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Electron cyclotron current drive (ECCD) will be applied in the EAST tokamak during its the new campaign. In
order to provide theoretical predictions for relevant physical experiments, some numerical simulations of ECCD with the
parameters of EAST have been carried out by using TORAY-GA code based on the understanding of ECCD mechanisms.
ECCD efficiencies achieved in different plasma and electron cyclotron (EC) wave parameters are given. The dependences
of ECCD characteristics on EC wave injection angle, toroidal magnetic field, plasma density, and temperature are presented

and discussed.
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1. Introduction

Electron cyclotron current drive (ECCD), an important
type of non-inductive current drive, has many significant ad-
vantages compared with other methods of current drive. Its
main advantages are easy coupling, strong localization, and
controllable absorption. Its use is not only convenient for
controlling the plasma current profile for the achievement of
high-performance plasma, but also successful in suppressing
the plasma MHD activity (sawtooth suppression, neoclassical
tearing mode (NTM) suppression) to access high beta regimes.
That is why ECCD is widely used as a useful tool in many
fusion devices in the world. An experiment with ECCD to re-
alize fully non-inductive current drive has been carried out on
the TCV!!! tokamak. The synergy between ECCD and lower
hybrid current drive (LHCD)!?! has been demonstrated in sta-
tionary conditions on Tore Supra.’3] ECCD is one of the main
means of controlling MHD activity in ITER.!*! Stabilization of
MHD by ECCD has been observed in HL-2A,>¢! DIII-D, !
IT-60U, ! etc.

In EAST, a 140-GHz ECRH system aimed at high power
and long pulse operation is under development and will be first
put into use in the 2014 campaign. The main functions of
this system on EAST would be: central electron heating (nor-
malised radius p < 0.3), sawtooth control (p ~ 0.3), current
profile control at mid-radius (p ~ 0.5-0.6), and NTM suppres-
sion (p ~ 0.6-0.75), and thus to develop high parameters and
long pulse advanced plasma scenarios. It is required to heat
or drive currents at various plasma minor radii to obtain the
above objectives. Therefore, the first part of our research was
focused mainly on the study of the current drive (CD) mecha-
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nism, efficiency, characteristics and its dependences on differ-
ent parameters. It is necessary to calculate and predict some
ECCD results for the new relevant experiments on EAST by
using numerical simulation code.

Several significant simulation results are presented in this
paper, which is organized as follows. The basic theory of
ECCD and its mechanism, the estimate of CD efficiency, and
the introduction of TORAY code are briefly introduced in Sec-
tion 2. In Section 3, the effects of the main plasma and EC
wave parameters on ECCD characteristics are highlighted. Fi-
nally, a conclusion is given in Section 4.

2. ECCD theory and TORAY code

In order to understand the ECCD mechanism, the reso-
nance condition for wave-particle interaction in velocity space
must be analyzed, which is given by the following equation:°!

C():n(l)ce/’)/—i-k”vH, Q8

where @ is the wave frequency, w. is the electron cy-
clotron frequency, n is the electron harmonic number, y =
1/4/1— (v¥/c?) is the relativistic form-factor, which is a con-
sequence of the relativistic correction of the electron mass, c is
the velocity of light in vacuum. The kv term is the Doppler
effect, which plays an important role in ECCD and causes both
shift and broadening of the absorption line, where Vs kH are the
parallel components of the velocity of the resonant electrons
and wave vector of the EC wave, respectively. The EC wave
interacts only with those electrons with the parallel velocity
satisfying this electron cyclotron resonance condition. This in-
teraction causes resonant electrons to obtain energy from the
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EC wave and leads to an increase of the transverse velocity
of these resonant electrons. Then the total electron velocity
increases, the collision frequency decreases, and the free-pass
time of these electrons increases. It will lead to deviations of
the electron distribution from Maxwell distribution in the ve-
locity space and finally form an asymmetric electron distribu-
tion function, which drives plasma current during the EC wave
application.

ECCD efficiency, according to Ref. [10], can be written
in the form

Igc T.

VECCDZPITC:CXW; 2

where { is the normalized CD efficiency, which depends on
the parameters of the EC wave and ECCD geometry, 7. is the
electron density, Tt is the electron temperature, R is the major
radius of the plasma, and Z is the effective charge.

Another definition for the CD efficiency often used in en-

gineering is!!'!]

IgccpneR
Pecru

where Igcep is the total driven current, n. is in units of

NECCD = (A-m2- W1, 3)

102 m=3, Pgcry is the absorbed power of EC wave. Equa-
tion (3) does not contain the temperature effect, but it is
more useful as an experimental estimation method to com-
pare with the CD efficiency in different machines. The
maximal CD efficiency Ngccp achieved in T-101%) experi-
ments was 0.013x 1029 A-m~2-W~!, and the predicted ECCD
efficiency Ngccp in ITER!Y
0.3x10%° Am—2 W1

In addition, in order to achieve the driven current, the
electron distribution function affected by EC wave must be ob-
tained firstly, and then the driven current can be calculated ac-
cording to the electron distribution function. Ignoring a static
parallel electric field and including the effects of Coulomb col-
lisions, and EC waves, the Fokker—Planck equation is written
symbolically as follows: 13141

af _(df af
5= (). (7). @

where f = f(u,u,r) is the electron distribution function at

can be achieved as high as

the radial location r and at time ¢, u| and u, are the compo-
nents of u = p/+/m.T; respectively parallel and perpendicular
to the ambient magnetic field, where p is the electron momen-
tum, w is the normalized momentum with m, the electron mass
and T; the electron temperature, T = V,t is the time in terms
of the collision period v; !, (9 f./d7)gc is the diffusion term
caused by EC wave, it can be expressed as!!>!

<afe> o, of )
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where Dgc is the EC diffusion coefficient in momentum space,
which can be found in Ref. [16]. Equation (4) indicates that the

diffusion term results in the deviation of electron velocity dis-
tribution from thermal equilibrium distribution and leads to an
asymmetric distortion, (df./d 7). is the collision term, which
represents the effect of Coulomb collision on velocity distri-
bution function. It tends to make any deviation from thermal
equilibrium distribution return to Maxwell distribution in the
collision time scale. i.e., eliminate the distortion. Combin-
ing the two terms above, a steady distortion distribution (i.e., a
asymmetric electron distribution function) can be formed and
the non-inductive current can be driven continually during the
EC wave application.

Once the electron distribution function is obtained, the
driven current density associated to f can be calculated by!!!

J= —e/vad3v. (6)

The codes used most often by solving the Fokker—Planck
equation in the quasi-linear approximation to obtain wave ab-
sorption and current drive are TORAY, CQL3D,H7] REMA,
C3PO/LUKE, 8] etc. The code used in this study is TORAY-
GA (TORAY for short) code. TORAY code!'*?% is a ray trac-
ing code which treats the transmission of EC wave as a Gauss
beam, and combines with the Fokker—Planck equation to solve
the power deposition and current drive in a wave propagation
process. By mean of the code simulation, power deposition
and current profile can be obtained. In this paper, plasma equi-
librium is simulated by EFIT code. The profile of electron
density ne, electron temperature 7., and effective charge num-
ber Z.¢ with normalized minor radius p as shown in Fig. 1, are
assumed to have parabolic distribution.

4

T./keV, ne/1019 m=3, Zy

0 0.2 0.4 0.6 0.8 1.0
p

Fig. 1. (color online) Radial profiles of electron density, electron tem-
perature, and effective charge number used in this paper.

3. Results of numerical simulation
3.1. Main parameters of EAST device and ECRH system

EAST is a full superconducting tokamak device with a
non-circular cross section. The typical background plasma
parameters are as follows: plasma major radius R = 1.85 m,
plasma minor radius a = 0.45 m, plasma current Ip = 1 MA,
plasma elongation ratio Kk = 1.9, and triangle variable factor
0 = 0.5. In the next few years, the operational objective of
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toroidal magnetic field (Bp) on EAST is 2.5 T. Based on the
relationship of wave frequency and toroidal magnetic field,
f =28nBy (where f and n are EC wave frequency and elec-
tron harmonic number, respectively), choosing the maximum
magnetic field By = 2.5 T, the working frequency of the ECRH
system is chosen to be 140 GHz and the second harmonic ex-
traordinary mode (X2) is used for electron heating and current
drive. The wave source consists of four gyrotrons with each
1 MW/1000 s output power. A total of 4-MW power is in-
jected into the plasma through the horizontal port from the low
field side.

3.2. Effects of launch angle on ECCD characteristics

In order to change the power deposition of the EC wave
at different magnetic surfaces and achieve different physical
functions, one of most common methods is to adjust poloidal
or toroidal incident angles of the EC wave antenna by using a
movable mirror. The definition of EC wave incident angle is
shown in Fig. 2, in which 0 and ¢ refer to poloidal angle and
toroidal angle, respectively.

Z/m

ray

_ \9/(0
L4

R/m
O (launch point)

(a)

Y/m
ray
7N l o)

O (launch point)

R/m

(b)

Fig. 2. The rotation angle of incident beam (¢: toroidal angle, 6:
poloidal angle). (a) Poloidal cross section of tokamak and (b) toroidal
cross section of tokamak.

ECCD characteristics with different poloidal and toroidal
angles are shown in Fig. 3 with the following parameters:
By = 2.2 T, the radius of the launch point of the EC wave
R, = 300 cm, and the vertical deviation of the launch point
with respect to the middle plane Z, = 30 cm. It can be seen
from Figs. 3(a) and 3(c) that the effect of poloidal angle on
driven current density and its radial position is obvious. The
poloidal angle of 100°-105° is the boundary, which can make
the beams propagate to the plasma center because Z, has a cer-
tain height. As the poloidal angle increases or decreases out
of this range, the position of the peak current density changes

from the normalized minor radius p of 0.03 to 0.82, i.e., the
current basically can be driven by EC wave from the core to
the edge of the plasma.

On the other hand, the dependence of total driven current
on toroidal angles is sensitive, as shown in Fig. 3(b). When the
toroidal angle equals 180°, i.e., vertical injection of EC wave
into plasma, the drive efficiency becomes very poor. With the
increase of the toroidal incident angle, the drive efficiency be-
comes better and reaches the maximum at the toroidal angle
of about 205° and poloidal angle ranging from 100° to 105°.
The maximum driven current is 33 kA/MW when the electron
density is 0.24x10?° m~3 and center electron temperature is
3 keV. Based on Eq. (3), the maximum CD efficiency on EAST
can be obtained as 0.015x10?° A-m~2-W~!. A high CD effi-
ciency related to a larger toroidal rotation angle can be inter-
preted by the electron cyclotron resonance condition. We can
conclude from Eq. (1) that if the toroidal launch angle of the
EC wave is oblique, the value of k| becomes larger, and the
parallel velocity of electrons becomes smaller because of the
equation, v| = (@ — n@c)/k|, which means that more elec-
trons with lower energy in parallel direction can obtain energy
from the EC wave and more current can be driven. Further-
more, a larger k| means a more obvious Doppler effect, lead-
ing to the outward shift of the resonant location of the electron,
the flight direction of which is consistent with the propagation
direction of the EC wave. Therefore, it is obvious that with the
increase of ¢ (180° < ¢ < 205° when By = 2.2 T), the driven
current not only increases but also moves to the plasma center,
as shown in Figs. 3(b) and 3(c). However, if @ is too large,
the resonant absorption position may have moved to the low
field side because of the Doppler effect; where the electron
temperature is lower, the collision frequency is larger and the
trapped particles increase, which will lead to a decrease of CD
efficiency. That is why when ¢ is larger than 210°, the driven
current density and total driven current begin to decline and
the profile of driven current becomes broad rapidly.

In addition, for MHD suppression, the width of the driven
current profile is also a key parameter. Many experimental re-
sults indicate that the MHD instabilities can only be controlled
when the width of the driven current profile is narrower than
the minimum size of the magnetic island. Figure 3(d) shows
the corresponding relationship between the incident angle and
the 1/e? width of the peak current density, which indicates
the degree of localization of the driven current profile. It is
seen that when the toroidal rotation angle is small, the width
of the current density profile is small, i.e., a good localiza-
tion of the driven current related to a smaller toroidal angle of
EC wave, the reason for which may also be associated with
the Doppler effect. As mentioned above, the Doppler effect,
which is affected by toroidal angle, can cause the broadening
of the absorption line and affect the absorption width of the
power deposition.
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Fig. 3. Two-dimensional variation of ECCD characteristics with different poloidal and toroidal angles when By =2.2 T, R, = 300 cm,
and Z, =30 cm. (a) Driven current density in units of A-cm~2-MW~!, (b) total driven current in units of KA-MW !, (c) radial position
of the peak current density, and (d) full width of p contours containing 1/e? of the current density.

3.3. Effects of toroidal magnetic field on ECCD character-

istics

In order to understand the operational diagram of the
ECCD system on EAST, as shown in Table 1, the CD char-
acteristics at different poloidal angles (from 80° to 115°, with
interval of 5°) and toroidal angles (from 180° to 210°, with
interval of 5°) have been investigated by scanning the toroidal
magnetic field Bp 20T, 22 T, 23T, 24 T,25T, 2.6 T)
with R, = 300 cm and Z, = 30 cm. The conclusions are sum-
marized as follows: firstly, when By = 2.2 T-2.6 T, EC wave
power can be deposited over a wide range with p varying be-
tween 0 and 0.75, satisfying each physical objective by the
ECCD system on EAST; secondly, the CD efficiency at 2.0 T
is poor and can be improved by increasing the magnetic field
Bo from 2.0 T to 2.6 T. When By equals to about 2.5 T, the CD
efficiency is the best. It is because the effect of toroidal field on
resonance is very strong (see Fig. 4). It is found that with the
increase of the toroidal field, the resonant layer moves from the
high field side to the low field side gradually. The resonant lay-
ers locate at p ~ 0.5-0 in the high field side when By =2.2 T-
2.6 T. As we know, the resonance occurring on the central
axis can heat and drive on-axis current efficiently because of

the higher temperature on the central axis. Furthermore, reso-

nance on the high field side may result in core CD because of
the Doppler effect. However, the resonant layer at higher By
(Bg > 2.6 T, for 140 GHz EC wave frequency) will locate at the
plasma edge of the low field side, where a higher fraction of
trapped electrons will decrease the CD efficiency.!?1-*?] There-
fore, it is important to optimize the toroidal magnetic field for
realization of the physical objective. Finally, it can be inferred
from Table 1 that with the increase of toroidal magnetic field,
the optimal toroidal angle for the acquisition of the best CD
efficiency decreases, and the optimal poloidal angle increases
gradually. It is possibly relevant to the different locations of

resonant layer when the toroidal field is different.

: - 23T 6 T [ K 'q
0.8 = \\\\ \
0.4 A — \
3 , = N
E " *@_# »
—0.4 _ — ’
2 —
—0.8¢ = = —
1.2 1.4 16 1.8 20 22 24
r/m

Fig. 4. (color online) The second harmonic electron cyclotron reso-
nances for 140 GHz at different toroidal magnetic fields on EAST.
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Table 1. The effects of different toroidal magnetic fields on the current drive. Here, Ap is the radial range of EC power that can
be deposited, Imax is the maximum total current driven by EC wave, Igmax, P, and (¢, 6 ) are the maximum current density, its
corresponding radial position and injection angle of the EC wave antenna, A¢ and A8 are the incident angle range for the best CD

efficiency.

Bo/T Ap Inax KAMW™! ngcep/Am—2W Lo /A-em™2MW-! p (¢,60) A A6
20  0.42-09 24 0.011x10% 10 0.42  (205°,100°) 200°-205°  100°-105°
22 0.04-0.82 33 0.015x10% 50 0.03  (210°,100°) 195°-205°  100°-105°
2.3 0-0.81 34 0.015x10% 80 0.03  (205°,100°) 195°-205°  100°-105°
2.4 0-0.79 34 0.015x10% 120 0.02 (195°,100°) 195°-205°  100°-105°
2.5 0-0.76 31 0.014x10% 120 0.01 (195°,105°) 190°-200° 100°-110°
2.6 0-0.74 27 0.012x10% 130 0.02  (190°,105°) 190°-195°  100°-110°

The achievement of different physical objectives requires
the ECCD system to drive current at various plasma minor
radii. A higher driven current density sometimes is more im-
portant than the total current when ECCD is used to control the
MHD activity. Experiments indicated that the NTM stabiliza-
tion was observed when the driven current density exceeds the
bootstrap current density at the rational surface.!?>>4! There-

fore, as shown in Table 2, the maximum current density in

relevant minor radii and their corresponding radial positions
and incident angles in By =2.2T,2.3T,24T,2.5T, 2.6 T are
investigated when EC wave is applied for saw tooth control,
q control at mid-radius, 3/2 NTM control, 2/1 NTM control.
Table 2 also shows the strong decrease of CD efficiency when
the layer of absorption moves towards an off-axis location in
any toroidal field, particularly on the low field side, owing to

the effect of trapped electrons.

Table 2. Characteristic comparison of various functions by ECW in different toroidal magnetic fields.

sawteeth control p = 0.3 q control at mid-radius p = 0.5 3/2 NTM control p = 0.6 2/1 NTM control p = 0.7

Bolt Tima P (9.0 Timax P (9.0 Timax P (9.0 Timax P (9.0
/A-cm™ 2 MW~ /A-cm™ 2 MW! /A-cm™ 2 MW~ /A-cm™ 2 MW~

2.2 34 0.3 (190°, 105°) 13 0.48 (200°, 90°) 7 0.62 (200°, 85°) 5 0.69 (185°, 85°)

2.3 21 0.3 (190°,95°) 11 0.48 (190° ,90°) 6 0.6 (200°, 85°) 4 0.68 (185°, 85°)

2.4 12 0.3 (195°,115°) 7 0.55 (195°, 85°) 6 0.58 (200°, 85°) 2 0.71 (190°, 80°)

2.5 13 0.33 (190°, 90°) 7 0.53 (190°, 85°) 4 0.61 (205°, 85°) 2 0.69 (190°, 80°)

2.6 18 0.29 (200°, 95°) 5 0.5 (205°,90°) 4 0.59 (195°, 85°) 1 0.69 (190°, 80°)

3.4. Effects of electron density and temperature on ECCD
characteristics

The ECCD characteristics and efficiency are different
with different electron densities and at different temperatures.
Figures 5 and 6 compare the effects of different electron den-
sities and temperatures on ECCD. It shows that when the
electron density and electron temperature are in the range
of 1.0x10'" m—3-8.0x10'” m~3 and 1 keV-10 keV, respec-
tively, the driven current is proportional to the electron temper-
ature and inversely proportional to the electron density. The
calculated results by TORAY are in close agreement with the
theoretical value by linear fitting. The reason why the electron
density can affect the driven current is related to the Fokker—
Planck equation. According to Eq. (4), an increase of electron
density will lead to an increase of particle collision frequency,
which will offset the effect of diffusion term, and hence the
EC wave-driven current will decrease. In addition, the CD ef-
ficiency gets better with the increase of the electron tempera-
ture because the higher temperature means the higher velocity
of resonant electrons and the lower collision frequency. More-
over, more electrons can interact with the wave.

Figure 7 shows the two-dimensional variation of ECCD
characteristics with electron density and temperature. It can be

seen from Figs. 7(a) and 7(b) that with the increase of the elec-
tron density, the driven current density and total driven current
decrease gradually, however, with the increase of the elec-
tron temperature, the driven current density and total driven
current increase obviously. Therefore, in order to obtain a
higher driven current, the experiments should be carried out in
a lower density and a higher temperature. However, as shown
in Fig. 7(c), a higher CD efficiency calculated by

IgccpneR
Pecru

is obtained at the higher 7. and n. values. This is mainly be-

NECCD = (A-m2.-w

cause of the increase of 7. and n, i.e., the electron pressure
rises, leading to an effective weakening of the trapping effect.
Indeed, the EC wave launched from low field side will be ab-
sorbed farther from the resonance layer at the higher 7; and
ne, which can shift the resonance region farther from trapped
passing boundary. In addition, it is found from Fig. 7(d) that
the radial position of the peak current density moves to the
plasma center, with the increase of the electron density and
temperature. Especially, in a lower electron temperature, the
position of the peak current density is more sensitive to the
electron temperature, and not sensitive to the electron density.
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Fig. 5. (color online) ECCD characteristics of different electron densi- Fig. 6. (color online) ECCD characteristics of different electron temper-
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Fig. 7. Two-dimensional variation of ECCD characteristics with different electron densities and electron temperatures when By =
22T, Ry =300 cm, Z, =30 cm, ¢ = 195°, and 6 = 100°. (a) Driven current density in units of A-cm~2-MW. (b) Total driven current
in units of KA-MW~!. (c) CD efficiency Ngccp in units of 1020 A-m~2.-W~1. (d) Radial position of the peak current density.
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4. Conclusion

Numerical simulation of ECCD has been systematically
done and investigated by using TORAY in EAST. By means of
the simulation, we have shown that poloidal angle and toroidal
angle affect power deposition and driven current obviously,
hence, getting a strong localized current density with a smaller
toroidal rotation angle and a high CD efficiency with a larger
toroidal angle. Simulation results with different incident an-
gles will be useful for different physics objectives. Secondly,
the ideal toroidal field for ECCD in EAST is the one that yields
a resonant layer located on the high field side, at p ~ 0.5-0,
where the electron temperature is higher and the fraction of
trapped electrons is reduced. Finally, in a certain range of elec-
tron density (less than 8.0x 10" m—3) and temperature (less
than 10 keV), the driven current is proportional to the electron
temperature and the inversely proportional to electron density.
Furthermore, a higher CD efficiency is obtained at the higher
T. and n. values. All these results provide an effective tool for

future experiments relevant to ECCD on EAST.
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