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Abstract. Experiments with ECRH performed during 1998-2000 are presented. An operating regime with an
edge transport barrier, interpreted as the H-mode, has been studied with both on-axis and off-axis ECRH.
Experimental data imply formation of an internal transport barrier simultaneously with the external transport
barrier in the case of off-axis ECRH. Strong evolution of plasma potential in the regions of the external and
internal transport barriers has been observed using Heavy Ion Beam Probe diagnostics. The mode of improved
confinement with peaked density profiles and increased ion temperature has been observed after pellet injection
into ECRH heated plasmas. Experimental study of q(r) profile control by ECCD has been performed.
Instabilities, identified as the neoclassical tearing modes, have been found to limit beta in the regimes with a
high fraction of bootstrap current. The dependence of the critical β on the q(r) profile has been observed. A
systematic study of plasma turbulence has been started using Correlation Reflectometry diagnostics.

1. Introduction

Experiments with ECRH/ECCD in T-10 performed during the period 1998-2000 are
presented. T-10 is a tokamak with circular cross-section (at the present time with BT≤3T and
Ip≤0.5 MA, R=1.5 m, a=0.3 m) that started its operations in 1975. ECRH is the sole auxiliary
heating method in T-10.

At present, the ECRH system [1], which consists of four gyrotrons (140 GHz, the second
harmonic of EC frequency), provides up to 1.4 MW of injected power with a pulse length up
to 0.4 s. The power is injected from the low magnetic field side in the extraordinary mode.
Power injection at a toroidal angle of 21° to the major radius is used for ECCD. The
orientation of the launching mirrors, which determines the injection angle, is fixed. Each
gyrotron is equipped with a polarizer that allows injection of the elliptically polarized wave.

The characteristic feature of the T-10 tokamak is the pure electron heating provided by the
ECRH system. An advantage of ECRH is its excellent localization. The half-width of the
power absorption profile in the conditions of the experiments is about 10% of the minor
radius. The cut-off electron density is ne=7×1019m-3 in the conditions of oblique injection
(from ray tracing calculations). This allows us to use ECRH without appreciable refraction
with densities close to the Greenwald limit under qa≥4. Power densities up to 8 W/cm3 have
been achieved in the core region. The density of power transferred from electrons to ions in
the plasma core is much lower (by more than order of magnitude) than ECRH power density,
which results in Te(0)/Ti(0)~4-8>>1. The ECRH system allows us to drive the current up to
70 kA with an efficiency close to that predicted by the TORAY code (up to
ηCD=Ipne20R/PECRH=0.013A/Wm2 in the conditions of T-10) [2].

Thus, a wide range of actual physical problems can be studied applying ECRH in T-10
experiments: The pure electron heating allows us to perform confinement studies in the
conditions of hot electron component. Highly localized ECRH and ECCD make possible the
control of MHD instabilities by the influence on the local parameters in the vicinity of a
rational surface. A wide range of q(r) profiles in steady state, including ″advanced″



configurations with reversed magnetic shear (RMS), can be produced using ECCD [3]. This
allows confinement and MHD stability studies in the conditions of different q(r)
configurations. Thus, some experiments performed in 1990-1997 were aimed at investigation
of ECCD physics [2,4], stabilization of sawtooth oscillations and tearing modes by
ECRH/ECCD [5,6,7], and the physics of the density limit in plasmas with ECRH [8,9,10].
The main experiments with ECRH over the period 1998-2000 were aimed at the search for
and investigation of modes of improved confinement under the conditions of hot electron
component (Te>>Ti) and investigation of MHD stability in the regimes with a high fraction of
bootstrap current. It is worth mentioning the Heavy Ion Beam Probe diagnostics (HIBP) and
Correlation Reflectometry diagnostics as the tools used to study the nature of transport and of
physical processes leading to the transition to improved confinement regimes.

2. Regimes with the features of H-mode

Regimes with a spontaneous increase of stored energy that follows a sudden drop of Dα

emission have been observed under ECRH [11, 12]. This is believed to be the same
phenomenon as the H-mode. Strong evolution of plasma potential [13] and significant
changes in plasma turbulence have been observed in the region of the external transport
barrier in these regimes. A difference in Te(r) profile evolution after the Dα drop under on-
axis and off-axis ECRH has been observed. Experimental data imply formation of an internal
transport barrier simultaneously with the external transport barrier in the case of off-axis
ECRH [12].

In the case of on-axis ECRH the transition to the regime that has the features of the H-mode
(further - the L-H transition) is characterized by a sudden drop of Dα emission together with
the start of the increase of the electron density, en  (FIG.1). Both relatively ″fast″ (with the

timescale of the Dα drop ~10 ms) and ″slow″ (~100 ms) transitions have been observed. An
increase of the electron density (in spite of the switch-off of the gas puffing) starts together
with the Dα drop. The density increase is accompanied by an increase of the density gradient
near the limiter (FIG.2). This allows us to suppose formation of the edge transport barrier.
The energy confinement time increases by a factor of ≤1.7. Fast L-H-L-like transitions have
been observed from the Dα emission in some of the shots at the beginning of the increase of
the stored energy. So far ELMs have not been observed in these regimes. The increase of the
stored energy is associated mainly with the improvement of the particle confinement in the
regimes with on-axis ECRH. The electron temperature profile changes insignificantly in this
case. We note that in the conditions of T-10 plasmas with ECRH, when electron transport
losses dominate, the energy confinement increases linearly with density [14]. Thus, the
confinement in the H-mode-like regime  was found to be close to that in the T-10 L-mode at
the same density. The value of the threshold power for the transition (around 0.6 MW) was

found to be consistent with ITER scaling [15] 81.058.082.0
T
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The evolution of the radial distribution of plasma potential in the outer part of the plasma
column (ρ=r/a≥0.4) during the L-H transitions was measured by HIBP [16]. The evolution of
the potential profile was measured by periodic (50 Hz) radial scans. The time interval between
the potential profiles was 20 ms, the scanning time 4-7ms. The evolution of the plasma
potential during and after L-H transition with a ″slow″ Dα drop is shown in FIG.3. A gradual
decrease of plasma potential occurs near the limiter during the Dα drop that corresponds to
negative (directed inward) changes of the radial electric field. During the Dα drop the
″potential well″ is formed, but finally in some of the shots the distribution of the potential
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FIG. 2. Density profiles before and after the L-H
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FIG. 1. Waveforms of en , βp+li/2, βp

(diamagnetic measurements), IDα , Te(14 cm) and
radiation losses Prad. The broken line marks the
start of the transition.
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FIG. 3. Evolution of plasma potential during the

en  increase (see FIG. 1).

becomes monotonic. A narrow region (~1-2 cm) near the limiter with a strong drop of plasma
potential (with ∆ϕ≈300÷400 V) is formed during the transition phase. The Dα intensity drop
and the potential decrease starts simultaneously (within the accuracy of the measurements).
We note that the observed evolution of the plasma potential is similar to the potential change
during the L-H transition observed in JFT-2M using the HIBP diagnostic [17]. A decrease of
Te and plasma potential in the SOL during L-H transition has been observed in T-10 by the
Langmuir probes [18].

In the case of off-axis ECRH the power was absorbed in the region around ρ≈0.6. Unlike the
regimes with on-axis ECRH, besides the en  increase, a considerable increase in Te in the
plasma core (up to 30%) has been observed after the L-H transition (FIG.4). Thus, a
considerable contribution of Te to the increase of the stored energy occurs. The increased Te

gradient near ρ~0.6 has been observed after the L-H transition (FIG.4,(a)). According to
estimations ion energy confinement time increases by up to a factor of 1.5. Evolution of
plasma potential similar to that one observed in the edge during the L-H transition has been
observed in the region of the increased Te gradient (FIG.4,(b)). At first, a transient negative
″potential well″ is formed. Later the well is transformed to the distribution of potential with a



decrease near ρ~0.5. These features indicate the formation of an internal transport barrier
together with the edge transport barrier in those shots.
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FIG. 4. (a) Electron temperature profiles before
and after ITB formation, measured by Thomson
scattering and ECE diagnostics.
(b) profiles of plasma potential before (1), during
(2) and after (3) ITB formation.
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FIG. 5. Plasma turbulence evolution during L-H
transition.

Plasma turbulence was investigated with the ordinary mode Correlation Reflectometry [19] in
the regimes with the L-H transitions. According to the measurements, the amplitude of high
frequency (>200 kHz) plasma turbulence decreases in the region of the edge transport barrier
(r≥28.5 cm) with almost unchanged low frequency turbulence (FIG.5). ″Quasi-coherent″
fluctuations disappear after the Dα drop. Thus, the transition from the characteristic ″core″
turbulence spectrum to the SOL-like one occurs in the barrier region due to the reduction of
the high frequency turbulence and disappearance of the ″quasi-coherent″ turbulence. (For a
discussion on the types of fluctuations in the turbulence spectra, see Section 7.) Furthermore,
the reduction of both radial and poloidal correlation length of the turbulence has been
observed in the edge barrier region in H-mode (by a factor of ≈5), which is possibly
responsible for the local decrease of transport. At the same time, an increase of the poloidal
correlation length in the SOL region has been observed. The amplitude and the spectra of the
plasma turbulence remain almost unchanged in the inner region.

The leading hypothesis for explanation of the L-H transition is E×B shear suppression of the
turbulence that dominates the transport. We have observed the potential evolution together
with the significant changes in plasma turbulence in the experiments. It is consistent with this
general point of view. However, the physical processes leading to evolution of the Er required
for the transition are not quite clear yet. We have not observed an evolution of the plasma
potential prior to the L-H transition within the accuracy of the measurements. A gradual
decrease of the plasma potential together with a smooth turbulence reduction in the case of a
″slow″ Dα intensity drop allows us to suppose the partial suppression of the turbulence that
dominates the transport in this case. The nature of the increased Te gradient in the regimes
with off-axis ECRH is not quite clear yet. However, changes of plasma potential similar to



that observed in the plasma edge could increase the E×B shearing rate that suppresses the
turbulence and this could lead to the formation of the internal transport barrier.

3. Regime with improved confinement produced by deuterium pellet injection into an
ECRH plasma

The transition to the regime with enhanced confinement (the pellet enhanced confinement
(PEC) mode) after injection of a deuterium pellet into an ECRH plasma has been observed
[20]. This mode is characterized by a peaked ne(r) profile and increased Ti. The global energy
confinement time (τE) is restored to its ohmic value with the available PECRH in the best shots.
The experiments have been performed in the regimes with qa≈2.5-3.5, en ≈(3-4)×1019 m-3 and
absorbed power (Pab) up to 0.7 MW.
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FIG. 7. The ne(r) profiles in OH, before and after
the transition (see arrows in FIG. 6).
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FIG. 6. Waveforms of en , Te(0), Ti(0) (from

charge exchange and from neutron rate), τE, and
radiation losses Prad.
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FIG. 8. Zeff profiles in OH, before and after the
transition.

The transition to the PEC mode occurs after the pellet injection. After an abrupt density
increase due to the injected pellet, the line averaged electron density relaxes slowly to its pre-
injection value (FIG.6), but the density profile remains peaked up to the end of the ECRH
pulse (FIG.7) (for a period of 6-10τE). The density peaking factor increases from
ne(0)/<ne>=1.2 before the pellet injection to ne(0)/<ne>=1.8 after the injection. Central Ti

increases by ≈30%. The electron temperature after the abrupt drop due to the pellet injection



increases to a value that is lower by ≈20-30% than the pre-injection value. The profile of the
electron temperature remains almost unchanged. The profile of Zeff, estimated using the
visible continuum data, is flat before the pellet injection. The value of Zeff decreases in the
plasma core and increases in the outer region after the pellet injection (FIG.8). The radiation
losses increase by 30% and Prad/Ptot attains the value of 0.4. (Prad increases in the plasma
periphery but decreases in the plasma core.)

According to Dα spectroscopy measurements an injected pellet is completely ablated in the
outer part of the plasma (ρ≥0.7). A surprising feature is the timescale of the density and
temperature cold pulse propagation into the plasma core. The temperature drop on a timescale
of 0.1 ms was observed almost simultaneously in all ECE channels. Simultaneously with the
Te drop a density increase over the plasma column with a timescale of 0.1 ms has been
observed. This timescale is two orders of magnitude lower than that expected from the
diffusion coefficients. The transition occurs only in the shots with fast propagation of the cold
pulse up to the plasma center. If the transition to the PEC mode does not occur, the profile of
ne(r) becomes peaked but relaxes to the pre-injection state after the pellet injection (on a
timescale ~100 ms). This occurs in OH, in the case of insufficient ECRH power or in the case
of insufficient size of a pellet.

An outstanding feature of this regime is the restoration of the ohmic confinement in the
plasmas with ECRH (with the available PECRH) that is sustained without signs of deterioration
up to the end of the ECRH pulse (FIG.6). The energy confinement time τE in this improved
mode increases with respect to τE without pellet injection by a factor of 1.6. A peaked ne(r)
profile indicates increased particle confinement time τp in this regime.

It is worth noting some common features of the transition to the PEC mode in T-10 and the
transition from L to RI-mode in TEXTOR [21]. The enhanced particle confinement results in
significant peaking of the ne(r) profile. Prad/Ptot increases due to the increase of Prad in the
plasma periphery. The value of Zeff(r) increases towards the plasma edge. The global energy
confinement time increases considerably after the transition. Thus, some common
mechanisms of confinement improvement in the observed regime and in RI mode could be
supposed. The transition to the RI-mode in TEXTOR and the transition to the mode of
improved confinement in our experiments have been satisfactorily described by the same
model [22]. We note, that unlike the case of the transition into the RI-mode, the electron
channel dominates the transport before pellet injection and τE has the same en  dependence in
T-10 as in the RI-mode. Further experimental and computational studies are required for
understanding of the physical mechanisms leading to the transition and of the properties of the
observed regime.

4. Studies of beta limitation by Neoclassical Tearing Modes

The limitation of the maximum achievable beta at a value well below the predictions of ideal
MHD theory has been observed in T-10. Soft beta limits have been observed in plasmas with
ECRH with high qL (≈6-10). A significant fraction of bootstrap current (up to 50%) can be
obtained in these regimes with high βp (up to 2.5) and high li values (up to 2). The instabilities
that are responsible for beta limitation in these experiments have been interpreted as
Neoclassical Tearing Modes (NTMs) [23].



The β increase can be terminated by destabilization of the (3,2) or (2,1) mode. Waveforms of
the shot suffered from destabilization of the (3,2) mode that terminates the smooth β increase,
and later suffered from destabilization of the (2,1) mode, are shown in FIG.9. (A slow en

increase during the ECRH pulse results in a β increase due to the linear dependence of τE on

en  in T-10 L-mode plasmas.) The mode onset results in a smooth degradation of confinement
(with a decrease of the stored energy by up to 30%).
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The following features of the mode destabilization are consistent with NTM theory. The
maximum achievable beta was limited at values well below the ideal limits. SXR oscillations
observed after a soft β limit event have the characteristics of an island rotation. The stability
analyses show that the development of a mode cannot be explained by evolution of the
standard tearing mode stability parameter ∆0′. The characteristic hysteresis effect [24] has
been observed in T-10. Once destabilized, the mode persists throughout the discharge, in spite
of the decrease of ECRH power to the value before the mode onset. We have found that a
trigger (sawtooth) is always required for onset of the (3,2) mode.



As follows from FIG.10 (the diagram is from Ref. [25]), the critical βN in T-10 is well below
the βN values required for MHD onset in other devices with similar νe

*. We suppose that the
main reason for this is that the beta limits have been obtained in the regimes with high qa and
high βp. (The bootstrap current fraction sufficient for NTM onset could be obtained even with
low βN values in these regimes.) The critical β was found to be almost independent of νe

* in
T-10 experiments (FIG.10). This effect could be explained in the framework of ion
polarization current model. (Within this model, critical β depends on the factor g(ε,νii), which
can be almost independent of collisionality if it is sufficiently low.) We note that the ρ* value
does not change appreciably in the T-10 experiments, thus any dependence of critical β on ρ*
has not been studied.

The experiment for clarifying the role of the sawtooth oscillations in NTM triggering in T-10
conditions has been performed. Off-axis co-ECCD has been applied for sawtooth suppression
[26] in order to compare NTM thresholds with and without sawtooth oscillations. As is shown
in FIG.11, the critical βp is almost independent of the presence of sawtooth oscillations. It was
found that either the (3,2) or the (2,1) mode can determine a soft beta limit event in the case
of almost identical sawtoothing shots (as in the shots with sawteeth in FIG.11). However, in
all the shots with sawteeth suppressed (under off-axis co-ECCD or on-axis counter-ECCD),
the (2,1) mode determines a soft beta limit event. We suppose, that an evolution of ∆0′ during
the ECRH pulse results in the formation of the seed island that is required for an NTM onset
in the case without sawteeth. (According to stability calculations, ∆0′ for the (2,1) mode is
usually marginal for the conditions of the experiments.) The ∆0′ parameter was found to be
always negative for the (3,2) mode, thus a sawtooth trigger is required for the mode onset.
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The dependence of the critical β on the q(r) profile has been studied in the T-10 experiments.
A wide spectrum of q(r) profiles with a range of qmin from ≤1 to ≈2.5 can be produced
applying ECCD in the current flat-top [3]. Fig. 12 shows typical profiles of q(r) for shots with
on-axis co-ECCD (profile A) and on-axis counter-ECCD (profiles B,C for different power
levels). (The q(r) profiles have been calculated by the ASTRA code [27] using the profile of
the driven current from the TORAY code [28].) The value of βp at MHD onset is
systematically lower for the shots with on-axis counter-ECCD (qmin around 1.3) than in the
shots with on-axis co ECCD (qmin≤1) (FIG.13). The shots with higher values of qmin (≥1.5)
usually have two q=2 surfaces and MHD activity in these shots (which can be associated with
double-tearing stability [3]) differs strongly from that one observed in a soft beta-limit event.



We do not take these shots into consideration. The shots with counter-ECCD without MHD
(FIG.13) usually have qmin close to unity due to the higher values of en  (lower ECCD

efficiency). According to the calculations, the value of ∆0′ is higher for the shots with qmin

around 1.3 than for the shots with qmin close to unity. We suppose that the observed difference
of critical β for the regimes with co- and counter-ECCD can originate from a difference in
∆0′. (According to NTM theory critical β can depend on the ∆0′ value.)

5. Investigation of plasma turbulence by Correlation Reflectometry

Studies of small-scale density fluctuations have been performed by the ordinary mode
heterodyne correlation reflectometry [19]. It uses the reflection of the ordinary mode from the
reflection layer where the plasma frequency is equal to the frequency of the incident wave.
The method combines the advantages of high sensitivity to density fluctuations with
availability of poloidal, radial and long distance toroidal correlation measurements. The
correlation measurements are provided by two antenna arrays with a wide range of launching
wave frequencies corresponding to cut-off densities of (0.8-8)×1019m-3. The amplitude and the
phase of the reflected wave have been measured using a sin-cosin detector in complex form or
separately with a sampling rate up to 1 MHz (up to 8 reflectometry channels are available).
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The features of the plasma turbulence have been found to be qualitatively similar in OH, L
and H-like modes. The results of poloidal cross-correlation analyses for three characteristic of
plasma regions are shown in FIG.14: for the central part of the plasma column in (a), for the
region outside rq=2  in (b) and for the SOL in (c). The amplitude spectrum of a channel, the
cross-phase and the coherency spectra between two channels are shown from top to bottom
for each reflection region. The main features of the turbulence are the same across the plasma
column (except the SOL region). The spectra shown in FIG.14,(a) and (b) have a common



appearance that is characterized by the ″quasi-coherent″ (QC) maxima near ±100 kHz, a low
frequency (LF) maximum in the region of zero frequency and ″broad band″ fluctuations
(shown by the dashed lines). According to Refs. [29, 30], a single instability could be a
possible source of QC and ″broad band″ types of fluctuations. The possible role of these two
types of fluctuations in the genesis of the LF fluctuations is under investigation. The phase
velocity of LF turbulence, which is characterized by the slope of the cross-phase, differs
across the plasma column (see FIG.14). LF fluctuations are fixed in laboratory frame in the
central region (FIG.14,(a)), while in the outer region (FIG.14,(b)) they rotate in the ion
diamagnetic direction. QC fluctuations rotate in all cases in the electron diamagnetic drift
direction. Thus, the opposite rotation directions of LF and QC turbulence types in the plasma
periphery were observed (FIG.14,(b)). The experiments for investigation of turbulence
rotation relative to the plasma rotation are in progress now. It was shown earlier [31] that the
rotation of QC fluctuations is close to the plasma rotation in the T-10 plasma core. The SOL
turbulence (FIG.14,(c)) has a single component structure that is similar to that one measured
by the Langmuir probes [32, 33]. It is concluded that the plasma turbulence in OH, L and H-
like mode plasmas has qualitatively the same features across the plasma column, which differ
from the features of the SOL turbulence.

6. Conclusion

The main results of the experiments with ECRH in T-10 over the period 1998-2000 are:

• The H-mode-like regimes have been studied with both on-axis and off-axis ECRH.
Experimental data indicate formation of internal transport barrier simultaneously with the
external transport barrier in the case of off-axis ECRH. The physical mechanisms of the
transport barriers formation have been studied using Heavy Ion Beam Probe and
Correlation Reflectometry diagnostics.

• The regime of improved confinement has been obtained using deuterium pellet injection
into the plasma with ECRH. The regime is characterized by restoration of the ohmic
confinement, that can be sustained up to the end of the ECRH pulse without degradation.

• Neoclassical Tearing Modes have been found to limit the beta value in high βp regimes. A
study of the dependence of critical β on plasma parameters in a wide range of operating
regimes has been performed. The dependence of the critical β on the q(r) profile (modified
by ECCD) has been observed.

• A systematic study of the plasma turbulence that dominates the transport in the conditions
of hot electron component (Te>>Ti) has been started using Correlation Reflectometry
diagnostics.

7. Future plans

This section is focused on the future plans concerning experiments with ECRH in T-10. The
gradual modernization of the T-10 ECRH system has been proposed. The first step of the
modernization is transformation of the one-frequency system into a two-frequency system. A
fifth gyrotron with a power of 0.5 MW at a frequency of 130 GHz, and then possibly at 150
GHz, will be applied in future experiments. Thus, on-axis and off-axis heating and current
drive will be available simultaneously. The next step is the progressive increase of the power
at 140 GHz (up to a doubling of the injected power). At the same time the launching system



will be modernized. Both oblique injection for ECCD and injection at zero toroidal angle for
pure ECRH will be available. Thus, operation with considerably higher densities without
refraction will be available in the case of pure ECRH.

Further investigation of confinement and stability properties of plasmas in a wide range of
operating regimes with ECRH/ECCD will be performed. The main research topics of the
future experiments are:

- Further investigation of the observed modes of improved confinement – the H-mode-like
regimes and the improved mode with pellet injection. Transport mechanisms in these
regimes will be studied. Special attention will be paid to the mode with pellet injection,
the regime with the best performance in T-10.

- Studies of the neoclassical tearing mode beta limit in a range of operating regimes with a
large fraction of bootstrap current. Investigation of NTM suppression by ECCD feedback
modulation. The two frequency system will be applied in these experiments.

- The search for new regimes of improved confinement in T-10 will be continued with the
modernized ECRH system. Studies of confinement and stability in the advanced scenario
configurations are planned in the conditions of increased ECRH power.

- Confinement and stability properties of the regimes with en  close to nGr. Experiments in

the regimes with linear dependence of τE on en  at high densities, as in the RI mode, are
proposed.

This work was supported by the Ministry of Atomic Energy of Russia and by the Ministry of
Science and Technology of Russia (Federal Program “Controlled Thermonuclear Fusion and
Plasma Processes”).
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