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ABSTRACT

ECH experiments were performed in CHS for three typical magnetic

field configurations which correspond to different magnetic axis

positions. The obtained electron temperatures are different for these

configurations as well as the shapes of temperature and density profiles.

The inward shifted configuration was better in that both the central

temperature and the total energy are higher than the outward shifted

case.

ICRF heating with the Type-Ill antenna and/or the poloidal antenna

produced a plasma for wide range of magnetic field strength.
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1. Introduction

CHS (Compact Helical System)" is a torsatron-type device which has

an l=2/m=8 helical structure. Its major radius is 1 m and minor radius

is 0.2 in. Helical coil has a pitch modulation a*= 0.3 which gives larger

outermost closed magnetic surface than the design without pitch

modulation. Maximum toroidal magnetic field at the helical coil center

(Bt) is 1.5 T. The main purpose of this experiment is to investigate the

plasma confinement and MHD characteristics in low aspect ratio (AP-- 5)

helical systems. Three heating systems (ECH, NBI and ICRH) have been

developed for the plasma production and heating. In this paper we report

the experimental results of the ECH plasma for different magnetic axis

positions and of the ICRF plasma production.

2. Magnetic Field Configuration

Although the magnetic field configuration is primarily determined

by the design of helical coils, there are still possibilities of varying

the configuration with different settings of axisymmetric poloidal coil

currents. CHS has four groups of poloidal coils, each of which is a pair

of upper and lower hoop coils (Fig.l). Three poloidal coils (TVF, SF, IVF)

have independent power supplies while OVF coils are excited by the same

power supply as the helical coils. Therefore we can select three free

parameters which characterize the configuration of poloidal field. It

is possible to decompose the poloidal field structure into a sum of

multipole components. We chose the values of dipole (vertical) and

quadrupole components as two free parameters to determine the poloidal

coil current settings. To determine the third free parameter, we set

the condition of minimizing the stray field around the machine with which

we can reduce the perturbing field that is brought by the magnetic

material around the machine.

Variation of vertical field determines the horizontal position of

the magnetic axis. Figure 2 shows important parameters characterizing

the magnetic field configuration as a function of the magnetic axis
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position, when the vertical field is var>«=d under the condition of minimum

stray field. The quadrupole component is fixed so that the toroidally

averaged quadrupole component generated by the helical coils should be

reduced by 50 % with the additional quadrupole field generated by the

poloidal coils.

The outermost closed magnetic surface is largest when the magnetic

axis position is shifted inward by about 2 cm from the center of the

helical coils. At the same position, the outermost closed magnetic sur-

face nearly touches the inner wall of the vacuum chamber. In the case

of further inward shifted magnetic axis, the plasma boundary is deter-

mined by the inner wall of the vacuum chamber working as a limiter. When

the magnetic axis is shifted outward, the ergodic region appears between

the outermost closed magnetic surface and the chamber wall,

In Fig.2 we plot also the averaged radius of the magnetic well region

which is defined as the region where the specific volume of the magnetic

surface is radially decreasing ( d2V/d^z< 0 ). Such well region exists

for the magnetic field configuration with outward shifted magnetic axis.

In the upper part of Fig.2, the ripple of magnetic field strength along

the magnetic aris is plotted as a function of magnetic axis position.

It is possible to have the magnetic field ripple along the magnetic axis

vanished for a particular position of the inward shifted magnetic axis.

3. ECH Experiments

The main purpose of ECH experiments in 1988 was to study the basic

confinement characteristics of the plasma in CHS device. A 28 GHz

gyrotron (200kW/75msec) was used for the plasma production and heating.

The magnetic field strength is set around 1 T in order to locate the

fundamental resonance layer near the magnetic axis. Figure 3 shows the

locations of various heating systems and plasma diagnostics in CHS.

The microwave is launched through the port located at the inside of the

torus. With this setting, it is possible to have the microwave reach the

fundamental resonance layer from the high field side, which enables ECR

heating Tot a plasma with density higher than the plasma cutoff density.
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However we have not observed such effects so far mainly because the

heating power (typically 100 kW) is not enough to investigate the heating

of a high density plasma with sufficient level of temperature.

The initial results of the ECH experiments are reported in Ref.2.

So we explain the operation of the systems only briefly. At the ramp-up

of magnetic field, we puff gas (hydrogen or helium, ~0.2 Torr£) to sup

press runaway electrons. The gas is almost pumped out at the flat top

of magnetic field, when we start ECH (typically 30 - 50 msec) with

additional puffing ( 0.05 - 0.2 Torr£ ). The plasma parameters obtained

are as follows ". The electron temperature measured by the Thomson

scattering system was 200 - 900 eV at the plasma center which depends

on the density ( 2 - 6 x 1012 cm"3 ;. The electron energy decay time was

in the range of 1 - 6 msec.

In order to study the difference of plasma transport in various

magnetic field configurations, we measured the electron temperature and

density profiles with the Thomson scattering system for some different

configurations. We selected following positions of magnetic axis for

three typical configurations.

Case 1 : Rax = 94.9 cm, no field ripple on the magnetic axis.

Case 2 : Rax = 97.4 cm, largest magnetic surface

Case 3 : Rax = 101.6 cm, sufficient spacing between the outermost

magnetic surface and the vacuum chamber wall.

Figures 4(a) and 4(b) show the electron temperature and density

profiles of hydrogen discharges for two of these cases. Gas fueling rate

is controlled to keep the line averaged density roughly constant for

these discharges. The magnetic field strength was adjusted to place

the ECH fundamental resonance layer at the magnetic axis position. The

profiles are plotted as a function of the averaged minor radius. The

position of the calculated outermost magnetic surface for each config-

uration is indicated by an arrow. In Fig.4(b) the measurements were made

for both sides of the profile and double circles are for the measurements

on a different side from others. The fitting curves are drawn by hand.

The biggest difference between these profiles is the central tem-

perature (the scales for temperature are two times different for two

figures). The launched microwave power is about the same (Piw °< 100 kW)
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for these cases. The radiation power monitor (pyroelectric detector)

showed a much smaller signal for the Case 3 which presumably caused by

a reduced plasma interaction with the vail. The shapes of the profiles

are also different for these two cases. The Case 1 gives more peaked

temperature profile. It is usually observed that the density profile

shows a hollow shape which is significant during the microwave

illumination. Comparing two profiles in Fig.4, we see that the narrower

central hollow in the density profile corresponds to the more peaked

temperature profile.

The profiles for the Case 2 is intermediate for the shape of profile

and the peak value between the Case 1 and 3. Figure 5 shows the

dependence of plasma energy on the magnetic axis position. These data

were obtained in the different series of the experiments from the profile

data in Fig.4. The total electron energy is calculated by integrating over

the temperature and density profiles. The diamagnetic signal gives the

total energy including the ion contribution. All these measurements show

the better plasma parameters for the magnetic configuration with the

inward shifted magnetic axis.

In order to find the possible mechanisms for such dependences on

magnetic axis position, we compared the profile of the magnetic field

ripple. The Fourier components of the magnetic field variation along

the field lines are calculated with the Boozer coordinates3'. Dominant

components are the toroidal ripple (m,l)=(O,l), the helical ripple (8,2)

and its side bands (8,1),(8,3), and the bumpy ripple (8,0). We plotted in

Fig.6 the mean square root of the helical ripple and the bumpy ripple

as a function of the normalized averaged radius of magnetic surfaces

for three different configurations. Because we adjusted the magnetic

field strength so as that the electron fundamental resonance layer should

pass the magnetic axis, the lower ripple in magnetic field should enhance

the power deposition of cyclotron damping at the center of the plasma,

which raises the central temperature in the case of inward shifted mag-

netic axis. For the plasma parameters shown in Fig.4, the expected axis

shift due to finite beta effect is less than few millimeters.

Inward shifted configuration is also better from the aspect of high

energy electron's orbit loss. Because the density was low for these
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experiments, the drift frequency for the high energy electrons ( S 1 keV)

becomes comparable to the collision frequency. In such situation, the

confinement of high energy electrons affects the bulk confinement.

Figures 7(a) and 7(b) show the so-called Hod.Bmin traces together with

the magnetic surface plottings for two magnetic field configurations

corresponding to Fig.4. The Mod.Bnin is defined as the contour map of

the minimum magnetic field strength along the field line within one

neighboring toroidal period. It is considered to show the projection

(along the field lines) of the drift motions of trapped particles which

take place in the region of neighboring period. It is clear that the

separation of the magnetic surfaces and the drift motions is much smaller

for the inward shifted case.

4. ICRF Plasma Production Experiments

The ICRF plasma production experiments in CHS have an objective

of supplying the currentless plasma for the continuous setting of mag-

netic field strength. Two types of antennas are installed. The Nagoya

Type-Ill antenna45' has a carefully designed conductor (10 cm wide and

50 cm long) which fits the magnetic field lines in parallel on the outer

side of torus. This antenna is designed to excite the ion Bernstein wave

or Alfven wave depending on the magnetic field strength setting. The

poloidal antenna is essentially the double half-turn antennas located

at the upper and lower side of torus. But each 'half-turn antenna' covers

nearly a quarter of poloidal angle which is on the outer side of torus.

It is designed to excite the whistler wave6'. Both types of antenna have

Faraday shields. The system operation for the ICRF experiment is similar

to the ECH experiment. We puff hydrogen gas at the beginning of ICRF

heating pulse (30 - 100 msec). The puffing level is generally larger than

the ECH case and is in the range of 0.1 - 0.5 Torri. We did not use

any ECH heating nor ohmic heating for initiating the discharge.

Figure 8 shows the line averaged densities of the hydrogen plasmas

produced by ICRF heating for the magnetic axis position R^ = 97.4 cm.

During these experiments, we kept the gas puffing l oughly at the same
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condition which we presumably gives a sufficient fueling level. The

density depends rather on the heating power than the gas fueling level.

In Fig.8 the data from three different experiments are plotted. For the

experiments with the poloidal antenna, we used two 40 MHz transmitters

coupled with two individual half-turn antennas. The phase difference

between two antenna currents is controlled so that the whistler wave with

the poloidal mode number m=0 is dominantly excited. In this experiment,

the total output power of the two transmitters was about 200 kW, For

the experiments with the Type-Ill antenna, we used the transmitter tuned,

in the first series of experiments, for 13 MHz and, in the later

experiments, for 7.5 MHz. The output power of the transmitter was about

400 kW for both cases. The plasma is produced over the all range of

magnetic field setting of CHS device (from 0.15 T to 1.5 T) with either

antenna system. In the experiments with the Type-III antenna, ion heating

was also observed. The ion temperature measured by the time-of-flight

type neutral particle energy analyzer was 100 - 150 eV for all range of

magnetic field.

We found that there is an optimum setting of magnetic field strength

for the Type-Ill antenna experiment where we got higher ion temperature

( >200 eV) and sufficiently high electron temperature which is mesurable

by the Thomson scattering system. The value is Bt * 1.1 T for f= 13 MHz

and Bt * 0.6 T for f= 7.5 MHz. In Fig.9 we show the time behaviors of

selected diagnostic signals in the arbitrary scales for the shot with

the setting f= 7.5 MHz and Bt = 0.59 T. First trace is the driving voltage

for the gas puffer valve. It takes several milliseconds for the neutral

gas to fill up the vacuum chamber. It is essential to control precisely

the gas puffing level in order to get higher electron temperature. The

drop of pyroelectric signal during the heating pulse is considered to

be due to the radiation collapse which is caused by impurity accumulation.

The time behavior of the oxygen V line indicates that the oxygen is

one of largely contributing species for such phenomena. For this shot,

we introduced the titanium gettering which was effective to suppress

the oxygen level and make the duration of high electron temperature

discharge longer. Figure 10 shows the profiles of electron density and

temperature measured by the Thomson scattering system at a time indi-
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cated by an arrow in Fig.9. The magnetic axis position is inward shifted

for these data (Rax = 93.6 cm). The dependence of the parameters of ICRF

produced plasma on the magnetic axis position is similar to the ECH case.

The possible mechanisms of electron heating in the poloidal antenna

experiments is the electron Landau damping of the whistler wave. In

the experiments with the Type-Ill antenna, it is expected that the Alfven

resonance of the shear Alfven wave and/or the electron Landau damping

of the ion Bernstein wave played an important role.
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Fig. 3 Experimental setup for ECH and ICRF heating
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