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A phase-controlled lower hybrid wave (LHW) multi-junction (MJ) coupler (3(rows)x4(columns)x4 (subwaveg-

uides)) has been developed in the HT-7 tokamak. Simulations show that it is more effective for driving plasma current

than an ordinary phase-controlled LHW antenna (3(rows)x 12(columns)) (traditional coupler). The plasma-wave cou-

pling experiments show that the reflection coefficient (RC) is below 10%, implying that the MJ grill can launch the

wave into the plasma effectively. The effect of power spectrum launched by the MJ coupler on RC indicates that an

optimal condition is requisite for a better coupling in the lower hybrid current drive (LHCD) experiments. Studies

indicate that the drive efficiency of the MJ antenna is higher than that of the traditional one, which is mainly ascribed

to the discrepancy in impurity concentration, plasma temperature, and spectrum directivity. An improved confinement

with an electron internal transport barrier is obtained by LHCD. The analysis shows that the modified negative (low)

magnetic shear and the change of radial electric field profile due to LHCD are possible factors responsible for the eITB

formation.
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1. Introduction

Lower hybrid current drive (LHCD) is an effec-
tive way to drive plasma current and modify plasma
current profile, and thereby improve plasma confine-
ment in a tokamak. The relevant results have been
reported in many tokamak devices, such as JT-60U,
JET, Tore-supra, FTU,'=4 and the HT-7 supercon-
ducting tokamak.>=1 A 1.2 MW (12 x 100 kW)
LHCD system!!'?! with 12 klystron amplifiers operat-
ing at a frequency f = 2.45 GHz has been installed in
the HT-7 tokamak to drive plasma current. The wave
generated by the system is fed into the tokamak by an
antenna, which is one of the key factors determining
launched spectrum, hence it can affect wave propa-
gation, power deposition, and current drive efficiency,
consequently, the plasma confinement is affected. So
it is essential to study the antenna’s property.

The MJ coupler is being considered to drive
in the
mak experiment reactor (ITER) device.

international toka-

Rele-

the plasma current

vant pre-experiments for ITER with this kind of
antenna have been reported in JT-60U,!'3 Tore-
supral' and JET,['516 and further work is un-
derway in FTU with a passive-active multijunction
(PAM).['"l To achieve a high-performance plasma,
a phase-controlled LHW MJ coupler (3(rows) x4
(columns) x 4(subwaveguides)) has been developed®l
in the HT-7 tokamak since 2001.

of the newly developed MJ coupler, an improved

By means
confinement® with an internal transport barrier
(ITB) formation characterized by an ion temperature
profile has been reported, and its capability to modify
plasma current has been demonstrated. Also, the edge
plasma fluctuation suppression by LHCD with the
MJ coupler has been analysed.['%'! Here, we intend
to investigate the characteristics of the MJ grill, the
wave—plasma coupling characteristics, and the current
drive efficiency for two types of antennae (MJ and tra-
ditional grills™ (3(rows)x 12(columns), where each
module is not divided into subwaveguide with a fixed
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phase difference, see Section 2)), and analyse the im-
proved confinement with electron ITB formation. In
the experiments, deuterium serves as the working gas.

2. Characteristics of the multi-

junction grill

The HT-7 superconducting tokamak?® is a

middle-sized (major radius: 1.22 m, minor radius:
0.28 m) limiter configuration device with a circular
cross-section. The launcher mouth structure is de-
signed to match the plasma shape so that the effect
of this mismatch on the wave—plasma coupling should
be reduced as much as possible. As shown in Fig.1,
the traditional coupler with an L_G of 18.32 cm (L_-G
is the width of the grill) consists of 12 waveguides
per row in two rows, which had been utilized in ex-
periments before 2001, while the MJ grill (L_G= 19.3
cm) consists of 12 modules arranged in an array of 3
rows and 4 columns, and each module is divided into
90°) re-
sulting from a built-in phase shifter in between and is

4 waveguides with a fixed phase difference (~

supplied by a single power source. Therefore, in each
row there would be 16 waveguides. The power spectra
(see Ref.[21]) launched by the MJ and the traditional
coupler are shown in Fig.2, in which magnifications of
the main lobes for the two couplers are superimposed
and N F;eak denotes the peak value of the parallel re-
fractive index of the main lobe.

f'i( H

Fig.1. Structure of grill mouth (left: MJ, right: tra-
ditional).

It is seen that the traditional coupler has an asym-
metric spectrum with a half-width at half maximum
Agpwp ~ 0.62, while the MJ grill has a more asym-
metric one with a narrower half-width (Agpwp ~
0.59), which is beneficial to the current drive and con-

trolling current profile, partly at the expense of its
heating electron capacity. With the reflection coeffi-
cient assumed to be 0.1, the N, -weighted (N, , denotes

(22] hased on

the parallel refractive index) directivity
the theoretical current drive efficiency of the waves is
0.714 for the MJ grill and 0.567 for the traditional
one, indicating that the MJ grill can offer more effi-
cient current drive power. In order to compare the
drive capabilities of the two couplers, a ray tracing
codel®3 is utilized to calculate the wave power depo-
sition, from which a non-inductive current can fur-
ther be estimated by using a two-dimensional Fokker—
Planck equation.!?3! In the code, the positive and the
negative components of the spectrum are both consid-
ered, for the driven current by LHCD is determined
by the waves propagating in both co- and counter-
direction. For simplicity, it is assumed that the mech-
anism of interaction between plasma and waves with
positive and negative parallel refractive indices is the
same (i.e. the quasilinear Landau damping is used in
both cases, whereas the electron interacting with the
waves propagating in the co- and counter-direction
moves along the opposite direction), but the driven
currents are in opposite directions.
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Fig.2. Spectra launched by MJ and traditional an-
tennae.

Using the ray-tracing code, with plasma parame-
ters assumed to be in the same form (density and tem-
perature profiles are both assumed to be parabolic)
and the spectra shown in Fig.2, the simulated power
deposition profiles in Fig.3(a) show that there exists
little difference in the deposition contributed by the
positive spectrum component between the MJ cou-
pler and the traditional one, whereas for the contri-
butions from the negative spectrum component there
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is a prominent difference between the two antennae.
The different peak positions in the two negative cases
mainly result from the different power spectra in the
side lobe. The further calculated driven current pro-
files shown in Fig.3(b) indicate that the driven current
is larger in the MJ case, meaning the higher drive ef-
ficiency of the MJ grill due to its better directivity.

MJ(positive)
MJ(negative)
traditional(positive)
tr. adltlonal (negative)
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Fig.3. Simulated results for the spectra (shown in
Fig.2) launched by MJ and traditional antennas, (a)
power deposition for the positive/negative spectra, (b)
driven current.

With the developed MJ grill, the launched spectra
in the main lobe with different phase differences (A &)

between the modules are shown in Fig.4, in which with
the increasing phase difference, the peaks of parallel
refractive index of the power maximum shift towards
large values. The asymmetric spectra offer a necessity
to effectively drive non-inductive plasma current. The
variation of N/I;eak enables the wave to control plasma
current profile by adjusting its spectrum purposely.
The relationship between N/F;eak and A @ is illustrated
in Table 1, from which we can see that the relation
between N/‘jcak and A® is nearly in accord with the
analytic equation (N/}jcak =n,,0[l + A®/360°], n, 0
is the NP°ek value when A = 0) given by Litaudon
and Moreau.[?4

16

12 4

Power density/arb. units
o
1

Fig.4. Main lobe spectra launched by the MJ an-
tenna with different phase differences (A @) between
adjacent modules.

Table 1. Relationship between N/P/Cak and A @ for the spectrum launched by the MJ antenna.

AB/(°) —150 —120 —90  —60 -30

0 30 60 90 120 150 180

NPpeak 1.55 1.75 1.95 2.15 2.35

2.55 2.75 2.95 3.15 3.35 3.55 3.8

3. Wave—plasma coupling experi-

ments

Using the MJ coupler, plasma—wave coupling ex-
periments with a plasma current I, ~120 kA are per-
formed by both scanning plasma density with N/I;eak ~
2.55 and scanning A @ from —150 to 180° (correspond-
ingly, N pe“k varies from 1.55 to 3.8), with a central line
—3. The reflec-
tion coefficient, which is a main indicator of wave—

averaged density (n.) being 1.0x10m

plasma coupling and determined by a bi-directional
coupler, can be roughly estimated by the ratio be-
tween the reflected power and the incident power

(Pre/Pin)-

The results displayed in Fig.5 show that

the reflection coefficient (RC) is below 10% so good
coupling efficiencies are obtained for both scanning
cases, indicating that the MJ grill can effectively cou-
ple the wave into the plasma for the present HT-7
experiments. In particular, within the measurement
error-bar, low reflections are observed in the range of
1.75 < N/F;eak < 3.35, beyond which the reflection in-
creases, suggesting that an optimal spectrum is requi-
site for a better coupling.
The grill-mouth density,

d
Ne,grill = e, LCFS * exp(— b\ ),
SOL

determined by the distance d between the last closed
flux surface (LCFS) and the grill mouth, plays a dom-
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inant role in determining the wave—plasma coupling.
Here, ne 1crs and Agor, are the density at the LCFS
and the decay length in the scrape-off layer, respec-
tively, measured by Langmuir probes. Wave—plasma
coupling requires the plasma density at the grill mouth
to be above a cut-off density determined by nc.co =
(w?me)/(4me?), where w is the wave frequency, m.
the electron mass and e the electron charge. Other-
wise, the coupling will deteriorate and the reflection
will increase, hence giving rise to an arc in a waveg-
uide. More specifically, for a good coupling an opti-
mal density required at the antenna aperture is given
by nzfgrill > N/%ncyco.[%} For the HT-7 tokamak, the
cut-off density at a frequency of 2.45 GHz is about
7.4 x10' m~3, and the plasma density at the grill
mouth is about 1.5 x 10'® x exp(—1.5/1.0) ~ 3.23 x
101" m~3. The low reflections for the density and the
spectrum scan experiments suggest that the plasma
density in front of the grill mouth satisfies the cou-
pling condition, which is demonstrated by the above
estimation. This is mainly because the grill is very
close (d ~ 1.5 cm) to the LCFS plasma and the de-
cay length (Asor, ~ 1.0 cm) is not too small, the ratio
d/Asor is not large enough to reduce the mouth den-
sity to the cut-off value. With the density varying,
the change of reflection is not so obvious as in the
case of the spectrum. This indicates that once the
coupling condition is satisfied, the dependence of cou-
pling on density is weak, which has also been reported
in Tore-supra.['¥ Tt is still not understood why a small
increase in reflection at the density of 1.9 x 10'? m—3
is observed. According to the Brambilla theory,?!) on
condition that the edge density is not so large that
the high heat flux occurs, the increasing density will
be beneficial to the wave—plasma coupling. Whether
this is caused by the measurement error or due to the
change of density gradient in front of the antenna is
not yet known.

The effect of power spectrum launched by MJ cou-
pler on reflection, which has been reported experimen-
tally and theoretically in Tore-Supra,/?? is possibly
due to the high harmonic N, components of LHW
spectrum.2627) The interaction between these com-
ponents and the electrons in the edge region gives rise
to high heat loads, leading to the formation of hot
spots on the plasma facing components as reported

§116,28,29]

in some device, and large impurity influxes,

which deteriorate the coupling and the plasma qual-

ity. In addition, with the increase of N, ,, the optimal

/ )
coupling condition is satisfied not very well. This is

another reason for the deterioration of the coupling
when NPk > 3.35.
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Fig.5. Dependence of reflection coefficient on spec-

trum and density.

4. Current drive efficiency

The current drive efficiency of the MJ antenna is
also investigated by scanning plasma density (n. ~
1.0, 1.5, 2.0 (x10'® m™3) with a phase difference of
A® = 60 between adjacent modules (N/‘jcak = 2.95).
The experiments are performed with the parameters
I, ~ 150 kA, B; ~ 1.9 T, and PLgw ~ 350 kW. As
done in the study of the traditional antenna, the ex-
periments are performed with a feedback control sys-
tem that adjusts the input power from the ohmic (OH)
transformer so as to keep plasmas current I, constant.
The current drive efficiency is evaluated by the for-

mula 3%

exper ncIrfR
ncdp = Tﬁp7 (1)

where R, is the major radius of tokamak and Py is
the LH wave power absorbed by plasma through Lan-
dau damping. The driven current I+ is approximated
by It = (AV/Vou) - I,, with the effects of the Spitzer
resistivity and the hot conductivity neglected, where
AV = Vou — VLu, Vou is the loop voltage in the OH
heating phase just before applying the LH power, and
ViLu is the loop voltage during the LHCD phase. Fig-
ure 6(a) shows the effects of the power spectrum and
the plasma density on the current drive efficiency for
the present MJ grill. In order to compare the experi-
mental current drive capabilities of the two couplers,
the dependence of current drive efficiency on plasma
density with N/I;eak = 2.9 for the traditional antenna,
which was studied in [7] is also presented in the figure.
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It is seen that the best drive efficiency is obtained
at a density of 1.5 x 10'” m~3 in the MJ case. Though
the experimental data are very limited, a comparison
between the results from the traditional and MJ an-
tennae shows that both the antennae have an optimal
density region where good drive efficiency can be ob-
tained. Analysis!”) indicates that this is partly deter-
mined by the competition between the wave accessibil-
ity condition and impurity concentration (Z.g). High

1 f N, /acc

deN

electron density means that more wave beams cannot
enter the core plasma due to the accessibility condition
and the impurity concentration increases in the case
of low electron density. As a result, according to the
theoretical formula derived from Fisch’s theory,[30-31]

we have

theor

Ned*® = 1240/ A(5 + Zeg) < N7, >, (2)

with

f_ //acc

NINAN,

(NZ) ~

+oo
JZ P(N,))AN,,

(3)

Naturally, the good drive efficiency is available in an optimal density range. Here, P (N/ /) is the power spectrum
of the launched LHW, N, /acc[32] the critical value of the parallel refractive index, and A the Coulomb logarithm.
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Fig.6. Dependence of (a) drive efficiency and (b) calculated 1/(]\7/2/) on density for the two launchers.

Further comparison shows that in the whole den-
sity range, the drive efficiency of the MJ antenna is
higher than that of the traditional one, indicating
that the MJ grill is more effective to drive current
than the traditional coupler. Simulations in Section
2 show that one possible reason for the difference in
drive efficiency between the two antennae is that the
MJ coupler drives a larger fraction of non-inductive
current because of its more asymmetric spectrum, i.e.

better directivity. Of course, this may not completely

account for the experimental discrepancy in drive ef-
ficiency between the two couplers, for, as shown in
Fig.6(a), the efficiency of the MJ coupler is almost
twice that of the traditional one and the simulation
shows that the discrepancy in spectrum directivity
cannot lead to so great a difference. Other physical
behaviour in the discharge, such as impurity radiation,
or electron temperature 7T,, could be also responsible
for the large discrepancy in the drive efficiency. The

experimentally obtained drive efficiency in JT-60 and
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JET devices!®3 is given as

(Te)

mC(N//)a (4)

ncp =

which indicates that the drive efficiency strongly de-
pends on impurity concentration and temperature.
Here, C(N,,) (= 1240/[InA < N/2/ >]) is correlated
with the LHCD power spectrum, (T.) is the volume
averaged electron temperature. For the MJ antenna,
the estimated values of Zeg from the impurity radia-
tion before the LHCD application are shown in Fig.7,

[7 in the case of the

in which also shown are the values
traditional antenna. It is seen that in the low electron
density region, the Z.g values are in line with part of
the curve in the case of the traditional antenna, while
with the electron density increasing, they deviate from
the results in the case of the traditional antenna grad-
ually and become smaller and smaller. This brings
on a higher drive efficiency in the high electron den-
sity region, but it does not do so in the low electron
density plasma. This means that, though Z.g in the
case of the MJ grill is smaller than that in the case of
the traditional one in the high density plasma, it also
only partly explains the difference in drive efficiency.
Since antenna-launched power spectrum and impurity
concentration cannot explain the experimental results
completely, according to Egs.(2) and (3), it is inferred
that T, may be used to explain the higher drive ef-
ficiency. Unfortunately, not enough measurements of

Te are available to analyse the above result further.

| ]
77 = traditional
* MJ
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Fig.7. Dependence of Z.g on ne.

The higher efficiencies of the MJ grill are quanti-
tatively in agreement with those obtained in the JT-
60U tokamak!'3! with the same LHW frequency as
that in HT-7. It is reported[!3 that the efficiency of
the MJ launcher is 40% higher than that of the previ-

ous traditional launcher. However, a maximum value
of 2.8x10' A-W~1.m~? is obtained in JT-60U for
the MJ grill, much larger than 0.72x10'° A-W—1.m—2
for our case. This is mainly due to the difference in
plasma temperature, routinely, which is much higher
in JT-60U than in HT-7.

With the two power spectra used in our experi-
ment, the calculated values of 1/ <N/2/) through Eq.(3)
are also shown in Fig.6(b), suggesting that the better
drive efficiency of the MJ grill is ascribed to its better
directivity. It is seen that the value of 1/ <N/2/> de-
creases with the increasing density, meaning that the
wave accessibility becomes poorer and the drive effi-
ciency affected by the accessibility condition decreases
at high electron densities. With the measured Z.g as
shown in Fig.7, the calculated current drive efficiencies
for the cases of the two antennae through Eq.(2) are
shown in Fig.6(a), indicating that the drive efficiency
in the MJ case is larger than that in the traditional
antenna case. The calculations for the two cases do
not decrease as the experimental data do in the high
electron density region. This discrepancy may be as-
cribed to the limitation of Fisch’s theory, in which
electron temperature is not taken into account. The
temperature in the high electron density case is lower
than that in the low electron density case because the
slowing-down time becomes shorter at higher electron
densities. Therefore, the temperature is another fac-
tor responsible for decreasing the experimental drive
efficiency at high electron densities.

5. Electron ITB formation by
LHCD

LHCD is an effective tool for improving confine-
ment by means of internal transport barrier (ITB) for-
mation. Figure 8 shows a typical waveforms of LHCD
experiment (#60452) performed with the MJ coupler
with the following parameters I, ~ 150 kA, Bt ~
19T, ne ~ 1.0 x 10" m™3 Pryw ~ 300 kW, and
N/F;eak = 2.55. It is seen that after the onset of LHW
(see Fig.8(a)), the loop voltage V,, decreases from 1.3
to 0.3 V (see Fig.8(b)), implying that about 115 kA
current is maintained by LHCD. The central electron
temperature T,(0) (see Fig.8(c)), derived from a soft
x-ray energy spectrum analyser,[3435] increases from
~ 1.0 to ~1.5 keV, implying that part of wave beams
propagate into the core region plasma and transfer
their energy to the core electrons through Landau
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damping, which is partly supported by the central
chord hard x-ray radiation (H-x-ray) intensity (see
The in-
creases in T,(0) and the central line averaged density

Fig.8(b)) due to bremsstrahlung emission.

ne, measured by an HCN laser, together with no obvi-
ous change in impurity radiation (I. R.) (see Fig.8(d)),
lead to an enhanced intensity of soft x-ray radiation

(S-x-ray) as indicated in Fig.8(d). In addition, a dras-
tic drop in the neutral deuterium emission (D) (see
Fig.8(f)) when the LHW is input, and a slight increase
in ne at the time of D, drop indicate an improvement
on particle confinement because of LHCD, for no in-
crease in the injected working gas (I.G.) (see Fig.8(e))
is observed after the LHCD application.
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Fig.8. Typical waveforms of LHCD experiment (#60452). (a) Ip: plasma current, Prgw: LHW power; (b) Vp: plasma
loop voltage, H-x-ray: intensity of hard x-ray radiation; (c¢) Te(0): central electron temperature, ne: central line averaged
plasma density; (d) I.R.: intensity of impurity radiation, S-x-ray: intensity of soft x-ray radiation; (e) I.G.: injected working

gas; (f) Dq: neutral deuterium emission.
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Fig.9. Electron temperature profiles in OH and

LHCD phases.

The electron temperature profiles with a space
resolution of 0.03 m in the OH and the LHCD
phases are deduced (see Fig.9) from an analy-
sis of bremsstrahlung radiation in the soft x-ray
region.[3435 Tt is seen that comparing with 7, in the
OH phase, T, in the LHCD phase increases in the

whole radial region, and the increase in the inner re-
gion (< 10.0 cm) is much larger than that in the outer
region. The universal increase implies that (1) the ac-
cessibility condition is satisfied and wave is able to
reach the core region, and (2) the wave beams have
enough energy to enter the core region after the ab-
sorption in the outer region, which is mainly because
of a multi-pass absorption occurring during the ray
and not too high Ti,. The
different increases in T, at different radial positions

propagation due to low N,

may be ascribed to different power depositions at the
different locations. The drastic increase in T, in the
inner region implies that most of the LHW power is
absorbed by the core electrons, as identified by the
simulated power deposition (Fig.10(a)) through the
code simulation.?3! Tt is due to this different increases
in T, at different positions that an obvious increase of
the T, profile gradient in the range of 9.0 ~ 12.0 cm is
observed. According to the criterion®® characterized
by the T, gradient, an electron ITB (eITB) is formed
in this case. It is seen that within the measurement
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error-bar a stationary eITB is achieved in the LHCD
phase from the T, profile at the different time-slices
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as shown in Fig.9, meaning that an improved confine-
ment with eITB is obtained by LHCD.
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Fig.10. Simulation results with the experiment parameters (#60452) (a) power deposition profile (b) profiles of current

density (5(r)) and ¢(r) in OH and LHCD phases.

One of the possible factors responsible for the
elTB formation is the changed magnetic shear. The
magnetic shear is expressed as s = r/q(dq/dr), where
q is the safety factor and r the radius of the mag-
netic surface. Experiments on JET and modelling
show that the g-profile plays an important role in eITB
formation.!337=39 Code simulations indicate that an
ITB could form in the presence of a strong nega-

r[40=42 or in the vicinity of low-

tive magnetic shea
order rational g surfaces with a small magnetic shear
(s ~ 0).43] Using the experimental parameters and
assuming a parabolic ohmic current profile, the calcu-
lated profiles of current density and ¢ in the OH and
LHCD phases are displayed in Fig.10(b), showing that
a hollow current profile forms due to LHCD. As a re-
sult, as shown by the ¢ profile in Fig.10(b), a reversed
magnetic shear in the centre is obtained in the LHCD
phase. The ¢ minimum (gmi,) where s ~ 0 is around
unit and located at the position of r/a ~ 0.75 that is
near to the eITB. A similar result has been obtained
in JT-60U.144 Also, this is almost consistent with the
result that an ITB forms in many cases in JET when
Gmin Crosses a low-order rational number[3-37:38:45] i,
the vicinity of the s = 0 region. Experimental results
in this paper show that an eITB is formed in HT-7.

The simulations suggest that a central negative mag-

netic shear or a low magnetic shear in the low-order
rational surface possibly forms because of the hollow
current profile. Though there exists some uncertainty
in our calculation, the experimental results can be in-
terpreted by the calculations according to the code
simulation.[**=%3] From this point, the form of eITB
could result from the negative (low) magnetic shear
due to the modified current profile by LHCD.

Another possible mechanism for the formation of
elTB is the shear of radial electric field. It is shown
theoretically and experimentally!*®! that the flow of
E, x B(E, is the radial electric field, and B is the mag-
netic field) drift is responsible for plasma transport
and that it is a main factor responsible for an improve-
ment in the plasma confinement. Evidence that a flow-
shear-induced transport barrier can be produced in a
core plasma using injected radio frequency waves has
also been reported.[*” Since an enhanced shear flow is
beneficial to improving confinement, the formation of
elTB in our case could be correlated with the change
in E. because of LHCD. The reduction in electron
transport coefficients (x.) is beneficial to the eITB
formation. Study!*®! has shown that y. reduces with
enhancing F, shear, suggesting that the F; shear plays
a role in forming the eITB. Since electrons are accel-
erated by LHW in the toroidal direction and LHCD
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has little effect on the poloidal velocity of electrons,
the radial electric field must be modified so as to keep
the electrons’ forces balanced. Based on the radial
equilibrium of electrons that are considered as an ob-
ject in discussion below, E, can be simulated by the

following expression:[49]

1
B =—

(VP. + JBy), (5)

Ne
where VP, is the gradient of electron pressure, J the
plasma current density, and By the poloidal mag-
netic field. Note that in order to see the effect of
LHCD on radial electric field, E, here includes only
a pressure term and toroidal rotation term, for LHW
mainly accelerates the electrons in the toroidal direc-
tion and has little influence on the poloidal rotation.
Figure 11(a) displays the calculated E, profiles in the
OH phase (F;(OH)) and LHCD phase (E,(LHCD)),
and the change of radial electric field (AFE;) due to

—40

Ey/kVm~1!

—80 7

LHCD. This figure shows a notched structure in AE;,
which is created due to LHCD. The E, drop deep-
ens the AFE, notched structure and changes the E.
shear. The values of dE,/dr are also calculated as
shown in Fig.11(b). It is seen that |(d E,/dr)| dom-
inating wg, xp increases gradually on the both sides
of ~10 cm. As the increased shear approaches the
maximum of the turbulent linear growth rate, i.e.
WE,xB > Ymax, °0°Y or the nonlinear turbulent decor-
relation rate, i.e. wp x5 > Awp,®?5 an improved
confinement with an eITB formation can be obtained.
Furthermore, it is seen that the maximum values of
[(dE;/dr)| in LHCD are located at the positions of
~ 5 cm and 12.5 cm, which span the interval covering
the ITB region indicated by the T, profile. Therefore,
it is speculated that the change of radial electric field
profile due to LHCD could be another factor respon-
sible for the eITB formation.

- - - E(OH)
—  E.(LHCD)

~120 . , . ,
2000

1000

—1000

(dEy/dr)/kVm—2
S

—2000 T T T T

15 20 25 30

Minor radius/cm

Fig.11. Simulated profiles of (a) radial electric field and (b) its shear in OH and LHCD phases.

Though the above two explanations are mainly
based on the simulation due to a lack of measurements,
according to the present theory the calculations may
interpret our experimental results, i.e. the modified
negative (low) magnetic shear and the changed E,
shear are two possible factors responsible for the eITB
formation. Unfortunately, there are not enough docu-
mented data available to estimate the magnetic shear
and E; shear for the present.

It seems that, from the simulation, the magnetic
shear and the E, shear (E, x B shear) are coinciden-

tal in determining the eITB formation. More work is
needed to demonstrate it.

6. Conclusions

A phase-controlled LHW MJ coupler has been
developed in the HT-7 tokamak. Simulations show
that it is more effective to drive plasma current than
a traditional coupler due to its better directivity. The
plasma—wave coupling experiments show that good
coupling efficiencies with a low reflection coefficient
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below 10% are obtained, indicating that the wave can
be effectively launched into the plasma by the MJ grill
in our experiments. The spectrum scan experiment
shows that an optimal spectrum is requisite for a bet-
ter coupling.

The investigations of the capability of current
drive of the MJ antenna show that there exists an
optimal density region where a good drive efficiency is
obtained, which is mainly determined by the wave ac-
cessibility condition, impurity concentration, and elec-
tron temperature. For a certain density, the drive ef-
ficiency of the MJ antenna is higher than that of the
traditional one. Studies indicate that impurity con-
centration, plasma temperature, and spectrum direc-
tivity could be responsible for the higher drive effi-
ciency of the MJ coupler.

An improved confinement with an eITB, indi-

cated by T, profile, is obtained by LHCD. It is inferred
from the simulation that the modified negative (low)
magnetic shear and the change of radial electric field
profile due to LHCD could be the possible responsible
for the eITB formation.

All of the studies suggest that the newly devel-
oped MJ coupler in the HT-7 tokamak is effective to
couple the wave power into plasma, to drive current,
and to modify current profile, and thereby to improve

plasma confinement.
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