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Abstract

The quasi-steady state (TH > 10 TEoh) H-mode was obtained with very high plasma density by Lower Hybrid
Current Drive (LHCD). The line average density during improved confinement phase is about 4.5 ~ 6.0 x
1013cm"3 which is very close to the Greenwald density limit (78 ~ 96% of Greenwald density limit). The TE is
about 1.5-2.0 times than the L-mode scaling during H-phase. The experimental results show a good agreement
with code simulation for the LH off-axis power deposition profile with a reproducible manner. These off-axis
hollow current profile and enhanced confinement improvement are attributed to a strong reduction of electron
thermal diffusivity in the reversed shear region. Steady state full LH wave current drive has been achieved. The
pulse length is 3.5 seconds, which reaches the present limit of PF system. The good plasma condition is obtained
by ICRF boronization, which makes Zeff close to 1.0. High density shots are obtained by two different fueling
methods: multi pellet injection and supersonic beam injection. The later shows a high fueling efficiency that
could be used for steady-state operation and the plasma density excesses the Greenwald density limit. ICRH pre-
ionization, start-up, heating and its synergy with LHCD have been tested during recent experiments and some
interesting results have been obtained.

1. Introduction

The steady-state tokamak operation and high performance plasma under non-inductive current drive
are the most important issues for the tokamak fusion research. The various improved confinement
modes are obtained in different machines. How to make these modes work under steady state is
unsolved. HT-7 is a mid-size superconducting tokamak. Its main purpose is to explore steady-state
tokamak operation with high plasma performance. The redesign parameters of the machine are as
follow. BT = 2.5T, Ip= 100~250kA, R=122cm, a = 30cm , line average density ne= 1 ~ 5 x 1019m"3, Te

= 1.0 keV, Tj = 0.5 keV, TE = 15ms and plasma duration time is about 1-3 seconds. A stainless steel
liner was installed in the vacuum chamber. 24 large windows give very good accessibility to the
diagnostics and wave systems. 1.2MW Lower Hybrid Current Drive (LHCD) system is tested with 10
second pulse length. The power for the ICRH system is 0.3MW with CW capacity. 1MW ECRH
system is stilJ under construction. More than 20 diagnostics were installed on the machine. A few
experiments have been carried out in the past few years and some good results were obtained. The
outline of HT-7 main experiments is briefly described in the second part of this paper. The high-
density LHCD experiment is one of the emphasized topics on HT-7, which is given in the third part of
the paper. The ICRF start-up, heating and conditioning are introduced in the forth and fifth parts. Two
different fueling experiments, pellet injection and supersonic beams filling are presented in the sixth
and seventh parts. The summary and conclusion come at the end of the paper.

2. Outline of HT-7 experiments

The construction of HT-7 had finished in the end of 1994. After a few years of engineering tests and
operation, all the design parameters were achieved. Toroidal magnetic field reached 2.5T. Plasma
current reached 220kA, Electron temperature was above lkeV and ion temperature was around
0.3-0.6 keV. Plasma density reached 6.5 x 10I9m"3. The plasma duration time was above 3 seconds in
1997. Since 1998, new feedback control systems are installed and HT-7 is normally running for
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Ip=150KA, BT = 2T, a = 28.5cm, with Mo. limiter configuration. The LHCD experiments were
successfully carried out in the expected manner. The plasma confinement was improved by LHCD.
The full wave current lasting for 3.5 seconds was obtained. Since the presence of permanent toroidal
field, ICRF conditioning has been routinely used during experiments, which has proved to be a very
effective and powerful way for the impurity cleaning, boronization and recycling control. Very strong
wall isotope exchange capability of deuterium RF conditioning was demonstrated. High performance
long pulse length discharges were carried out with the pulse length up to 3.9 seconds. The MHD
instability suppressing by LHCD and Ip modulation, the operation region exploration, error field,
lower loop voltage start-up, pellet injection, supersonic beam gas filling, as well as ICRF experiments
were carried out. Some interesting results were obtained which will be described in the following
sections.

3. High density LHCD experiments

Good plasma confinement under non-inductive steady-state high-density condition is a key
issue for HT-7. The reversed magnetic shear could be obtained and sustained by lower hybrid current
drive, which is predicted by theory and observed in experiment [1-2]. The quasi-steady state (tH > 10
tEoh) H-mode with a plasma density of 60% Greenwaild density limit was obtained by the injection of
LH Heating and LHCD in HT-6M tokamak [3]. The same method was used on the HT-7. Under high
plasma density condition, the LH waves could not be absorbed in the plasma center, so a large fraction
of non-inductive current is driven in the outer region of plasma. LHCD system consists of a
multijunction 2 x 12 grill that has changeable n||. The frequency is 2.45GHz. The magnetic field was
1.9T and plasma density is about 3 ~ 5.5 x 1019m'3, so that the weak absorption dormant condition was
satisfied. By enhanced ICRF boronization and helium discharge, very good wall condition and high
plasma performances were achieved. LH wave was injected to the plasma flat top and the density
increased more than two times by the strong gas puffing. The Ha dropped which indicated increase in
the particle confinement time. The stored energy increased by nearly a factor of three and the energy
confinement time is about two times higher than the L-mode scaling shown as in Figure la. The H-
phase at the 75% Greenwald density limit remains as long as 5 times the energy confinement time. To
investigate the density limit that LHCD H-phase can sustain, plasma current was ramped down. The
plasma confinement began to decline when the density accessed the Greenwald density limit. And
plasma was disrupted at 1.25 Greenwald density limit shown in Figure lb.
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FIG. 1. High density H-mode by LHCD. BT =1.9T, PUICD = 250 kW, n,, - 2.8.

To fully understand the mechanism of the LH deposition profiles in the weak absorption regimes, the
wave diffusion/Fokker-Planck (WD/FP) mode was used, which was derived from the phase averaging
of wave kinetic equation. In this multipass absorption regime, the initial n|| -spectrum is broadened and
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upshifted to very high nn values. The power is absorbed. The electromagnetic energy density U(r, k, t)
tended to be uniform. The diffusion equation for <U>(m,t) could be obtained by averaging the wave
kinetic equation over wave orbit as follows:

2r<y>)<U>=r<S>
dm dm

Where the brackets < > denote the orbit averaging. Dwave = Am2/2 and m is the RMS step in m per
transit time, T, y are the damping rate and S is the RF source term which is assumed to have 8-like
form.

By simplifying and integrating Fokker-Planck equation, the LH waves power deposition, the
current density and safety factor profiles could be obtained. The clear off-axis LH wave power
deposition is shown in Figure 2.
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FIG. 2. WD/FP mode calculation for shot 16392. (a) LH wave power deposition, (b) q profiles.

The q profile is weakly reversed. When a certain of fraction of the plasma current (50% to 10% for the
line average density 1.0 ' 1013cm"3 to 4.5 ' 1013cm"3) is non-inductively sustained by the lower hybrid
waves, the hollow current density profile was formed and the magnetic shear was reversed at the
normalized plasma radius of 0.2. This off-axis hollow current profile and enhanced confinement
improvement lead to a strong reduction of electron thermal diffusivity in the reversed shear region.
The off-axis non-inductive current profile by LHCD improved the confinements and sustained the
reversed magnetic shear for more than 180ms which was about 10 times longer than the energy
confinement time.

4. ICRF heating and start-up

The minority heating mechanism was chosen on HT-7 tokamak. The ratio of H/(H+D) was kept under
12%. The RF frequency was 30MHz that correspond to the first hydrogen harmonic layer with 2 Tesla
in the plasma center. The two step tuner system was used for the marching the generator and the
antenna. The injected power was above lOOkw and ion temperature increased about 200 eV. Plasma
density increased and its profile peaked. The RF power was also injected in the start-up phase of
plasma. The delay time of break down was shortened by the injection of 120kW RF power. Proper
adjustment of the poloidal field and the pre-filling gas pressure gradually reduced the loop voltage of
the breakdown. About 15-25% flux saving was achieved during the start-up phase by ICRF. It seems
possible that ICRF assisted low loop voltage start-up could be obtained.

5. ICRF conditioning

The important role of first wall conditioning to reduce plasma impurities has been recognized for
decades and many efforts have been done in most pulsed tokamaks. The future superconducting
reactor, like ITER, will need new techniques for wall conditioning and the particle recycling control
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since the standard glow discharge would not work in the presence of toroidal field. A new technique
for wall conditioning with a permanent magnetic field has been tested and developed on a few
machines and HT-7 tokamak by ICRF wave injection in the past few years[4-7]. RF plasma has been
produced by injection of ICRF power ranging from 5kw to 50kw in both helium and deuterium
working gas. In order to get best conditioning efficiency, wide range parameters have been tested,
such as toroidal field (0.1 ~ 2.0T), gas pressure (8 x 10"4 Pa ~ 1 x 10"1 Pa), radio frequency (RF)
(18MHz~30MHz) and antenna configuration (with and without Faraday shielding). With the help of
diagnostic measurement and theoretical calculations, the different optimized ICRF conditioning
operational modes were achieved according to the different wall conditions. It was demonstrated that
ICRF conditioning was very effective and powerful way for the impurity cleaning and recycling
control on HT-7 tokamak. It has been routinely used during experiments.
Since two factors governing the conditioning efficiency were outgass rate of impurities from the wall
and the ionization rate of desorbed molecules which induced a redeposition, the optimized pulsed RF
mode with 0.5s RF power on and 1.5s time interval was used. Helium ICRF discharge was used
mainly for the replacement of deuterium (and its isotopes). This made plasma start up and particle
recycling well controlled. Electron temperature estimated from visible spectrum is about 4eV ~ lOeV
and density is in the 1 x 1017m'3 range which depended on RF input power and gas pressure. The
pulsed mode with pressure of 1 x 10"2 Pa increased the conditioning efficiency by controlling electron
density and temperature separately to minimize the hydrogen redeposition portability. Results showed
that ICRF wall conditioning efficiency was independent of injected RF frequency and weakly related
to toroidal magnetic field. High hydrogen removal rates have been obtained. The RF injection power
level played a very important role in helium ICRF wall conditioning experiment. In the lower power
level (i.e. the power is lower than 20kw), the hydrogen removal rate went up quickly and reached a
saturation status when PRF was great than 30KW. As RF injection power went up, the ion and electron
temperature increased, the interaction section of charge exchange became smaller. By 15 minutes
helium ICRF discharge of 20 kW between normal plasma shots, very reproducible shots were
obtained.
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Fig. 3. Comparison of QMS data before and after ICRF wall conditioning.

Deuterium ICRF discharge was used for surface cleaning and wall isotope control. The pulsed mode
with optimized pressure of lxlO"2 Pa was used. The electron temperature was lower (2-3 eV)
compared with helium discharge. And Te was almost constant with different levels of injected RF
power. The low temperature minimized the strong plasma reionization and wall redeposition of neutral
species. High temperature deuterium ion and its energetic tail were observed. Both energetic and
reactive particles bombarded the first wall that induced the desorption of molecular impurities. These
were the main reasons for the good conditioning efficiency of D2 ICRF discharge. This point could be
seen from the quadruple mass spectrometer (QMS) data. Fig. 3 shows QMS data before and after 35
minutes of pulsed 25KW RF discharge. After ICRF wall conditioning, the impurity part was
decreased, and the working gas part was greater than 80%. The very strong wall isotope exchange
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capability of deuterium RF conditioning was observed. The H/(H+D) ratio was normally around 20%
and could be down to 12% after a few times of D2 - ICRF discharge.

6. ICRF boronization

ICRF boronization has been successfully tested on HT-7, which is the first time on tokamak. This new
technique has proved itself a highly efficient, fast and easy controllable method for the future large
device, like ITER, especially for the superconducting tokamaks. The antenna was used for ICRH
heating without Faraday shielding. The nontoxic and nonexplosive solid carborane (C2B10H12) powder
was used for the boronization material. 40 minutes RF cleaning was carried out with helium working
gas to remove the impurity on the first wall before ICRF boronization. The liner temperature was 150°
C and wall temperature was about 80- 120°C. After that, the carborane container was heated to 60°C
to keep stable gas pressure and RF discharge. All the pump valves were nearly closed, only leaving
little pumping. The base pressure was 3X10"1 Pa with the mixture of helium to carborane 1:1. To
improve toroidal uniformity, the pulse RF power of 10 kW was coupled to the plasma with
2.4 seconds power on and 2 seconds power off. The plasma color changed from pure green to pink
when the carborane vapor was injected to the chamber. The ion cyclotron resonant layers were clearly
seen, shown as in Figure 4.

Fig. 4. The ICRF resonant FIG. 5a. Fresh film on C FIG. 5b. Boron film after
layers could clearly be Sample material. 250 shots which still looks
seen good

RF plasma parameters were measured by different diagnostics. The electron temperature was about a
few eV. Plasma density was about lxl017m"3, and the ion temperature is 2KeV with high-energy tail
up to a few tens of keV. The ion temperature was a very important parameter since it governed the
boron ion energy that compacts the wall. The residual gas analysis (RGA) was done during
boronization. The results shown a totally different pattern with boronization using glow discharge
clearing (GDC) on HT-7 and other device. The mass 144(C2Bi0H10) was the only peak mass that was
detected during GDC boronization in HT-7. The partial pressure for the mass 11 and the group of 22
were 50 times higher than that of mass 144. This means that the carborane molecule was cracked into
smaller pieces by the bombardment of high-energy ions of RF plasma. The 4g carborane was used and
the boronization process lasted for 65 minutes. The carborane container was heated up to 120°C at the
end to evaporate all the carborane. After that, all the pump ducts were fully opened. Helium RF
plasma continued for 20 minutes but the RF power was reduced to 3 kW to prevent the heavy
bombardment on the fresh boron film. The another purpose for the RF conditioning is to remove the
huge hydrogen content that was absorbed in the film during boronization. The RGA results after
boronization showed that the partial pressures of oxygen containing gases (H?O, CO, CO2) were all
reduced by more than one order.

X ray photoelectron spectroscopy was done on the films. The B/C ratio varied from 2.8 ~ 3 for
a depth of 250nm for all the sample materials. Analysis of B/C coating showed that it consisted of a
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fine amorphous C/B: H film with very strong adhesion to the first wall. Even after 250 shots with
ICRF and LHCD (about 400 kW RF power), most parts of the film looked good except some hot spots
which were bombarded by energetic electrons and ions. Figure 5 shows the film structure on the
graphite base material. The depth distribution for all the elements (B, C, O, and Fe) was uniform.
Figure 6 (a) shows one important unique feature. There was no clear boundary of the B/C film on the
graphite base (also true to other materials). The boron contents could be detected at a depth of 500nm
that was well beyond the coating depth. This meant that the high-energy boron ions (also other kinds
of ions) hit the wall and penetrated into the base materials and deposited into the first wall. The film
thickness of the coating was about 240 ~320nm. The distribution along the toroidal direction was
nearly uniform. The thickness analysis and calculation showed that the ICRF boronization efficiency
was close to 86%, which is a very promising number. Figure 6b shows that oxygen content increased
from 15% to 26% and boron content decreased from 60% to 50% after 250 shots. This demonstrated
that boron film has very strong oxygen capture capacity. The thickness of the film was reduced about
80nm after 250 shots. In general, the lifetime of the coating was 1500-2000 shots. The film property
was much better than the film obtained by GDC method. The disadvantage of the film was that it
contained some metal contents in it. Reducing the RF power, the metal contents in the film were also
reduced to a neglected level during the second and third RF boronization.
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Fig. 7. The Hugill diagram was extended
after ICRH boronization.

Standard ohmic discharges were fired after boronization. Impurity contamination was almost same
with other successfully boronized device. The remarkable feature of the ICRF boronization was the
fast vessel transition from the unconditioned state (such as air leak, major disruption, inter structure
damage) to the very low impurity level. All the procedures took only a few hours. Loop voltage
dropped dramatically and the Zeff changed from 4 to a value close to 1. The light impurity line
radiation (C, O) was reduced by a factor of three and the metal lines almost disappeared. The total
radiation power dropped sharply to the level of 10% ^ 18% of ohmic power. The increase of density
limit was also an important fact, which showed bofonization merit. The density limit in standard
ohmic discharge for the boronized wall with GDC was 5.3xl019m"3 (Ip = 150 kA, BT = 2.0T), which
was close to the Greenwald density limit. After ICRF boronization, the density limit reached 6.5 x
1019m'3. The Greenwald density limit was exceeded. On the other hand, a very low density (2xl018m"3)
plasma without run-away was obtained. Boronization resulted in an extension of Hugill stable
operation diagram that is shown in Figure 7.

X ray photoelectron spectroscopy was done on the films. The B/C ratio varied from 2.8 ~ 3 for
a depth of 250nm for all the sample materials. Analysis of B/C coating showed that it consisted of a
fine amorphous C/B: H film with very strong adhesion to the first wall. Even after 250 shots with
ICRF and LHCD (about 400 kW RF power), most parts of the film looked good except some hot spots
which were bombarded by energetic electrons and ions. Figure 5 shows the film structure on the
graphite base material. The depth distribution for all the elements (B, C, O, and Fe) was uniform.
Figure 6 (a) shows one important unique feature. There was no clear boundary of the B/C film on the

102



graphite base (also true to other materials). The boron contents could be detected at a depth of 500nm
that was well beyond the coating depth. This meant that the high-energy boron ions (also other kinds
of ions) hit the wall and penetrated into the base materials and deposited into the first wall. The film
thickness of the coating was about 240 ~ 320nm. The distribution along the toroidal direction was
nearly uniform. The thickness analysis and calculation showed that the ICRF boronization efficiency
was close to 86%, which is a very promising number. Figure 6b shows that oxygen content increased
from 15% to 26% and boron content decreased from 60% to 50% after 250 shots. This demonstrated
that boron film has very strong oxygen capture capacity. The thickness of the film was reduced about
80nm after 250 shots. In general, the lifetime of the coating was 1500-2000 shots. The film property
was much better than the film obtained by GDC method. The disadvantage of the film was that it
contained some metal contents in it. Reducing the RF power, the metal contents in the film were also
reduced to a neglected level during the second

The improving effects of ICRF boronization were also shown in ICRF heating and LHCD
experiments, especially hose on the LHCD. During LHW operation, Zeff increased before
boronization typically from 3.5 to 6. After boronization, Zeff dropped by a factor of two and changed
from 1.5 to 2.5. Sometimes it remained unchanged. Higher current driven efficiency TJCD was achieved
because of the important role of Zeff to the current driven efficiency. The full wave current driven with
3.5 seconds plasma duration was achieved.

7. Pellet injection

Both hydrogen and deuterium pellets were fired to the plasma with the speed of 0.5 ~ 1.2
km/s. Different size pellets were chosen according to different plasma conditions. Very peaked density
profile was obtained after the injection of the pellet under normal ohmic discharge. Up to three pellets
were injected to the same shot. Each pellet increased the density by about 50%. Figure 8 shows an
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ohmic shot with two pellets case. The pellets could penetrate to the plasma center and a PEP like
improved confinement was obtained, which indicated suppression of MHD activities, peaked density
profile, reduction of Zeff , increased stored energy, improvement in energy and particle confinement
and hollow temperature profile (shown as Figure 9).

Pellets were also fired into LHCD plasma. The fueling efficiency was higher than the Ohmic shots.
The run-away electrons were greatly reduced when the pellet injected to the LHCD plasma. The
density increased by a factor of three during LHCD with pellets. The temperature recovering time was
shorter. The current driven efficiency seemed unchanged with the density increase by the pellet. But
larger size pellets easily terminated plasma discharge. The deuterium pellets were injected to the ICRF
heated plasma that increased the RF wave coupling to the plasma. The high plasma density, which
exceeded the Greenwald density limit, was obtained. It seemed that higher RF power and higher
density could be reached. The detail scaling of the density limit by pellet under ICRH condition
needed to be carried out in more detail.

8. Supersonic beam injection

Fueling tokamak plasma in more efficient way is very important for fusion research. According to
aerodynamic principle, Laval nozzle is the key device to produce supersonic molecular beam, which is
more effective fueling method than the normal gas puffing. The design of a Laval nozzle depends
mainly on the diameter of its throat section, the diameter of its exit section, the curve from its inlet
section to its throat section, and the curve from its throat section to its exit section. A complex
computer simulation and 1-D aerodynamic theory were used to design optimum Laval nozzle for HT-7
tokamak. By eliminating expansion wave and compression wave from the nozzle wall, the flow
parameters in the flow field of the nozzle were calculated in detail and the shape of the nozzle were
determined. Two kinds of calculations gave little difference to a few sets of parameters. According to
that theory and the conditions in the tokamak plasma, we could calculate the size and shape of a Laval
nozzle and determine the velocity of the gas beam. Taking the diameter on the throat section of the
Laval nozzle as 1 mm, and the diameter on exit section as 10 mm, the temperature in gas reservoir as
300°K, the velocity of gas beam at the exit section of the Laval nozzle is 2800m/s for hydrogen and
1750m/s for helium.
The Laval nozzle has been installed in the HT-7 superconducting tokamak and experiments have been
carried out. The density of plasma could easily be controlled by pulsed high-speed molecular beam
that came from the Laval nozzle. The speed of the hydrogen beam was about 1.5~ 2.8 km/s that was
mainly dependent on the temperature of the injected gas and the plasma condition. With penetration
depth up to 15cm, the density peaking factor was almost same with the one achieved by pellet
injection. Improvements for both energy and particle confinements were made by molecular beam
injection. The fueling efficiency of about 60% demonstrated that it was an useful tool for the steady-
state tokamak operation. The penetration and transport of neutral hydrogen have been measured and
analyzed.

9. Summary and conclusion

The high performance steady-state plasma was obtained after finishing the engineering tests on the
HT-7 superconducting tokamak. The confinement was improved by pellet injection, supersonic beam
gas filling and LHCD. The off-axis LH waves deposition played a key role to improve the
confinements. The weak absorption and multipass mechanisms were responded for the very high-
density improved mode by LHCD, which was about Greenwald density limit. The efforts remained to
be made for getting full wave current drive under Greenwald density limit by LHCD. The Ion
Bernstein Wave (IBW) heating and IBW current drive will be carried out soon on the HT-7 to get on-
axis heating and current drive. Even the ICRF wall conditioning techniques were very effective and
very useful to the superconducting tokamak, the particle and heat flux control in the view of very long
wall time constants were still under investigation. For the long time scale in-time control of particle
and heat flux, the radiative layer and pump limiter would be tried in near future. Multi-pellet and high-
speed supersonic beam were used for fueling of the plasma, which proved very effective to get high
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plasma density. The combination of these with the high power ICRH and LHCD would be carried out
soon to get higher plasma parameters.
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