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Radial electric fields in tokamaks can be generated by charge accumulation due to a resonant

trapped electron pinch effect. The radial field can then drive a toroidal flow. This resonant pinch

effect was evaluated for the current-drive scheme that diffused electrons in the direction parallel to

the toroidal field. It was found that, for typical tokamak parameters, to generate a radial electric

field on the order of 100 kV=m, an rf power density on the order of kW=m3 is required. This

power, absorbed by trapped electrons, is a small fraction of rf power density for current drive

which is absorbed by passing electrons. However, according to the Landau resonant mechanism,

the fraction of the momentum to trapped electrons decays exponentially with the square of the

parallel phase velocity of the wave; therefore, the power absorbed at lower resonant velocities is

the key. On the other hand, the redistribution of the current profile, due to rf current, decreases the

local poloidal field and may reduce the particle transport significantly. It can relax the requirement

of momentum deposited to trapped electrons, and, at the same time, contribute to explain the

strongly correlation between the rotation and the driven current observed in experiments. VC 2011
American Institute of Physics. [doi:10.1063/1.3624494]

I. INTRODUCTION

Toroidal plasma flow in tokamaks may be advantageous

for confinement.1–3 However, momentum input by neutral

beam injection alone to produce this flow may not suffice to

meet the flow required in ITER or future reactors. Therefore,

it is of great interest to investigate methods of flow drive

without significant momentum input, such as may occur dur-

ing rf current drive. While the physics of the rf current drive

effect itself has been well understood,4 what is not well

understood is why toroidal rotations were observed in many

rf experiments.5–8 Since the rotation was usually observed in

early ion cyclotron resonant heating (ICRH) experiments,

theories based on the orbit of energetic particles were devel-

oped.9–11 However, similar rotations were found later in

electron cyclotron resonant heating (ECRH) plasma and

Ohmic plasmas. Then, theories were developed from the

view of neoclassical12 or turbulence transport.13–16 Also, a

comprehensive description17 of many processes of toroidal

flow generation and transport was provided in sequential

time scales. In addition, an inter-machine comparison of

intrinsic toroidal rotation was conducted.18

One of the significant characteristics of the so-called

“intrinsic rotation” is that the rotation is proportional to the

stored energy but inversely proportional to the plasma cur-

rent. At present, a theory19 based on the turbulent momen-

tum transport seems to be promising, since the rotation from

a residual stress was confirmed by recent experiment at cy-

lindrical laboratory plasma.20 However, recent experiment

on mode conversion flow drive in C-Mod (Ref. 21) showed

different behavior, where the flow is significantly larger than

the empirical scaling law of the intrinsic rotation and is

rather sensitive to different rf-plasma interactions. Another

recent experiment in C-Mod (Refs. 22 and 23) indicated that

a toroidal flow can be generated by lower hybrid wave

(LHW) injection, where the flow seems to be closely associ-

ated with the rf driven current. Because of the large space of

wave parameters explored and to which this effect appears to

be sensitive, this discovery of toroidal rotation produced by

the LHW is likely important for understanding rotation pro-

duction in general.

While the lower hybrid current drive physics has been

clear,24,25 the physical mechanism of toroidal flow genera-

tion by the LHW is an open issue. A negative radial electric

field, near the peak of the electron profile, was observed22,23

which may imply an electron pinch effect. It is expected that

this pinch process is similar to the Ware pinch,26 but due to

the rf-electron resonance. This rf-induced pinch effect has

been mentioned in the scheme of low frequency current

drive,27 where in the steady state, the bootstrap current might

compensate the current lost in trapped electrons. However,

the charge separation due to this pinch of electrons would

generate a radial electric field, which would then drive rota-

tion. Therefore, it is of great interest to investigate whether

this electron pinch effect induced by rf waves is relevant to

producing a significant radial electric field and then driving

the plasma rotation.

In this paper, we evaluated this effect of resonant trapped

electron pinch and its relevance to the radial electric field

needed to drive the flow. It was found that two key processes

influence this effect strongly. One is the division of rf power

into passing and trapped electrons. It was found that, fora)Electronic mail: gaozhe@tsinghua.edu.cn.
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typical tokamak parameters, to generate a radial electric field

on the order of 100 kV=m needs an rf power density on the

order of kW=m3 deposited on trapped electrons, which is only

a small fraction of the rf power density for heating and=or cur-

rent drive. However, according to the Landau resonance mech-

anism, the fraction of momentum to trapped electrons decays

exponentially with the square of the parallel phase velocity of

the wave, so that a low frequency wave, for example, an ion

cyclotron frequency range (ICRF) fast wave or an Alfven

wave, easily provides enough momentum to trapped electrons

to build a significant electric field. However, for a higher fre-

quency wave, for example, a LHW, the large parallel wave-

numbers in power absorbed spectrum, rather than the

wavenumbers that dominate current drive, is expected to play

the key role in flow drive. The other important issue in this

mechanism is the secondary effect due to the redistribution of

current profile due to the rf current. The current profile distri-

bution can decrease the local poloidal field and may reduce

the particle transport significantly. It can loosen the require-

ment of momentum deposited to trapped electrons, and, at the

same time, contribute to explain the strong correlation between

the rotation and the driven current observed in experiments.

The paper is organized as followed. A physical model of

resonant trapped electron pinch is presented in Sec. II. The mag-

nitude of electric field driven by this mechanism is estimated in

Sec. III, where possible processes to increase the fraction of mo-

mentum to trapped electrons are discussed. Section IV is

devoted to the effect of the redistribution of current profile due

to rf current, which may explain the correlation between flow

drive and current drive. Finally, conclusions are given in Sec. V.

II. PHYSICAL MODEL

We will evaluate the pinch effect due to rf-plasma reso-

nant interaction for the parallel-drive scheme. First, suppose

that, during the time interval Dt, the electrons obtain the mo-

mentum Dp, parallel to the magnetic field from the rf wave.

This momentum gain is allocated to circulating electrons and

trapped electrons separately, as Dp ¼ Dpc þ Dpt. For circulat-

ing electrons, a parallel current, Jk, is determined by balancing

the wave driving effects and the collision dragging effects

Dpc

Dt
¼
�emeJk

e
; (1)

where �e is the collision rate of resonant circulating electrons.

However, the resonant trapped electrons, which absorb the

parallel momentum as well, do not contribute to the current

since the parallel velocity of the trapped particle reverses its

sign at the bounce points. Instead, the vector potential changes

to keep the conservation of canonical annular momentum

such that a radial electron flux is produced. The mechanism is

the same as the well-known Ware pinch26 except that the par-

allel momentum is provided by the rf-electron resonance

rather than by the inductive eclectic field. Then, we have

Dpt

Dt
¼ �entvrBh � �eBhCre; (2)

where nt and vr are the density and radial drift velocity of

trapped electrons, and Cre ¼ ntvr denotes the radial electron

flux. This inward radial electron flux causes the negative

charge accumulation. The saturation mechanism is related to

the particle transport process, which is the mixture of diffusion

and convection. However, for simplicity, we may consider the

radial particle transport as an “effective” diffusion process by

defining an effective diffusion coefficient Dn ¼ Ddiff

þLnVconv, where Ddiff is the diffusion coefficient, Vconv is the

convection velocity, and Ln is the scale length of density.

Then, we can estimate the value of Dn from the particle con-

finement time in experiments and need not consider the details

of anomalous diffusion and convection, which is still an open

question. (Of course, we can also consider the particle trans-

port as an effective convection process in the same way.) In

this picture, the charge density is determined by the balance

between the rf-induced pinch flux and the outward diffusion

flux due to the slight increase in electron density gradient

Cre ¼ Dn
Dq

eLn
; (3)

where Dq ¼ eDn is the accumulated charge. Here, it is

assumed that the density gradient does not change too much

so the change of density gradient is proportional to the

change of electron density. Finally, the radial electric field,

Er, is decided by the Possion’s equation

r � Er ¼ �
Dq

e0

: (4)

Now, let us connect the electric field to the rf power depos-

ited into plasma. For parallel drive with the resonant velocity

vk, the transferring energy is DW ¼ vkDp, so that the wave

power density, PD, is connected to the momentum gain

PD ¼ vkDp
�
Dt: (5)

Combining Eqs. (2) and (5), we get

Er

PD
¼ � LELnjt

e0DnBhvk
; (6)

where jt � Dpt=Dp is the fraction of momentum into trapped

electrons and LE the radial scale length of electric field.

(Here, we assume that Er at the edge is zero and then

r � Er � �Er=LE.)

From Eq. (1), we can obtain the relation between the rf-

driven current density and the power density as

Jk
PD
¼ ð1� jtÞe

mevk�e
: (7)

We can also connect the radial electric field to Jk by the

relation

Er ¼ �
jt

1� jt

LELn�e

e0DnXh
Jk; (8)

where Xh is the electron cyclotron frequency at the poloidal

field. Then, if the poloidal rotation and the pressure profile

are not changed too much due to the rf injection, the change

of the toroidal rotation accompanying the rf current drive

may be written as
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DV/ ¼ Er=Bh: (9)

Thus, counter-current rotation is expected. In Sec. III, we

will estimate the magnitude of the radial electric field pro-

duced by this mechanism.

III. ESTIMATION OF THE MAGNITUDE OF RADIAL
ELECTRIC FIELD

Let us examine Eq. (6). The scale length of density, Ln, is

of the order of the major radius. The scale length of the electric

field, LE, may be estimated to be a fraction of the minor radius.

The parallel resonant velocity vk is of the order of the electron

thermal velocity vte but its precise value depends on whether

fast electrons or slow electrons are driven. (We will be using

the normalized resonant velocity, v̂k ¼ vk
�

vte.) The poloidal

magnetic field Bh is on the order of a Tesla, but the local field

is changed by the re-distribution of the current profile due to

the off-axis current driven, for example in the low hybrid cur-

rent drive (LHCD). At the same time, this re-distribution of the

current profile may influence transport, so it should be related

to the particle diffusion coefficient Dn. However, as mentioned

before, the understanding of Dn is still an open problem in

tokamak plasmas. While leaving further discussion for Sec.

IV, here, we simply use some typical values of Dn. For exam-

ple, we can take the parameters: Ln ¼ 0:3 m, LE ¼ 0:3 m,

Bh ¼ 0:5 T, Te ¼ 3 keV, and Dn ¼ 1 m2
�

s which approximate

the measured experimental values in C-Mod LHW experi-

ment22,23 and are also roughly comparable to parameters of

other relevant experiments. (In typical medium-size tokamaks,

the scale lengths of density and temperature are similar to

those in C-Mod but the poloidal field is a little bit weak; while

in large-size tokamaks, the scale lengths of density and temper-

ature are somewhat larger.) Since the effective diffusion coeffi-

cient Dn is difficult to estimate, a typical value of anomalous

diffusion coefficient in tokamak is chosen here. (The case of

neoclassical transport level will be discussed separately.)

Then, substituting these parameters in Eq. (6), the generated

electric field Er is related to the power density as follows:

Er kV=m½ �
jtPD½kW=m3� ¼

0:9� 102

v̂k
: (10)

We may roughly consider the quantity jtPD as the power

density deposited on trapped electrons. Then, Eq. (10) indi-

cates that, to drive an electric field on the order of 100 kV=m,

an rf power density on the order of kW
�

m3 deposited on

trapped electrons is required. In present devices, the plasma

volume is typically of the order of m3 and the injected rf

power is of the order of MW. The total power density should

be larger than MW
�

m3 due to the localized deposition of the

rf power. The typical observed electric field is about 30–50

kV=m. Therefore, only a small fraction of rf power for heat-

ing or current drive deposited on trapped electrons is enough

to explain the radial electric field in experiments.

Now, we turn to examine the fraction of momentum to

trapped electrons jt. For the resonant absorbing mechanism

at given resonant phase velocity vk, the value of jt is the

same as the fraction of trapped particles. Considering a toka-

mak with a low inverse aspect ratio e� 1, the trapping con-

dition of the particle is v2
? 	 v2

k 1� eð Þ= 2eð Þ; therefore, the

fraction of the trapped particles at a given vk can be roughly

written as

jt �
ðþ1

v̂2
k 1�eð Þ= 2eð Þ

expð�v̂2
?Þdv̂2

? ¼ exp½�v̂2
k 1� eð Þ= 2eð Þ�:

(11)

Here, we neglect the poloidal dependence of trapped condi-

tion and the corresponding magnetic surface average, which

decreases the magnitude of jt but not by much. Clearly, jt

decreases exponentially with the square of resonant velocity.

Figure 1(a) shows the dependence of jt

�
v̂k on v̂k for

e ¼ 1=6. It implies that the expected electric field driven effi-

ciency can be obtained in the scheme of thermal or sub-ther-

mal electron drive. For example, only a few kW=m3 power

density deposited on the thermal electrons is needed to gen-

erate a radial electric field on the order of 100 kV=m [the

black dotted line in Fig. 1(b)]. If the rf power is deposited on

trapped electrons directly, hundreds of watts are enough to

drive the expected electric field [the green dash-dotted line

FIG. 1. (Color online) (a) The factor jt

�
v̂k, which is proportional to the

electric field drive efficiency by jt

�
v̂k ¼ e0DnBhð Þ= LELnð Þ½ � Er=PDð Þ, as

functions of resonant velocity at e ¼ 1=6; (b) the magnitude of the driven

electric field as functions of the power density for different resonant veloc-

ities and diffusion coefficient at typical parameters at Ln ¼ 0:3 m,

LE ¼ 0:3 m, Bh ¼ 5 T, Te ¼ 3 keV, and e ¼ 1=6.
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in Fig. 1(b)]. However, the efficiency of generating Er

decreases dramatically as the resonant velocity increases.

This dependence implies that a low frequency wave, for

example, an ICRF fast wave or an Alfven wave, can easily

provide enough momentum to trapped electrons to build a

significant electric field. However, the tendency is quite op-

posite for the LHCD case. For a typical LHCD experiment,

the parallel phase velocity is several times of the electron

thermal speed. For example, the spectrum nk ¼ 2 corre-

sponds to v̂k ¼ c=ðnkvteÞ � 6:5 for Te ¼ 3 keV. Therefore,

the momentum deposited to trapped electrons is negligible.

The phenomena of so-called nk spectrum upshift or spectral

gap28 observed in LHCD may help produce some momen-

tum deposition to electrons with lower velocity. However,

even for v̂k ¼ 2 [the red dash line in Fig. 1(b)],

jt

�
v̂k � 2� 10�5, which means the MW

�
m3 rf power den-

sity can drive a field of only 2 kV=m. Therefore, for the

LHCD case, it is key to consider the possible processes to

increase the momentum deposition to trapped electrons.

In practice, the grill antenna system generates a LHW

power spectrum with multi-peaks in nk besides the dominant

peak. Neglecting the fine structure of each peak, the power

spectrum can be written as PD 
 PD

P
j fDjd ðnk � nkjÞ,

where fDj is the weight function of the peak of nkj. The sub-

peaks have small fractions in power spectrum, therefore,

may make a negligible contribution to current drive. How-

ever, the rf power with large nk is deposited to electrons with

lower velocities and then increase the efficiency for electric

field generation. The total generated electric field can be

described as

Er 
 gPD

X
j

nkjjt nkj
� �

fDjd nk � nkj
� �

; (12)

where g ¼ LELnvte= ce0DnBhð Þ is about 8kV �m2
�

kW for the

parameters in Eq. (10). Then, the “dominant” peak for generat-

ing Er depends on the value of nkjjtðnkjÞfDj. Since jtðnkÞ grows

rapidly, but fD decays with an increasing nk, this value is sensi-

tive to the details of rf power spectrum. Therefore, driving flow

requires certain specific features for the antenna system.

Another issue is that, we used an anomalous particle dif-

fusion coefficient above. If the particle confinement is

improved, the requirement on the nk absorbing spectrum will

be relaxed. We may consider a neoclassical diffusion coeffi-

cient Dn � 3� 10�3 m2
�

s (assuming n ¼ 1 �1020m�3,

B ¼ 5 T, q ¼ 3). In this case, the efficiency for electric field

generation is improved to Er=PD ¼ 3� 104ðjt=v̂kÞ
½kV �m2=kW�. Comparing to Eq. (10) at the anomalous

transport level, the dependence on the resonant velocity does

not change but the magnitude increases by about 300 times.

In Figure 1(b), the blue solid line indicates this case, where

vk ¼ 2vte and Dn ¼ 3� 10�3 m2
�

s. It is shown that tens of

kW=m3 power density can drive tens of kV=m electric field.

This improved confinement is consistent with the evolution

of the radial electric field and=or the re-distribution of cur-

rent profile due to the off-axis current drive. We will leave

the discussion in Sec. IV.

Other mechanisms beyond the Landau absorbing can

also contribute to the increase of the momentum percentage

to trapped electrons. For example, anomalous Doppler broad-

ening effect due to the interaction between LHW and fast

electrons may scatter the momentum to the perpendicular

direction,29,30 and hereafter, Cherenkov mechanism could

increase the momentum of trapped electrons.31 However, if

this mechanism was effective, the relevance of the radial elec-

tric field to the runaway behavior should be shown in the

experiment. It was also known that the LHW can couple to

low frequency fluctuations through the parametric decay,32

which was considered as one of the explanations for the phe-

nomena of spectral gap.28 Recent study also33 showed that the

trapped electron mode (TEM) could be destabilized by the

parametric processes induced by the low hybrid injection and

then induces an inward transport. However, it is problematic

to investigate whether the direct turbulence-induced diffusion

is ambipolar or not. In this case, the turbulent energy (or mo-

mentum) dissipation should be considered. If the dissipation is

different in the ion and electron channel, it will contribute the

charge separation and then the generation of the radial electric

field. Another process might be the momentum redistribution

due to the collisions. The LHW serves as a continuous mo-

mentum pump, and collisions redistribute the momentum to

bulk plasma over the relaxing time of fast electrons. The mo-

mentum on trapped electrons at the steady status may be

jtj1
 ft
�ee

�ee þ �ei
¼

ffiffiffiffiffi
2e
p

1þ 0:5Z
; (13)

where �ee and �ei are the electron-electron and electron-ion

collision frequencies, and Z is the effective charge number.

This fraction is independent to the resonant velocity but

seems much larger than the value required. Further consider-

ation on the momentum distribution is still required.

IV. DISCUSSION OF THE CORRELATION
WITH RF CURRENT DRIVE

Considering the division of parallel momentum into cir-

culating and trapped electrons, the two roles of rf, i.e., current

drive and flow (or radial electric field) drive, are indeed com-

petitive. Although the mechanisms beyond the dominant peak

absorbed, which are stated in the above section, may cause the

fraction of momentum to trapped electrons, jt, independent

on the dominant nk value, the strong dependence of the cur-

rent driven efficiency on the resonant velocity still remains.

However, in the C-Mod experiment,22,23 the strong correlation

between the increasing rotation and the decreasing internal in-

ductance were observed and this correlation changed a little

as nk varied. Both the current and the rotation increased with

the decrease of nk. Moreover, the rotation seemed to lag

behind the re-distribution of the current, which may indicate

causality. Therefore, it is necessary to consider the effect of rf

current drive on the generation of radial electric field and the

corresponding toroidal rotation. In Sec. III, it has been men-

tioned that two factors, Bh and Dn, can be changed by the re-

distribution of the current profile due to the off-axis current

driven. In this section, we will discuss these effects in details.

The local poloidal magnetic field is determined by the

current inside the local flux surface. Since the current keeps
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constant in discharges, the inside current will decrease when

the off-axis current driven by rf increases. For simplicity, we

assume an rf driven current profile with a constant density Jk
and an effective diffusion width Dw outside the local surface

r ¼ r0. (If considering a more realistic current density profile,

the Dw can be estimated by the relation
Ð a

r0
jk rð Þrdr ¼ Jkr0Dw.

For the linear dependence of jk rð Þ ¼ Jkðr � aÞ
�

r0 � að Þ and

r0 ¼ a=2, it is easy to find Dw ¼ a=3.) The decrease of inside

current should be Jk2pr0Dw, and therefore, the modified poloi-

dal magnetic field is B0h ¼ Bh �l0JkDw.Then, using Eqs. (7)–

(9), we can get

DV/

Jk
¼ mLELn�0jt

ee0B2
hDnv̂3

k 1� jtð Þ 1�
l0DwePDv̂2

k
mevte�0Bh

 !�2

: (14)

Here, the simple 1-D model is employed to calculate the cur-

rent driven efficiency in Eq. (7), i.e., �e ¼ �0v̂�3
k , where �0 is

the electron-ion collision frequency for thermal electrons.

Considering the same parameters in Eq. (10) and

PD ¼ 1 MW=m
�3

, Dw ¼ 0:05 m, and n ¼ 1020m�3, the term

in the parentheses in Eq. (14) becomes 1� 0:03v̂2
k. If the jt

and Dn are constants, the modification of the poloidal field

can partially compensate the strong dependence of �e on the

resonant velocity. As a result, the ratio of rf-driven flow to

rf-driven current is not very sensitive to the resonant veloc-

ity. This trend is shown in Fig. 2, where the

DV/
�

Jk � v̂�3
k ð1� 0:03v̂2

kÞ
�2

changes not too much in a

large regime of v̂k.
Another possible process is that the particle transport

might be strongly influenced by the off-axis current drive. It is

mentioned that the diffusion coefficient Dn used here is an

effective parameter. It may include both diffusion and convec-

tion (pinch) through neoclassical and turbulence processes.

The well-accepted conclusion34–36 on the particle transport

is that the curvature induced “turbulence-equipartition”

effect37,38 always induces an inward flux, but that the

“thermo-diffusion” term39–42 can either be inward when the

ion temperature gradient mode (ITG) is dominant and outward

when the TEM is dominant. Therefore, the reduction of parti-

cle transport can be realized by the weakness of outward

transport or by the enhancement of inward transport, depend-

ing on different situations. However, the particle transport,

which is closely related to the generation of radial electric

field, is still an open question. Here, we just do some qualita-

tive analysis based on experimental facts. Experiments43–46

have identified that the transport may be reduced dramatically

when the q profile becomes weak shear or negative shear. The

reduction of magnetic shear is related to the off-axis rf driven

current D ŝ=qð Þ � Jrf / v̂2
k, and then the effective diffusion

coefficient Dn decreases with the increase in rf-current. This

effect may influence the dependence of DV/
�

Jk on v̂k, to-

gether with the change of Bh due to the rf-induced current.

Moreover, it has been mentioned in Sec. III that the reduction

of Dn relaxes the requirement of the momentum to trapped

electrons. Since the particle transport can be greatly improved,

typically from anomalous to the neoclassical level, the Landau

absorbing with the up-shifted nk spectrum is enough to drive

the significant flow as shown in Fig. 1(b) of Sec. III. It might

contribute to understand the plausible causality between the

flow drive and current drive in the C-Mod experiment.22,23

V. CONCLUSIONS

Radial electric fields in tokamaks can be generated by

charge accumulation due to the pinch effect of trapped elec-

trons, when they resonantly obtain parallel momentum from

the injecting rf wave. This radial field can then drive the to-

roidal flow. Two processes influence this mechanism

strongly. One is the allocation of rf power into passing and

trapped electrons. At typical tokamak parameters, to gener-

ate a radial electric field on the order of 100 kV=m needs an

rf power density on the order of kW=m3 deposited on

trapped electrons. This power, absorbed by trapped elec-

trons, is a small fraction of rf power density for current drive

which is absorbed by passing electrons. However, according

to the Landau resonance mechanism, the fraction of the mo-

mentum to trapped electrons decays exponentially with the

square of the parallel phase velocity of the wave; therefore

power absorbed at lower resonant velocities is important.

For example, for low hybrid wave injection, those sub-peaks

with larger nk ’s, rather than the main peak with a small nk,
dominate the generation of the radial electric field. There-

fore, the efficiency for electric field generation might be very

sensitive to the fine structure of the rf power spectrum. Some

mechanisms beyond the Landau absorbing, including anom-

alous Doppler scattering, parametric decay, and collisional

redistribution, also have the possibilities to be involved. The

other important issue in this mechanism is the secondary

effect due to the redistribution of current profile due to the rf

current. The redistribution of current profile is expected to

decrease the local poloidal field and reduce the particle trans-

port significantly. It may contribute to explain the strongly

correlation between the rotation and the driven current

observed in experiments and, at the same time, relaxes the

requirement of momentum deposited to trapped electrons.

For fast electron drive, the above critical conditions

should be satisfied to generate the radial electric field

FIG. 2. (Color online) The correlation between flow drive and current drive:

DV/
�

Jk as functions of resonant velocity at PD ¼ 1 MW=m
�3

, Dw

¼ 0:05 m, n ¼ 1020 m�3, and other parameters same as in Fig. 1.
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desired. Otherwise, this effect becomes too weak. However,

for low frequency rf waves, the current drive efficiency is

weakened due to the enhanced electron trapping at lower

phase velocities, but the generation of electric field is

expected to be of higher efficiency. Therefore, the flow drive

mechanism of resonant trapped electron pinch may be

observed easily when injecting an ICRF fast wave or an

Alfven wave into plasma.
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