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Abstract. Unstable fluctuations develop in the initially quiescent plasma in
the improved confinement mode of the H-1 heliac when the radial electric
field (Er) shear exceeds some critical value. These unstable Er shear-driven
modes are shown to generate zonal-flow-like poloidally symmetric potential
structures, similar to those generated in the low confinement mode (Shats M G and
Solomon W M 2002 Phys. Rev. Lett. 88 045001). The structures modulate their
parent waves, the background Er shear and the fluctuation-driven radial transport.
The onset of zonal flows is observed as a precursor to the plasma confinement
bifurcation to an even higher confinement regime.

1. Introduction

The generation of zonal flows (ZFs) in toroidal plasma has been a focus of active research
in recent years. ZFs are turbulence-generated poloidally symmetric low-frequency potential
structures [1], which can play an important role in the turbulence self-regulation [2]. In such
a system [2], drift wave turbulence nonlinearly generates ZFs, which in turn modulate the drift
wave amplitude and control the turbulence level through a random shearing process. Turbulent
transport also appears to be modulated by ZFs, exhibiting bursts at the ZF frequency as has
been demonstrated in simulations [3], theory [4] and experiment [5]. ZF-like structures have
recently been observed [5] in the H-1 heliac. It has been demonstrated that these structures,
seen as low-frequency fluctuations in the plasma potential, have zero poloidal wavenumbers kθ,
finite radial wavenumbers kr, (kr � kθ ∼ 0) and are generated through a three-wave interaction
process in various modes of confinement in the H-1 heliac.
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Fluctuations in the low confinement mode in H-1 have been identified as unstable pressure-
gradient-driven (PGD) modes [6], which drive a substantial radial flux of particles, thus affecting
the plasma confinement. It has been discovered recently that the fluctuation-driven transport in
H-1 is non-ambipolar [7]. Electrons are transported radially by fluctuations approximately
ten times more efficiently than ions, which results in a fluctuation-driven radial current. This
current is capable of significantly modifying the radial electric field, and through it, the particle
confinement, which has been demonstrated in the H-1 experiments [7]. Since fluctuations
generate ZFs and ZFs change the radial electric field in the plasma, which has been found
to be the most essential ingredient in the confinement bifurcations observed in H-1 [8], it is
important to investigate the generation of ZFs and their role in confinement jumps in various
plasma conditions.

In this paper we present experimental results on the generation of ZF-like structures in the
improved confinement mode (H-mode) and on the role of these structures in the confinement
bifurcations. In particular, it is shown that:

1. the role played by fluctuations during the confinement transitions varies in different
confinement modes in H-1. It is possible that fluctuations are not a necessary ingredient in
the confinement bifurcations, though they can trigger a transition or can modify its dynamics.
The bifurcations themselves may be similar to those discussed in the literature with regard
to stellarators (see, for example, [9, 10, 11, 12]);

2. fluctuations that are sometimes observed in the H-mode plasma in H-1 [6, 13] have many
features of the radial electric field shear-driven modes [14, 15, 16];

3. these shear-driven fluctuations can become unstable and can generate ZF-like structures;

4. the development of such structures is often correlated with a confinement bifurcation and
may be considered as a candidate for the confinement bifurcation trigger or precursor.

The paper is organized as follows. In section 2 we describe experimental conditions and
types of confinement bifurcations in the low-temperature plasma in the H-1 heliac. In section 3
we describe characteristics of fluctuations in the high confinement mode and the results on the
ZF generation. In section 4 we discuss and summarize the results.

2. Plasma conditions and confinement modes in the H-1 heliac at low magnetic
field

All results discussed in this paper were obtained in the H-1 heliac [17], a helical axis stellarator
having a major radius of R0 = 1.0 m and a minor plasma radius of <0.2 m. The magnetic field
structure of H-1 is characterized by a relatively high rotational transform (-ι = 1.1–1.5 in the
described experiments) and very low global magnetic shear (ŝ = (ρ/-ι)(d-ι/dρ) ≈ 0.005–0.01).

In the experiments discussed here, H-1 was operated at low magnetic fields (<0.2 T) with
current-free plasma produced by the pulsed radio-frequency (rf) power of <100 kW at 7 MHz.
The rf power pulse length is about 80 ms. The electron temperature in the discharge is low enough
(Te = 5–40 eV) so that a number of electric probes can be inserted as far as the magnetic axis.
The experiments are performed in argon, which gives typically more reproducible discharges,
and are less affected by the insertion of the probes. The ion temperature, as measured using
the electrostatic ion energy analyser (which has also been confirmed by spectroscopic Doppler
broadening measurements) is in the range between 20–60 eV [21]. Together with the large ion
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Figure 1. Schematic diagrams of the probe geometry: (a) the poloidal fork
probe and (b) the radial fork probe.

mass (mi = 40mp, where mi is the ion mass and mp is the proton mass) and the low magnetic
field this brings the ion Larmor radius into the range of ρi = 3–5 cm.

Fluctuations in the plasma electrostatic potential and electron density are studied using
various combinations of the triple probes. Each triple probe [18] is capable of measuring the
ion saturation current Is, the plasma potential Vp, and the electron temperature Te with a time
resolution of about 1 ms (limited by the acquisition rate of 1 MHz). In the reported experiments
two pairs of triple probes have been employed to measure fluctuations in the poloidal and the radial
electric field, as well as the fluctuation-driven particle flux. The probe set-up is shown in figure 1.
Two triple probes separated poloidally by ∆y = 30 mm (figure 1(a)) allow measurements of
the poloidal electric field, while two probes separated radially by ∆r = 15 mm (figure 1(b)) are
used to measure the radial electric field and its fluctuations. To avoid the cross-coupling of the
poloidal and radial components of the electric field, all four probes have been aligned with respect
to the same flux surface using the electron beam mapping technique. Note that this is possible
in a stellarator, such as H-1, where the vacuum magnetic flux surfaces practically coincide with
the low-pressure plasma magnetic surfaces. Two radially displaced triple probes are positioned
±7.5 mm on either side of the flux surface to which two poloidally separated probes are aligned.
To avoid shadowing of one of the radial probes by the other along the magnetic field lines, the
two probes are also slightly displaced poloidally (∼3–4 mm). Such displacement introduces a
phase shift. By rotating the radial pair of probes with respect to the midplane of the machine to
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change this poloidal separation in the range of 0–15 mm, it was found that the phase shift due to
the poloidal separation is negligibly small compared with the radial phase shift.

Several different types of confinement bifurcations have been observed in the low-
temperature plasma in the H-1 heliac. It has been shown, similarly to other toroidal experiments,
that the radial electric field plays a very important role in these bifurcations [6, 8]. This role
though is not exactly what has been proposed for other experiments (see, for example, [19]). In
particular, our understanding of the role of turbulence in the H-1 heliac has been substantially
revised in the light of the following. Firstly, the fluctuation-driven transport was found to be
able to reverse radially [6, 7, 13], so that the suppression of fluctuations appears to be not the
only option for the modification in the turbulent transport. Secondly, it has been found that
the particle transport produced by fluctuations in H-1 is not ambipolar [7]. When the mean
Er shear exceeds some critical value, fluctuations are suppressed, in agreement with the shear
suppression model, and the fluctuation-driven radial current is turned off. This leads to even
further shearing in Er, which secures the transition. Thirdly, fluctuations in H-1 have been found
to be able to nonlinearly generate time-varying poloidally symmetric Ẽ ×B structures [5]. Such
structures show many signatures of ZFs and are essentially slow time-varying radial electric
fields. Thus, fluctuations in H-1 can linearly generate a mean radial electric field (through the
radial non-ambipolar transport) and also can nonlinearly generate time-varying Er.

Here we briefly discuss these confinement bifurcations observed in H-1. Figure 2 shows
an example of a spontaneous transition from low to high mode. This type of transition has been
studied in [6, 7, 20, 21]. Here we summarize the findings. In the low confinement mode, the
plasma is dominated by strong quasi-coherent fluctuations, which have been identified as unstable
PGD modes (poloidal mode numbers m = 1–4). These fluctuations in the plasma potential and
density generate substantial particle flux [6]. It has also been shown that electrons are transported
radially by fluctuations approximately ten times more efficiently than ions, such that fluctuations
effectively drive a radial current [7]. The non-ambipolarity is likely to be due to the finite ion
Larmor radius (FLR) effect [22, 23] since for these fluctuations k⊥ρi > 1. This current, along
with other bipolar loss processes, affects the radial electric field. It is found that the radial electric
field in L-mode is always less sheared than in H-mode. The fluctuation-driven radial current
seems to flatten the Er profile, as shown in figure 2(c), as if fluctuations resist the formation of
the strong Er shear that would lead to their suppression. When a sufficiently high Er shear is
formed in the plasma (as discussed in [8]), fluctuations are suppressed, resulting in considerably
more sheared Er, as shown in figure 2(c). The average electron density jumps by a factor of
two across the transition (figure 2(a)), while the fluctuations are suppressed (figure 2(b)). The
new steady state is characterized by more peaked plasma pressure profiles, reduced anomalous
transport and sheared radial electric field. It has been found that, in the range of low magnetic
fields described here (B < 0.15 T), the magnetic field strength B appears to be the strongest
external parameter (but not the only one) affecting the radial electric field and its shear (for
details, see [8]). The bifurcations reported here were observed during a magnetic field scan in
the H-1 heliac in the rf-produced argon plasma. The threshold Er shear for the suppression of
the L-mode fluctuations is found to be |E ′

r| > (30–40) kV m−2.
Above some critical B (in fact above some critical Er shear), fluctuations are suppressed

in H-mode. This mode of confinement is referred to as ‘quiescent’ H-mode, or Hq-mode. When
the magnetic field is further increased, the plasma may experience another bifurcation to even
higher electron density and more peaked ne profiles. An example of such a bifurcation is shown
in figure 3. The line-average density is increased across the transition by ∼30% as seen in
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Figure 2. Time evolution of (a) the line-average density and (b) the rms
of the fluctuations in the poloidal electric field during the discharge showing
spontaneous transition from low to high confinement modes. (c) Radial profiles
of the mean radial electric field in low (diamonds) and high (squares) modes.

figure 3(a). The radial electric field changes across the transition to become even more sheared
in the higher confinement mode, as illustrated in figure 3(c). The Er shear before the bifur-
cation is about E ′

r ≈ 50 kV m−2, similar to E ′
r in the quiescent H-mode of figure 2(c). Such

a shear exceeds the threshold E ′
r for the suppression of the PGD modes observed in L-mode.

After the bifurcation (at t ≥ 68 ms), the Er shear is increased to E ′
r ≈ 60 kV m−2. As seen

in figure 3(b), fluctuations in the poloidal electric field become unstable after about 20 ms. The
fluctuation amplitude becomes modulated after t ≥ 40 ms. It is likely that fluctuations observed
in the high confinement regimes in H-1 are the modes driven by the gradient in the radial electric
field [14, 15, 16]. The properties of the fluctuations and the development of the low-frequency
instability seen in figure 3(b) after t ∼ 40 ms are described in detail in section 3. We refer to the
improved confinement mode where fluctuations are observed as ‘fluctuating’ H-mode, or Hfl
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Figure 3. Time evolution of (a) the line-average density and (b) the rms
of the fluctuations in the poloidal electric field during the discharge showing
spontaneous transition from ‘quiescent’ to ‘fluctuating’ high confinement modes.
(c) Radial profiles of the mean radial electric field in ‘quiescent’ (diamonds) and
‘fluctuating’ (squares) H modes.

mode. It should also be noted that this confinement mode is observed in the magnetic config-
uration characterized by very low magnetic shear in the H-1 heliac ŝ = (ρ/-ι)(d-ι/dρ) ≈ 0.006,
where ρ = r/a and -ι is the rotational transform (inverse safety factor).

3. ZF instability in H-mode and confinement transition

As mentioned above, fluctuations observed in the H-mode plasma (figure 3) appear when the
Er shear far exceeds the threshold for the fluctuation suppression in L-mode and are observed
in the radial plasma region of the maximum E ′

r. We can distinguish three different confinement
modes depending on the Er shear as follows. In L-mode, dominated by the PGD fluctuations,
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the Er shear is less than the threshold for the fluctuation suppression, E ′
r < 30 kV m−2. In the

quiescent H-mode, the Er shear is in the range 30 < E ′
r < 50 kV m−2 (Hq-mode). Finally, in

fluctuating H-mode, the Er shear-driven (ESD) modes become unstable when E ′
r > 50 kV m−2.

The development of a new instability is observed in this range of E ′
r.

As seen in figure 3(b), the onset of fluctuations in H-mode (at t ∼ 20 ms) is followed
by a strong low-frequency modulation of the fluctuation amplitude after t ∼ 45 ms. This low-
frequency instability is followed by the plasma bifurcation at t ∼ 66 ms. The line-average density
is increased by ∼30% across the transition (figure 3(a)), while the low-frequency fluctuations
(∼1 kHz) are stabilized at a high level. Frequency spectra of fluctuations are shown in figure 4 for
the same discharge as in figure 3. After the onset of the fluctuations (t = (42–54) ms), frequency
spectra of both the poloidal and the radial electric fields are dominated by a narrow-band coherent
feature at f ∼ 11.5 kHz (figure 4(b)). These fluctuations have relatively high poloidal and radial
wavenumbers (64 and 104 m−1 respectively). As the instability develops (t = (54–66) ms) the
frequency spectra become broader (figure 4(c)) and a low-frequency component of the plasma
potential fluctuations with f ∼ 1 kHz and kr � kθ develops in the plasma. After the bifurcation
(figure 4(c)), at t = (68–80) ms, the higher-frequency spectra (f = 10–16 kHz) become even
broader, while the low-frequency feature stabilizes at a high level, again showing kr ≈ 10kθ.

It has been found that unstable fluctuations in H-1 can nonlinearly generate time-varying
potential structures, which have many properties of ZFs [5]. In the presented spectra, two types
of fluctuations are observed: higher-frequency (10–15 kHz) fluctuations which are relatively
symmetric in the poloidal plane, kr ≈ kθ, and low-frequency (f ∼ 1 kHz) fluctuations with
kr � kθ. The low-frequency anisotropic features in the fluctuation spectra may be generated
by the higher-frequency fluctuations via three-wave interactions [5, 24]–[26]. It has been shown
that the energy transfer between the smaller-scale fluctuations and larger-scale shear flows
is proportional in our case to

∑
k=k1+k2 Re[〈Ẽ∗

r (k)ñ(k1)Ẽθ(k2)〉], where Ẽ∗
r (k) and Ẽθ(k1)

are fluctuations in the radial and poloidal electric fields (the asterisk denotes the complex
conjugate), and ñ(k2) represents density fluctuations satisfying the wavenumber selection
rule in the three-wave processes, k = k1 + k2. Changes in the degree of the nonlinear
coupling between the three fluctuating quantities are reflected in the real part of the bispectrum
Bk(k1, k2) =

∑
k=k1+k2〈Ẽ∗

r (k)ñ(k1)Ẽθ(k2)〉, or in the normalized bispectrum, the squared
crossed-bicoherence, which is independent of the fluctuation amplitude

b2
f (f1, f2) =

|〈E∗
rad,fnf1Eθf2〉|2

〈Erad,fE∗
rad,f〉|〈nf1E

∗
θf2

〉|2 , (1)

where predictions for the k-domain are transformed to the frequency domain, so that the phase-
coherent three-wave interaction obeys the frequency selection rule, f = f1+f2. We also compute
the summed cross-bicoherence (SCB) SCB =

∑
f=f1+f2 b2

f (f1, f2), which gives a measure of
the coherent three-wave coupling for all frequencies satisfying f = f1 + f2. Plots of the SCB
are shown in figure 5 for the same three time intervals as the frequency spectra of figure 4.
When the frequency spectra of the fluctuations are narrow (t = 42–54 ms), the level of the
three-wave interaction is low (figure 5(b)). As the instability develops and the spectra become
broader (t = 54–66 ms), the level of the SCB increases at both higher (10–12 kHz) and lower
(0.8–1 kHz) frequencies, indicating stronger coupling between the modes, as seen in figure 5(c).
After the bifurcation, at t = 68–80 ms, the nonlinear coupling remains strong (figure 5(d)).

To analyse the development of the low-frequency instability prior to the bifurcation we apply
the wavelet analysis technique to the fluctuations in the poloidal electric field Eθ, radial electric
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Figure 4. Time evolution of (a) the line-average density and frequency spectra
of the fluctuations in the poloidal and radial electric fields for the discharge of
figure 3 for three time intervals: (b) t = 42–54 ms, (c) t = 54–66 ms and
(d) t = 68–80 ms.

field, Er, and the time-resolved fluctuation-induced flux Γfl = 〈ñṼr〉 = 〈ñẼθ〉/Bt. Here we use
the Morlet wavelet, which consists of a plane wave modulated by a Gaussian function [27]. The
development of the low-frequency component in the radial electric field is seen in the raw signal
of Er (figure 6(b)) and even more clearly in the wavelet frequency–time plot of Er in figure 6(c).
As this f ≈ 0.8 kHz feature develops at t > 50 ms, it starts modulating the higher-frequency
(∼11 kHz) fluctuations in the poloidal electric field shown in figure 6(d). The fluctuation-driven
flux becomes 100%-modulated, as seen in figure 6(e). Note that the fluctuation-driven flux in this
mode of confinement is radially inward (negative) in the region of r/a = (0.4–0.7), as described
in [6, 13].

We expect that, similar to L-mode, this flux is >90% non-ambipolar, i.e. fluctuations mainly
drive radial electron fluxes. This is because the ion temperature is higher in Hfl mode than in
L-mode [13]. Wavenumbers of the fluctuations are also higher in Hfl mode than in L-mode,
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Figure 5. Plots of the cross-bicoherence (equation (1)) and the SCB for the same
discharge as in figure 3 and the same time intervals as in figure 4.

k⊥ = (80–120) m−1, as seen in figures 4(b)–(d). Thus the FLR effect responsible for the non-
ambipolarity of the fluctuation-driven transport should be stronger in Hfl mode (k⊥ρi = (4–6))
than in L-mode (k⊥ρi ≈ 2).

It is clear from figure 6 that the development of instability correlates with a substantial
modulation in the fluctuation-driven radial current and large modulation in the radial electric
field, and perhaps of its shear, since large fluctuations in Er at ∼1 kHz are localized radially.

The evolution of the line-average electron density and of the radial electric field at
r/a ≈ 0.42 across the confinement transition is shown in figure 7. Although Er changes
across the transition, it does not lead with respect to ne. Any significant change in Er is observed
at least 1 ms after ne starts rising. However, the instance when ne starts rising coincides with the
moment when Er reaches its most positive value after more than ten periods of the low-frequency
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Figure 7. Time evolution of the plasma line-average density and the radial
electric field before the bifurcation.

instability at t ∼ 65.3 ms in figure 7. The radial electric field ‘slowly’ (∼2 ms) changes until
ne reaches ∼90% of its new steady level and then bifurcates very quickly to a higher mode
level. Observations that Er never leads ne on the slower timescale during the transition, and that
Er bifurcates to a steady-state level after ne has almost reached its maximum, have also been
confirmed at different radial positions in the range of r/a ≈ 0.4–0.8.

4. Discussion and conclusions

It is found that the onset of fluctuations in H-mode correlates with the formation of the shear in the
radial electric field exceeding a threshold of |E ′

r| ∼ 50 kV m−2. Fluctuations are localized in the
radial region of the largest E ′

r. Such an Er shear is well above the critical E ′
r for the suppression

of the PGD modes observed in L-mode. Also, unlike their L-mode counterparts, fluctuations
in H-mode are only observed in the magnetic configuration with the lowest magnetic shear. It
is reasonable to suggest that the H-mode fluctuations are the radial electric field shear-driven
modes.

The observation of fluctuations in H-mode is not unique to H-1. The ‘recovery’ of
fluctuations in H-mode has been reported in tokamaks, for example, [28, 29]. Properties of
fluctuations in H-mode are found to be somewhat different than in L-mode; they are ‘more
coherent’ and are localized to the strong radial electric field region. The background broadband
turbulence is, however, noticeably reduced compared with the L-mode level [28]. It is possible
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Figure 8. Schematic diagrams of the fluctuation–ZF interaction in (a) low and
(b) high confinement modes.

that the E × B velocity shear-driven instability could develop in the high confinement mode, in
the plasma region where Er shear is strong enough to suppress PGD modes.

The radial electric field shear-driven turbulence has been observed in the edge plasma of
the TEXT tokamak [14] and has been studied analytically [15] and numerically [16]. It has
been shown that the sheared radial electric field drives symmetric (in kr, kθ space) wavenumber
spectra. It has also been found that this turbulence is suppressed by the magnetic shear [15, 16].
Indeed, the ESD instability is not always observed in high Er shear plasma regions if the magnetic
shear is large [30], and it is not observed in the higher magnetic shear conditions in the H-1 heliac.

The ESD and Kelvin–Helmholtz (K–H) instabilities have recently been a focus of a number
of theoretical studies in the context of ZF stability. Unstable K–H modes driven by ZFs have
been suggested as the ZF damping mechanism [31] at low collisionality. In [32], the stability of
ZFs have been modelled for the conditions of the negative magnetic shear tokamak plasma. It has
been found that ZFs driven by the electron temperature gradient (ETG) modes are generated in
the finite magnetic shear regions on both sides around the qmin-surface. These ZFs substantially
reduce the electron thermal transport due to the ETG turbulence. In the region of low magnetic
shear (in the vicinity of the qmin-surface) the K–H modes become unstable and damp ZF. It
has been demonstrated that it is possible to control ZF by changing the magnetic shear, which
strongly affects the stability of the K–H modes.

In the described examples the energy reservoir is the pressure gradient. It drives unstable
drift waves, which generate ZFs through nonlinear mode coupling. This is schematically
illustrated in figure 8(a). ZFs are damped either by collisions or give their energy to K–H
modes. In the experiments reported here, the situation is somewhat different. ZFs are generated
by the unstable ESD modes rather than the PGD modes, since E ′

r sup < E ′
r KH . Here E ′

r sup

is the critical Er shear for the suppression of the PGD modes and E ′
r KH is the threshold Er

shear needed for the ESD mode excitation. After ZFs develop, they modulate the mean radial
electric field and its shear, thus modulating the energy reservoir for the ESD modes. This is
schematically illustrated in figure 8(b).
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ZF generation by the ESD modes discussed in this paper often precedes plasma bifurcations
of the type illustrated in figures 3–7. The flux shown in figure 6(e) Γe,fl ≈ 1019 m−2 s−1 at
t ∼ 50 ms is <10% of the net particle flux estimated from the ionization balance. Considering
that the ion part of this flux is at least ten times lower (see estimates of the non-ambipolarity
above), the ambipolar fraction of the particle-driven flux before the bifurcation is small and it
is difficult to expect that the modifications to the particle transport of the order of 1% of the net
particle flux could lead to a 30% increase in the line-average electron density seen in figure 3(a).
The role of fluctuations in the transition is likely to be due to their effect on the radial electric
field. It is possible that when Er shear reaches some critical value a bifurcation in the neoclassical
transport occurs, as discussed in [12]. In this case, fluctuations may not be responsible for the
bifurcation but rather contribute to the formation of the critical Er shear, E ′

r crit. When E ′
r is

already close to E ′
r crit, the development of ZFs may play the role of a trigger, as discussed

in section 3. However, in some plasma conditions, confinement transitions in H-mode occur
without any active influence of the fluctuations. Various confinement transitions observed in
the H-1 heliac have a common feature: the radial electric field shear is increased across the
transition.

In summary, ZF-like structures are generated in the H-mode plasma in the H-1 heliac after
broadband fluctuations develop. These fluctuations are identified as unstable modes driven by
the shear in the radial electric field. They are observed in the plasma region of the maximum Er

shear in the magnetic configurations with low magnetic shear. ZF-like structures are poloidally
symmetric (kr � kθ

∼= 0 as seen in figure 4) and they are nonlinearly coupled to their parent
fluctuations via three-wave interactions, as seen in figure 5. The development of ZFs is observed
before plasma bifurcations to higher confinement. ZFs appear to be a plausible bifurcation
trigger in such discharges. However, modifications to the fluctuation-driven particle transport
seem to be insufficient for the observed improvement in the particle confinement. More likely,
fluctuations and ZFs influence the radial electric field and its shear and, through it, affect the
confinement. The similarity between ZF structures driven by the PGD modes in L-mode [5] and
the ZFs driven by the ESD mode, described in this paper, may be indicative of the universality
(instability independence) of the ZF formation mechanism.
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