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ABSTRACT

High-beta plasmas with a volumne-averaged equilibrium beta value 2.1 % were
produced in CHS using tangential neutral beam injection. This beta value was achieved
with the confinement improvement (reheat mode) observed after turning off a strong
gas puffing. The wall conditioning with titanium gettering was used to make a high
density operation (De < § X 10" m3) possible for low magnetic field (Bt = 0.6 T). The
discharges start with the magnetic hill configuration (in vacuum) and finally get Mercier
stable equilibrizm due to the self-stabilization effect given by the magnetic well which is
produced by the plasma pressure. The Shafranov shift was about 40 % of a plasma
minor radius. Magnetic fluctuations did not increase with increasing plasma pressure
when beta value exceeded 1 %. The dynamic poloidal field control was applied to
suppress the outward plasma shift with increasing plasma pressure. Such operation
gave an additional increase of beta value compared with the constant poloidal field

operation.



1. INTRODUCTION

Beta limit is one of the critical issues in optimizing magnetic field configurations of
plasma confinement devices in the fusion research. For helioton/torsatron devices, the
physical mechanism which determines the beta limit depends on the aspect ratio. In large-
aspect-ratio design (Heliotron E is one of such systems), the plasma beta is limited by a
stability condition [1]. For low-aspect-ratio heliotron/torsatrons, it is possible to raise the
stability limit above the equilibrium limit by selecting a proper magnetic field configuration [2].
It is mainly due to the strong self-stabilization effect of magnetic well caused by the large
Shafranov shift of magnetic axis. The design policy of ATF, which has a toroidal pericd
number m=12 and plasma aspect ratio Ap = 8, was to realize the high beta limit $H=5% in
the balance of stability fimit and the equilibrium limit condition [3]. They showed experimental
results exhibiting self-stabilization effect of finite beta in the discharges with relatively low-beta
value <p>=0.5 % [4,5]. The next generation device LHD (m = 10, Ap= 6.5) was designed
making an optimization for both good confinement and MHD stability [6]. Itis shown that the
theoretical beta limit in the framework of the ideal interchange stability is 5 % which is limited
by the equilibrium condition [7]. In order to realize such high-beta plasmas, the integration of
experimental studies on the characteristics of high-beta plasmas is necessary as well as the
intensive theoretical work with MHD models. CHS is a comparatively small-size machine with
alow aspect ratio (m = 8, Ap=5) and it has the theoretical beta limit above 5 % which is at the
equilibrium limit [8]. The physical database obtained from high-beta discharges in CHS
should make large contribution for understanding special aspects of high-beta plasma
performance in low-aspect-ratio configurations.

High-beta experiments in Heliotron E showed average beta value 2 % with a very flat
pressure profile [9]. This value was obtained by controlling the pressure profile with a gas

puffing to locate the large pressure gradient region near the boundary where the strong shear



stabilization exists. It was claimed that the confinement degradation due to the radiation loss
determined the limitation of beta in these experiments. In CHS, the modeling of three-
dimensional plasma equilibrium based on the profile measurements (ne, Te and Tj) is well
formulated [10]. Large Shafranov shift was observed in the profile measurements and it was
shown that the observations wete in good agreement with the MHD modeling. On the way to
realize high-beta plasmas, the MHD equilibrium, stability and the confinement are all important
issues. Among them, two questions whether the magnetic surfaces would still exist with a
good quality in the configuration near the equilibrium limit, and whether the confinement
would be still good for high beta plasmas, are the issues which can be studied mainly in
experiments. In the theoretical approaches to the high-beta equilibrium, 2 new method of
computer calculation which does not need to assume the existence of magnetic surfaces has
been developed recently [11]. The comparison of experimental results with such a theoretical
work is also important. The high-beta discharges in CHS with beta values up to 1.5 % have
been analyzed previously [12]. The present paper gives the results of further study for beta
range 1.5 - 2.1 %. Because of low aspect ratio, the Shafranov shift in CHS is larger than in
any other machine even for the same value of beta. The experimental data related with the
equilibrium, stability and confinement of high-beta plasmas would help understanding the

physics necessary for next generation machines.

2. EXPERIMENTAL SETUP AND HIGH-BETA DISCHARGES

CHS is a small-size heliotron/torsatron device (toroidal/poloidal mode numbers are
m=8/¢=2) which has a nominal major radius (center of helical coils) 1 m and minor radius 0.2
m [8.13]. Maximum magnetic field strengthis Bt =2 T.! Helical windings have a pitch
modulation (o* = + 0.3) which gives larger closed magnetic surfaces and a low aspect ratio

(Ap=5). Although the positive pitch modulation is unfavorable for the trapped particle

' Bt denoies the magrietic field strength at the geometric axis (R = 1 m).



confinement {14}, it enables good access for tangential neutral beam injection in such a smail
machine as CHS. Two NBI systems are installed in CHS. The NBI-1 was operated with
beam energy 40 keV and port-through injection power 1.1 MW. Although injection angle of
NBI-1 is variable, the tangential radius of 87 cm was selected for these experiments which
gave optimum heating efficiency. Port-through power of NBI-2 was 0.7 MW with 36 keV
beam energy and the tangential radius was fixed at 90 cm.

Hydrogen was used for both gas puffing and ion sources of neutral beams. A target
plasma for the beam injection was produced by the Nagoya Type-II! antenna [15, 16] which
gives plasmas for a wide range of magnetic field strength (Bt = 0.55 - 2.0 T) with fixed rf
frequency (f = 7.5 MHz). Titanium balls (Mini Ti-Balls) are installed to make titanium
gettering for the wall conditioning. Vacuum chamber wall of CHS (stainless steel) is not
covered with special protectors (e.g. carbon or light metals) except small carbon tiles installed
near the injection port of neutral beams to avoid the direct bombardment by high energy beams
on the wail.

Physical characteristics of magnetic surface quantities vary depending on the poloidal
field settings (dipole, quadrupole, etc.). The magnetic well structure is primarily determined
by the dipole field (or vertical field) which is represented here by the magnetic axis position
Rax. The outward shift of magnetic axis (Rax > 97 cm) gives magnetic well while the inward
shift gives magnetic hill structure for the vacuum magnetic field configurations. On the other
hand, the inward shifted configuration provides better global energy confinement for NBI
plasma with co-injection [17, 18], mechanism of which has not yet been understood
completely. In high-beta experiments, the Rax = 92 cm configuration was selected in order to
assure good global confinement. The polarity of the magnetic field is selected so as to have
NBI-1 which gives larger power in co-injection and NBI-2 in counter-injection.

Figure 1 shows the time behavior of the discharge which gave a peak value of

(diamagnetic) average beta 2.0 % measured by a diamagnetic loop with a line-averaged electron



density fie = 6.5 x 10" m3. The averaged toroidal magnetic field in the plasma was Bay =
0.57 T.? The absorbed beam power is calculated by a model which is formulated based on
the results of Monte Carlo code calculation with HELIOS for co-injection cases using three-
dimensional configurations [10, 19]. The heating efficiency for a counter-injection is assumed
to be 0.7 times that for a co-injection which is the result of orbit losses of the beam ions hitting
on the inboard side vacuum chamber wall. The global energy confinement time of NBI
plasmas in CHS generally follows the LHD scaling [20]. It increases as the density increases.
But the increase of energy (or confinement time) saturates at a particular level of density, which
depends on the heating power and the wall conditioning. When the gas puffing is turned off at
such condition, the energy increases rapidly while the density decreases, which is known as
the reheat mode {21]. Figure 2 shows such evolution of the discharge in the plotting with the
average diamagnetic beta and the density. The global confinement time is 1.7 msec at the
maximum beta during the gas puffing and 2.1 msec at the peak of beta in the reheat mode
phase. The ratio of the experimental global energy confinement time to the reference value
calculated with the LHD scaling (Tg/T pp : Tgp = 0.17 P08 g 069 B 0.84 3 2R 075 4
plotted also in Fig. 1. For LHD scaling, P is absorbed power in (MW), fie is the electron
density in the unit of (102 m3), B is magnetic field strength in (Tesla), a and R are the minor
and major radii in (m). This confinement time ratio decreases as the density increases which is
general tendency of high density plasmas in CHS [18]. The good confinement was recovered
with the reheat mode after the gas puffing was turned off.

The contribution of high energy beam component to the pressure profile of NBI plasma
which determines the equilibrium is generally large in CHS, while it is relatively small for high
density plasmas. The beam pressure is calculated with the PROCTR-MOD code [22] which

incorporates the results of beam deposition profile calculation with the Monte Carlo code

2 Bay denotes the averaged value of magnetic field strength in the cross section of equilibrium configuration.

The diamagnetic betas are calculated by volume-averaging local beta values.




HELIOS. Itis confirmed for many types of discharges that the calculated equilibria with such
modeling fit very well to the measured profiles [10]. Although the neutral beam injections are
in tangential direction, the diamagnetic beta includes small perpendicular component of beam
energy. For the calculation of equilibrium, the larger contribution of parallel beam energy has
to be added to the thermal (and perpendicular beam) energies. The estimation of parallel beam
energy gives additional beta value of 0.13 % to the diamagnetic beta. Finally the total volume-
averaged equilibrium beta is estimated to be 2.1 % which is the highest value obtained so far in

helical systems.

3. WALL CONDITIONING AND CONFINEMENT OF HIGH BETA PLASMAS

In the series of high-beta experiments, the plasma beta increased continuously as the
titanium gettering was repeatedly made. Thirteen Mini Ti-Balls are installed in the torus. The
getter flush covers more than 90 % of vacuum chamber wall surface. Typically ten-minutes
flushes are made for every few tens of shots during the high-beta experiments. Short flushes
between the discharges are also made in order to keep the plasma parameters constant for the
particular sequence of discharges. Figure 3(a) shows the increase of plasma beta as a function
of integrated value of titanium gettering on the wall. The port-through NBI power was almost
constant (about 1.8 MW 1otal) for all shots plotted in the figure. Open circles are the maximum
beta values during the gas puffing (e.g., at 130 msec for the shot shown in Fig. 1) and closed
circles are the peak beta values after turning off the gas puffing. The integrated amount of 200
mg/m? corresponds to 500 A thickness of titanium coating in average.

In these shots, the density which gave the highest beta gradually increased as the titanium
gettering was repeated. The global energy confinement time also increased with increasing
density. In order to check whether the continuous gettering improved the confinement, the
ratio of the global cnergy confinement time to that calculated from the LHD scaling (Tg/tuyp) is

plotted in figure 3(b). The confinement was improved in the early stage of this series of



experiments but no further improvement (relative to the LHD scaling value} was achieved for
the later half while the beta value still increased from 1.7 to 2.0 %.

The beta values are replotted as a function of the average density in Fig. 4(a) from the
discharges plotted in Fig. 3. For the data points with gas puffing (open circles), betas are
almost proportional to the densities. The beta values larger than 1.7 % were obtained with the
reheat mode which appears only for higher densities fis > 5.5 x 1012 m3. The confinement
ratio Te/T yp is also plotted as a function of the average density in Fig. 4(b). The reheat mode
forms different branch of data points from the normal operation data with gas puffing. It is
found that the confinement improvement by the reheat mode is about 30 % for good wall
conditions. Figure 4(b) does not mean that the confinement ratio is constant for different
densities. Because these data are taken from the series of discharges when the continuous
effort of wall conditioning was made, the data points for low densities generally correspond to
the discharges with insufficient wall condition. The dependence of the confinement ratio on the
density for the sufficiently conditioned wall is obtained approximately from Fig. 1 as the time
behavior of Tg/Trpp with increasing density in a single shot. Similarly, Figure 2
approximately shows the dependence of beta value on the density in a good wall condition.

Figure 5 shows time traces of the diamagnetic beta and magnetic fluctuation signal for the
shot in which the beta increased monotonically. The total power (3kHz - 100kHz) of magnetic
fluctwation measured by Mimov coils increased almost proportionally to the plasma beta up to 1
% but it stopped increasing for higher beta value. The fluctuation level in gauss is for the
Mirnov coil position. Sixteen magnetic probes are installed in CHS. The signal in Fig. 5is
from the one which is located at a position (top side of the plasma) that is insensitive to the
plasma horizontal movement caused by finite beta effects. The dependence of magnetic
fluctuation signal on beta is almost similar for all frequency range of the measurement. Such
saturation behaviors are common for all shots in high-beta experiments. The collection of data

for the shots with various values of beta shows exactly the same dependence of magnetic




fluctuation on beta values [23]. Mimov signal saturates for the beta range 1 % < § <2 %,
The coherent mode with m=2/n=1 (m : poloidal mode number / n : toroidal) was observed
together with turbulent signal. It increased more rapidly with beta value up to 1 %, while it
decreased for higher beta values and finally disappeared for <> > 1.3 %. The 1/1 mode
appeared for <§>>0.5 % and it became the largest coherent mode for <§> > 1.3 %. Detailed
analysis of magnetic fluctuations will be reported in a separate paper [24].

For high-beta experiments, we selected the optimum magnetic field strength so as to
obtain a maximum beta valve. Such flexibility is available because we have the ICRF target
plasma production using Nagoya Type-HI antenna. Figure 6 shows the dependence of the
plasma average beta on the average magnetic field strength Bav. Beta values are plotted both
for a fixed average density fic = 5 x 10! m3 during gas puffing (open circles) and for the time
of peak beta in the reheat mode (closed circles). Both data show maximum beta in the range of
average magnetic field strength Bay = 0.55 - 0.59 T. Near this optimum field, the giobal
confinement time should scale as Tg =« Bav ? because the beta scales as <§» o< Bav 2. In
advance to the high-beta experiments, the dependence of global energy confinement time was
studied for the plasma density range e <4 x 10" m'3 using a single co-injection NBI with
the port through injection power 0.5 - 0.6 MW. For the purpose of extracting the dependence
of global confinement time on the magnetic field strength, 1g is normalized for different values
of absorbed power and plasma density assuming that dependencies on those parameters follow

the LHD scaling. The dependence factor on the magnetic field strength defined by
Fp=1p/0.17 P08 5z 069 3 2R 075

was calculated for all data in the density range ne=2 - 4 x 10"° m3. The averaged value of Fg
for the different magnetic field strength are plotted in Fig. 7. The data for the magnetic field
strength higher than 0.8 T give the B dependence factor Fg = 0.95 X Bav 073, It is clear that Fg

for 0.58 T does not follow such a scaling, and g for the magnetic field strength around 0.58 T



should depend on the field strength with a larger power value than 0.75. [t is consistent with the

result obtained from Fig. 6.

4. DETERMINATION OF PLASMA BOUNDARY AND

DYNAMIC POLOIDAL FIELD CONTROL

It is important to study the behavior of plasma boundary for high-beta discharges based
on the measurements in experiments. Standard MHD theories would give us the variation of a
boundary shape for a high-beta equilibrium but it is under the assumption of the existence of
good magnetic surface at the boundary. Completeness of magnetic surfaces for high-beta
plasmas can be confirmed only by the experimental measurements. As will be discussed in
Sec. 5, it is expected that the center of the last closed flux surface (LCFS) moves about 1 cm
outward when the plasma beta reaches 2 %. Such shift of plasma position changes both MHD
stability characteristics and the confinement. A dynamic poloidal field control during the
discharge was made to fix the plasma boundary position unchanged when the plasma beta
increases. Benefits of such position control was pointed out from the theoretical point of view
in obtaining high-beta plasmas when the plasma beta value approaches the equilibrium limit
[25]. This method is also useful in technical sense when it is requested to fix the plasma
boundary during high-beta discharges from the aspect of interference between the plasma
boundary and plasma periphery structures such as limiters or divertors.

Figure 8 shows a time sequence of high-beta discharge with the poloidal field control.
The current settings for the poloidal coils were changed during the discharge from those for the
configuration with Rax = 92 cm to those for Rax = 90 cm in order to push back LCFS to the
inward direction. This dynamic change of poloidal coil current made 0.2 - 0.3 volt one-turn

voltage® which caused 2 - 3 kA increase of the plasma current in a counter direction. But it is

Stis possible to make no one-turn voliage by selecting another combination of poloidal coil currents. The
current settings chosen in these experiments were for the condition of minimum stray field in the vicinity of the

machine.
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known from the experiments that this level of plasma current does not make significant effects
on the global confinement in CHS. In the three-dimensional equilibrium calculation, the
position of the LCFS at <B> = 1.5 % with poloidal field setting for Rax = 90 cm is almost the
same as the position of the vacuum LCFS for Rax =92 c¢m configuration (difference is less
than 0.1 cm).

In order to confirm whether the plasma position control was successful, the position of
the plasma boundary at the outboard side was determined by the VUV profile measurements
with rotating mirror system (total emission in the range 400 A ~ 1800 A including dominant
contribution of Lyman o was detected [26] ) and the density profile measurements using a
lithium beam probe [27] at the plasma boundary. The VUV profiles were measured at the
toroidal position where the magnetic surfaces are vertically elongated, while the lithium beam
probe diagnostics gives the edge density profiles at the toroidal position where the magnetic
surfaces are horizontally elongated. Because the plasma edge at the inboard side for Rax = 92
cm configuration is fixed by the inner wall acting as a toroidal limiter, positions of LCFS can
be determined from the measurement of the outboard side boundary.

Figure 9(a) shows the time evolution of outboard side VUV emission profile for the
discharge with no poloidal field control. As well as the emission level increased with the
almost monotonical increase of plasma density, the boundary moved outward with the increase
of beta. When the dynamic poloidal field control was applied, such outward shift of the
plasma boundary was suppressed as is shown in Fig. 9(b). The edge positions measured by
the fithium beam probe gave the similar results for two discharges which are shown in Fig.
10(a) and (b). At the toroidal cross section where the plasma is horizontally elongated, the
distances between magnetic surfaces near boundary are relatively expanded at the midplane
which makes the determination of plasma boundary unclear. The lithium beam is injected from
the outboard side bottom position where the plasma boundary is much clearer. The horizontal

axis in Fig, 10 is the distance along the lithium beam injection.
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Because in our experiments the poloidal field control was not flexible for its time
programming, it was possible to keep the plasma boundary position unchanged only for a part
of full discharge time. When we compare the average beta values of two shots for the same
densities, the discharge with poloidal field control gave about 10 % additional beta to that in no
control case. The difference of betas appeared at 70 msec and increased gradually till 130
msec. For this time period, the plasma boundary position was kept almost constant with the
poloidal field control. The total plasma energy for the same density was about the same for
two cases. It is because the plasma volume did not increase due to the suppression of the shift
of LCFS when the position control was applied. The Mirnov signals were roughly 1.5 times
higher for the poloidal-field-control case compared with no-control case in the saturation level
for 3> > 1 %. In the reheat mode, the plasma beta changes very quickly. So the poloidal field
control is difficult to keep the plasma position unchanged. In addition, the optimization of gas
puffing time programming is necessary in order to get a large improvement factor with reheat
mode. The additional increase of beta with the poloidal field control for the reheat mode was

not obtained in these experiments.

5. DISCUSSIONS

The global energy confinement times in CHS high-beta discharges are lower than the
values that the LHD scaling gives as is shown in Fig. 3(b) and 4(b). Itis a simple result when
we select the optimum conditions for the magnetic field and the plasma density in order to get
high-beta plasmas. Since the plasma beta is proportional to 1/B2 and the global energy
confinement scales with BO7> for high magnetic field strength (Fig. 7), the maximum beta is
obtained at low magnetic field for which the confinement does not follow such scaling
dependence. Similar situation occurs for the optimum density for the high-beta discharge.

Since the LHD scaling shows that the confinement is proportional to 12, the plasma density

12



which gives maximum beta (energy) is the one at which the confinement does not increase any
more. These are the main reasons why the scaling ratio (Tg/T uyp)} in high-beta discharges in
CHS is about 0.6. The improvement with reheat mode compensates the density degradation
near the high density limit. But the scaling ratios with the reheat mode still remain to be about
0.8. This is supposed to come from the deviation of the global confinement scaling from the
LHD scaling for low magnetic field. The scaling ratio 0.8 shown in Fig. 4(b) is the similar
value to the scaling ratio found in Fig. 7 for Bay =0.58 T.

The progress of average beta values in this experiment was brought by the effort to
increase the densities which gave maximum plasma betas. The obtained beta values are almost
proportional to the densities as is shown in Fig. 4(a). The additional increases of beta were
obtained with the confinement improvement due to the reheat mode which is about 30 %. The
density which gave beta maximum during gas puffing for good wall condition was about 60 %
of the density limit scaling for helical systems : neS = 0.25 (P B/a2 R)®3 [20] where the
parameters are in the same units as in the LHD scaling for the global confinement time.

Since the plasma energy does not increase as much as the density shown in Fig. 1, the
temperature generally decreases as the density increases in our experiments. The beta
maximum is obtained at the density above which the temperature drops more rapidly with
increasing density. In terms of temperature, there is a critical temperature below which the
confinement degrades rapidly. The ratios of the maximum beta (energy) to the density give
average values of such critical temperature. The fact that the peak betas were proportional to
the densities during the progress of the wall conditioning means that the critical temperature did
not change in this series of experiments. The improvement of the confinement with the wall
conditioning increased the temperature for the given density which increased the maximum
density corresponding to the critical temperature. As is noted in Sec. 3, Fig. 4(b) does not
mean that the confinement was not improved during the series of experiments. This figure

gives the acceptable degradation level of the confinement (Tg/T yp = 0.6) for the densities

13



which give maximum betas for each stage of wall conditioning.

It was reported that no degradation of global confinement time directly caused by beta
value itself was found for high-beta discharges in CHS for B3> < 1.5 % [12]. In this series of
experiments, the conclusion was confirmed for beta vatues up to <§> £2.1 %. It was possible
to increase the maximum beta value day by day with only the continuous wall conditioning
while the port-through NBI heating power was almost at the same level thoughout. The
sufficient level of global confinement time ratio (Tg/T pp = 0.8) for the reheat mode was
achieved for higher beta discharge by the improvement of wall conditioning,

The finite-beta equilibria were calculated using the free-boundary VMEC code [28] which
should correspond to the real experimental conditions without vertical field control during
discharges. Vacuum field was calculated with MAGN code [29] which allows to take into
account of finite dimensions of the coils. Because the pressure profile is important for the
equilibrium calculation, the complete information of measured profiles for the electron density
and the electron and ion temperatures are used in constructing the reference pressure profile for
the discharge with 0.7 % average equilibrium beta and line-averaged density fie = 3 x 10'° m3.
Since the shift of the magnetic axis due to the finite plasma pressure is significant for the low-
aspect-ratio helical systems like CHS, the procedure of iterative calculation for the equilibrium
and the measured pressure profile fitting was made to get final equilibrium [10]. The high-
energy beam pressure was included in the equilibrium calculations. The resultant pressure
profile is peg(r) = 1.71 (1-(t/a)' )% x 10" eV m™3. It is more peaked than the thermal
pressure profile without beam component which fits to pi(r) = 1.04 (1-(r/ay*H!S x 10¥ eV
m3. The profile peg(r) turns out to have a very similar shape to the profile (1-(r/a)%)? which is
widely used for the model calculation assuming parabolic profiles for both density and
temperature. The peg(r) has a larger gradient than the parabolic one only near the boundary
1/a > 0.8. Because the profile measurements are not available for all beta values, the same
pressure profile pec(r) was used for the equilibrium calculations in the range of beta 0 % < B>

<2 %. Figure 11(a) shows the profiles of the rotational transform t for selected average beta
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values B> =0%, 0.5%, 1 % and 2 %. The rotational transform at the edge increases from
1.03 (vacuum case) to 1.25 when <B> reaches 2 %. The magnetic well is shown in Fig. 11(b).
The configuration with magnetic axis position Rax =92 cm has magnetic hill in vacuum, but
the magnetic well is formed by the plasma pressure for large area r/a < 0.7 when <B> becomes
2 %.

As was noted in Sec. 2, the magnetic field configuration with Rax = 92 cm was selected
in high-beta experiments because it gives the best global confinement for co-injection NBI
taking less account of the MHD stability (outward shifted configuration has better stability
characteristics due to the magnetic well). Because this configuration is inward shifted one, the
LCFS is determined by the inboard side vacuum wall acting as a toroidal limiter. In the
equilibrium calculation, the toroidal flux values were given so as that the plasma boundary
should be determined by the inboard side vacuum wall 4 When the plasma beta increases,
the LCFS shifts to outboard side thus making the plasma volume larger. The increase of the
rotational transform at the edge for the high-beta configuration is mainly due to this effect.
Figure 12 shows the shift of the center of LCFS (at the toroidal cross section where the
magnetic surfaces are vertically clongated) and increase of plasma volume as functions of
average beta. The calculated values of the ratio of the average shift of magnetic axis (relative to
the center of LCFS) to the average minor radius are also plotted. Because the Rax =92 cm
configuration is an inward shifted one, this ratio staris from the negative value at <§> = 0 %.
The magnetic axis position for the vacuum configuration with the same LCFS position as the
B> =2 % equilibrium is A/a ~0.02. So the value A/a~ 0.4 for <§> =2 % is mostly from the
Shafranov shift. If we assume that a half of minor radius gives the practical Limit of high-beta

equilibrium, the shift of magnetic axis for the average beta 2 % should be about 80 % of that

4 For the ontward shifted configuration, the plasma boundary formed by the separamix is detached from the
vacuum chamber wall. But the configurations in vacuum with the same LCFS positions as the high beta

plasmas in this experiments are still limited by the inner wall.
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limit.

The position of the outboard side plasma boundary given by the VMEC code calculation
for B> = 0 % is 106.8 cm, which can be compared with the profiles in Fig. 9. Because the
inboard side boundary is almost fixed at the vacuum chamber wall, the calculated shift of
outboard side boundary with finite beta is about two times of LCFS shift shown in Fig. 12.
The positions of boundary given by the equilibrium calculation roughly correspond to the
upper edge of the VUV profiles. The VUV emission area expanded more than the calculated
boundary position. Itis generally observed for high density plasmas in CHS. The poloidal
field control pushed back such expansion as a whole. As for the lithium beam probe
diagnostics, the calculated boundary position in vacuum configuration for Fig. 10is 11.6 cm.
It moves to 13 cm for <3> =1 % and 13.3 cm for <B> = 1.5 %. Because the beta increased
more slowly than the increasing density for these experiments, the shift of the boundary in Fig.
10 (when the positions for the same densities are compared) is larger than the calculated
equilibrium boundary shift. The time variation of poloidal field control fitted to suppress such
shift of boundary. Because two boundary measurements give mainly density profile
information, the discussions about the pressure profile cannot be made for these experiments.
But the assumption made in Sec. 4 that the finite beta plasma boundary was determined by the
inboard side wall acting as a limiter is confirmed by these measurements.

Based on the equilibria shown in Fig. 11, the Mercier criterion is calculated. Figure 13
shows a contour map of the Mercier criterion normalized to the shear stabilization term defined
as Dy =- Dy/t' 2, where Dy is the standard Mercier criterion [7]. As Fig. 11(b) shows,
vacuum magnetic configuration with Rax = 92 cm has a magnetic hill everywhere. But the
magnetic well is produced for <§»> 2 0.3 %. Figure 13 shows that the equilibrium with beta
value more than 1.3 % becomes Mercier stable. It is widely accepted that the MHD stability for
the low n mode determines the actual threshold for the stability of laboratory plasmas. From

the comparison between the Mercier criterion calculation and the low-mode ideal interchange
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stability calculation, the practical criterion Dy < 0.2 was proposed for the evaluation of the
MHD stability for the low-mode ideal interchange instabilities [30]. From such a viewpoint,
the beta value higher than 0.7 % is sufficient for the stability of the interchange mode in these
experiments. Since the measured pressure profile for 0.7 % is used for the equilibrium
calculations, the Mercier stability calculation for the beta value around 0.7 % should be reliable
for the description of the experiment,

There is a possibility that the thermal pressure profiles for high-beta discharges (<> > 1.5
%) were more peaked than those for <B> = 0.7 %, because these data were taken with reheat
mode which normally has relatively peaked density profiles [21]. The profile measurement of
visible bremsstrahlung gave very peaked density profile for high-beta discharges with the
assumption that Zeff is uniform in the plasma, If we take this peaked density profile assuming
parabolic temperature profiles, the central beta exceeds 7 % for the discharge with 2.1 %
equilibrium beta. But the density and temperature profile data have not been obtained for those
discharges.

In spite of the fact that the low-beta plasma has the region where the Mercier criterion is
not safisfied, the global confinement characteristics of the real laboratory plasma did not show
detectable reflection of such MHD instability. But there is coincidence between the dependence
of the magnetic fluctuations on beta value (Fig. 5) and the ideal interchange stability diagram
(Fig. 13). Though the mechanism for the fluctuations which gave those Mirnov signals has
not been completely identified in CHS, the strong MHD stabilization effect of self-induced
magnetic well should be the cause for the beta dependence of the magnetic fluctuation signals.

If we check the position of the rational surfaces for the low-mode resonances in Fig. 13
and consider that the practical stability criterion is Dy < 0.2, the dangerous rational surfaces siay
only in the region 1/a <0.5. It can be the reason why we did not observe large degradation
effects of MHD instability in the global performance of the plasma. For the configuration with

more inward shifted magnetic axis (e.g. Rax = 90, 89 cm), the Mercier stability condition
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becomes worse even for higher beta values (self-stabilization effect is much less than in the
case with Rax = 92 cm). The global confinement shown in the experiments is still not
significantly bad for such inward shifted case compared with Rax = 92 cm, though we
observed MHD activities in the soft X-rays and Mimov signals for the counter-injection NBI
plasma in the Rax = 89 cm configuration.

The experiments with dynamic poloidal field control gave us another example for the
relation between the global plasma performance and the ideal MHD stability criterion in
heliotron/torsatron machines. Although the pushed-back equilibrium with the poloidal field
control had much wider Mercier unstable region 3, the apparent average beta was even better
for the poloidai-field-control case than for no-control case which has a much better Mercier
stability due to the magnetic well stabilization. However the Mirnov signals were larger for the
poloidal-field-control case which is expected by the stability calculations. For further
discussions, more informations about the profile measurements are necessary as well as the
fluctuation data for various configurations and beta values. CHS is very convenient machine
for the direction of such studies because of its flexibility of magnetic field configuration and the
wide operational area of plasma betas.

The expected Shafranov shift was about 40 % of an average minor radius for the high-
beta discharges in this experiments. The plasma boundary position was measured by the VUV
profile measurements for all shots in the experiments and no single shot has been found which
shows the reduction of plasma radius compared with the equilibrium calculations using the
free-boundary VMEC code with the assumption that the outermost magnetic surface determined ‘
by the inner wall limiter exists. The calculated value of « at the boundary increased from 1.03

to 1.25 with the expansion of the plasma volume due to the outward shift of LCFS by the

3 The calculation of Mecier stability criterion for the fixed boundary equilibrium shows that the average beta
value necessary for the Mercier stability is more than 2 %. The realized equilibrium in the dynamic poloidal
field control experiments shoutd be inbetween such fixed boundary eguilibrium and the free boundary

equilibrium.
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plasma pressure. The good correspondence of the boundary positions both in the measurement
and in the calculations means that magnetic surfaces with iota value above unity still exist
clearly even for high-beta plasmas up to 2 %. The observation of 1/1 coherent mode in Mirnov
signals for the beta range <B> > 0.5 % confirms also the confinement of finite plasma pressure

in the boundary region with ¢t > 1.

6. CONCLUSION

The volume-averaged equilibrium beta value 2.1 % was achieved in CHS with hydrogen
plasmas which is the highest value obtained so far in helical systems. Two neutral beams in
tangential injection (port-through power : P = 1.8 MW) were used for producing high density
plasma (line-averaged density : ne = 6.5 X 10" m3) in the low magnetic field operation
(averaged magnetic field strength : Bay = 0.57 T ). The ICRF target plasma was produced with
Nagoya Type-11l antenna. Titanium gettering was used for the wall conditioning. The beta
increased in proportional to the density as the wall condition improved. The reheat mode after
the turning off gas puffing gave additional increase of beta by 30 %. Ratios of the global
energy confinement time to the LHD scaling value (Tg/T gp) were 0.6 for the discharges with
continuous gas puffing and 0.8 for the reheat mode.

The dynamic poloidal field control suppressed the outward shift of the plasma boundary
caused by the finite plasma pressure. The fixing of boundary position was confirmed by two
methods of plasma edge diagnostics (VUV profile measurement and lithium beam probe). The
poloidal field control operation gave about 10 % additional beta increase.

The magnetic fluctuation measurement with Mirnov coils showed the increase of
fluctuations almost in proporticnal to the beta value for the beta range 0 % < > < 1 % and the
saturation of signals for the beta range 1 % < <B> < 2 %. No degradation of the global energy

confinement was observed for the beta value up to 2 %.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Figure Captions

Time behavior of high-beta discharge : Line-averaged density, gas puffing rate,
diamagnetic average beta, NBI absorbed power, ratio of global energy confinement

time to the LHD scaling (Tg/T un)-

Time evolution of diamagnetic average beta and line-averaged density. Square points

show time intervals of 5 msec.

(a) Diamagnetic average beta and (b) ratio of global confinement time to the LHD
scaling (Te/Tiyp) as functions of integrated titanium sublimation. Open circles are for
maximum beta values during gas puffing, while closed circles are for peak beta

values in reheat mode.

(a) Diamagnetic average beta and (b) ratio of global confinement time to the LHD
scaling (Tg/T xp) as functions of line-averaged density. Open circles are for
maximum beta values during gas puffing, while closed circles are for peak beta

values in reheat mode.

Time traces of diamagnetic beta and magnetic fluctuation signal in the range of 3 to

100 kHz. The amplitudes of fluctuation (in gauss) are at magnetic probe position.
Dependence of diamagnetic average beta on the average magnetic field strength.

Closed circles show peak beta values in reheat mode and open circles show beta

values at the same average density fie =3 X 10'° m3 with gas puffing.
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Fig. 7

Fig. 8

Fig. 9

Fig. 10

Fig. 11

Fig. 12

Fig. 13

B dependence factor (normalized Tg) as a function of average magnetic field strength.

Closed circle for Bav = 0.58 T is not on the power scaling formed by other points.

Relative timing of dynamic poloidal field control to the plasma discharge. Currents in
three poloidal coils are varied during discharge from the settings for Rax =92 cm

vacuum field configuration to the settings for Rax = 90 cm configuration.

Time evolutions of VUV emission profiles for (a) no poloidal field control and (b)

dynamic poloidal field control.

Time evolutions of edge density profiles measured with lithium beamn probe for (a) no

poloidal field control and (b) dynamic poloidal field control.

Radial profiles of (a) rotational transform, (b) magnetic well obtained from free-
boundary VMEC equilibrium calculations for Rax = 92 cm configuration. Four
selected equilibria are plotted for B> =0 %, 0.5 %, 1 % and 2 %. Pressure profile is

assumed to be proportional to p(0) (1-(1/a)1-")!> for each equilibrium.

Calculated values of expansion of plasma volume, shift of last closed flux surface
(LCFS) at the toroidal position where the magnetic surfaces are vertically elongated

and the ratio of magnetic axis shift to minor ratius (A/a) as functions of average beta.

Contour map of normalized Mericier stability criterion D; obtained from free-
boundary VMEC equilibrium calculations for Rax = 92 cm configuration. Thick solid
line gives Mercier stability boundary : D; = 0. Thinner lines give contours with steps

AD;=0.2.
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