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We study the microwave absorption during electron cyclotron resonance heating (ECRH) by the extraordi-
nary wave at second harmonic (X2 mode) in the T-10 tokamak and TJ-II stellarator in a wide range of plasma
densities, and compare experiments with the classical formulas for the absorption of the injected ECR power.
Empirical relations for the absorption efficiency and for the critical plasma density , which separates the
regions with full and partial absorption of the injected ECR power, are obtained using the numerical simula-
tion of the heat transport with the transport model of canonical profiles. It is shown that in both devices, the
range of densities exists, where the absorption predicted by the classical formulas is almost full, while accord-
ing with the empirical formula, only a small fraction of the power is absorbed. The obtained relations allow
ones to optimize the conditions of ECRH in toroidal systems for magnetic plasma confinement.
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INTRODUCTION

Microwave heating on harmonics of electron
cyclotron resonance (ECRH) is one of the most effec-
tive methods for additional plasma heating in modern
fusion devices with magnetic confinement—tokamaks
and stellarators. However, it is known that in the non-
relativistic formulation of the equations, microwaves
with purely transverse propagation are not absorbed.
B.A. Trubnikov in his pioneering work [1] determined
the elements of the plasma permittivity tensor in the
relativistic formulation. Then it was shown that in the
weakly relativistic approximation, the full absorption
is realized only for the ordinary mode at the funda-
mental cyclotron harmonic (O1 mode) and for the
extraordinary mode at the second harmonic (X2
mode), while for other modes the absorption is small
[2]. Subsequently, these results were generalized to
microwaves with arbitrary direction of propagation
[3]. Further progress in this problem is described in
the reviews [4–7].

Various physical effects that could lead to partial
microwave absorption are considered in papers [8–
13], however, this problem has not yet been completely
solved.

Along with heating of the plasma electrons in toka-
maks and stellarators, microwaves can excite or
change various types of plasma oscillations, which, in
turn, can affect to anomalous transport. Knowledge of
the absorbed ECRH power is necessary to establish
the properties of these oscillations and to find scalings
for their description [14–16], as well as for quantitative
modeling of the transport.

In [17–20], the absorption of the X2 mode, propa-
gating perpendicular to the magnetic field, is dis-
cussed on the base of experiments in the T-10 tokamak
and TJ-II stellarator [19, 21]. General principles of
equivalence between discharges in tokamaks and stel-
larators have been proposed. For a pair of equivalent
discharges, the equality of their electron and ion tem-
peratures was shown [19, 21]. The common properties
of the energy transport in tokamaks and stellarators
were established.
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In this paper, we analyze the generally accepted
theoretical formula for the plasma optical thickness
upon absorption of the X2 mode and compare it with
results of the T-10 experiments on heating at the first
and second ECR harmonics. From the analysis of
these experiments by the Canonical Profile Transport
Model (CPTM), an empirical formula for the
absorbed microwave power is derived, which is com-
pared with the theoretical formula, and the efficiency
of ECRH in the T-10 tokamak and TJ-II stellarator is
estimated. Next, we discuss the possibility of transi-
tion to full absorption of microwaves. In conclusion,
we summarize the main results.

PLASMA OPTICAL THICKNESS

In the above papers, microwave absorption is usu-
ally characterized within the geometric optic approxi-
mation in terms of the plasma optical thickness,
defined as

(1)

where the integration is performed over the resonant
region of the ray path, s is a coordinate along the ray,
Im  is the imaginary part of the wave vector deter-
mined by the solution of the dispersion equation

(2)

where D is a plasma dielectric permittivity tensor. The
fraction of absorbed power is determined by the
expression

(3)

Here, we restrict ourselves to the case of the X2 mode
propagation across the magnetic field. We consider an
approximate expression for the plasma optical thick-
ness from [4]:

(4)

Here,  is the squared plasma frequency,
 is the electron cyclotron frequency. The

values of the plasma density and magnetic field in
integration of (1) are taken in the resonant zone. Away
from the cutoff density, the parameter  is varied in
the range from 1.1 to 1.3.

Let us rewrite Eq. (4) in practical units: the density
n in [1019 m−3], the electron temperature  in keV, and
the magnetic field B in Teslas. Thus, 
[keV]/511, and (4) has a form

(5)
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Here, we normalized the major radius of a tokamak R
to the major radius of the T-10 device (  1.5 m).
We set  that gives the accuracy of the optical
thickness estimation as 10–30%.

ANALYSIS OF EXPERIMENTAL RESULTS
The microwave absorption at the first and second

ECR harmonics in the T-10 tokamak is considered in
[17, 18]. Quantitative analysis of the ECRH using
CPTM led to the following conclusions [18–20].
Although the optical thickness at the fixed magnetic
field depends not only on the density, but also on
the electron temperature, so, at sufficiently high
average density n, the full absorption of microwaves
takes place. At sufficiently low density, absorption
may become partial. We call the boundary of the tran-
sition from partial to full absorption as the critical
density .

So, if

(6)
the absorption is full, independently of the electron
temperature. Otherwise, if

(7)
the absorption depends on the value of the partial elec-
tron pressure . If the condition (7) is satisfied, but if
the electron pressure is sufficiently high:

(8)
then the full absorption of the microwave is preserved,
since the optical thickness increases due to the tem-
perature. If the condition (7) is fulfilled and the elec-
tron pressure is low:

(9)
then the absorption remains partial.

Results of analysis from [18–21] are collected in
Fig. 1. Here, on the plane (density–electron tempera-
ture), shots with ECRH at the fundamental O mode
(O1) and at the second harmonic X mode (X2) are
shown. Under ECRH at the first harmonic [22], in
this area, the temperature  rapidly increases with
decreasing density. A sharp difference in temperatures
is seen, when the low-density plasma,  m–3,
is heated. Under ECRH at the second harmonic, the
temperature also increases, but very slowly. As a result,
at the density of , the temperatures differ in a
factor of 4–5. We suppose that such a difference owing
to partial absorption of the X2 mode.

The blue line in Fig. 1 marks the boundary between
areas of full and partial absorption (8). It describes the
empirical condition of full absorption obtained for
T-10 (see condition (5) from [19]):

(10)
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Fig. 1. (Color online) Comparison of ECRH at the first
and second harmonics in the T-10 tokamak. Green trian-
gles mark heating at the first harmonic O1 mode at

 T,  GHz [22]. The heating power for
each shot is shown. Below the red line, the area of tem-
peratures obtained in the 2013–2018 campaigns in shots
with ECRH at the X2 mode within the power range 0.4 <
QEC < 2.3 MW (open symbols) lies [19]. Circles and dash-
dotted lines mark two series of shots with heating power

 and 0.55 MW,  T and the carbon lim-
iter. Blue line ( ) divides areas of partial and full

absorption;  m–3.

= 2.8B −= 75 81.4f

1.1ECQ ∼ = 2.32B
= 8.8/eT n

× 19
cr = 2.8 10n
where  and  are the central electron density and
temperature. A more detailed analysis of the experi-
mental data shows that the factor 10 in relation (10)
should be reduced to 8.8, and the central value of the
plasma density may be replaced by the average value
without large errors. Thus, for the boundary of the full
absorption area, we obtain the dependence shown by
the blue line in Fig. 1:

(11)

Two series of shots with different densities and dif-
ferent ECRH powers of 1.1 and 0.55 MW (circles and
dash-dotted lines in Fig. 1) are very interesting as well.
We see that the electron temperature in these series
increases very slightly with decreasing density. It con-
firms our assumption that the efficiency of microwave
absorption decreases with decreasing density. Note
that the position of the experimental points at the
power of 1.1 MW for this series practically coincides
with the upper limit for the electron temperatures
reached in experiments with heating power of 0.4 to
2.3 MW (see Fig. 5 in [19]), marked by the red line in
Fig. 1. This occurs because the experimental series
with a power of 1.1 MW were carried out in shots with
a carbon limiter. Later, when the power of the gyro-
trons at the device reached 2.3 MW, the carbon limiter

0n 0eT

= 8.8/ .eT n
JETP LETTERS  Vol. 118  No. 4  2023
was replaced by a tungsten limiter. With such a limiter,
the electron temperature turned out to be lower than
with the carbon limiter. Recall that in the 1980s, when
heating from gyrotrons was carried out at the first
ECR harmonic, the limiter was carbon also.

So, Fig. 1 demonstrates the effect of reducing
microwave absorption with decreasing density, both in
regimes with different heating power, and in regimes
with different limiter materials.

Figure 1 shows that at the average density n =

 m–3, the additional plasma heating by 1.5 keV
allows us to increase the optical plasma density so
much that absorption becomes full. For this, we may
use some other method of additional heating, for
example, neutral beam injection (NBI). As a result,
the electron temperature can be high enough to satisfy
the condition of full absorption (8). After that, addi-
tional NBI heating can be turned off, but the plasma
will remain in the area of full absorption. Of course,
the considered process is highly non-linear, since the
transition through the blue curve is accompanied by
transition from partial to full absorption of waves. In
the area below the blue curve, absorption depends lin-
early on density [19], while in the area above the blue
curve, absorption is full and independent of density.

Analysis of experimental data using CPTM [17–
21] shows that the absorbed power fraction

 in case (7), (9) increases linearly with
plasma density. Here,  is the absorbed power, 
is the injected power. Thus, the complete refined
empirical formula for the absorbed power fraction is:

(12)

The empirical relation for the critical density is [19]:

(13)

Relation (13) links the boundary of the transition
from full to partial absorption with the magnetic field.
For T-10 with a field  T, the critical density is
about 2.8 × 1019 m–3. In [21], we studied the absorp-
tion of X2 mode at the second harmonic in the TJ-II
stellarator, where the critical density is 
1019 m–3 for the field  T.

Note that relations (8) and (9) are valid for the
toroidally symmetric systems (tokamaks), but not
always valid for stellarators with different topology of
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Fig. 2. (Color online) Efficiency of ECRH on the density
in the T-10 tokamak at the magnetic field 2.4 T. Solid
curves correspond to theoretical formulas (4), (5) at tem-
peratures of 1 and 2 keV. The dash broken line corresponds
to the empirical formula (12). The blue squares mark the
values of heating efficiency for shots with various densities
and heating powers for temperatures of 1 and 2 keV [19].
magnetic field. For stellarators, instead of R, it is more
correct to write , where the vector s is paral-
lel to the ray of microwaves.

COMPARISON OF EMPIRICAL 
AND CLASSICAL EXPRESSIONS
FOR THE OPTICAL THICKNESS

AT THE SECOND ECR HARMONIC (X2)

The plasma optical thickness in practical units is
given by Eq. (5), and the fraction of absorbed power η
is described by the classical expression (3). Now we
should compare formulas (3)–(5) with empirical rela-
tions (12) and (13).

First, we compare these expressions at low density.
Assuming that

(14)

and using the expansion of the exponent in a small
argument , we obtain for T-10 and
TJ-II:

(15)

For convenience of comparison, we rewrite for-
mula (12), taking into account (13):

(16)

Expressions (15) and (16) distinguish both in the
numerical factor by 6.7 and in parametric scalings.
The classical formula (15) contains the electron tem-
perature , which is absent in relation (16). The large
difference in the numerical factor means that the slope
of the straight line vs density in (15) is much steeper
than in (16). Physically, this means that the area with
partial absorption in case (15), although it exists, but it
is very small. Apparently, for this reason, this effect
was not considered in the published theoretical works.

The dependence of η on the magnetic field in (15)
is also distorted due to the presence of an increased
numerical factor. If in (16) the critical density is deter-
mined by relation (13) ( ), then in (15) it has
the form:

(17)

which is much less.

In T-10 shots with density , the electron
temperature varies arbitrarily in the range

 keV, i.e., in a factor of 1.7 [18]. In accor-
dance with (15), the experimental points along the
line  should be scattered over an area of such a
width. However, the scatter of points is much narrower
(see Fig. 12 in [19]) that indicates to independence of
η on the temperature in experiment.
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Now we compare the classical formula (3) for η
with the empirical formula (12) in a wide density
range. We use formula (15) as the argument of the
exponent. Figure 2 shows the dependence of the heat-
ing efficiency on the plasma density for the T-10 toka-
mak with magnetic field  T. Lines with satura-
tion correspond to theoretical formulas (3)–(5) at
temperatures  and 2 keV. The dashed broken
line corresponds to the empirical formula (12). Blue
squares mark the values of heating efficiency for T-10
shots with various densities and heating powers. We
see that at the indicated magnetic field, the discrepan-
cies between the classical formula (3) and the empiri-
cal formula (12) are in the range of density variation

(18)

For example, at a density of  m–3,
according to the classical formula, almost whole
ECRH power is absorbed, and according to the empir-
ical formula, only half of it.

Figure 3 shows the heating efficiency versus density
for the TJ-II stellarator with  T, obtained with
CPTM. In simulations of TJ-II shots, equivalent toka-
mak discharges were used. The equivalence conditions
were defined in [21]. According to (13), the critical
density at the indicated magnetic field is 
1019 m–3, so the discrepancy between formulas (3), (4),
and (12) are in the range

(19)
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Fig. 3. (Color online) Efficiency of ECRH on the density
in the TJ-II stellarator at the magnetic field 1 T. Solid
curve corresponds to theoretical formulas (4), (5) at the
temperature 1 keV. The dash broken line corresponds to
the empirical formula (12). The blue squares mark the val-
ues of heating efficiency for shots with various densities
and heating powers [21]. All experimental points lie in the
area of partial absorption.
Symbols mark experimental points of TJ-II I. Since
the cutoff density  m–3 at a  T,
then really all experimental points lie in the area of
partial absorption (19).

OVERCOMING THE AREA 
WITH PARTIAL ABSORPTION

It was shown in [17] that existence of area with par-
tial absorption is associated with the effect of the
“temperature threshold” (insufficient electron tem-
perature). If this threshold is exceeded, then the
absorption becomes full even at densities below the
critical value (condition (7)). The condition for over-
coming the threshold (8) requires an increase in the
electron pressure. If the condition (8) is not satisfied
with the available ECRH power, then there are two
ways to achieve full absorption. The first way is to
increase the input power . Since the fraction of
absorbed power remains unchanged at a constant
plasma density, an increase in  will also lead to an
increase in the absorbed power . The W7-X stellar-
ator team followed to this way, increasing the absorbed
power up to 5 MW. At this power, the temperature
threshold is overcome and full absorption is achieved.
The second way is to use additional power of a differ-
ent nature. Most frequently, the additional heating by
neutral beam injection (NBI) is used (DIII-D [23]
and ASDEX-Upgrade [24] tokamaks). The EAST

× 19
cutoff = 1.6 10n = 1B

ECQ

ECQ
abQ
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tokamak uses additional heating by lower hybrid
power injection [25]. In many cases, only pulsed input
of additional power with a duration of tens milli-
seconds is used. In transition to full absorption
regime (8), the existing ECRH power is sufficient yet
to maintain a steady state with a high electron tem-
perature without returning to regime (9) with partial
absorption.

To overcome the area of partial absorption, we can
also increase the major radius of the device, leading to
a corresponding increase in the optical thickness, see
the factor  in (5), or increase the size of the res-
onant region. This feature was realized in the W7-X
stellarator that has the major radius  m
( ).

The T-15MD tokamak has  m, and it will
operate at magnetic fields  T [26], i.e., with
parameters, comparable to T-10 and TJ-II, therefore,
the partial absorption is also possible there [19]. For
transition to the full absorption regime, it will be pos-
sible to use NBI or ion-cyclotron resonance heating
[27, 28]. It is also possible to organize a special sce-
nario, in which the discharge starts at a density slightly
higher than the critical one with full absorption, and
then to decrease density with a small remaining heat-
ing. Then the condition (8) will be satisfied and the
electron temperature remains above the blue curve in
Fig. 1.

CONCLUSIONS

An analysis of experiments in the T-10 tokamak
and TJ-II stellarator has shown that at the sufficiently
low density, the ECRH power at the second harmonic
of extraordinary wave (X2 mode) is only partially
absorbed. The empirical scaling is constructed for the
fraction of the absorbed power as the function of the
plasma density, magnetic field, and electron tempera-
ture. Its comparison with the classical formulas for the
plasma optical thickness and for the fraction of the
absorbed ECRH power has shown that the density
range with partial absorption also exists in the classical
description of the microwave absorption. Examples
from the T-10 tokamak and the TJ-II stellarator have
shown that this density range is an order of magnitude
smaller than that determined by the empirical scaling.
The value of the necessary increase in the electron
temperature for the transition to the area of full
absorption of the ECRH power at the X2 mode is
estimated.
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