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An overview of recent results related to the physics of
turbulent structure generation and their interactions in
the H-1 heliac is presented. In particular, the role of
zonal flows, or time-varying shear radial electric fields,
in anomalous transport and confinement transitions is
investigated. It is shown that large-scale coherent struc-
tures, including zonal flows, are generated through an
inverse energy cascade from the unstable spectral range.
Once developed, zonal flows affect other turbulent struc-
tures and reduce the particle transport driven by them.
The phase randomization of coherent structures by zonal
flows is shown to be responsible for reducing the anom-
alous transport. Zonal flows are also shown to act as
precursors during spontaneous low-to-high transitions
in H-1.

KEYWORDS: turbulent structures, confinement transitions,
toroidal plasma

I. INTRODUCTION

The physics of confinement transitions has been a
focus of the magnetic fusion community in the last 20
years, since the discovery of the low-to-high~L-H ! tran-
sitions in the ASDEX tokamak.1 Understanding phe-
nomena related to these transitions requires detailed
experimental and theoretical studies into the spatial struc-
ture, dynamics, and interplay between turbulence and
shearedE 3 B flows in the plasma. These flows, both
mean and time varying, play a crucial role in the transi-
tion dynamics and turbulence suppression.2 However,

flow generation mechanisms and interaction with turbu-
lent fluctuations still need to be clarified. Among them
are the generation of zonal flows, or time-varying shear
flows; their interaction with other turbulent structures;
their effect on anomalous transport; and their role in
bifurcation dynamics. These issues have been studied
in the H-1 heliac, and some recent results are reviewed in
this paper.

We report results obtained in the H-1 toroidal heliac,
a three-field-period helical axis stellarator, which has a
major radius ofR51 m and a mean minor radius of about
^a& ' 0.2 m. Experiments are performed at low magnetic
field in the range ofB 5 0.05 to 0.15 T in the plasma
produced by;60 kW of radio-frequency waves at 7 MHz.
Plasma parameters are as follows:ne ; 1 3 1018 m23,
Te ; 10 eV, Ti ; 40 eV in argon at filling pressures of
;3 3 1025 torr. Such plasma parameters make the H-1
plasma dimensionally similar to the edge plasma of larger
toroidal experiments. This similarity and its implication
on the diagnostic opportunities in studying transport bar-
riers are addressed in Sec. IV.

Section II presents new results on the spectral energy
transfer in the turbulence spectra. It is shown that inverse
cascades are responsible for the generation of large struc-
tures in the plasma. The same mechanisms are responsi-
ble for the generation of zonal flows. Zonal flows
subsequently modify the particle transport driven by other
turbulent structures. The details of this effect are de-
scribed in Sec. III. Section IV presents new experimental
results on the temporal evolution of the L-H transition
and discusses the role played by zonal flows.

II. GENERATION OF TURBULENT STRUCTURES VIA
INVERSE SPECTRAL ENERGY CASCADES

Turbulence in toroidal plasmas is characterized by
broadband spectra extending over a broad range of wave
numbers and frequencies. These spectra often have max-
ima at the longest observable scale~the smallest wave
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number! and at low frequencies. Instabilities, which drive
turbulence, are initially localized in a narrow spectral
range, typically not coinciding with the maxima of the
spectra of the turbulence. As unstable fluctuations de-
velop, nonlinear mechanisms lead to spectral broadening
of the unstable range.Among such mechanisms are three-
wave interactions, which lead to the transfer of the spec-
tral energy toward both lower and higher wave numbers.
The former spectral energy transfer is often referred to as
an inverse energy cascade, while the latter is called a
forward cascade. The inverse cascade has long been sus-
pected to be the main mechanism in driving large-scale
structures in toroidal plasma; however, experimental ver-
ification of this hypothesis appeared to be difficult. One
of the main difficulties might have been the inadequacy
of the single-field description of turbulence~Hasegawa-
Mima type model! in the high-temperature toroidal plasma.
This problem can be avoided under certain plasma con-
ditions in the H-1 heliac, as explained in Ref. 3, where
the single-field description has been justified.

The first experimental evidence that the inverse en-
ergy cascade in turbulent spectra is linked to the genera-
tion of large-scale structures in the toroidal plasma is
presented in Ref. 3. Such a condensation of the spectral
energy was theoretically predicted by Hasegawa et al.4 Our
results on the spectral power transfer based on the ex-
tended Ritz model are correlated with this prediction and
also agree with the expected shape of the turbulent spectra.

A technique for a quantitative estimation of the en-
ergy cascading between waves in turbulent plasma was
developed by Ritz et al.5 and later extended by Kim et al.6

This technique is based on an analysis of the wave kinetic
equation describing the evolution of the spectral power
of thek’th spectral component,Pk 5 fk~t !fk

*~t ! ~where

fk is the fluctuating electrostatic potential and asterisk
denotes complex conjugate!:

]Pk

]t
' gk Pk 1 (

k5k11k2

Tk~k1, k2! , ~1!

whereTk~k1, k2! is the nonlinear power transfer function
andgk is the linear growth~or damping! rate. The non-
linear energy transfer function~NETF! is then deter-
mined as

WNL
k ' ~11 k42! (

k5k11k2

Tk~k1, k2! . ~2!

Crossley et al.7 have proposed the “amplitude correla-
tion” technique, which complements the power transfer
function method5 and allows a better spectral resolution
to be achieved, as described in Refs. 3 and 8.

Results of the nonlinear energy transfer computa-
tions are presented in Fig. 1. First, we compare power
spectra of the potential fluctuations and their NETF in
low ~L! and high~H! confinement modes. One of the
differences between these two plasma states is the strongly
sheared radial electric field in H mode, which is corre-
lated with a substantial reduction in the fluctuation level
in this mode. The fluctuation spectrum in L mode in
Fig. 1a shows distinct spectral features in the low-
frequency range,f , 15 kHz, and decaying broadband
turbulence. Among these coherent features in the spec-
trum in Fig. 1a is a zonal flow atf ' 6 kHz, which is
discussed below. After the transition to H mode, fluctu-
ations are suppressed in the entire spectral range except
for f ' 40 kHz. The NETF~Fig. 1b! in L-mode is nega-
tive in the spectral range off 5 15 to 50 kHz, while it is
positive at lower frequencies. This indicates that waves

Fig. 1. ~a! Power spectra of the floating potential fluctuations;~b! nonlinear energy transfer functions;~c! linear growth rates in
L ~solid lines! and H~dotted lines! confinement modes. Spectra in~a! are computed with a frequency resolution of 0.5 kHz,
while in ~b! and~c! the resolution is 4 kHz because of statistical averaging.
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in the higher-frequency range~higherk, as discussed in
Ref. 3! give away spectral energy while the lower-
frequency spectral features on average receive energy
through a three-wave interaction process. Such an in-
verse cascade of energy may be responsible for the gen-
eration of large structures seen as coherent features in the
L-mode spectrum. We define the nonlinear energy flow
into the low-frequency range asWNL

in 5 (k~WNL
k . 0!.

This energy is correlated with the generation of the~quasi-!
coherent turbulent structures as illustrated in Fig. 2
~Ref. 8!, which shows the root-mean-square value of the
potential fluctuations~effectively, the spectral power of
the low-frequency condensate atf , 15 kHz! compared
with WNL

in . When the nonlinear energy transfer into the
spectral condensate becomes sufficiently high, zonal flows
~largest anisotropic structures9! are observed. Spectral
power in the range off , 15 kHz increases with the
increase in the total nonlinear energy flow into this range,
WNL

in . In H mode,WNL
in is low, and no low-frequency struc-

tures are observed. In L-mode, poloidally isotropic co-
herent structures~kr ' ku! develop in a somewhat
intermediate range ofWNL

in . Finally, at highestWNL
in ,

L-mode spectra show zonal flows. More details on zonal
flows in H-1 are given at the end of this section. At this
point, we state that the generation of zonal flows in L-mode
is correlated with the increased energy input into the
condensate through three-wave interactions.

The spectral energy is nonlinearly transferred into
large-scale coherent structures from the spectral range of
f 5 15 to 50 kHz. The linear growth rate is determined
from Eq.~1! and is shown in Fig. 1c. The linear growth
rate exhibits a peak atf ; 25 kHz in the L mode and at
f ; 35 to 40 kHz in H mode. It is natural to assume that
this is the spectral range of the underlying linear insta-
bility driving fluctuations in this plasma. Our previous
work suggested that the unstable fluctuations in H-1 are
due to some kind of pressure-gradient driven instabili-
ty.10 In this case, the computed linear growth rate should

be correlated with the free-energy reservoir for the insta-
bility, namely, with the plasma pressure gradient, which
in H-1 is dominated by the ion component sinceTi . Te

~Ref. 11!. We estimate the ion pressure gradient¹Pi from
the radial force balance equation:

Er ' ~Zi en!21¹Pi 2 Vui Bf 1 Vwi Bu , ~3!

in which the velocity termsVui Bf and Vfi Bu are ne-
glected since ion flow velocities in H-1 are small com-
pared with theE 3 B and the ion diamagnetic drift
velocities, as discussed in Ref. 11. The radial electric
field and the electron density are measured by Langmuir
probes, and the pressure gradient is estimated as¹Pi '
Er Zi en. Figure 3 shows the linear growth rategk of waves
in the range off 5 25 to 35 kHz compared with the
pressure gradient¹Pi . The observed linear relation be-
tweengk and¹Pi supports our expectations that the fluc-
tuations in the unstable range off 5 15 to 50 kHz in
L mode are driven by a pressure-gradient instability.8 We
may speculate that initially the instability develops in a
narrow spectral region that gradually broadens by non-
linear mechanisms until the spectral power accumulates
in the lower-frequency region. The inverse spectral en-
ergy transfer is probably responsible for driving large
coherent structures, including zonal flows. Generation of
zonal flows requires higher levels of nonlinear energy
transfer compared with other structures, as seen in Fig. 2.

Zonal flows are potential structures whose radialkr

and poloidalku wave numbers are such thatkr .. ku ' 0.
In other words, zonal flows are poloidally extended struc-
tures. They can also be considered as time-varying shear
E 3 B flows. These EE 3 B shear flows can be generated
by turbulent Reynolds stress12 or through other mecha-
nisms in which fluctuations drive radial currents, thus
contributing to the poloidal momentum balance equation:

]Vu 0]t 5 2]0]r ~ FVr FVu ! 2 Jr Bu 0~mi n! 2 mVu , ~4!

Fig. 2. Spectral power of the low-frequency coherent struc-
tures in the range off 5 0 to 15 kHz compared with
nonlinear energy transfer into this frequency range.

Fig. 3. Computed linear growth rate of the fluctuations in the
range off 5 25 to 35 kHz compared with the ion pres-
sure gradient in L-mode plasma discharges.
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where

Vu,Vr 5 poloidal and radial flow velocities

Bf 5 toroidal magnetic field

m 5 damping rate of the mean flow.

A radial currentJr can result from the nonambipolarity of
the fluctuation-driven transport,Jr

fl 5 e^ In~ FVer 2 FVir !&, if
the electron and ion radial fluctuating velocities are dif-
ferent, FVer Þ FVir , for example, because of the finite ion
Larmor radius effect. Reference 13 reports that the fluc-
tuations in the H-1 heliac do generate radial currents so
that the second term in the right side of Eq.~4! appears to
be larger than the turbulent Reynolds stress~first term!.
Thus, the nonambipolarity of the fluctuation-driven par-
ticle fluxes could also lead to the generation of a time-
varying radial electric field.

The existence of nonambipolar fluctuation-driven par-
ticle transport in H-1 allows a slightly different interpre-
tation of the zonal flow generation mechanism. This
alternative interpretation is particularly useful in situa-
tions where, as in H-1, the ion velocity terms in the radial
force balance, Eq.~3!, are small compared withEr and
~Zi en!21¹Pi as mentioned above. We rewrite the Pois-
son’s equation to separate radial currents in the plasma
according to their dependence onEr :

«0«4
]Er

]t
5 q(

k

~Ge
k 2 Gi

k!

5 Jr
fl ~Er ! 1 Jr ~Er ! 1 Jr ~others! , ~5!

whereJr
fl ~Er ! is the fraction of the radial current driven

by the nonambipolar fluctuation-induced particle trans-
port andJr ~Er ! relates to other currents in the plasma that
are functions ofEr ~e.g., neoclassical return current!.
Equation~5! appears to be structurally similar to Eq.~4!
used to describe the mode coupling during zonal flow
generation~see Ref. 14!. TheJr

fl ~Er ! term can be con-
sidered as the growth term, whileJr ~Er ! is analogous to
the dampingmVu term in the poloidal momentum bal-
ance, Eq.~4!.

It should be noted that the above interpretation of the
fluctuation-driven radial current being a driving force for
zonal flow generation is in agreement with the original
interpretation of the Reynolds stress as a radial current,
as discussed in Ref. 12.

Zonal flows are usually considered as purely poten-
tial structures; in other words, oscillations at the zonal
flow frequency are expected only in the potential field
with very little or no response in the density fluctuations,
as noted in Ref. 15. This, however, may depend on the
coupling between EEr , the ion pressure, and the ion flows
according to Eq.~3!. If Er ' ~Zi en!21¹Pi , as is observed
in H-1 ~Ref. 11!, then the zonal-flow-driven oscillations
in EEr may be balanced by the fluctuations in the ion
pressure term:~Zi e In!21¹~ InTi !. In this case, zonal flows

may be observed in the density field as well as in the
potential field. This is the case in H-1~Ref. 3! and could
also be the case in DIII-D~Ref. 16!, where the zonal flow
signatures were observed in the density fluctuations.

The identification of zonal flows as poloidally ex-
tended structures in the H-1 heliac is described in~Ref. 9!.
These structures play an important role in locally con-
trolling the anomalous particle transport driven by the
finite-ku structures, as shown in Sec. II.

Another comment should be made with regard to the
frequency of zonal flows that are nonlinearly generated
by broadband turbulence through three-wave inter-
actions in the inverse energy cascade process discussed
above. For obvious reasons, computations of the three-
wave interactions are performed in the frequency rather
than in the wave number domain. In this case, waves
participating in the three-wave interactions satisfy fre-
quency matching rulesf 5 f1 2 f2. Strictly speaking, this
can be justified only if the linear dispersion@lineark~v!
dependence# is confirmed experimentally so that the above
frequency matching rule also holds for the wave num-
bers,k 5 k1 2 k2. It has been demonstrated experimen-
tally8 in H-1 that the poloidal wave numbersku do have
a linear trend withf. One could conclude that a zonal
flow characterized by a very smallku should have a nearly
zero frequency. However, zonal flows observed in H-1
have finite frequencies, as shown in Fig. 1a and in Refs. 3,
9, and 17. For most turbulent spectral features, their po-
loidalku and radialkr wave number components are much
greater than their parallelk5, so thatk ' !ku

2 1 kr
2 and

ku ' kr . For a zonal flow,kr .. ku ' 0, so that the full
wave number is not zero andk ' kr . In this case, the
zonal flow may have a finite frequency iff is linearly
proportional tok ~not toku!.

III. SUPPRESSION OF FLUCTUATION-DRIVEN
TRANSPORT BY ZONAL FLOWS

Interaction between flows and turbulent structures is
the central point of the turbulence self-regulation con-
cept that is being developed with regard to magnetized
plasmas. Both mean~time-averaged! and the time-
varying shear flows can affect their parent waves and
modify the turbulent transport.2 Zonal flows have been
observed in H-1~Ref. 9! and in the DIII-D tokamak.18

The first experimental results showing that zonal flows
greatly reduce turbulent fluxes and also change the sta-
tistical properties of large coherent fluctuations through
randomization of their phases are presented in Ref. 17.
This transport reduction occurs without a reduction in
the fluctuation amplitude. The randomization of coher-
ent structure phases occurs through stochastic Doppler
shifts in the presence of noncoherent zonal flows.

Zonal flows havingkr .. ku ' 0 have been observed
in L-mode plasma. These finite-frequency~ fZF 5 2 to 6
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kHz! zonal flows, which are generated nonlinearly from
the broadband turbulence via three-wave interactions in
the inverse cascade process, are described in Sec. II.

Zonal flows are not the only structures present in the
spectrum of the plasma electrostatic potential in the L
mode. Strong coherent features withku ' kr Þ 0, also
generated nonlinearly by the broadband turbulence, pro-
duce a substantial particle flux that affects the plasma
confinement.10

Radial profiles of the electron density and its fluc-
tuations are shown in Fig. 4a. Profiles of the fluctuation-
driven flux, Gfl 5 ^ In FVr & 5 ^ In EEu&0Bt ~Bt is the toroidal
magnetic field!, and the relative level of the fluctuations
in the radial electric field due to the zonal flow atf 5
6 kHz,RMS@ EEr ~ f 5 6 kHz!#0^Er & are shown in Fig. 4b.
A remarkable correlation between the maximum in the
zonal flow and the minimum inGfl , seen in Fig. 4b, is
amplified by the fact that the reduction inGfl is not due to
a reduction in the fluctuation level but rather to the re-
duced correlation betweenIne and EEu. The structure of the
time-resolved fluxes is illustrated in Figs. 5a and 5b for
two radial positions of Fig. 4, namely,r0a 5 0.68 and
r0a 5 0.37, corresponding to the minimum and maxi-
mum of the zonal flow intensity. In the absence of the
zonal flow, atr0a5 0.68~Fig. 5a!, the flux is dominated
by positive ~outward! bursts; however, with the zonal
flow, maximum positive and negative bursts nearly bal-
ance each other, resulting in a zero time-averaged flux
~Fig. 5b!. The probability distribution functions of these
fluxes are significantly modified; particularly, the skew-
ness~third-order statistical moment! of the flux becomes
considerably reduced in the presence of zonal flow.

Zonal flows randomize phases of large coherent struc-
tures responsible for large anomalous transport in H-1, as
discussed in Ref. 17. The velocity of the poloidally prop-
agating coherent structures is Doppler shifted by the lower-
frequency zonal flow, so that the fluctuating poloidal
electric field is expressed as

EEuk 5 Euk sinFSvk 1 ku

EEr ~V!

Bt
D tG ,

whereV is the frequency of the zonal flow seen as a
time-varying radial electric field. In practice, zonal flows
are not ideally coherent, and their spectrum has finite
width. This Doppler shift randomizes the phase of the
propagating potential structures, which leads to substan-
tial modifications in the statistical properties of the fluc-
tuations.17 The autocorrelation functions of the fluxes are
also modified, as seen in Figs. 5c and 5d. The important
result in the context of transport barrier formation is that
zonal flows can locally suppress turbulent transport be-
fore fluctuations are suppressed. The fluctuation-driven
particle flux is defined in the frequency domain as

Gf l 5
2

B
E

0

`

@Pn PE #102 3 6gnE 63 cos@anE# 3 dv ,

where

0 # 6gnE6 # 1

anE 5 coherence and phase shift betweenIne and
EEu, correspondingly

Pn, PE 5 autopower spectral densities of the fluc-
tuations.

This equation shows that the particle flux can be reduced
by suppressing the turbulence~Pn andPE reduction!, by
decorrelating density and potential fluctuations~gnE r
0!, or by changing the relative phaseanE between them.
Phase randomization in eitherIneand EEu, or in both, should
result in the decrease of the time-averaged coherencegnE

between these fluctuations and may also change the cross
phaseanE. This would affect the fluctuation-driven par-
ticle flux without suppressing the fluctuations, as has
been observed in the H-1 experiments.17

Fig. 4. Radial profiles of~a! the electron density and the root-mean-square level of its fluctuations and~b! the normalized level
of the zonal-flow-driven fluctuations in the radial electric field,RMS@ EEr ~ f 5 6 kHz!#0^Er &, and of the fluctuation-driven
particle flux,Gfl 5 ^ In EEu&0Bt .

Shats et al. SPECTRAL ENERGY TRANSFER AND ZONAL FLOWS IN ITB FORMATION

FUSION SCIENCE AND TECHNOLOGY VOL. 46 SEP. 2004 283



The formation of transport barriers due to the phase
randomization of the turbulent fluctuations has also re-
cently been found in test-particle simulations of turbu-
lent transport.19

IV. THE ROLE OF ZONAL FLOWS IN CONFINEMENT
BIFURCATIONS IN H-1

Sudden changes in the particle confinement ob-
served in the H-1 heliac plasma20,21show many features
similar to the L-H transitions in tokamaks, such as a
dramatic improvement in the energy and particle con-
finement, steeper plasma pressure profiles in H mode, an
increase in the radial electric field shear across the tran-
sition, and suppression of fluctuations and of the associ-
ated anomalous transport.

Similarities between processes in H-1 and in much
larger tokamaks can be understood within a concept of
dimensionally similar plasmas proposed by Kadomtsev22

and developed by Connor and Taylor.23 The concept has
been used extensively with regard to both tokamaks and
stellarators to develop and justify the transport scaling
laws capable of predicting plasma confinement in larger
fusion-relevant experiments. Plasmas are referred to as
dimensionally similar if several essential nondimen-
sional parameters are the same. In light of this concept, a
sizable radial region of the low-temperature plasma in
H-1 can be considered as dimensionally similar to the
narrow region in the tokamak edge plasma where the
transport barrier forms during the L-H transition.

The pedestal width in H-1 is aboutDr 5 0.06 m or
Dr 5 Dr0a ; 0.3, while, for example, in the DIII-D
tokamak,24 this corresponds toDr # 0.015 m andDr #

0.05. Several nondimensional parameters are similar in
the pedestal regions of DIII-D and H-1. The ion gyro-
radius normalized by the density scale length,r*5ri 0Ln

~whereLn 5 ne0¹ne!, is r* ' 0.5 in both machines. The
relative collisionalityn*, defined as the ratio of the ef-
fective collision ratenei

eff to the bounce frequencyvbe of
the magnetically trapped particles, is aboutn* ' 1 in
both H-1 and DIII-D at the pedestal. The ratio of the
plasma pressure to the magnetic pressure isb ' 0.01 at
the pedestal in both experiments. The ranges for all three
of the above nondimensional parameters coincide or sub-
stantially overlap in both the H-1 confinement region and
the DIII-D edge plasmas. In addition, the presence of
neutral particles plays an important role at both the DIII-D
edge plasma and the partially ionized plasma in the H-1
heliac.

In H-1, the large ion gyroradius in argon discharges
at low magnetic fields and relatively high ion tempera-
ture ~Ti ' 30 eV . Te ' 8 eV! is responsible for the
unusually large value ofr*. As a result, processes that
occur in a narrow~Dr ; 15 mm! radial region in toka-
maks are scaled to the confinement region~Dr ; 60 mm!
in H-1, allowing additional diagnostic opportunities for
studying the particle transport in H-1 during confine-
ment transitions.

An example of the L-H transition in H-1 under plasma
conditions similar to those discussed earlier is shown in
Fig. 6a. The electron density doubles across the transi-
tion from the L to H mode. Before the transition, strong
low-frequency oscillations are observed. TheIne spec-
trum is dominated by a strong component at the zonal
flow frequency at;6 kHz. This oscillation is present in
both the density and the local radial electric field. Poten-
tial fluctuations at this frequency are characterized by

Fig. 5. Time-resolved fluctuation-driven particle fluxesGfl and their autocorrelation functions measured in the radial regions
corresponding to the~a! and~c! minimum and~b! and~d! maximum of the zonal flow atr0a 5 0.68 and atr0a 5 0.37,
correspondingly.
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ku ' 0, which has been measured by two poloidally sep-
arated probes, andEEr fluctuations measured by radially
separated probes. These localEEr fluctuations at the zonal
flow frequency are well correlated with the fluctuations
in the local density gradient measured at the same radial
location ofr0a' 0.5. This is illustrated in Fig. 6b, where
fluctuations inEr and in the gradient of the ion saturation
current¹Is ~two radially separated probes,Is ; ne! os-
cillate in phase, as one would expect from Eq.~3!, con-
sidering that the fluctuating ion velocities are small13

and assuming that the ion temperature fluctuations are
small.

Low-frequency oscillations in the electron density
that have poloidal and toroidal mode numbersm5 n5 0
and that precede the L-H transitions had been observed25

in H-1 though they were not then associated with zonal
flows. Colchin et al.26 referred to similar oscillations
observed in the DIII-D experiment as an intermediate
confinement regime~I mode! between L and H modes
and associated them with self-generated shear flows,
though no experimental proof of the zonal flow in I mode
was given. Similar dynamics were discovered in a theo-
retical model27 convincingly illustrating the role of the
main elements in the transition, namely, zonal flows,
meanE 3 B flows, and the ion pressure gradient. It was
demonstrated in Ref. 27 that plasma parameters oscillate
at the zonal flow frequency just before the L-H transi-
tion, similar to our observation in Fig.6b.

The role of zonal flows in the temporal dynamics of
the L-H transitions was also confirmed indirectly in

Refs. 14 and 28. The nonlinear coupling between small-
scale and larger-scale lower-frequency fluctuations was
found to increase transiently before and during sponta-
neous L-H transitions in the DIII-D tokamak.28 It was
argued that such an increase was consistent with expec-
tations for a transient Reynolds stress-driven zonal flow
triggering the L-H transition.

Our results confirm for the first time that low-
frequency oscillations in the plasma density and in the
radial electric field, which precede the L-H transitions,
are due to the development of strong zonal flows in the
plasma. It should be noted that the role of zonal flow as
an important factor in the L-H transition dynamics has
been confirmed only duringspontaneousL-H transitions
in H-1 and in DIII-D ~Refs. 26 and 28!. When plasma is
sufficiently close to the bifurcation point, zonal flows
develop and may act as a transition trigger by increasing
the sheared radial electric field above the threshold. If
transitions are induced, for example, by external elec-
trode biasing or a sudden increase in heating power, the
plasma may skip the zonal flow development stage dur-
ing its transition to the H mode.

V. SUMMARY

Results presented in this overview can be summa-
rized as follows:

1. Pressure-gradient-driven instability drives fluctu-
ations in the unstable range.

2. Inverse and forward energy cascades generate
broadband turbulence and drive large coherent structures
that produce anomalous particle transport.

3. Zonal flows are generated at sufficiently high non-
linear energy transfer from smaller-scale to larger-scale
fluctuations in turbulent spectra.

4. Zonal flow affects phases of other structures and
thus locally suppresses anomalous transport.

5. Amode of confinement, intermediate between low
and high~I mode! is observed when zonal flows develop
in L mode prior to spontaneous L-H transitions.

6. Zonal flows in I mode generate oscillations of the
plasma parameters at the zonal flow frequency and may
act as a trigger for the L-H transition.
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