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The MHD equilibrium properties of neutral-beam-heated plasmas have been
experimentally investigated in the Compact Helical System (CHS), a low-aspect-ratio
(Ap ~ 5) heliotron/torsatron. This configuration is characterized by a strong breaking of
helical symmetry. The radial profiles measured by various diagnostics have shown
significant Shafranov shift due to plasma pressure. The deviation of the magnetic axis
from its vacuum position has reached 50% of the minor radius. When the three-
dimensional equilibrium code VMEC is used to reconstruct the equilibrium from the
experimental data, the result is in good agreement with the experimentally observed
Shafranov shift as well as the diamagnetic pressure in plasmas with <B> < 1.2% and By
< 3.3%. This B value corresponds to half of the conventional equilibrium B limit defined
by the Shafranov shift reaching a value of half the minor radius. Although tangential
neutral beam injection has caused pressure anisotropies p //p | £ 3, the description of

the equilibrium assuming isotropic pressure is consistent with the experiment.
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LINTRODUCTION

Magnetohydrodynamic (MHD) equilibria of torcidal plasmas have been studied for a
variety of magnetic configurations since the beginning of magnetic fusion research (see
Ref.{1] as a pioneering work). For axisymmetric (two-dimensional (2-D))
configurations, e.g. the tokamak, the theory is well developed and its applications to
experiments have been quite successful. MHD theory has been used for precise control
of the position of the plasma column and realization of the divertor configuration.
Description of the tokamak equilibrium by the ideal MHD model has been experimentally
proven to agree with the theoretical equilibrium limit [2]. The equilibrium theory has
been also extended to systems with pressure anisotropy due to fast ions or energetic
electrons, and self-consistent solutions have been successfully derived [3-5].

Although studies of asymmetric systems, e.g. the stellarator, have also progressed
[6]. their applicability to experiments still seems to be limited due to the complexity
associated with three-dimensional (3-D) geometry. However, recent rapid advances in
numerical computation provide a systematic picture of 3-D equilibria with finite 3 (the
ratio of the gas kinetic pressure to the magnetic field pressure). Although the existence of
equilibrium solutions is not clear in the strict mathematical sense for a toroidal heii.cal
system [7], most all models presume the existence of closed, nested magnetic surfaces.
If the ergodic spatial scale of magnetic field lines is much smaller than the Larmor radius,
this approximation is assumed to be applicable to experiments. To get a 2-D equation for
the toroidally averaged poloidal flux function, the approximation of large aspect ratio,
called the stellarator expansion [§8] or the averaging method [9,10] has also been used.
While the equilibrium theory for axisymmetric systems has been confirmed in the
framework of MHD, that for asymmetric systems has been advanced on the basis of
these approximations. Therefore, comparison of the theoretical model with experiments
is of much importance to resolve the limitations of the model.

The magnetic axis shift due to plasma pressure has been observed in Wendelstein
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VIi-A and the result has been compared with the linear analytic theory for a few
examples [11]. Also, in Wendelstein VH-AS, which is designed to reduce the Pfirsh-
Schliiter current on the basis of the ideal MHD theory, the observed magnetic axis shift
is smatler than that in a conventional stellarator, as expected {12], but the accuracy of this
data is not sufficient to get a precise comparison with the theory.

As seen in a series of Wendelstein and Heliotron devices {(see Ref. [13] as a review),
toroidal helical systems have traditionally had large aspect ratio, with therefore only a
small breaking of helical symmetry. Recently, MHD characteristics in low-aspect-ratio
heliotron/torsatron have been investigated theoretically, and various critical physics
issues have been presented for experimental study [14,15]. The Shafranov shift A is
estimated for the low P case from the stellarator expansion as A = ByApa/ (a)2, where
[30, A_D, a, and t are the central B, the aspect ratio, the minor radius, and the rotational
transform, respectively. Since ¢ is proportional 10 Ap, in general, A is enhanced in a
low-aspect-ratio configuration, where toroidicity is enhanced. A large Shafranov shift
results in efficient generation of a magnetic well, which tends to stabilize the interchange
instability, but causes a low equilibriam [ limit. Also, large distortion of the magnetic-
surface structure might cause deterioration of confinement. The description of finite-
equilibria is a prerequisite for MHD stability analysis as well as various transport
analyses.

In order to verify the validity of the available MHD equilibrium model, it is desirable
to investigate a low-aspect-ratio configuration with strong breaking of symmetry. We
compare the experimental results for MHD equilibria with a theoretical model in a
heliotron/torsatron configuration with an aspect ratio as low as 5, which is uniquely low

for a toroidal helical system.

2. EXPERIMENT IN CHS

The compact helical system (CHS) is a heliotron/torsatron device with poloidal

mode number /=2 and toroidal mode number m=8 designed to resolve various physics
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issues of the stellarator/heliotron/torsatron concept in a low-aspect-ratio regime[16,17].
The major radius of the vacuum vessel and the helical coils R is Im and the plasma
minor radius a is up to 0.21m, which leads to a plasma aspect ratio Ap of 5. The
major radius of the vacuum magnetic axis R4, can be controlled by a vertical magnetic
field. Since a variety of plasma production techniques (28GHz and 53GHz ECRF,
7.5MHz and 13MHz ICRF) are available in the CHS, the operational toroidal field has
much flexibility. An auxiliary neutral beam (NB} with power of up to 1.1MW and
energy of up to 40keV was injected tangentially into target plasmas to sustain quasi-
steady-state plasmas for up to 1s. Since no active control of the vertical field was applied
during the heating phase, the spontaneous vertical field due to Pfirsh-Schliiter currents
shifted the plasma column outward for free-boundary conditions.

Although the helical coils prevent wide access for diagnostics in conventional
stellarator/heliotron/torsatron devices, the low aspect ratio of the CHS provides large
ports for profile measurements. The density and temperature of electrons were measured
by a spatially resolved Thomson scattering system, and the ion temperature was obtained
by charge-exchange recombination spectroscopy (CXRS) with 7.5-mm spatial resolution
[18,19]. Figure 1(a) shows the experimental setup of the CXRS system and the vacuum
magnetic surfaces with R, = 0.92 m for the vertically elongated cross-section. The
view of the CXRS diagnostics covers almost the entire plasma. Since the density profile
has been, in general, rather flattened or slightly hollow in the central region of CHS
plasmas, the pressure profile is expected to follow the ion temperature profile.
Therefore, the peak of the ion temperature profile should correspond with the position of
the magnetic axis. Figure 1(b) shows the measured plasma profiles with
n=1.5x101%/m3, the absorbed beam power P p; ~400kW, and R, = 0.92m. The
normalized minor radius 9 is derived from the projection onto the one-dimensional (1-D)
geometry using the vacuum flux surface shown in Fig.1(a). The solid line is the least-
squares fitting of the ion temperature profile, (T;(0)-T{1))(1-p®)B + T{(1), where o

and f3 are the fitting variables. Clearly, there is an outward shift of the profile, i.e., the



Shafranov shift. The peak in the ion temperature was located 3cm outside the vacunm
Rgax. The electron temperature and density profiles also indicated outward shifts,
although accurately estimating the position of the peak was difficult because of the
limitation (R > 0.92 m) of the scope of the Thomson scattering system. The Shafranov
shift has also been observed in the soft X-ray emission profile, which is line integrated.
In this work, we place emphasis on the results from the CXRS, since we can estimate
the change of equilibrium most accurately from it among available diagnostics.
Diamagnetic measurement of the integrated perpendicular energy is also discussed. The
effect of three-dimensionality on diamagnetic flux is small except for the paramagnetic

flux due to the net current flowing along the field line [20].

3. ANALYSIS OF EQUILIBRIUM

In this section we describe the procedure to construct the 3-D equilibrium from
kinetic data obtained in the experiment [21]. The pressure profile is calculated with the 1-
D profile analysis code PROCTR-MOD [22] from the experimental profile measurements
(Te(R),T{(R),np(R)). The relationship between the real-space experimental
coordinates and the plasma flux surface coordinate p is derived from an inverse
geometry representation. The calculated pressure profile is used to recalculate the
magnetic configuration by the 3-D free boundary equilibrium code VMEC [23].

Figure 2 (a) shows the magnetic surfaces of the finite-} equilibrium for the discharge
described in Section 2, which was obtained by taking account of the thermal pressure,
ie., pih = neleH(nitnimp)Ti. The calculated shift of the magnetic axis was only 1.1
cm, which is much smaller than the experimental observation. There remains
discrepancy between the experimental T;profile and the equilibrium pressure
surfaces(see Fig.2(b)). The B value based on kinetic data was 0.18%, while < 4;,>
from diamagnetic measurement was 0.26%, where the brackets <> indicate a volume-

averaged value. These discrepancies suggest that the equilibrium obtained by considering



only thermal pressure is not self-consistent. The impurity concentration as measured
with a VUV spectrometer suggests that Z,z was dominated by carbon and oxygen
ions, and that the value was Z 4 = 2~3.5 in the analyzed discharges. Throughout this
work, the main impurity is assumed to be oxygen, and Zg is set equal to 2.0 and
constant in space. Although this assumption leads to error in estimating dilution, its
effect on thermal pressure is within several percent, which makes a negligible difference
in the experimental error. Impurity concentration also affects the power deposition of
NB, however, this error discrepancy is even smaller.

In the example discharge, the slowing-down time of fast ions was roughly 4 ms
while the global confinement time was 1.5 ms. This means that the unthermalized
pressure due to fast ions makes a major contribution to the MHD equilibrium. From this
example, it is clear that the beam makes a significant contribution to the equilibrium of
NB-heated plasmas in the CHS. Therefore, a precise estimate of the beam pressure is a
prerequisite for the accurate calculation of MHD equilibrium.

Low aspect ratio causes a large deviation of particle orbits from magnetic surfaces, as
well as a large loss cone. In the case of transit particles with an energy of 40keV, the
deviation reaches half of the minor radius at 1T operation. This complicates evaluation of
the beam pressure. The power deposition on each magnetic surface is affected by this
orbit deviation; in particular, orbit loss and charge-exchange loss. The precise estimate
of these effects requires a Monte-Carlo simulation which can deal with the 3-D geometry
including the vacuum region outside the plasma. Alternative analytical formulas [24] in
the equivalent averaged axisymmetric geometry, which are employed in the PROCTR-
MOD code, facilitate the iteration scheme of reconstructing equilibria[25]. We have
incorporated a semi-empirical model of the 3-D orbit effect into the beam deposition
calculation in PROCTR-MOD. This semi-empirical model is based on a number of
parameter runs of the 3-D Monte-Carlo particle code HELIOS [26]. The behavior of fast
ion orbits in the CHS will be discussed in detail elsewhere.

Since the curreni carried by the fast ions is negligibly small compared with the

plasma secondary current, we can omit the effect of the deviation of its orbit from the
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magnetic surface. This means that it is sufficient to consider only the flux-surface-
averaged pressure. The large parallel velocity and small pitch angle due to tangential
injection result in significant anisotropy of the beam pressure. The effect of pressure on
the equilibrium is primarily attributed to the vertical field generated by the Pfirsh-Schliiter
current. When we write a pressure tensor as P=p 1+ (p 4P )nn, where I n, p i
. and p, are the unit tensor, the unit vector along the magnetic field, the parallel
pressure, and the perpendicular pressure, respectively, the Pfirsh-Schliiter current is
proportional to V(p,+p) ) [27]. In this work, therefore, we approximate the scalar
pressure p by p;p + (ph P pb ()2, where pb denotes the beam pressure. The
equilibrium beta B, is defined by this pressure, and the perpendicular beta B which
corresponds to the diamagnetic beta B, is calculated from py, + pb |,

[teration between PROCTR-MOD and VMEC, including the confribution of beam
pressure, has been done until the geometry and plasma profiles converge. Figure 3(a)
shows the final equilibrium indicating the 3.3cm magnetic axis shift from its vacuum
position. The consequent T; profile shows good agreement with the 1-D fitting (Fig.
3(b)). The perpendicular pressure estimated from the reconstructed equilibrium is
<B1>=0.29+0.2%, which also agrees well with the experiment. To achieve these
satisfactory agreements, it was necessary to take account of the fast ion orbit effects in
the beam pressure calculation such as flattening of the deposition profile in the core
region. This agreement indicates that a self-consistent equilibrium is obtained and that the
present procedure is successful in describing MHD equilibrium of low-aspect-ratio CHS
plasmas.

Figure 4 shows the resultant pressure profile. Although the beam pressure is
dominant (2pu/(pb, + pb ;) ~ 0.5) and the anisotropy p,/p, reaches 2.5, the
present analysis gives an equilibrium consistent with the experimental observation. Even
when the birth profile of fast ions is peaked, the pressure profile becomes flattened or

hollow in the core region due to the orbit effect.



4 RESULTS

Profile analysis has been conducted for co- and counter- NB heated plasmas with B,
=045~ 15T, ne =08~ 55x 10°m™3, Ry = 0.89 ~ 1.02m, <Bog> = 0.15 ~ 1.2
%. The beam pressure ratio <pb> / 2<p,;> was in the range of 0.2 ~ 2.0. The usual
equifibrium limit corresponds to the configuration where the Shafranov shift A reaches
half the minor radius. At this point, the distortion of magnetic surface structure becomes
quite large. It should be noted that the magnetic axis shift giving this limit, Ay, does
not correspond to a/2, since the vacuum magnetic axis is originally shifted depending
on the magnetic configuration. For example, the position of the vacuum magnetic axis in
the case of Ry, = 0.90 m and 1.02 m is shifted 2.1 cm inward and 4.6 ¢cm outward,
respectively, from the center of the boundary surface on the vertically elongated cross
section. In the most shifted case (R4 = 0.90 m), the experimentally obtained magnetic
axis shift Agxpy was around 60% of Ayimir and close to half the minor radius. In terms
of <B¢g>, the highest experimental value has reached roughly 50% of the critical value.

Figure 5 shows a comparison of the magnetic axis shift derived from the T; profile
with the theoretical prediction which is applicable in the linear response regime, i.c. A o<
B. The data are normalized by Ajjy,;r. The shift of the magnetic surface relative to the

boundary surface is given by [6]

I”2R(p_(r)—p(r))d
- 2 2 r
0 MOBOI r

A(r)= , (1)

where

p=2]prrdr
F o

When the experimental shift is less than one third of Ay, the experimental results
agree with the linear theory. Within this range, Eq.(1) is found to be applicable even for

the CHS where the aspect ratio is as low as 5. Above this range, however, the plasma



does not respond linearly and the rate of increase in the shift is much reduced with
increasing B. The numerical studies have shown a similar trend for various torsatron
configuration [15]. If we ¢liminate the beam pressure, the theoretical prediction, Eq.(1),
gives a systematically smaller value than that from the experiment. This trend indicates
the importance of beam pressure in reconstructing the equilibria mentioned in Section 3.

Using the scheme described in Section 3 for reconstructing equilibria from profile
data sets, we can examine the applicability of the 3-D numerical calculations. For
magnetic axis shift, we can see a remarkable correlation between the experiment and the
calculation over a wide range of plasma parameters within the accuracy of the present
methods (see Fig.6). The reconsiructed equilibrium has been also verified by the
comparison of integrated perpendicular pressure. Figure 7 shows the ratio of <f > to <
Baia> as a function of electron density. Taking the beam pressure into account, we can
see a close agreement between the measured and calculated values. The variation
observed at lower density, when <[> is smaller, is due to (1) the signal-to-noise level
in the magnetic diagnostics and {2) the beam-driven current, which becomes larger with
decreasing the density and produces paramagnetic flux. As the density decreases, the
slowing down time of fast ions becomes longer; thus the beam pressure contributes
proportionally more in the lower density case. When the beam pressure is omitted from
the calculation, <B >/ < Bgis> is systematically below 1 and a larger discrepancy is
observed at lower density.

As mentioned in Section 3, the present group of discharges were characterized by
anisotropic pressures. The anisotropy <p v / < p,>has been in the range between
1.1 and 2.5. Equilibria with pressure anisotropy have been studied theoretically by many
researchers [3-3,28,29]. It has been theoretically pointed out for tokamak plasmas that
the magnetic axis shift in the presence of pressure anisotropy is different from that in the
isotropic case [28]. However, any trend correlated with anisotropy has not been

observed experimentally in the equilibria considered here.



5.DISCUSSION

We have presented the 3-D experimental analysis of MHD equilibria which has been
shown to be self-consistent for plasmas with aspect ratio as low as 5 by comparison with
the 3-D numerical computation of the magnetic axis shift and diamagnetic flux.
However, the investigated plasmas certainly lie below the equilibrium f limit. Figure 8
shows an operational diagram of <B> as a function of vacuum magnetic axis position.
The group of discharges presented in this work were distributed in the hatched area.
When we approximated the pressure profile by p(p) =pq (1 - p 2)%, the value of «
was within the range of 1.5 ~ 2.5 for every discharge. Two kinds of equilibrium B Limits
calculated for the case of o0 =2 are iilustrated, one of which is the conventional limit
used in Section 4 and the other is the limit of availability of an equilibrium solution in the
present 3-D numerical analysis. These limits are rather different. The broken line in
Fig.8 is the range we have realized in CHS, but a complete profile data set has not been
available. For those plasmas that fall within these limits, there seemed to be consistency
with the extrapolation of the present work.

Although whether a numerical solution is obtained depends to some extent on the
numerical scheme and mesh resolution, the reason for disappearance of the solution- in
the high-B regime may be physically attributed to the appearance of a separatrix in the
closed magnetic surfaces or splitting of the magnetic axis. Alternatively, the conventional
equilibrium [3 limit comes from a naive conclusion that the distortion of magnetic flux
surfaces is intolerable. Therefore, this limit is convenient but may not have a clear
physical justification [30]. Also, magnetic surface breaking may occur in 3-D finite-B
plasmas, which reduces B [31,32]. A picture of the equilibrium- limit in asymmetric
plasmas has not been clarified either theoretically or experimentally yet. Demonstration
over the conventional  limit and the examination of the 3-D numerical analysis close to
the limit wait for near-future experiments.

In the CHS, the measured equilibrium B limit is lower than the MHD stability limit



under the free boundary condition without vertical field control during heating.
However, fluctuations associated with the resistive interchange mode have been
observed. The pressure anisotropy is supposed to have only a small effect on
equilibrium, which has been supported by this work, but a significant effect on MHD
stability [29]. Therefore NB-heated plasmas in the CHS requires further analysis to

access the stability boundaries in the presence of pressure anisotropy.

ACKNOWLEDGEMENTS

We acknowledge with appreciation the contribution of Dr.R.N.Morris and Prof.
T.Amano to numerical code handling; and Dr.M.Murakami to smoothing the way for
collaboration. We gratefully acknowledge useful discussions with Dr.S.Yoshikawa and

Dr.Z.Yoshida and continuing encouragement of Dr.A.Iiyoshi.

REFERENCES

[13 GRAD,H., RUBIN.H., in Proceedings of the Second United Nations
Conference on the Peaceful Uses of Atomic Energy (NATO,
Geneva, 1958), Vol.31, p.190.

2] NAVRATIL,G.A., GROSS,R.A., MAUEL,M.E., SABBAGH,S.A,,
BELLM.G. et al., to appear in Plasma Physics and Controlled
Nuclear Fusion, 1990, Washington (IAEA, Vienna,1991).

[31 GRAD, H.,in Magneto-Fluid and Plasma Dynamics, Symposia in Applied
Mathematics (American Mathematical Society, 1967), Vol.18, p.162.

[4] COOPER,W.A,, BATEMAN.G., NELSON,D.B., KAMMASH,T.,
Nucl. Fusion 20 (1980) 985.

[S] YOSHIDA,Z., Phys. Fiuids B 1 (1989) 1702.

[6] PUSTOVITOV, V.D., SHAFRANOV, V.D., in Reviews of Plasma Physics



(Consultant Bureau, New York 1990), Vol.15, p.163 .

[71 GRAD,H., Phys. Fluids 10 (1967) 137.

[8] GREEN, J.M,, JOHNSON, J.L., Phys. Fluids 4 (1961) 875.

(91 KOVRIZHONYKH, L.M., SHCHEPETOV.,S.V., Fiz. Plazmy 6 (1980) 976.

[10] STRAUSS,H.R., Plasma Phys. Controlled Fusion 22 (19380) 733.

[11] DORST,D., ELSNER,A., GRIEGER,G., Plasma Phys. Controlied Fusion 26 1A
(1984) 183.

[12] WELLER,A., BRAKEL,R., BURHENN,R., HACKER H., LAZAROS.A., in
Controlled Fusion and Plasma Physics (Proc. 17th Europ. Conf. Amsterdam,
1990), Vol.19B, Part 11 (1990) 479.

[13] CARRERAS,B.A., GRIEGER,G., HARRIS,J.H., JOHNSON,J.L.,
LYON,J.F,, et al., Nucl. Fusion 28 (1988) 1613.

{14] CARRERAS, B.A., Comments Plasma Phys. Controlled Fusion 11 (1987) 139.

[15] CARRERAS,B.A., DOMINGUEZN., GARCIA,L., LYNCH,V.E.,
LYON,J.F,, et al., Nucl. Fusion 28 (1988) 1195.

[16] MATSUOKA,K., KUBGO,S., HOSOKAWA M., TAKITA.Y., OKAMURA,S.,
et ak., in Plasma Physics and Controlled Nuclear Fusion, 1988 (Proc. 12th Int.
Conf. Nice, 1988) , Vol. 2, IAEA, Vienna (1989) 411.

[17] NISHIMURA K, MATSUOKA K., FUITWARA M., YAMAZAKILK.,
TODOROKI, 1., et al., Fusion Technol. 17 (86) 1590.

[18} IDA, K., HIDEKUMA, S., Rev. Sci. Instrum. 60 (198%) 876.

[191 IDA, K., YAMADA, H., IGUCHI, H., HIDEKUMA, H., SANUKI, H., et al.,
Phys. Fluids B 3 (1991) 515.

[20] A toroidal net current of up to 7 kA has been observed in the discharges of the
present database. It is supposed to be due to beam driven {Ohkawa) current and
bootstrap cutrent. (sce KANEKO,0., KUBO,S., NISHIMURA K., SHOJLT.,
HOSOKAWA M, et al., to appear in Plasma Physics and Controlled Nuclear
Fusion, 1990, (Proc. 13th Int. Conf. Washington, 1990) , IAEA, Vienna

(1991)). The effect of the toroidal current on equilibrium is considered with



estimate of current profile from the tokamak formulas, however, it is quite small.

[21] HOWEH.C., HORTON,L.D., CRUMEE.C,, et al., in Controlled Fusion and
Plasma Physics (Proc. 16th Europ. Conf. Venice, 1989}, Vol.13B, Part I (1989)
683.

[22] HIRSHMAN, S.P., Comput. Phys. Commun. 43 (1986) 143,

[23] YAMADA, H., IDAK., IGUCHLH., HOWEH.C., KUBO,S., ¢t al., in
Controlled Fusion and Plasma Physics (Proc. 18th Europ. Conf. Berlin, 1991),
Part I (1991) 137.

[24] ROME,LA., CALLEN,J.D., CLARKE,J.F., Nucl. Fusicn 14 (1974) 141.

[25] The analytic formulas in PROCTR-MOD give a good approximation for the birth

‘ profile of fast ion and shine-through loss in the case of tangential injection. This

fact has been verified by comparing these formutas with results from HELIOS in
the CHS geometry.

[26] FOWLER,R.H., MORRIS,R.N., ROME.JL.A., HANATANILK., Nucl. Fusion
30 (1990) 997.

[27] HITCHON,W.N.G., Nucl. Fusion 23 (1983) 383.

[28] SESTERO,A., TARONILA., Nucl. Fusion 16 (1976) 164.

[29] BUCKLEK.A., HITCHON,W.N.G., SHOHET, J.L., Nucl. Fusion 25 (1985)
247.

[30] In some specific cases with parabolic pressure profile, this limit corresponds to
€ Bp=1 in tokamak configuration, where & is 1/4, and 3, is the poloidal beta.

[31] HAYASHILT., SATO,T., TAKELA., Phys. Fluids B 2 (1990) 329.

[32] REIMAN, A.H., BOOZER, A.H., Phys. Fluids 27 (1984) 2446.



Figure captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

(a) Cross section of the vacuum magnetic flux surfaces (Rz=0.92m) at the
location of the charge exchange recombination spectroscopy (CXRS)
diagnostic which gives the point data along Z=0. (b) Profiles of ion
temperature measured by CXRS, and electron temperature and density
measured by Thomson scattering during a sample discharge. Minor radius
is normalized using the vacuum flux surfaces shown in Fig.1 (a). The
minor radius of the data inside the magnetic axis is set to have a negative
sign for convenience in plotting. The 1-D fitting curve of T profile has a
function ; Tilp) = (THO}T(1)N1-p®)P+Ty(1).

(a) Cross section. of the magnetic flux surfaces of the finite- equilibrium
considering only thermal pressure (solid lines) and those of the vacuum
magnetic field (dot-dash lines). (b)lon temperature measured by CXRS
and the 1-D fitting curve.

(a) Cross section of the magnetic flux surfaces of the finite- equilibrium
which results from repeated iteration of calculations in PROCTR-MOD and
VMEC considering both thermal pressure and fast-ion pressure from beam
(solid lines) and those of the vacuum magnetic field (dot-dash lines).

{b)lon temperature measured by CXRS and the 1-D fiiting curve.

Pressure profile of a sample discharge, which is consequently obtained

from the present 3-D numerical analysis.

Comparison of the magnetic axis shift from the position in the vacuum



Figure 6

Figure 7

Figure 8

magnelic field estimated from the theory applicable 1o the linear response
regime with the experimental observation. The value of the shift is
normalized by the critical value for each magnetic configuration. The case
taking account of beam pressure is shown by closed circles and the case

omitting it by open circles.

Comparison of the magnetic axis shift estimated from the 3-D numerical
analysis Acq) with the experimental observation Aeyp on the vertically
elongated cross section. The data are normalized by the radius on the

shorter axis; a,

The ratio of the volume-averaged perpendicular pressure estimated from the
3-D numerical analysis to the experimental value measured by the
diamagnetic diagnositics as a function of the line-averaged density The case
taking account of beam pressure is shown by closed circles and the case

omitting it by open circles.

Diagram of equilibrium B limit in CHS. The B limits are calculated for the
parabolic pressure profile; p(r) = po (1-p2)%and o= 2. The error bar
indicates the pressure profile effect. The upper case o.= 1.5 and the lower

case o0 =2.5.
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Figure 1 (a)

"Shafranov Shift in Low-Aspect-Ratio Heliotron /Torsatron
CHS" by H.Yamada et al., National Institute for Fusion
Science, Nagoya 464-01, JAPAN
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Figure 1 (b)

"Shafranov Shift in Low-Aspect-Ratio Heliotron/Torsatron
CHS" by H.Yamada et al., National Institute for Fusion
Science, Nagoya 464-01, JAPAN
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"Shafranov Shift in Low-Aspect-Ratio Heliotron/Torsatron
CHS" by H.Yamada et al., National Institute for Fusion
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