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Abstract
It has been pointed out that plasma anisotropy has a significant impact on the characteristics of
magnetohydrodynamic equilibrium and instability. Recently, anisotropic pressure effects induced
by 4.6 GHz lower hybrid wave (LHW) heating on the Experimental Advanced Superconducting
Tokamak (EAST) has been investigated. The mechanism is due to the high-energy electrons
generated by LHW Landau damping effects in the direction parallel to the magnetic field line.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Auxiliary heating is required for D-T ignition in future tok-
amak fusion power plants, as ohmic heating is less effective at
high temperature. Nevertheless, unlike ohmic global heating,
the auxiliary heating could raise new questions as it can give
rise to ion or electron velocity distributions that are non-
Maxwell, which may be the key factor of the decreasing
energy confinement time scale with increasing power [1]. In
tokamaks, due to the particle travel along the magnetic field
line, the parallel scale lengths can be much longer than the
perpendicular one [2], easily leading to different properties in
the plasma parameters in different directions. When the losing
time scales of high-energy particle produced by auxiliary
heating is longer than the confinement time scales, it will
induce the anisotropic plasma, which is P⊥≠P||. Here P⊥

and P|| denote the plasma pressure perpendicular and parallel
to the magnetic field, respectively.

Recently there has been lots of work related to the study
pressure anisotropy [3–5] and its effects on stability, such as
internal kink mode [6], resistive wall mode [7], and Alfvén

eigenmode [8]. It has been pointed out that the characteristics
of magnetohydrodynamic (MHD) equilibrium and instability
under anisotropic pressure are different from those under
isotropic pressure. Therefore, a quantitative evaluation of the
plasma anisotropy is important for the study of MHD equi-
librium and instability.

As auxiliary heating can give rise to velocity distribu-
tions that are non-Maxwell, it has been reported that aniso-
tropy usually appears in the magnetic confinement fusion
plasma with ion cyclotron resonance heating (ICRH) or
neutral beam injection (NBI) heating, especially in high β and
low ne discharges. The anisotropy magnitude can reach p⊥/
p||∼2.5 with ICRH [9] on JET. And on MAST, it can reach
p⊥/p||∼1.7 during NBI heating [10]. Recently, the pressure
anisotropic effects on energy induced by the 4.6 GHz LHW
heating on EAST was observed for the first time.

In theory, LHW are potential sources to heat both electrons
and ions to the thermonuclear temperature under Landau
damping [11]. In particular, LHW can generate the noninductive
current in tokamaks, which may contribute to the steady-state
operation [12]. In present day experiments, LHW are often used
for electron heating and play an important role in current drive
and profile control [13]. Through wave-particle resonance in the
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direction parallel to the magnetic field line, LHW can lead to
strong quasilinear Landau interaction with electrons, and con-
sequently to electron heating and non-inductive current drive
[14]. In addition, LHW will induce the anisotropic plasma as it
can give rise to high-energy electrons in the parallel direction. In
other words, the double of plasma parallel energy is not the same
with perpendicular energy. As an expected result, the anisotropic
degree may have dependence on the electron density, the LHW
heating power and the background electron temperature since
the density is related to the collision frequency. Also, the density
and the background electron temperature will have an impact on
LHW heating efficiency.

In this paper, instead of calculating the pressure profile in
a different direction, we focus on the pressure anisotropic
effects on energy distribution induced by the 4.6 GHz LHW
heating on EAST. Section 2 outlines the energy calculation
method. Section 3 presents the calculation results of the
anisotropic effects on energy, and its dependence on the
heating power or the line averaged electron density. The
influence of electron temperature on the anisotropic pressure
is also discussed in section 3. Conclusions of the experimental
results will be summarized in section 4.

2. Experimental method

EAST, as a full superconducting tokamak, is aimed at long-
pulse stable high-performance H-modes plasma with ITER-
like configuration and heating schemes. EAST has a flexible
selection of lower single null (LSN), upper single null (USN)
or double null (DN) poloidal divertor configurations and
circular configurations with a limiter. Major radius and minor
radius of EAST are R=1.85 m and a=0.45 m, respectively
[15]. For steady-state plasma with LHCD, a new 4.6 GHz
LHW system with an array of 24 (four rows and six columns)
waveguide antennas has been firstly commissioned on EAST
in the 2014 experimental campaign [16].

To study the anisotropic degree induced by LHW heat-
ing, two kinds of energy (Wmhd and Wdia) have been calcu-
lated. Here Wmhd is the plasma energy calculated by the EFIT
code [17], and Wdia is one and a half times the total plasma
perpendicular thermal energy measured by the diamagnetic
loop on EAST. Assuming both the magnetic and diamagnetic
measurements are accurate, then the difference of Wmhd and
Wdia provides an estimate of pressure anisotropic degree.

Based on Picard iteration, EFIT calculation uses the
least-squares method to directly solve the Grad–Shafranov
equation numerically with the kinetic profiles represented by
truncated polynomial functions. The EFIT method can
effectively rebuild tokamak plasma equilibrium configuration,
the plasma current profile and other balance parameters [18].
In the EFIT calculation, the volume-dependent parameters
can be accurately obtained from measured external poloidal
magnetic field and flux values by approximating the plasma
current distribution. Hence the accuracy of the Wmhd depends
on how accurately the constrains form magnetic measure-
ment, and it is reliable even in the anisotropic pressure plasma
for a shaped tokamak [19].

The diamagnetic loop measures the toroidal diamagnetic
flux which is related to the poloidal beta and the total
perpendicular thermal energy of the plasma (W⊥). The rela-
tion between the poloidal beta and the diamagnetic flux is
derived from simplified equilibrium relation:
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where V is the plasma volume.
With Wmhd and Wdia, the plasma parallel energy (W||) and

the plasma perpendicular thermal energy (W⊥) can be
expressed as:
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By comparing the discrepancy between Wmhd and Wdia (or
* W2 versusW⊥), the degree of the anisotropic effects on energy
and its dependence on the power or the density can be obtained
with statistical methods. Note, W||=0.5W⊥ in the case of iso-
tropic pressure. Here we define the anisotropic effects factor:

*s = ^ ( )W W2 . 6

In this paper, the anisotropic effects on energy induced by
the 4.6 GHz LHW system are presented, in which the toroidal
magnetic field (Bt) is about 2.3 T and the configuration is LSN.
The experimental primary working gas is deuterium (D2) and all
these calculation shots are L mode. Wmhd and Wdia are the
average value of 0.5 s, which are calculated from the discharge
plateau region for each shot.

3. Statistical properties of the anisotropic effects on
energy

3.1. The density dependence of the anisotropic effects on
energy

In figure 1 the electron density dependence of Wmhd and Wdia

and their discrepancy are presented. In the figure we selected 61
shots from the recent experimental campaign database in such a
way that all these shots are L mode and have the same IP, Bt,
heating power and LSN poloidal divertor configuration. As the
density increases from 1.1×1019 m−3 to 3.3×1019 m−3, Wdia

increases while Wmhd decreases. In addition, the increase rate of
Wdia is larger than the Wmhd decline rate. According to the
measurement method, the Wdia increase represents the plasma
perpendicular energy (W⊥) increase with density increase. As a
result, the increasing perpendicular energy (W⊥) and decreasing
total energy (Wmhd) means the plasma parallel energy (W||)
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decreases with the density increase. The discrepancy between
Wmhd and Wdia can reach δE∼20KJ at low density.

The statistical properties of the density dependence of the
anisotropic effects on energy are shown in figure 2. It is obvious
that an increase in anisotropic degree is correlated with a
decrease in density. And the anisotropic factor can reach σ∼1.8
at low density.

3.2. Heating power dependence of the anisotropic effects on
energy

Wmhd and Wdia and their discrepancy dependence on LHW
heating power is shown in figure 3. In this case, we selected 93
shots from the recent experimental campaign. All these shots

are L mode and have the same IP, Bt, ne, and LSN poloidal
divertor configuration. With the power increasing, both Wmhd

and Wdia increase and the Wmhd increase rate is larger than the
Wdia increase rate. As a result, the discrepancy between Wmhd

andWdia (δE) increases with power increase. Assuming that the
plasma is isotropic in the ohmic discharge, Wmhd and Wdia

should be equal. For ohmic discharges in the calculation (the
data point of the LHW heating power is zero in the figure), the
average calculation of Wmhd is about 2 KJ less than Wdia, and
the fluctuation amplitude of δE is about 10KJ. The 2 KJ
deviation may be due to the calibration of the diamagnetic flux
measurement. In the Wdia measurement, since the diamagnetic
loop may not be strictly installed in the poloidal plan, the
poloidal flux may also have an impact on the toroidal flux
measurement value. Hence the diamagnetic flux should be
corrected as Δfdia=ΔfDia−αIPF−βIRMP−γIp to elim-
inate the poloidal flux influence (here, ΔfDia represents the
measurement value, Δfdia represents the true value. And IPF,
IRMP, IP represent the PF coil current, the RMP coil current and
the plasma current, respectively). As the plasma current influ-
ence is mixed with the true value, we adopt an empirical value
as the correction factor γ. The γ in the Wdia measurement may
not be precise and might cause the 2 KJ deviation. The
deviation may have a little influence on the calculation, but it
will not change the tendency of the δE with power or electron
density. The 10KJ fluctuation amplitude of δE seems a little bit
large, as the plasma current distributes in the center for the
ohmic discharge case. As the external magnetic probe may not
be sensitive to the center information, the Wmhd given by EFIT
may have larger accidental errors with external magnetic probe
for the ohmic case. With LHW power increase, the current
distribution will expand to the edge and the accidental errors
will decrease.

Figure 4 shows the statistical properties of the heating
power dependence of the anisotropic effects on energy. As the
factor σ has a larger dispersion in the 0MW power case due
to the large experimental errors, the figure does not show σ

Figure 1. Density dependence of Wmhd, Wdia and δE. Here δE=Wmhd−Wdia. In these shots, the toroidal magnetic field is about 2.3 T, the
plasma current is about 400 KA, the 4.6 GHz heating power is about 2 MW and the configuration is LSN.

Figure 2. Density dependence of the anisotropic effects on energy.
Here the anisotropic factor σ is the ratio of double parallel and
perpendicular components of the plasma energy. In these shots, the
toroidal magnetic field is about 2.3 T, the plasma current is about
400 KA, the 4.6 GHz heating power is about 2 MW and the
configuration is LSN.
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for ohmic discharges. The degree of anisotropy has a positive
correlation with heating power, while the increase rate of
anisotropic degree slows down at high power.

3.3. Electron temperature influence on the anisotropic effects
on energy

To study the electron temperature influence, electron cyclo-
tron resonance frequency heating (ECRH) is used for the
4.6 GHz LHW plasmas. We selected three L mode discharges
with almost the same parameters (table 1). Figure 5 shows the
variation of Wmhd and Wdia for each shot. Here:

D = ¢ - ( )E W W_1 7mhd mhd

D = ¢ - ( )E W W_2 8dia dia

D = D - D ( )E_12 E_1 E_2. 9

Wmhd and Wdia are the average value of 0.5 s when 0.1 s
before the ECRH switched on. ¢Wmhd and ¢Wdia are the average
value of 0.5 s when 0.3 s after the ECRH switched on.

With additional ECRH, Wmhd and Wdia deduced from the
EFIT code and diamagnetic measurement increased by almost
a dozen KJ, and the increments of Wmhd are slightly larger
than the increments of Wdia, which means the increments of
plasma parallel energy are larger than the perpendicular
components.

In comparison to only 4.6 GHz LHW plasmas, the dis-
crepancy between Wmhd and Wdia and the factor σ with or
without ECRH heating are calculated for each shot as shown
in figure 6. With ECRH effects, the δE′ is larger than the δE
for each shot, while the relative factor σ remains almost
unchanged. That is, the degree of the anisotropic effects
remains almost unchanged with ECRH in the case of these
three shots. The ECRH heats the electrons resulting in
higher perpendicular velocities to make the increments of
W⊥ larger than the increments of * W2 [20]. At the same
time, the background electron temperature increases and
more electrons will distribute in the acceleration phase
velocity of the wave [14]. As a result, more electrons can
absorb the LHW energy to make the increments of 2*W||

larger than the increments of W⊥. When the effects of the
latter mechanism is slightly larger than the previous one, the
degree of the anisotropic effects remains almost unchanged
with ECRH. If we can eliminate the perpendicular velocity
influence of ECRH, it would be an expected result that only
with the electron temperature increasing, the degree of the
anisotropic effects on energy induced by 4.6 GHz LHW
heating increases.

Figure 3. Heating power dependence of Wmhd, Wdia and δE. Here δE=Wmhd−Wdia. In these shots, the toroidal magnetic field is about
2.3 T, the plasma current is about 400 KA, the electron density is about 2×1019 m−3 and the configuration is LSN.

Figure 4. The LHW heating power dependence of the anisotropic
effects on energy. The anisotropic factor σ is the ratio of double
parallel and perpendicular components of the plasma energy. In
these shots, the toroidal magnetic field is about 2.3 T, the plasma
current is about 400 KA, the electron density is about 2×1019 m−3

and the configuration is LSN.
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4. Conclusion and discussion

By comparing two kinds of calculation energy, the aniso-
tropic effects on energy induced by 4.6 GHz LHW heating on
EAST has been studied for the first time in the present work.
The statistical properties show an obvious inverse correlation
between anisotropic degree and electron density. And the
anisotropic degree is in positive correlation with LHW heat-
ing power in the L mode. Particularly the degree of the ani-
sotropic effect can reach * ~^W W2 1. 8 at low electron
density with LHW heating. This quantitative evaluation of the
plasma anisotropy may be helpful in the EAST future equi-
librium and instabilities analysis.

In the diamagnetic flux measurement, the correction
factor γ may not be precise. And the experimental errors may
be a little bit large at the ohmic discharge, as the plasma
current distributes in the center. But with the LHW heating
power increases, the experimental errors will reduce, while
the plasma energy increases. The impacts of the measurement
errors become smaller at higher heating power.

The density impact on anisotropy may have two major
mechanisms: one is the collision frequency influence. In the
higher density operation, the electron temperature is lower
and the collision frequency is higher. The high-energy elec-
tron slowing down time is shorter. And more energy will be
transferred to perpendicular direction by collision. Hence W⊥

(or Wdia) increase with density increase as figure 1 shows.
Another mechanism may be the LHW power coupling. Due
to a complex problem of coupling between fast waves and

plasma particles (collisions, parametric instabilities, accessi-
bility, etc) [13], significant LHW power can be lost at the
plasma edge, especially in a high-density plasma [21]. That is,
the LHW heating efficiency will decrease with increasing
density. As a result, the absorbed LHW energy will reduce
and the plasma total energy (Wmhd) will decrease with
increasing density (figure 1). This mechanism is similar to the
LHW power dependence case.

The positive correlation between anisotropic degree and
the LHW heating power is expected because the anisotropy is
induced by LHW heating. With power increase, the parallel
energy increase rate will be larger than the perpendicular
energy increase rate, then the anisotropic degree increases. In
addition, the anisotropic degree increase rate will reduce at
high LHW heating power, especially when the heating power
exceeds 2MW (see figure 4, the σ increase tendency). One
possible reason may be due to the plasma confinement per-
formance. Due to the L mode having a degradation of con-
finement with increasing auxiliary heating power [22], the
high-energetic electrons generated by LHW heating will lose
faster at high power. Although the increasing power can
generate more high-energetic electrons, a larger proportion of
high-energetic electrons will be lost before slowing down as
the energy confinement time decreases. This process ulti-
mately results in the anisotropic degree increase slowing
down at high LHW heating power.

The current drive by the combined effects of lower-
hybrid and electron-cyclotron absorption has been studied in
recent research [23–25]. By analyzing combination experi-
ments of LHW and ECRH, the ECRH heating effects on
energy in 4.6 GHz LHW plasma are also studied on EAST.
The synergy between LH and electron cyclotron can be
shown from the anisotropic degree change. In general, the
acceleration phase velocity of the LHW is selected in the high
electron velocity region. In the experimental case, there are
two mechanisms: the ECHR triggers higher perpendicular
velocities and the LHW Landau damping effects trigger
higher parallel velocities with more high-energy electrons
generated by the ECRH. When the previous mechanism
dominates, the degree of the anisotropic effects will decrease
with ECRH heating switched on. While the latter one dom-
inates, the anisotropic degree will increase. And in the
experimental case, the anisotropic degree remains almost
unchanged. In other words, the high background electron
temperature could be favorable to high LHW heating
efficiency.

Table 1. The discharge parameters of EAST shot #56326; #56008; #56005.

Shot
number Ip (KA) Bt (T) Ne (10

19 m–3)
Divertor
configuration

Power@4.6 GHz LHWs
(MW) (&time)

Power@ECRH
(MW) (&time)

56326 508 2.5 1.8 LSN 2.4 (1 s∼8.5 s) 0.5 (5.5 s∼7.5 s)
56008 508 2.5 1.8 LSN 2.5 (2.5 s∼8.5 s) 0.5 (5 s∼6.5 s)
56005 508 2.5 1.9 LSN 2.4 (2.5 s∼8.5 s) 0.5 (4 s∼5.5 s)

Figure 5. Variation of Wmhd and Wdia with ECRH heating effects.
The ΔE_1 represents the discrepancy between ¢Wmhd (ECRH
switched on) and Wmhd (ECRH switched off); the ΔE_2 represents
the discrepancy between ¢Wdia (ECRH switched on) andWdia (ECRH
switched off); the ΔE_12 represents the discrepancy between ΔE_1
and ΔE_2.
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