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The coupling of lower hybrid wave to the plasma is a crucial issue for efficient current drive in tokamaks. This paper

establishes a new coupling model which assumes the antenna to be a curved face and the plasma to be a cylinder. Power

spectrum considering the coupling between wave-guides in both poloidal and toroidal direction is simply estimated and

discussed. The effect of the poloidal wave vector on wave propagation, power deposition and driven current is also

investigated with the help of lower hybrid current drive code. Results show that the poloidal wave vector affects the

ray tracing, and also has effect on power deposition and driven current. The effect of the poloidal wave vector on power

deposition and driven current profile depends on plasma parameters. Preliminary studies suggest that it seems possible

to control the current profile by adjusting the poloidal phase difference between the waveguide in poloidal direction.
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1. Introduction

Lower hybrid wave (LHW) is an efficient tool to

drive one part of the current in tokamak to improve

confinement by profile control and the lower hybrid

current drive (LHCD) system has become a very im-

portant part of all present day experiments towards

magnetically controlled fusion.

As we know, LHCD simulation including ray trac-

ing, power deposition and driven current is very im-

portant to guide and analyse plasma experiments.

Since power spectrum is a key input parameter de-

termining the ray tracing and the power deposition,

it is very essential to investigate the coupling between

LHW and plasma. The previous model of LHW cou-

pling to plasma was based on a 1-dimensional slab

model firstly established by Brambilla in 1970s,[1] in

which only the coupling between the toroidal wave-

guide’s was considered and waveguides dimension in

the poloidal direction was taken to be infinite. As a

consequence, only the toroidal wave vector along the

toroidal direction and the vertical wave vector along

the radial direction are taken into account. In fact,

the LHW antenna’s dimension in the poloidal direc-

tion is not infinite and usually there are several rows

in this direction. Also, due to the different distance

between the antenna and the plasma in the different

rows, some phase difference in the poloidal direction

could exist. Considering such effects could lead to the

poloidal wave vector in the poloidal direction. Similar

work has been done by Berio S and Bilet Ph in 1996,[2]

which considered it in the Cartesian coordinates with

the step plus ramp model, whereas we treat it in the

cylindrical coordinates with the ramp model. Also, ef-

fect of the poloidal wave vector on wave propagation

has not been discussed there. If such a poloidal wave

vector is considered, the direction of LHW launching

into plasma will be changed. As a result, the LHW

propagation in plasma, power deposition, and driven

current could also be modified. Therefore, it is nec-

essary to estimate the 2-dimensional power spectrum

considering the coupling in both poloidal and toroidal

directions, and to investigate the effect of the poloidal

vector on ray tracing, power deposition and driven

current.

In this paper, the calculation of spectrum consid-

ering the coupling in both directions will be briefly

described in Section 2. In Section 3, some preliminary

results are given and analysed, followed by a simple

discussion in Section 4. Finally, a conclusion is given

in Section 5.
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2. Description of mathematical calculation

Invoked from the calculation of toroidal spectrum[3] and also considering the poloidal dimension of the

antenna, we can write the electric field and the magnetic field in the wave-guides as

Ewg
I (ρ, φ, z) =

MJ∑
p=1

θp(z)σp(y)

[ ∞∑
m=0

∞∑
n=0

(αmnpe
i(kmnϕ1(I)+ϕ2(I)+ϕ3(I))

+ βmnpe
− i(kmnϕ1(I)+ϕ2(I)+ϕ3(I))) cos

nπ(z − zp)

b
sin

mπ(y − yp)

a

]
, (1)

Bwg
I (ρ, φ, z) = − i k0

MJ∑
p=1

θp(z)σp(y)

[ ∞∑
m=0

∞∑
n=0

1

i kmn
(αmnpe

i(kmnϕ1(I)+ϕ2(I)+ϕ3(I))

− βmnpe
− i(kmnϕ1(I)+ϕ2(I)+ϕ3(I))) cos

nπ(z − zp)

b

)
sin

mπ(y − yp)

a

]
. (2)

Here

θp(z) =

{
1 for zp ≤ z ≤ zp + b,

0 otherwise,

and

σp(y) =

{
1 for yp ≤ y ≤ yp + a,

0 otherwise,

x0 = ρ cosφ0, y0 = ρ sinφ0,

x = x0 − ρ cosφ = ρ(cosφ0 − cosφ),

y = y0 − ρ sinφ = ρ(sinφ0 − sinφ),

where z is along the toroidal direction, y is along the

poloidal direction, and x is along the vertical direc-

tion of wave-guides surface, ρ and φ0 are the radius

and angle of antenna surface respectively. Other pa-

rameters are defined as follows: zp and zp + b are the

edges of p-th wave-guide in z-direction, yp and yp + a

are the edges of p-th wave-guide in y-direction, m and

n are the m-th and the n-th propagating modes in the

p-th wave-guide, αmnp and βmnp are the amplitudes

of incident wave and reflected wave, respectively, ϕ1
is poloidal phase difference of antenna, ϕ2 is the an-

gle of different rows of antenna, ϕ3 is phase difference

because of optical path difference LHW propagating

in the antenna. MJ is the number of waveguides, I is

the number of rows of antenna.

In the vacuum region, the electric field and the

magnetic field can be written as

Eν
z (ρ, ϕ, z) =

∫ +∞

−∞
σ(k∥, ky)(e

i k⊥ρ cosϕ − y(k∥, ky)e
− i k⊥ρ cosϕ)ei k∥z+i kyydk∥dky, (3)

Bν(ρ, ϕ, z) = −k0
∫ +∞

−∞
σ(k∥, ky)(e

i k⊥ρ cosϕ + y(k∥, ky)e
− i k⊥ρ cosϕ)ei k∥z+i kyydk∥dky, (4)

here k0 is the wave vector in the vacuum, k∥ and ky are the toroidal wave vector and the poloidal wave vector,

respectively, k⊥ is the vertical wave vector along the radial direction, σ(k∥, ky) is the electric field of incident

wave, y(k∥, ky) is the reflection coefficient of electric field. The impedance in this area is

Zν =
iEz

B
= − i k⊥

k0

1− y(k∥, ky)e
− i 2k⊥ρ cosϕ

1 + y(k∥, ky)e− i 2k⊥ρ cosϕ
. (5)

In the plasma region, as we know, the main feature determining the behaviour of the waves near the plasma

edge is the cut-off which occurs where the local electron plasma frequency equals the applied frequency,[4] and

typically, only the first few millimeters of the edge of plasma are important in determining coupling. The

electric field and the magnetic field can be written as follows: when n∥ < 1, or k∥ < k0 (here, n∥ is the toroidal

refractive index), in the inner of plasma

Ez = C
[
J1/3(t2ρ) sin(ϕ/3) + eiπ/3J−1/3(t2ρ) sin(−ϕ/3)

]
, (6)
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in the edge of plasma (only the first few millimeters of the plasma edge)

Ez = C
[
J1/3(t1ρ) sin(ϕ/3) + J−1/3(t1ρ) sin(−ϕ/3)

]
, (7)

B =
i k0
k2⊥

C(t1a cosϕ− b sinϕ), (8)

and t1 = k⊥

√(
1− ne

nc

)
, t2 = i k⊥

√(
ne
nc

− 1

)
.

a =
[
J′1/3(t1ρ)− J′−1/3(t1ρ)

]
sin(ϕ/3), b =

[
J1/3(t1ρ)− J−1/3(t1ρ)

]
cos(ϕ/3),

here C is a constant, ne is the plasma density, nc is the cut-off density, ρ is the radius of plasma cylinder and

J1/3(ξ), J−1/3(ξ), J
′
1/3(t3ρ), J

′
−1/3(t3ρ) are Bessel functions.

Similarly, when n∥ > 1, or k∥ > k0,

in the inner of plasma Ez = C
[
J1/3(t4ρ) sin(ϕ/3) + J−1/3(t4ρ) sin(−ϕ/3)

]
, (9)

in the edge of plasma Ez = C
[
J1/3(t3ρ) sin(ϕ/3) + eiπ/3J−1/3(t3ρ) sin(−ϕ/3)

]
, (10)

B =
i k0
k2⊥

C(t3d cosϕ− e sinϕ), (11)

and t3 = i k⊥

√(
1− ne

nc

)
, t4 = −k⊥

√(
ne
nc

− 1

)
,

d =
[
J′1/3(t3ρ)− J′−1/3(t3ρ)e

iπ/3
]
sin(ϕ/3), e =

[
J1/3(t3ρ)− J−1/3(t3ρ)e

iπ/3
]
cos(ϕ/3).

At the junction of vacuum area and antenna, using electric fields continuity condition leads to

σ(k∥, ky)(1− y(k∥, ky)) =
MJ∑
p=1

∞∑
n=0

∞∑
m=0

(αmnp + βmnp)Fnp(k∥)Gmp(ky), (12)

Fnp(k∥) = − i
k∥

2π

1− (−1)ne− i k∥b

k2∥ −
(
nπ

b

)2 e− i k∥zp , (13)

Gmp(ky) = − i
ky
2π

1− (−1)me− i kya

k2y −
(
mπ

a

)2 e− i kyype− i kya/2m. (14)

Similarly, using magnetic fields continuity condition at the junction of vacuum and plasma area leads to

βwvl + e− iφl

N∑
p=1

eiφp

∞∑
w=0

∞∑
v=0

Kwnvm(l, p)βwvl = Hwvl, (15)

Kwnvm(l, p) =
16π2 i γwnγvm

ab

∫∫
−∞

dk∥dky
F ∗
wl(k∥)Fnp(k∥)G

∗
vl(ky)Gmp(ky)

k⊥

1 + y(k∥, ky)

1− y(k∥, ky)
, (16)

Hwvl = eiφlαwvl −
N∑

p=1

eiφp

∞∑
w=0

∞∑
v=0

Kwnvm(l, p)αwvl, (17)

here, F ∗
wl(k∥), G

∗
vl(ky) are complex conjugate of Fnp(k∥) and Gmp(ky). Moreover, at the junction of vacuum and

plasma area, considering the impedance equality condition, we can obtain the LHW power reflection y(k∥, ky)

and antenna’s power spectrum distribution.
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3. Simulation results and analysis

In order to calculate the power spectrum in-

cluding poloidal and toroidal coupling, we take

HT-7 multi-junction (MJ) antenna as the ex-

ample, which is a phase-controlled MJ coupler

(3(rows)× 4(columns)×4(subwaveguides)),[5] feeding

f = 2.45 GHz LHW to plasma. The model of LHW

coupling to plasma is shown in Fig. 1. In the poloidal

direction, the parameters are as follows: d = 20.0 mm

(distance of waveguide in the poloidal direction), a =

109.2 mm (width of waveguide in the poloidal direc-

tion). In the toroidal direction, the parameters are

as follows: b = 10.0 mm (width of waveguide in the

toroidal direction), c = 3.0 mm (distance of waveguide

in the toroidal direction), which has been described in

Ref. [6].

Fig. 1. Model of LHW coupling to plasma, assuming a

plasma model consisting of a density ramp beginning at

zero density at the plasma edge, with a vacuum region

separating the plasma from the coupler.

3.1.Power spectrum

Using the above method, we estimate the power

spectrum in poloidal and toroidal direction, which

are displayed in Figs. 2 and 3 respectively. In order

to see the effect of phase difference in the poloidal

direction on the power spectrum, we calculated the

poloidal spectra with the poloidal phase differences

of ∆ψ = 0◦, 90◦, 130◦ and 180◦, which are shown

in Fig. 2 and the corresponding peak values of the

refractive index are outlined in Table 1. It is seen

that the peak value of ny close to zero in the case of

0◦, meaning that there is no poloidal propagation in

this case. With the increase of phase difference, the

peak value also increases. The results are consistent

with the toroidal spectra, which are shown in Fig. 3

and Table 2. A symmetric spectrum is obtained when

∆ψ = 180◦. The calculated result is similar to that of

Berio S and Bilet Ph’s in 1996.

Fig. 2. Poloidal spectra of 3 poloidial arrays (∆ψ = 0◦,

90◦, 130◦ and 180◦).

Fig. 3. Toroidal spectra with different phase differences

(∆ϕ = 90◦, 130◦ and 180◦).

Table 1. The values of the poloidal wave vector with

different phase differences.

∆ψ 0◦ 90◦ 130◦ 180◦

ny 0.06 0.25 0.34 0.51

Table 2. The values of the toroidal wave vector with

different phase differences.

∆ϕ 90◦ 130◦ 180◦

n∥ 3.15 3.42 3.80

3.2.Comparison of results

As mentioned in the introduction, the poloidal

vector will change the injection direction, hence af-

fect the wave propagation. In order to see the ef-

fect of the poloidal wave vector on wave propaga-

tion, power deposition and driven current, we would

like to compare the results by running LHCD code[7]

with different poloidal spectra (∆ψ = 0◦, 90◦) in

the case of ∆ϕ = 90◦. Note that in the simula-

tion only the power in the toroidal spectrum and the
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toroidal driven current are considered. To see its ef-

fects more clearly two kinds of plasma parameters

(the lower and the higher) are used in the simula-

tion. The lower parameters are: the plasma current

Ip = 150 kA, magnetic field Bt = 1.9 T, the cen-

tral electron temperature Te(0) = 0.7 keV, the cen-

tral electron density ne(0) = 1.6 × 1019 m−3, and

LHW power PLHW = 350 kW. The higher parame-

ters are: Ip = 150 kA, Bt = 1.9 T, Te(0) = 1.2 keV,

ne(0) = 2.5 × 1019 m−3, and PLHW = 350 kW. The

propagation results are displayed in Fig. 4. It is seen

that ray tracings are different with the different phase

differences in the two kinds of plasma parameters, due

to the different injection direction. Due to such dif-

ference of propagation, there is some difference in the

power deposition and driven current.

Fig. 4. LHW ray traces with ∆ψ = 0◦ and ∆ψ = 90◦

(∆ϕ = 90◦): (a) in the lower plasma parameter; (b) in the

higher plasma parameter.

Fig. 5. Driven current profile: (a) LHW power deposi-

tion; (b) with ∆ψ = 0◦, 90◦ and ∆ϕ = 90◦ in the lower

plasma parameter.

As seen from Figs. 5 and 6, simulations show that

there is little effect of the poloidal wave vector on pro-

files of power deposition and driven current in the low

parameter case, whereas profiles of power deposition

and driven current obviously move inward in the high

parameters, suggesting that the poloidal wave vec-

tor also has a different influence on power deposition

and driven current in the different plasma parame-

ters. Compared to the higher parameters, in the low

parameter plasma, the LHW power is absorbed after

multi-pass propagation (see Fig. 4), the power depo-

sition is mainly located in the core region (see Fig. 5).

Possibly due to the multi-pass absorption, the effect

on power deposition and driven current in the higher

parameter plasma is larger than that in the lower pa-

rameter case.

Fig. 6. Driven current profile: (a) LHW power deposi-

tion; (b) with ∆ψ = 0◦, 90◦ and ∆ϕ = 90◦ in the higher

plasma parameter.

4. Discussion

Present results show that by considering the

poloidal phase difference, the poloidal spectrum is

different, leading to a different injection direction of

the wave beam. As a result, it affects the wave

propagation. When the poloidal phase difference is

∆ψ = 0◦, the value of the poloidal wave vector closes

to zero, implying that the effect of the poloidal vec-

tor can be neglected in this case. Simulation shows

that the poloidal wave vector really has an effect on

the power deposition and driven current, suggesting

that it is possible to control current profile by adjust-

ing the poloidal phase difference purposely, especially

when the range of toroidal spectrum which can be

adjusted is small in order to pursue high directivity

and high current driven efficiency for the MJ antenna.
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Of course, in the real plasma, the phase difference in

the poloidal direction due to the mismatch between

the plasma and LHW antenna is small, so its effect

on propagation and power deposition should be much

smaller than that in the case of ∆ψ = 90◦.

5. Conclusion

By the way of numerical simulation, the power

spectrum considering coupling between the waveg-

uides in both poloidal and toroidal directions are es-

timated, nearly similar to the results of Berio S and

Bilet Ph’s in 1996. Further calculation shows that the

dependence of poloidal spectrum on poloidal phase

difference is similar to the toroidal case, peak value

increases with the increasing phase difference. By

changing the poloidal phase difference, the propaga-

tion of LHW in plasma is different due to the different

injection direction, leading to a different power depo-

sition and a different driven current profile. The effect

of the poloidal wave vector on power deposition and

driven current profile depends on plasma parameters.

Results show that the poloidal wave vector also has

an effect on power deposition and driven current, es-

pecially in the case of high parameter plasma, and it

seems possible to control the current profile with the

help of adjusting the poloidal phase difference.
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