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Abstract. A study of the transient processes after ECRH switch-on/off in the T-10 tokamak shows that an electron
ITB appears near the q~3/2 resonance surface in regimes with suppressed sawtooth oscillations. When the gradient
of the electron temperature in the plasma centre after additional on-axis ECRH exceeds some critical value, the
electron ITB is weakened and the heat flux spreads from the heating region to the plasma periphery practically
instantly. This looks like a jump of the heat flux through the entire plasma region. Therefore, to describe the electron
heat transport in a tokamak plasma after the ECRH switch-on/off, three different physical processes should be taken
into account: a) the transient process of plasma heating inside the region bounded by the temporal electron ITB; b)
the weakening of the electron ITB accompanied by the heat efflux to the plasma periphery during hundreds of
microseconds; c) the consequent diffusive evolution of the electron temperature profile with the conservation of the
relative electron temperature gradient ∇ T/T.

1. Introduction

Transient electron heat transport analysis allows us to study the response of the heat transport
due to external disturbance and to reconstruct the transport coefficients as a function of plasma
parameters. In particular the analysis of the transient processes after ECRH switch-on/off is very
attractive for increasing understanding of the electron heat transport.

The ECRH of a tokamak plasma has two useful characteristics. The first is the well-
localised power absorption region in the case of microwave launch perpendicular to the magnetic
field. The half-width of the ECRH power deposition function is typically 2–4 cm. The second is
the fast change of the ECRH power after the gyrotrons’ switch-on/off. As an example in the Т-10
tokamak the characteristic time for reaching the nominal ECRH power is less than 150–200 µs,
when the gyrotron is fed from the bank of capacitors (Beton power supply system). The duration
of the ECRH power switch-off is even faster — about 50 µs.

Regimes with suppressed sawteeth were analyzed in Refs [1–5] for the tokamaks T-10
and TEXTOR. In such regimes the influence of the electron ITB on the improvement of the
confinement was revealed. In T-10 it was shown that after the off-axis ECRH switch-off, a zone
of improved confinement appears in the core plasma [1–3]. The central electron temperature
started to decrease with a time delay of about τ~20 ms after the off-axis ECRH switch-off. A
similar experiment in TEXTOR showed a time delay of the decrease of the central temperature
of about τ~35 ms [4, 5] after the off-axis ECRH switch-off.

The confinement improvement in the transient processes after the off-axis ECRH switch-
off was explained by the appearance of the electron ITB around a point ρ~0.2–0.3 (ρ=r/a) [1–5].
The condition of the electron ITB formation was analyzed in these works in detail.

It is well known that in a tokamak plasma with auxiliary heating the electron temperature
profile evolves self-consistently. This property is known as “profile resilience” or “profile
stiffness” [6–12]. An empirical model based on the strong increase of the electron heat
diffusivity when the electron temperature profile Te exceeds a threshold value of ∇ T or ∇ T/T is
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used for the description of such profile behavior [13–16]. From the theoretical point of view two
possible sources of turbulent transport can cause such a dependence: the Trapped Electron
Modes (TEM) coupled with the Ion Temperature Gradient (ITG) modes and the Electron
Temperature Gradient (ETG) modes.

The minimum of the free plasma energy functional also gives the basis for the
interpretation of the experiment [17].

In our previous papers [18, 19] the analysis of the transient processes after the ECRH
switch-on/off was done by careful interpretation of the experimental data based on the inverse
problem method. It was shown that an adequate description of the transient processes demands
the introduction of a jump of the transport coefficients after the ECRH switch-on/off through the
entire plasma cross-section. This means that the electron temperature at the periphery must
change simultaneously. Therefore these results indicate non-local electron transport in the
transient processes after the ECRH switch-on/off [18, 19].

Different physical mechanisms can be proposed to explain the fast jump of the heat flux.
Probably the plasma reacts to the ECRH power input directly. This can happen due to the partial
destruction of magnetic surfaces after the increase of the deposited power. The other possibility
is the fast propagation of information through the turbulent cell chains, and, as a result, the
change of critical gradients over the plasma cross-section.

In this paper we study the existence of the electron ITB at steady state in the regime with
suppressed sawtooth oscillations and analyze the response of the electron heat transport to the
ECRH switch-on/off in the T-10 tokamak.

2. The ECRH experiments in T-10

The experimental data were obtained from on- and off-axis ECRH discharges in Т-10 (major
radius R0=150 cm, minor radius a=30 cm). The plasma current was IP=185 kA, the toroidal
magnetic field was close to BZ=2.33 T, the line averaged density is of <n>≈1.4×1019/m3. The
electron temperature is provided by the 18 channel ЕСЕ heterodyne radiometer with a time
resolution of 15 µs (r=R-R0 are the coordinates of the measurement channels).

In order to increase the accuracy of the analysis, sawtooth oscillations were suppressed
by off-axis ECRH (two gyrotrons with a frequency of 140 GHz, and total power PEC~550 kW
with perpendicular microwave launch). For the chosen BZ value the EC resonance for 140 GHz
takes place near REC≈R0 – (12-13 cm) at the high field side of the tokamak plasma
(dimensionless radius ρ=r/a=0.43–0.46). After the suppression of the sawtooth oscillations, the
on-axis ECRH (shots #32916 and  #32917, one gyrotron with a frequency of 130 GHz, power
PEC~600 kW) and the off-axis ECRH (shot #32912, one gyrotron with a frequency of 140 GHz,
power PEC~250 kW) were switched on/off.

Hereafter we will use the notation TSS(r) for the steady state electron temperature after the
suppression of the sawtooth oscillations by the off-axis gyrotrons. Further, in this work we will
use the following definition of the electron ITB:

Definition. If the heat diffusivity coefficient χTB has a local minimum at the plasma
radius rTB then one can say that the electron ITB exists at this place.

3. The electron ITB with suppression of sawtooth oscillations

Figure 1 shows the sequence of time slices of the electron temperature profiles T(r,t) after the on-
axis ECRH switch-on with suppressed sawtooth oscillations (shot #32916). We see that the
relative variation of the electron temperature is rigorously localized inside the zone -8.50
cm<r<+12.8 cm during the time interval ∆t≈2.5 ms. Note that the Shafranov shift is nearly 2 cm.
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Therefore the size of this zone is equal to 10.6 cm if we count from the magnetic axis (in relative
units ρ~0.35). Note that in the Ohmic mode the phase inversion radius of the sawtooth
oscillations (the resonance surface q~1) was equal to ρ~0.2. So the calculations of the safety
factor profile show that the region ρ~0.35–0.43 is close to the location of the q~3/2 resonance
surface (shot #32916, ASTRA code).

Figure 2 shows the time evolution of the electron temperature T(r,t) for the central
channels of the measurement after the on-axis ECRH switch-on (shot #32916). We see that the
temperature increases in the channel r=+10.1 cm just after the on-axis ECRH switch-on (the
vertical solid line) but the temperature does not increase in the next channel r=+12.8 cm during
the time τTB~2.5 ms (the vertical dashed line).

FIG. 1. Time evolution of the relative electron
temperature profile variation T(r,t) after the on-
axis ECRH switch-on with suppressed sawtooth
oscillations (shot #32916). Here R is the major
radius, R0 is the chamber centre, ∆t is the time
interval after the ECRH switch-on, TSS(r) is the
steady state electron temperature before the
ECRH switch-on.

FIG. 2. Time evolution of the temperature T(r,t)
for the central channels –14.2 cm<r<+12.8 cm
after the on-axis ECRH switch-on with
suppressed sawtooth oscillations (shot #32916).
Here TSS(r) is the steady state temperature
before the ECRH switch-on. The vertical solid
line is the moment of the switch-on. The vertical
dashed line is the time delay of the temperature
increase between channels r=+10.1 cm and
r=+12.8 cm.

The heat diffusivity coefficient χe
HPP estimated from the temperature perturbation

propagation between the channels r=+10.1 cm and r=+12.8 cm is equal to χe~0.035–0.10 m2/s
(the time interval 749.5–752 ms after the ECRH switch-on was considered).

Figure 3 shows the time evolution of the electron temperature for the central channels of
the measurement after the off-axis ECRH switch-on (the third gyrotron, 140 GHz, shot #32912)
with suppressed sawtooth oscillations. One can see that the temperature increases in channel
r=+10.2 cm just after the ECRH switch-on (the vertical solid line) but the temperature does not
increase in the next channel r=+7.69 cm during τTB~4.5 ms (the vertical dashed line).

The heat diffusivity coefficient χe
HPP estimated from the temperature perturbation

propagation between the channels r=+10.2 cm and r=+7.69 cm is equal to χe~0.035–0.10 m2/s
(the analysis was done for the time interval 800–804 ms just after the ECRH switch-on).
Similarly the heat diffusivity coefficient χe

HPP between the channels r=–6.22 cm and r=–4.07 cm
is estimated to χe~0.03–0.10 m2/s.

Figure 4 shows the time evolution of the electron temperature for the central channels
after the off-axis ECRH switch-off with suppressed sawtooth oscillations (the third gyrotron, 140
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GHz, shot #32912). We see that the temperature decreases in channel r=+10.2 cm just after the
ECRH switch-off (the vertical solid line) but the temperature does not decrease in the next
channel r=+7.69 cm during τTB~4.5 ms (the vertical dashed line).

FIG. 3. Time evolution of temperature for the
central channels after the off-axis ECRH switch-
on with suppressed sawtooth oscillations
(#32912). The vertical solid line is the moment
of the ECRH switch-on. The vertical dashed line
is the time delay of the temperature increase
between channels r=+10.2 cm and r=+7.69 cm.

FIG. 4. Time evolution of temperature for the
central channels after the off-axis ECRH switch-
off with suppressed sawtooth oscillations
(#32912). The vertical solid line is the moment
of the ECRH switch-off. The vertical dashed line
is the time delay of the temperature decrease
between channels r=+10.2 cm and r=+7.69 cm.

The heat diffusivity coefficient χe
HPP estimated from the temperature perturbation

propagation between the channels r=+10.2 cm and r=+7.69 cm is equal to χe~0.04–0.11 m2/s
(the analysis was done for the time up to 4.5 ms after the ECRH switch-on). Similarly the heat
diffusivity coefficient between channels r=–6.22 cm and r=–4.07 cm is equal to χe~0.03–0.1
m2/s.

The power balance calculation (ASTRA code) gave the value of the heat diffusivity
coefficient χPB~0.5–0.6 m2/s in the region ρ~0.35–0.43 for shot #32916 before the on-axis
ECRH switch-on and for shot #32912 before the off-axis ECRH switch-on/off (the sawtooth
oscillations were suppressed). At the same time the heat diffusivity coefficient estimated from
the temperature perturbation propagation in this region is equal to χe~0.05–0.1 m2/s.

Therefore there is a transient local minimum of the heat diffusivity coefficient in the
region ρ~0.35–0.43. The value of this local minimum χTB is 3–4 times less than the average
value of the heat diffusivity coefficient χPB. The size of this region is estimated to ∆TB~2.5 cm.

So the analysis of the experimental data and the estimations of the heat diffusivity
coefficient show that the electron ITB exists in the region ρ~0.35–0.43 (probably near the q~3/2
resonance surface) after the suppression of the sawtooth oscillations by the off-axis ECRH.

This ITB is not seen in the TSS(ρ) profile due to the very low heat flux at the central part
of plasma during the steady state of the off-axis ECRH&

4. The jump of the peripheral heat flux

Figure 5 shows the time evolution of the electron temperature for the peripheral ECE channels
after the on-axis ECRH switch-on with suppressed sawtooth oscillations (shot #32916). Note that
the temperature does not increase in the peripheral channels during at least τTB~2.5 ms (the
vertical dashed line). After this moment the temperature begins to increase in all channels
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practically simultaneously. The time delay could be around ∆t<0.5 ms.

Figure 6 shows the time evolution of the electron temperature for the peripheral channels
of ECE after the on-axis ECRH switch-on with suppressed sawtooth oscillations (shot #32917),
but with the input ECRH power half of that in shot #32916. Note that the temperature does not
increase in the peripheral channels during τTB~5.0 ms (the vertical dashed line).

FIG. 5. Time evolution of temperature for the
peripheral channels 12.8 cm <|r|< 26.3 cm after
the on-axis ECRH switch-on with suppressed
sawtooth oscillations (shot #32916). TSS(r) is the
steady state electron temperature before the
ECRH switch-on. The vertical solid line is the
moment of the ECRH switch-on. The vertical
dashed line is the time delay due to the electron
ITB.

FIG. 6. Time evolution of temperature for the
peripheral channels 12.8 cm <|r|< 26.3 cm after
the on-axis ECRH switch-on with suppressed
sawtooth oscillations (shot #32917). TSS(r) is the
steady state electron temperature before the
ECRH switch-on. The vertical solid line is the
moment of the ECRH switch-on. The vertical
dashed line is the time delay due to the electron
ITB.

One can see again that the temperature begins to increase in all peripheral channels
practically simultaneously. That is, the heat flux propagates from the position of the weakened
electron ITB (|r|~10–12 cm) to the plasma edge (|r|~26–30 cm) practically instantly. In this case
one can say that there is a jump of the heat flux through the entire plasma radius. In the shot
#32917 the heat flux appears at the plasma periphery with a time delay twice greater than in shot
#32916. This points out the dependence of the time delay on the value of the input ECRH power.
In shot #32917 the power is half of that in shot #32916 (PEC~300 kW). Therefore more time is
necessary for the electron temperature gradient to achieve the critical value.

The existence of the electron ITB in the region ρ~0.35–0.43 (paragraph 3) explains the
electron temperature evolution with suppressed sawtooth oscillations (see Figs 5 and 6). When
the gradient of the electron temperature ∇ T exceeds some critical value (the relative increase of
the electron temperature in the plasma centre is T(r,t)/TSS(r)~1.65–1.75, see Fig. 1) the electron
ITB is weakened and cannot keep the heat in the heating region. At this moment the heat flux
further propagates to the periphery practically instantly.

Figure 7 shows the time evolution of the electron temperature for the peripheral channels
after the additional switch-on of off-axis ECRH in the regime with suppressed sawtooth
oscillations (the third gyrotron, 140 GHz, shot #32912).

Figure 8 shows the time evolution of the electron temperature for the peripheral channels
after the switch-off of one of the three off-axis gyrotrons which suppress the sawtooth
oscillations (the third gyrotron, 140 GHz, shot #32912).
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FIG. 7. Time evolution of temperature for the
peripheral channels 12.9 cm <|r|< 27.7 cm after
the off-axis ECRH switch-on with suppressed
sawtooth oscillations (the third gyrotron, 140
GHz, shot #32912). The vertical line is the
moment of the ECRH switch-on.

FIG. 8. Time evolution of temperature for the
peripheral channels 12.9 cm <|r|< 27.7 cm after
the off-axis ECRH switch-off with suppressed
sawtooth oscillations (the third gyrotron, 140
GHz, shot #32912). The vertical line is the
moment of the ECRH switch-off.

One can see from Figs 7 and 8 that the temperature outside the electron ITB changes
practically simultaneously after the off-axis ECRH switch-on/off. This means that the heat flux
spreads from the ECRH region to the periphery practically instantly (with a time less than 0.5
ms). The noise in the experimental data does not allow us to distinguish the finite value of
velocity of the heat wave propagation on this timescale.

In transport simulations, which deal with the millisecond timescale, the fast change of the
heat flux (the hundreds of microsecond timescale) looks like a jump. That is, this process is
characterized by the non-diffusive behavior. Probably the fast efflux is due to the development of
MHD instabilities driven by the pressure gradient. It was shown [20] that in such a system fast
avalanche-like transport is possible in addition to slow diffusive transport.

5. The critical gradient of the electron temperature at the plasma periphery

Now let us consider the important characteristics of the transient processes after the off-axis
ECRH switch-on/off (the third gyrotron, 140 GHz) with suppressed sawtooth oscillations.
Figures 5–8 show that after the off-axis ECRH switch-on/off the electron temperature at the
plasma periphery 12 cm <|r|< 27 cm evolves in such a way that the relative gradient of the
electron temperature remains almost fixed, ∇ T/T≈const.

Figure 9 is the same as Figure 1 but for the more long time period (shot #32916). One can
see that the relative change of the electron temperature at the plasma periphery 12 cm <|r|< 27
cm is the same during the time interval ∆t≈2.–10 ms (the experimental curves are parallel one to
another).

Figure 10 shows a few time slices of the electron temperature profiles T(r,t) after the off-
axis ECRH switch-off with suppressed sawtooth oscillations (shot #32916). Analogously to the
previous case the relative temperature gradient remains fixed at the plasma periphery 12 cm <|r|<
27 cm during the time interval ∆t≈0.5–5 ms.

So the experimental results (see Figs 9 and 10) confirm the fact that the relative gradient
of the electron temperature at the plasma periphery does not change after ECRH switch-on/off in
suppressed sawtooth discharges (∇ T/T≈const).
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FIG. 9. Electron temperature profiles T(r,t) for
different times after the on-axis ECRH switch-on
with suppressed sawtooth oscillations (#32916,
∆t is the time after the ECRH switch-on).

FIG. 10. Electron temperature profiles T(r,t) for
different times after off-axis ECRH switch-off
with suppressed sawtooth oscillations (#32916,
∆t is the time after the ECRH switch-off).

Such an evolution of the electron temperature can be explained in the following way.
After the off-axis ECRH switch-on the relative gradient of the electron temperature ∇ T/T at
plasma periphery (ρ>ρEC) is higher but close to the critical gradient value: ∇ T/T≈∇ Tcr/Tcr. It
means that the effective heat diffusivity is large in this region. Therefore when the electron ITB
is weakened or when the auxiliary off-axis ECRH is switched on/off, the electron temperature
conserving the ratio ∇ T/T≈∇ Tcr/Tcr.

It is possible of course another explanation. In Refs [20, 21] the mathematical model for
the description of the ballistic transport process (“sand-pile paradigm”) was suggested. It is
assumed that under certain conditions the transport system can be characterized by a critical
pressure gradient, that is, any pressure perturbation leads to instability (“Pressure Gradient
Driven Instability”). Auxiliary heating of such a system forms a slightly subcritical pressure
profile. In the case of a further input power increase, the critical pressure gradient is achieved
locally in the heating region. As a result the heat flux spreads very quickly from the heating
region to the periphery as an avalanche. This transient process evolves with the MHD timescale.
This is practically instantly in comparison with the diffusive process.

Summarizing we can say that to describe the electron heat transport in a tokamak plasma
after the ECRH switch-on/off, three different physical processes should be taken into account: a)
the transient process of plasma heating inside the region bounded by the temporal electron ITB;
b) the electron ITB weakening during hundreds of microseconds accompanied by the heat efflux
to the plasma periphery; c) the consequent diffusive evolution of the electron temperature profile
with the conservation of the relative temperature gradient ∇ T/T.

6. Conclusions

1) In the regimes with sawtooth oscillations suppressed (by means of off-axis ECRH), an
electron ITB is formed around the q~3/2 resonance surface (ρ~0.35–0.43). This ITB
explains the delay of the temperature increase in the peripheral channels after the on-axis
ECRH switch-on.

2) When the electron temperature gradient in the plasma center exceeds some critical value
after the on-axis ECRH, then the ITB is weakened and the heat flux spreads from the
plasma center to the periphery “practically instantly”.
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3) The jump of the heat flux explains the simultaneous change of the electron temperature at
the plasma periphery after the additional off-axis ECRH switch-on/off.

4) The electron temperature gradient close to the critical one ∇ Tcr/Tcr forms outside the
heating region after the off-axis ECRH switch-on.

5) Both after the ITB weakening and after the off-axis ECRH switch-on/off, the electron
temperature changes in such a way that the relative gradient of the temperature remains
fixed (∇ T/T≈∇ Tcr/Tcr).

6) Therefore to describe the electron heat transport in a tokamak plasma after the ECRH
switch-on/off, three different physical processes should be taken into account: a) the
transient process of plasma heating inside the region bounded by the temporal electron
ITB; b) the electron ITB weakening during hundreds of microseconds accompanied by
the heat efflux to the plasma periphery; c) the consequent diffusive evolution of the
temperature profile with the conservation of the relative temperature gradient ∇ T/T.
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