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Characteristics of quasi-single-helicity (QSH) states have been studied in a low-aspect-ratio reversed field
pinch (RFP) machine RELAX mainly by magnetic diagnostics. Internal profiles of the fluctuating radial, poloidal
and toroidal magnetic fields have shown good agreement with eigenfunctions of a single helical mode. The edge
magnetic fluctuation spectra are somewhat broader than what are expected from internal magnetic field profiles.
In spite of these slight discrepancies, the usual measure for the QSH, the spectral index NS lower than 2, still
provides a reasonable measure for QSH states in RELAX. The QSH persistence has been improved in RELAX
by the reduction of the poloidal resistance of flanges at poloidal gaps, mainly due to the improved axisymmetry
of the toroidal magnetic field. QSH persistence more than 30% of the flat-topped current phase has been realized
with current density lower than in other RFP, and probability of spontaneous QSH is 12.8± 7.3% which is higher
than high-aspect-ratio RFP. It suggests the advantage of low-aspect-ratio configuration in attaining to the QSH.
Comparison with recent experiments using active resonant perturbation may suggest the importance of further
reduction of field errors to improve the quality of QSH.

c© 2012 The Japan Society of Plasma Science and Nuclear Fusion Research

Keywords: quasi-single-helicity (QSH), reversed field pinch, low aspect ratio RFP, magnetic fluctuation, internal
magnetic field

DOI: 10.1585/pfr.7.1402028

1. Introduction
Reversed field pinch (RFP) is one of the toroidal mag-

netic confinement systems for compact, high-beta plasmas
for nuclear fusion reactors. One of the characteristic fea-
tures of the RFP is that it could confine high pressure plas-
mas with weak external magnetic field, and it has a poten-
tial for Ohmic ignition because there is no toroidal current
limit in the RFP as the Kruskal-Shafranov limit in toka-
maks. As a result, the safety factor of RFP is much less
than 1 and hence m = 1 (m is poloidal mode number) tear-
ing modes are dominant in the RFP.

Recent progress has led to new concepts for the RFP
configurations which are free from magnetic chaos caused
by the interaction of m = 1 tearing modes. One is the
quasi-single-helicity (QSH) state where m = 1 with single
n (n is toroidal mode number) mode grows to dominate a
discharge [1]. In QSH, a large helical magnetic island as-
sociated with the innermost resonant mode is formed and
(electron) confinement is improved inside the island. This
leads to helical deformation of axisymmetric RFP config-
uration without control using external helical coils. More
recently, single helical axis (SHAx) state, where the orig-
inal axisymmetric magnetic axis disappears as the domi-
nant island grows, has been founded in RFX-mod [2]. The
SHAx state is theoretically predicted to be more resilient to
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magnetic chaos [3]. From the viewpoint of fusion plasmas,
QSH is one of the candidates for improved confinement
states for RFP.

The aspect ratio A (= R0/a = (major radius)/(minor
radius)) is one of the remaining parameters for geometri-
cal optimization of the RFP configuration. Recent theoret-
ical works have shown that the resonant surfaces for the
m = 1 modes become less densely spaced in the core re-
gion as the aspect ratio is lowered [4]. This leads to avoid-
ance of overlap of magnetic islands and may allow us to
expect easier access to the QSH state. RELAX is a low-A
RFP machine to explore the characteristics of low-A RFP
configurations. Initial results from RELAX on QSH have
been reported particularly with emphasis on imaging diag-
nostics [5–8]. In this paper, major characteristics of QSH
in RELAX (i.e., low-A RFP) is discussed based on major
magnetic diagnostics results.

2. Experimental Apparatus
Figure 1 shows a top view of the RELAX machine

with arrangement of magnetic diagnostics. In RELAX, we
have used a 4-mm thick SS vacuum vessel with major ra-
dius R0 of 508 mm and minor radius a of 250 mm, thus
the aspect ratio A is as low as 2 [9]. The vessel has two
poloidal gaps. Most experiments reported here were car-
ried out with a single insulated gap; one of the gaps was
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Fig. 1 Top view of RELAX with arrangement of magnetic diag-
nostics.

electrically insulated with a 10-mm wide Teflon flange, and
the other, electrically connected with a SS flange. In the
later part of this paper, we will discuss the improvement
of toroidal symmetry of the toroidal magnetic field. These
experiments were carried out with two insulated gaps with
the modified SS flanges of the vacuum vessel; by increas-
ing the poloidal resistance of the 4 flanges at the gaps,
the resultant L/R time constant of the flanges at one gap
(width = 50 mm) was decreased from 1.7 ms to 0.92 ms
(∼0.19 ms at the wall except the gaps having correspond-
ing width). Since the toroidal field coil current starts to be
reversed in coincidence with the start of plasma current and
toroidal flux slightly vary during the discharge, the reduced
time constant has the effect of realizing improved axisym-
metry of the toroidal field. We should note that the m = 1
vertical and horizontal field errors were compensated for
using 4 saddle coils with feedback controlled currents at
each insulated gap.

In RELAX, edge magnetic probes are installed at
the top and bottom ports at 14 toroidal locations equally
spaced except at the two gaps. Toroidal separation angle
is 22.5 degree, and there are no probes at the locations of
the two gaps. The difference in the signals from the top
and bottom coils provides odd m (mostly m = 1) modes,
while the summation, the even m (mostly m = 0) modes.
For the fluctuation analyses, these signals were numeri-
cally filtered, then spatially Fourier transformed to provide
the amplitudes and phases of the modes with toroidal mode
number (n) up to 8.

An insertable radial array of magnetic probes is in-
stalled at a port on the equatorial plane. The radial array is

inserted from outboard side. The array consists of 8 mag-
netic probes separated by 36 mm. We can measure the ra-
dial field Br, poloidal field Bθ and toroidal field Bφ at 8
radial locations from the geometric center of the vessel out
to the inner surface of the vessel.

Cross-sectional average of the toroidal magnetic field
is measured with a toroidal flux loop on the outer surface
of the vacuum vessel. 16 flux loops approximately equally
spaced in the toroidal direction form a toroidal array. The
average toroidal field 〈Bφ〉 is defined as the toroidally aver-
aged values from 12 of these 16 flux loops except near the
gaps.

In addition to the above magnetic diagnostics, we have
soft-X ray diagnostics for emissivity profile measurement
or estimates from tangential and vertical ports.

In what follows, we will discuss some of the char-
acteristics of the QSH states in RELAX plasmas mainly
from magnetic measurements. The QSH is a state where
a single (usually core resonant tearing) mode dominates a
discharge with lower-amplitude neighboring modes or the
secondary modes. The spectral index NS defined as follows
is often used as a measure of the QSH,

NS =

⎡⎢⎢⎢⎢⎢⎢⎣
8∑

n=4
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∑8
n=4(b1,n)2

⎞⎟⎟⎟⎟⎠
2
⎤⎥⎥⎥⎥⎥⎥⎦
−1

(1)

where b1,n is the amplitude of the m = 1 mode with toroidal
mode number n. The amplitude of each mode is obtained
by spatial Fourier transformation of 2-50 kHz filtered edge
toroidal magnetic fields. Sum of the amplitudes in the
definition of NS (Eq. (1)) is taken over the internally res-
onant m = 1, n = 4-8 modes. We should note that the
upper bound of the toroidal mode number of 8 is a result
of restriction by the number of pickup coils in our present
toroidal array. The innermost resonant surface is believed
to be for the m = 1/n = 4 mode (q = 0.25) from the equi-
librium reconstruction [10–12].

NS = 1 if a single mode dominates the edge magnetic
fluctuation, while in the other extreme case where all the
modes have the same amplitudes, NS equals the number of
resonant modes taken into account in the analysis (summa-
tion in Eq. (1)). It is a convention that the QSH is realized
when NS < 2, where in the case of NS = 2 the dominant
mode amplitude equals the sum of amplitudes of the re-
maining secondary modes.

3. Results
3.1 QSH discharge in RELAX

Figure 2 shows typical waveform of the QSH dis-
charge in RELAX. Here Bφ(a) is the edge toroidal field av-
eraged over all the edge magnetic probes at top and bottom
ports. The field reversal parameter F (≡ Bφ(a)/〈Bφ〉) and
the pinch parameter Θ (≡ Bθ(a)/〈Bφ〉, Bθ(a) is poloidally
averaged edge poloidal magnetic field) are often used to
describe a rough idea about RFP equilibrium. In the case
of Fig. 2, the discharge with shallow reversal (or weakly
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Fig. 2 Time evolution of the plasma current IP, average toroidal
magnetic field 〈Bφ〉, averaged edge toroidal magnetic
field Bφ(a), field reversal parameter F, and pinch param-
eter Θ in a typical QSH discharge in RELAX.

reversed) RFP plasma is realized from 0.25 ms to 1.1 ms,
then non-reversal, small positive F state is maintained to
the end of the discharge.

QSH in RELAX tends to appear more frequently in
relatively shallow reversal (−0.3 < F < 0) or weakly non-
reversal (0 < F < 0.3) regions. Since Θ has correlation
with F, Θ lies in the range 1.4 < Θ < 1.8 for these QSH
regimes. Hereafter we will use F to specify the RFP state.
The toroidal mode spectrum of the odd m (mostly m =
1) modes time-averaged over the flat-topped current phase
has peaked profile around the core resonant modes, n = 4-
6 [12]. The QSH state defined by NS < 2 appears quasi-
periodically in the flat-topped current phase with dominant
mode of n = 4 in RELAX [13]. The dominant toroidal
mode number of 4 arises from the low-A nature of RELAX,
because the innermost resonant surface is believed to be for
the m = 1/n = 4 mode.

Figure 3 shows an example of the appearance of QSH
in RELAX. During a certain period of time, only the single
m = 1/n = 4 mode grows to dominate the edge magnetic
fluctuation, with lower amplitudes of the secondary modes.
The QSH state lasts for a certain period of time, then back-
transition to multi-helicity (MH) state occurs. The toroidal
mode spectrum averaged over the time period during the
QSH phase has a sharp peak at n = 4, as expected [13].
Hereafter the time period during which NS < 2 will be
referred to as QSH duration, and the fraction of the sum of
the duration of QSH events in the flat-topped current phase
will be referred to as the QSH persistence or QSH fraction.

3.2 Internal magnetic field profiles in QSH
In QSH discharges of RELAX, internal magnetic

fields measured by a radial array of magnetic probes os-
cillate largely at about 10 kHz and the amplitude profiles

Fig. 3 Quasi-periodic oscillation of a single dominant m =

1/n = 4 mode and associated change in spectral index
NS in the flat-topped current phase.

are good agreement with the theoretical helical symmet-
ric Ohmic equilibrium of cylindrical plasma [14]. A com-
parison of the experimental profiles at a time measured in
0.6 < r/a < 1.0 (r is minor radial coordinate) by a radial
array from top port and theoretical profiles has been shown
in [14]. In what follows, we show the result measured in
−0.06 < r/a < 1.0 by the radial array from an outboard
port on the equatorial plane and more systematical com-
parison of the experimental and theoretical profiles.

Figures 4 and 5 are time evolution of magnetic fields
and oscillating (2-50 kHz) component b of the magnetic
fields measured at −0.06 < (R − R0)/a < 1.00 (R is major
radial coordinate) by the radial array. These oscillations at
∼10 kHz suggest rotation of a QSH helical state. This fre-
quency is about constant in a flat-toped current phase from
0.5 to 1.5 ms, so phase velocity in toroidal direction is con-
sidered to be also about constant. The radial component
of the magnetic field is π/2 out of phase in the oscilla-
tion from the poloidal and toroidal components. Dots in
Fig. 6 show radial profiles of the three components of the
magnetic field measured with the radial array. The profiles
for low-frequency (< 2 kHz) or equilibrium component are
in Fig. 6 (a), and those for the fluctuating component (2-
50 kHz), dominantly at ∼10 kHz, in Fig. 6 (b). All quanti-
ties are time-averaged values during a flat-topped current
phase from 0.5 to 1.5 ms in each discharge, and ensemble-
averaged over 5 identical discharges. The radial profiles of
the slowly varying components look similar to the Bessel
function profiles, but slightly modified by the Shafranov
shift of about 20% of the minor radius. Note that the fluc-
tuating components in Fig. 6 (b) show the amplitudes with
phase information; the fluctuating magnetic fields are mul-
tiplied by sign (+1 or −1) of a reference magnetic field at
each time and averaged over the time. The reference for br

is br measured at (R − R0)/a ∼ 0.51, and that for bθ and bφ
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Fig. 4 Time evolution of magnetic fields measured by the radial
array.

is bφ at (R−R0)/a ∼ 0.55. These time-averaged amplitudes
are also multiplied by π/2 because sin wave averaged over
the half period is 2/π per unit amplitude.

The solid lines are obtained from the helical Ohmic
equilibrium model with cylindrical approximation [15,16].
The helical Ohmic equilibrium state is the simultaneous
solution of the helically symmetric Grad-Shafranov equa-
tion and generalized Ohm’s law with helical symmetry.
The solution can be separated into axisymmetric and he-
lically symmetric components. The solid lines in Fig. 6 (a)
are for the axisymmetric part, and those in Fig. 6 (b) for
the helically symmetric part. In the comparison in Fig. 6,
the cylinder center (r = 0) of the theoretical profile is
chosen at (R − R0)/a = 0.2 and the cylinder radius a
as (R − R0)/a = 0.8 to take into account the experimen-
tal Shaflanov shift. These averaged experimental profiles
agree well with the theoretical profiles and the standard de-
viations (error bars) are low. Thus, rotating helical state is
suggested by the internal magnetic measurement.

Fig. 5 Time evolution of oscillating (2-50 kHz) component b of
magnetic fields measured by the radial array, which is
normalized by the non-oscillating (< 2 kHz) component
of an edge poloidal magnetic field B(0,0)

θ (a).

3.3 Improved QSH fraction
One of the recent findings is that the QSH fraction

(persistence), defined by the fraction of the total time peri-
ods in which NS < 2 in the flat-topped current phase, has
increased or improved by the modification of the flanges at
the poloidal gaps. The modification has been made for the
purpose of increasing the poloidal resistance of the flanges.
As described in the previous section, the resultant reduc-
tion of the L/R time constant of the flanges has resulted
mainly in improved toroidal symmetry or error fields. In
Fig. 7, we have compared the QSH persistence (fraction)
from 0.6 to 1.1 ms, corresponding to the flat-topped cur-
rent phase, before and after the modification of the flanges.
The large number of experimental points at IP ∼ 55 kA
and 65-70 kA reflects the fact that most experiments were
carried out at these values of flat-topped toroidal plasma
current. It is clear that the QSH persistence (fraction) has
increased from less than 20% to more than 30%. There
seems to be no significant dependence of the QSH persis-
tence (fraction) on the plasma current IP or F.

Figure 8 shows the relation between QSH duration
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Fig. 6 Comparison of radial profiles of magnetic fields of ex-
periment (dots) and the theoretical helical Ohmic equi-
librium (lines). (a) is the experimental non-oscillating (<
2 kHz) component averaged over the flat-topped phase in
5 discharges and the theoretical poloidally and toroidally
symmetric component. (b) is the experimental time aver-
aged amplitude of oscillating (2-50 kHz) component av-
eraged over the 5 discharges and the theoretical helical
component.

Fig. 7 QSH fraction (persistence) in the flat-toped current phase
vs. plasma current IP and F before and after the error field
correction by the poloidal flange modification. The data
set consists of results from more than 1000 shots.

and the mode amplitude (normalized to the poloidally av-
eraged edge poloidal field) for m/n = 1/4, 1/5, and 1/6
modes averaged over the duration. At short QSH dura-
tion (< 0.02 ms), dominant mode is sometimes n = 5 or
6, which are not believed to be innermost resonant. But
as the QSH duration is longer, probability that dominant

Fig. 8 QSH duration in the flat-topped current phase vs. ampli-
tude of m = 1 and possible internally resonant n modes
of the edge toroidal field fluctuation averaged over the
duration.

mode is innermost n = 4 is higher, and at long QSH dura-
tion (> 0.04 ms), dominant mode is mostly n = 4. Because
the innermost resonant mode contributes to confinement
improvement in the core, the long QSH duration is more
desirable. The non-innermost resonant dominant mode at
the short QSH duration may be caused partly by the error
fields.

Average of the QSH persistence over all shots after
the error field correction in Fig. 7 (total 634 shots), which
corresponds to probability of QSH (without external active
control) in RELAX, is 12.8 ± 7.3%. This value is larger
than probability of spontaneous QSH in high-aspect-ratio
(A = 6.8) EXTRAP T2R device which is < 3% [17]. This
fact suggests advantage of low-A configuration in attaining
to the QSH as expected from the theoretical works.

4. Discussion
Easy access to QSH in shallow reversal regions agrees

with a model recently proposed by Bonfiglio et al. [18].
In RELAX, even in the weakly non-reversal region (0 <
F < 0.3), discharge parameters such as plasma current,
loop voltage, and flat-toped current duration are similar to
shallow reversal cases, and QSH state is also observed as
shown in Fig. 7. Note that F in RELAX is evaluated from
the average over the edge toroidal magnetic fields mea-
sured at top and bottom ports and toroidal effect is very
large due to low aspect ratio. Thus, even when F > 0, the
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reversal or non-reversal of an edge toroidal magnetic field
depends on time and poloidal and toroidal position due to
the large fluctuation (oscillation) level bφ(a)/Bθ(a) ∼ 5-
10% (at ∼10 kHz).

Relatively short duration of QSH (tens of µs) com-
pared with the flat-toped current phase may be partly de-
termined by resistive diffusion time [17]. The resistive dif-
fusion time in RELAX is roughly estimated to be < 0.1 ms.
QSH persistence has been increased by the modification of
the poloidal flanges as shown in Fig. 7, and the innermost
n = 4 mode is more dominant in m = 1 modes at longer
QSH duration phases as shown in Fig. 8. Thus, the short
duration of QSH or quasi-periodic appearance (or disap-
pearance) of QSH and non-innermost resonant dominant
mode may be partly caused by error fields due to flanges;
the field errors may disturb QSH measurement by the edge
magnetic probes and purer QSH itself.

The internal magnetic field profiles measured with the
radial array agree well with the theoretical helical Ohmic
equilibrium profiles with the assumption of its toroidal ro-
tation. The internal magnetic fields oscillate and phase of
the radial field differ from those of poloidal and toroidal
fields by π/2 in most of the flat-topped current phase (for
∼1.0 ms); that is, absolute values of radial field fluctuations
are high in the time when that of poloidal and toroidal ones
are low, and vice versa, as shown in Fig. 5. Thus, the rota-
tion seems to be quasi-stationary in the flat-topped current
phase. However, this rotating picture does not necessar-
ily agree very well with the quasi-periodic appearance of
QSH defined by the edge magnetic measurements. This
slight discrepancy between the internal and external mag-
netic field measurements may be caused by the interaction
between the internally resonant dominant mode and field
errors near the edge.

Another possibility of the quasi-periodic appearance
of QSH or modulation of the amplitude of dominant mode
is implied by the experiment and analysis in EXTRAP T2R
device [19]. In recent experiments with controlled exter-
nal error fields, they showed that interaction of the rotating
tearing mode with external resonant magnetic perturbation
causes modulation of the amplitude and phase shift of the
rotating tearing mode. Experiments under well-controlled
field errors are the next step necessary for further improv-
ing the quality of QSH in RELAX.

5. Conclusion
Characteristics of QSH states have been studied in a

low-aspect-ratio RFP machine RELAX mainly by mag-
netic diagnostics. Internal profiles of radial, poloidal and
toroidal magnetic fields have shown good agreement with
eigenfunctions of a single helical mode. The edge mag-
netic fluctuation spectra are somewhat broader than what
are expected from internal magnetic field profiles. In spite
of these slight discrepancies, the usual measure for the
QSH, the spectral index NS lower than 2, still provides a
reasonable measure for QSH state in RELAX. The QSH
duration and fraction (persistence) have been improved by
reduction of the poloidal resistance of flanges at poloidal
gaps, mainly due to the improved toroidal symmetry of
the toroidal magnetic field. QSH persistence over 30% of
the flat-topped current phase has been realized with current
density lower than in other RFP and without external field
control, and probability of the spontaneous QSH persis-
tence is 12.8± 7.3% which is higher than high-aspect-ratio
EXTRAP-T2R (< 3%). It suggests the advantage of low-A
configuration in attaining to the QSH.
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