discovery of this
experiment is that ST plasmas tend to self-organize to
the flipped states while reversing the direction of TF. This
experimental finding provides, for the first time, evidence
for the existence of the relaxed states which were theo-
retically predicted. The observation of the self-reversal
phenomena suggests strongly that the sign of helicity
K � c�p�t (1< c< 2) for any toroidal plasma, where
c depends on the plasma shape and current profile, is
conserved with significant losses in the magnitude during
the relaxation, namely, when �t in the flipped plasma
region becomes negative, then �p must also be so. The
linkage of the gun magnetic flux with the rest of the
plasma may not be conserved in the transition from
regular to flipped topologies. A quantitative proof of the
helicity conservation is an important work in our future
experiments and numerical simulations. The elementary
reversal mechanism is closely related to the magnetic
reconnection of the helically kinked open field lines
surrounding the closed flux surfaces. From the viewpoint
of helicity injection current drive, it is conceivable that
the flipped ST compares favorably with the normal ST,
because it consists of only closed flux surfaces.

The authors are grateful to P. K. Browning for valuable
discussions and suggestions.
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