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Development of a robust class
of quasi-poloidal compact
stellarator configurations

Compact stellaratorsaretoroidal confinement deviceswith
low aspect ratio 4 = (RY{a) <5, asmall number of tor-
oidal field periods (2 < N, < 5), and bootstrap current pro-
ducing asmall fraction of the magnetic rotational
transform. They have been devel oped to combine the
advantages of stellarators (in particular, steady-state oper-
ation and the avoidance of disruptions) and tokamaks (e.g.,
good particle and energy confinement at high beta) in an
efficient and cost-effective plasma configuration. Specific
examples are the National Compact Stellarator Experi-
ment (NCSX), an N, = 3 proof-of-principle device with A
=44, andthe A= 27, Np=2 Quasi-Poloidal Stellarator
(QPS), a concept exploration experiment. A QPS configu-
ration isshownin Fig. 1.

Fig. 1. An optimized QPS plasma and coil configuration.

Numerical optimization of three-dimensional (3D) plas-
mas|[1], and the magnetic coil systems required to support
them [2,3], has led to important advancesin the design of
high-aspect-ratio stellarators such as Wendelstein V11-X
(W7-X) [4]. Recently, the stellarator optimization code
STELLOPT [5] has been applied to low-aspect-ratio
NCSX and QPS designs to determine the shape of the
outer magnetic flux surface, together with internal plasma
pressure and current profiles that produce desirable phys-
ics properties such as confined particle drift trajectories
and plasma stability at significant beta.

In this issue . ..

Development of arobust class of quasi-poloidal
compact stellarator configurations

New configurations have been achieved by changing
the coil model and implementing a vacuum field con-
straint in the STELLOPT plasma/coil optimization,
resulting in improved physics performance and engi-
neering design of the Quasi-Poloidal Stellarator. The
plasma volume enclosed by vacuum magnetic flux
surfaces is now equal to, or greater than, that of the
full-beta plasma with only insignificant islands. ......

Increase of ion temperatures in NBI discharges
with argon gas puffing and impurity pellet injec-
tion in LHD

The Large Helical Device achieved a central ion tem-
perature of 7 keV following discharge cleaning with
neon and using a combination of neutral beam injec-
tion (NBI), argon gas puffing, and impurity injection.
The key was to control hydrogen coming off the wall
and to get the fast ions into the center of the plasma
by delaying the argon gas puff until the NBI was under
way.Electron temperatures were 3—4 keV, with the
electron density around 0.3 x 10%cm”
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The integration of the COILOPT [6] model, based on
explicit representations for modular coils and coil geome-
try constraints, into the stellarator optimization package
STELLOPT provides a unique and important computa-
tional tool for the design of compact stellarators. This self-
consistent analysis ensures that physics and engineering
criteria are simultaneoudly targeted in the full-pressure,
full-current plasma/coil configuration. The analysisto date
has been based on alocal minimization method, a parallel
version of the Levenberg-Marquardt algorithm [7], and is
implemented after separate plasma and coil optimizations
have identified a good starting point. This merged optimi-
zation technique has led to highly successful designs for
the quasi-axisymmetric NCSX and the quasi-poloidally
symmetric QPS.

The merged STELLOPT/COILOPT design approach [8]
simultaneously optimizes plasma properties and coil engi-
neering characteristics. For each evaluation of the physics
and engineering targets, the equilibrium magnetic field is
provided by the VMEC [9] code, which assumes the exist-
ence of nested, island-free magnetic flux surfaces. Follow-
ing this analysis, two important stellarator design issues
remain: (1) the question of the existence of good, nearly
integrable, magnetic flux surfaces, and (2) the flexibility
and robustness of the coil design with respect to variations
of plasma profiles and coil currents. Original work by
Cary and Hanson [10] to reduce islandsin vacuum and
more recent work by Hudson et al. [11] at nonzero beta
offer asolution to thefirst of these problems. Island reduc-
tion isroutinely applied to candidate NCSX coil configu-
rations. Here we propose a method that addresses the
second issue. It is based on including — in addition to the
usual plasma confinement and stability properties at the
full value of beta— avacuum field condition that drives
the combined optimization of the plasma and coil configu-
ration into aregion of parameter space with improved
robustness and flexibility. We discuss the optimization of
plasma and coils, the vacuum field target, and application
of the technique to achieve an improved configuration for
QPSs.

Integrated optimization of plasma and coils

The compact stellarators and coils devel oped here were
determined by a series of separate optimization steps. First
afixed-boundary plasma configuration independent of
coils was determined using STELLOPT. Thiswasfol-
lowed by a COILOPT optimization to determine a candi-
date set of coilsto approximately reproduce the desired
plasma. These coils were subsequently refined by a com-
bined plasmaand coil optimization, using the merged
STELLOPT/COILOPT code. The coils and plasmafor the
resulting compact stellarator are shown in Fig. 1. The coil
set consists of nonplanar modular coilsto provide the heli-
cal field, with toroidal field (TF) coils and vertical field

(VF) cailsfor configurational flexibility. The coil designis
subject to engineering constraints such as minimum coil-
coil and coil-plasma separation and minimum coil radius
of curvature.

Inthe STELLOPT code, the optimization is formulated as
aleast-squares minimization of atarget )(2: Z)(l.(x)2 ,
where the individual components X; are (generally nonlin-
ear) functions of the system state-vector x. Prior to merg-
ing with COILOPT, the state-vector x (independent
variables) included coefficients describing the MHD
plasma equilibrium pressure and current profiles, as well
as either (1) Fourier coefficients of the plasma shape, in
the case of afixed-boundary optimization, or (2) coil cur-
rents, if the optimization is to be executed in free-bound-
ary mode. The functions x; include both stellarator
physics and coil engineering figures of merit that are eval-
uated numerically using a set of models dependent on the
solution of a 3D plasma MHD equilibrium. Neoclassical
transport, for example, is optimized using the NEO [12]
code to evaluate afunction Xygo returning values of the
effective ripple factor (siffz) on several magnetic flux sur-
faces.

Subroutines interface each physics and engineering model
with the optimization code, and several models (e.g.,
NEO, COBRA [13], NESCOIL [2], TERPSICHORE [14])
are executed through system calls from these subroutines.
Datafrom these modelsis passed to the optimization code
through files, therefore requiring minimal modification to
the software provided by the model developer. Thisis
computationally efficient because the time required for
evaluation of the physics model istypically long compared
to the file-based data transfer time. Parallelization [15] on
high-performance computersis simply implemented at the
level of the optimization algorithm (e.g., computing the
gradient of )(2 ), not within individual physics and engi-
neering models.

The COILOPT code is based on a parametric representa-
tion of coils confined to a coil-winding surface[6] (Fig. 2)
R = ZR;cos[2T(m,u + n,v)] ,

Z = Z.Zsin[2(mu +npy)], @ = 21(v/N,), Whereu
and v are the normalized poloidal and toroidal angles. The
winding law for modular coils on this surface is described
asafunction of uand v by either Fourier seriesor acubic
splinerepresentation u(s) = Zu;B,(s), v(s) = Zv;B/(s)
(see Fig. 3). In the spline representation, the basis func-
tions B;(s) = B(sit;, ... t;,4) arenormalized cubic B-
splines[16] defined on the interval [0,1] with a prescribed
set of N+4 nondecreasing knots 7, [1 [0, 1] . The N pairs
of coefficients (u;, v;) arereferred to as “control points’
(Fig. 3) and are constrained to satisfy the appropriate peri-
odic end conditions.

The winding law coefficients and the coil currents are all
possible independent variablesin the coil optimization
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problem. The spline representation allows control of local
changesin coil geometry. The components of the objective
function in COILOPT include residuals in the normal
component of the magnetic field on the targeted plasma
surface, together with engineering constraints on coil
geometry.
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Fig. 2. The coil winding surface shown inthe v =0
(dashed) and v = 1/2 (solid) toroidal symmetry planes.
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Fig. 3. The modular coil winding law, shown here for 10 of
the 20 QPS winding packs, is determined by the location of
cubic B-spline control points (associated with the 5 unique
winding pack types) in u-v space.

In the merged plasma/coil optimization code, the state-
vector x now consists of the independent variables from
COILOPT (as described above), plusinternal plasma pro-
file coefficients from STELLOPT. Now, COILOPT is exe-
cuted in a“single-step” mode from within STELLOPT to
evaluate the coil-engineering penalty functions x,(x) . A
solution is achieved by targeting the physics parameters of
the reference plasma and the geometric properties neces-
sary for engineering coil design, while allowing the
plasma boundary shape to vary in accordance with a free-
boundary MHD equilibrium response to the external coils
and currents.

Implementation of the robustness (vacuum
field) constraint

Plasmaflexibility and robustness are important compo-
nents of stellarator coil design [17]. Of particular interest
isthe ability to obtain avacuum field configuration having
alarge fraction of nearly integrable surfaces. The vacuum
magnetic flux surfaces are typically evaluated by integra-
tion of thefield line equations dR/d¢ = RB/ By,
dZ/d¢ = RB,/ B, only after acoil configuration has
been established by optimization at high beta. Thus, it has
been heretofore difficult to directly influence thisimpor-
tant vacuum equilibrium feature during the optimization
process, which takes place at high beta.

In thiswork, avacuum field term X, = w,|B [h|/|B| is
added to the STELLOPT objective function. Here, nisthe
normal to the full-pressure plasma boundary and B isthe
vacuum magnetic field due to the coils. During optimiza-
tion, this term is minimized to force the last closed vac-
uum magnetic flux surface to enclose approximately the
same volume as the full-pressure plasma. Evaluation of
this function requires knowing the plasmaboundary. Thus,
COILOPT is called twice for each evaluation of the opti-
mization objective function. The first call evaluates the
coils needed to compute the free-boundary VMEC equilib-
rium. The next call then uses the computed plasma bound-
ary to evaluate plasma-dependent constraints, including
Xz and the minimum plasma-coil distance.

Experience shows that to obtain a plasma volume bounded
by good vacuum flux surfaces that is comparable to the
high-beta equilibrium requires an average error

(3B) = (l/A)J'anAIB Ch|/|B| < 1.3%

for the normal component of the vacuum magnetic field at
the full-pressure plasma boundary oP.

Design optimization for QPS

The QPS is a concept exploration experiment to investi-
gate the effects of 3D shaping and quasi-poloidal symme-
try (0|B|/ 806 =0, where 6 isapoloidal angle) on
neoclassical confinement at moderate betain avery low
aspect ratio (4 <2.7) compact stellarator. The QPS
plasma has two field periods, average major radius (R) =
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0.9 m, magneticfield (B) = 1T, and infinite-n ballooning
stablelimit () = 2%. The QPS coil set (Fig. 1) consists
of 20 modular coil winding packs (described below), 12
TF coils capable of changing the toroidal field on axis by
+0.2 T, and 2 pairs of circular VF coils. Additional engi-
neering requirements for the QPS modular coilsinclude a
minimum space of 40 cm between the center lines of the
coil winding packs across the center of the device for the
TF legs and solenoid coils.

Every modular coil in QPS consists of two winding packs,
each containing multiple turns of multistrand flexible cop-
per conductor, separated by a central structural “web,” and
wound on a machined winding form. In the present study,
each winding pack is modeled with asingle central fila-
ment. An early innovation in the QPS design was to allow
one of the four coil types (the coils nearest the center of
the field period, or in the v = 1/2 symmetry plane) to have
winding packs that follow independent (nonparallel) paths
(Fig. 4). Thisdesign required that the structural web of the
“gplit” cail vary in width along the trgjectory of the coil.
This provided the ability to create a more highly shaped
magnetic field in the critical inboard region of the plasma
near v = 1/2 without increasing either the total number of
modular coils or the number of coil winding forms. Both
of these are major cost driversin compact stellarator cail
design.

Fig. 4. The coil winding packs of the modular coils near the
v = 1/2 symmetry plane in the QPS PAC reference configu-
ration follow independent paths.

A recent change of the QPS coilswasto allow all coilsto
have this variable web structure and to combine the wind-
ing packs across the v = 1/2 symmetry plane into asingle
coil. Thisimplies that the winding packs near thev =0
symmetry plane belong to different coils (of the same cail
type), leaving alarge space near the v = 0 plane for access
to the plasma. The significance of thisrearrangement is
the reduction in the number of required winding form
types from 4 to 3 (Fig. 5), the number of modular coils
from 16 to 10, and the number of individual winding packs

from 32 to 20. These changes |ead to a significant reduc-
tion in the cost of the modular coils.

M1
(1"-1) M2
(2-3)

/A

Fig. 5. Modular coils M1 (consisting of winding packs 1'-1),
M2 (2-3), and M3 (4-5) are shown for the improved QPS
configuration. Each pair of winding packs will be connected
with a structural web that varies in width along the trajec-
tory of the coil.

This new configuration was achieved by adding individual
coil-coil spacing constraintsin COILOPT. Previously,
only aminimum distance A™™ to all other coils was tar-
geted for each of the four unique coil types. The new opti-
mization targets a matrix of coil minimum separation
constraints comparing each unique coil winding pack type
n with a specific coil Windin% pack m#n,i.e,

Xpm = Max{0, @, , (B — A}

Thus, windings that are considered part of the same coil
can be assigned a smaller separation target distance than
those that are not joined by a structural web. This alows
more spacing between separate coil pairs and the flexibil-
ity to orient the individual winding packs to improve fabri-
cability.

Table 1 compares, for filamentary coils, the reconfigured
coil system (obtained using the vacuum field constraint),
with the QPS design [18] presented at the December 2002
QPS Program Advisory Committee (PAC) meeting. For
comparable aspect ratio, both plasma and coil characteris-
tics have been improved in the present design. Plasmavol-
ume and ballooning-stable beta are increased, and
neoclassical confinement inthe 1/v regime, character-
ized here by the effective ripple at r/a ~ 0.7 (flux s=0.5),
is also improved; the ripple transport is decreased by afac-
tor of 2.6. Thisisdirectly correlated with a reduction of
neoclassical toroidal viscosity, so the present design
should allow greater control of the ambipolar potentia and
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associated poloidal rotation for reduction of anomalous

transport.

Table 1. Comparison of an improved QPS plasma and coil
optimization (022103a) with the reference configuration
presented at the December, 2002 PAC meeting.

Target PAC  |Improved
Reference | Case

Aspect ratio, A 2.65 2.76
Volume (m?) 1.81 2.27
Average elongation 3.26 3.68
Bootstrap current (kA) 45.9 37.8
Ballooning beta — infinite n (%) 1.83 2.00
Ripple diffusion (s = 0.5) .00353 .00135
lota at maximum beta

=0 0.293 0.281

§=05 0.341 0.324

s=1.0 0,345 0.329
Normal vacuum field error (%, s=1)

Average 1.82 1.27

Maximum 6.45 4.34
Min. coil-plasma separation (cm) 13.0 15.4
Min. coil separation (cm)

Filament 1'-1 14.9 9.4

Filament 1-2 6.1 13.0

Filament 2-3 9.6 104

Filament 3-4 11.0 13.1

Filament 4-5 13.8 13.9

Filament 5-5° 18.0 18.1
Min. radius of curvature (cm)

Filament 1 9.3 12.8

Filament 2 9.4 12.3

Filament 3 11.0 12.2

Filament 4 12.4 15.3

Filament 5 14.2 16.4
Total coil length (m) 904 101.6
Max. coil R (m) 1.64 1.73
Min. distance across center, AY (cm)

Winding pack 1 36.0 40.0

Winding pack 2 37.0 434

Winding pack 3 38.2 40.0

Vacuum magnetic surfaces for the new configuration are
compared with those of the PAC designinFigs. 6 and 7 for
the v = 1/2 symmetry plane. In the new configuration, the
targeted vacuum normal field error has been significantly
reduced at the location of the s=1 full-beta boundary (see
Table 1). The coil currents are the same as those for the
full-beta case and not optimized for low beta. Thisleadsto
aplasmavolume in vacuum that is comparable to, or
larger than, that of the full-beta case and which exhibits a
large fraction of closed magnetic surfaces (compared to

islands). The average low-beta plasma radius can be >40
cm (vs 34 cm for the full-beta configuration). This preser-
vation of aspect ratio with betaisimportant, since QPS
experiments that focus on neoclassical transport reduction
will be conducted at low beta. A small n=2, m=9idand
chainisseenin Fig. 7. Island chains such as thismay be
targeted through the variation of coil currents (within the
bounds set by power supply capability) and, if necessary,
the addition of small correction coils. Magnetic islands do
not seem to be an issue at higher beta. Thereis no low-
order resonant surface in the plasma at full beta. A recent
PIES calculation [19] showsonly asmall n=6, m=19
island chain in the plasma and an outer flux surface that is
larger than the original VMEC surface. In addition, the
equilibrium bootstrap current is lower in the new configu-
ration despite the higher betaand larger plasmavolume, so
thereisa smaller difference between theiota profiles at
low and full beta.

0.6

04

02|

Z(m)

-0.2 |

04

1
06 08 1 12
R(m)
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Fig. 6. Vacuum magnetic surfaces for the QPS PAC coil
configuration shown in the v = 1/2 symmetry plane. The
outer solid line is the coil winding surface and the inner
solid line is the full-beta VMEC plasma boundary.

The coil engineering features of the new configuration are
also significantly improved (Table 1). Minimum plasma-
coil separation, important for allowing adequate plasma
scrape-off distance and divertor operation, has increased
by 2 cm (15%). The minimum distance across the central
region of thetorus AY, acritical parameter related to the
design of TF coil inner legs and the central solenoid, is
also larger by 4 cm. In the previous design, the twist of the
modular coil cross sections had to be carefully modulated
to avoid coil interferences in some regions. Increasing the
minimum center line separation (to >12 cm) between
winding packs belonging to different coils, and the mini-
mum coil radius of curvature (to ~12.5 cm), has greatly
improved the feasibility of the coil engineering design,
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alowing for both easier coil manufacture and larger exper-
imental excursionsin coil currents. Small increasesin
maximum coil radius and the total coil length are more
than offset by these improvements in engineering feasibil-
ity and the cost reduction that occurs by decreasing the
number of winding forms. All distancesin Table 1 areto
the center line of the filamentary coils. The relatively
small dimensions of the coil winding packs reduce the coil
spacing, but still leave more than adequate clearance in all
cases.

0.6
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0.2 |
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Fig. 7. Vacuum magnetic surfaces for the improved coil
configuration 022103a shown in the v = 1/2 symmetry
plane. The outer solid line is the coil winding surface and
the inner solid line is the full-beta VMEC plasma boundary.

Summary

The capability for numerical optimization of high-beta
compact stellarator plasmaand coil configurations has
been extended through the implementation of a vacuum
field constraint in the STELLOPT/COILOPT plasma and
coil optimization code. In addition to the existing mea-
sures of plasma stability and transport at areference value
of beta, and engineering design constraints on coil geome-
try, this new target minimizesthe normal component of the
vacuum magnetic field at the full-pressure plasma bound-
ary. This minimization serves to guide the solution into a
new region of parameter space where, in addition to good
plasmaand coil properties at the reference beta, the last
closed vacuum magnetic flux surface encloses alarge
plasmavolume that is similar in shape to the finite-beta
volume. This vacuum field constraint, and recent changes
in the coil model have resulted in an improved plasmaand
coil configuration for the QPS. The configuration shows
some of theinvariance to beta changes built into the W7-X
design [4] while preserving the ability to sustain finite
bootstrap currents.

D. J. Strickler, S. P. Hirshman, D. A. Spong, L. A. Berry,
M. J. Cole, J. F. Lyon, B. E. Nelson, A. S. Ware,

and D. E. Williamson

Oak Ridge National Laboratory

P. 0. Box 2009, MS 8071

Oak Ridge, TN 37831-8071, USA

E-mail:  stricklerdj@ornl.gov

References

[1] J. Nuhrenberg and R. Zille, Phys. Lett. A 114, 129
(1986).

[2] P.Merkel, Nucl. Fusion 27, 5, 867 (1987).
[3] M. Drevlak, Fusion Technol. 33, 106 (1998).

[4] G. Grieger et d., in Proc. 13th Int. Conf. Plasma Phys-
ics and Nuclear Fusion Research, Washington, D.C.,
October 1-6, 1990, Val. 3, p. 525, International Atomic
Energy Agency (1991).

[5] D.A.Spongetal., Nucl. Fusion 41, 711 (2001).

[6] D.J. Strickler,L.A.Berry, and S. P. Hirshman, Fusion
Sci. Technol. 41, 107 (2002).

[7] J.J More, B. S. Garbow, and K. E. Hillstrom, “User’s
Guide to MINPAC-I,” Argonne National Laboratory
(1980).

[8] D.J. Strickler, L. A. Berry, S. P. Hirshman, et d., “In-
tegrated Plasma and Coil Optimization for Compact
Stellarators,” presented at the 19th IAEA Fusion Ener-
gy Conference, Lyon, France (October 2002).

[9] S.P.HirshmanandJ. C. Whitson, Phys. Fluids 26 (12)
3553 (1983).

[10] J. R. Cary and J. D. Hanson, Phys. Fluids 29 (8), 2464—
2473 (1986).

[11] S. R. Hudson et al., Phys. Rev. Lett. 89, article 275003
(2002).

[12] V. V. Nemov et a., Phys. Plasmas 6, 4622 (1999).

[13] R. Sanchez et al., J. Comput. Phys. 161, 576 (2000).

[14] D. V. Anderson et a., Int. J. Supercomput. Appl. 4, 34
(1990).

[15] D. A. Spong, et d., “QPS Plasma and Coil Optimiza-
tion,” presented at the 13th International Stellarator
Workshop, Canberra, Austraia (February, 2002).

[16] C. deBoor, “A Practical Guide to Splines,” Springer-
Verlag (1978).

[17] N. Pomphrey et al., “Flexibility and Robustness Cal cu-
lations for NCSX,” Princeton Plasma Physics Labora-
tory Report PPPL-3701 (June 2002).

[18] J. F. Lyonet al., “Physics Issuesfor aVery-Low-As-
pect-Ratio Quasi-Poloidal Stellarator (QPS),” presented
at the 19th IAEA Fusion Energy Conference, Lyon,
France (October 2002), to be published.

[19] D. Monticello, private communication.

Stellarator News

March 2003




Increase of ion temperatures
in NBIl discharges with argon
gas puffing and impurity pellet
injection in LHD

Extensive ion heating experiments have been carried out
during discharges with electron cyclotron heating (ECH),
ion cyclotron heating (ICH), and neutral beam injection
(NBI) in the Large Helical Device (LHD) at Toki, Japan.
Theion temperature at the plasma center is measured by a
crystal spectrometer with a charge-coupled device (CCD)
detector observing Doppler broadening of X-ray lines of
He-like Ti XX1 and Ar XVII [1]. Successful ion heating
was found in ion cyclotron resonant frequency (ICRF) dis-
charges (H minority, He mgjority), although the ion heat-
ing was not sufficient in H, and He NBI discharges [2].

LHD is equipped with a negative-ion-based NBI system,
which consists of three tangential injectors. The hydrogen
beam injection energy is as high as 150-180 keV. This
choice attains good central power deposition even for rela
tively high-density plasmas of (3—4) x 10"°em ™, which
yields high nTT. In low-density hydrogen plasmas, how-
ever, alarge part of the injected beam passes through the
plasma without ionization. Moreover, most of theionized
beam power is deposited to bulk electrons (P¢/P;,, ~ 80%)
because of the higher ratio of beam energy to electron tem-
perature, Eng)/Te~ 50. Therefore, it is quite difficult to
increase the ion temperature in such discharges. The cen-
tral ion temperature T;(0) increase generally saturates at
lessthan 2.5 keV [2].

In the fifth experimental campaign in September 2001—
February 2002, neon gas was introduced to increase the
NBI absorption (ionization) power P4, and the direct ion
heating power P; and to reduce the ion density n; in low-
density discharges. Theratio of P;/n; could be increased
roughly 5 times in these neon discharges. Anion tempera-
ture up to 5 keV was successfully obtained with NBI
power of 8 MW, and a linear relation was also found
between the T;(0) and P;/n; [3,4], although the hydrogen
coming into the discharge from the walls could not be suf-
ficiently reduced.

The sixth experimental campaign began in September
2002 and ended on 7 February 2003. In order to obtain a
further increase of the ion temperature, the hydrogen flux
had to be reduced to alower level. To achieve this, neon
was used for glow discharge cleaning instead of hydrogen
and helium. The neon glow discharge was carried out for 8
hours overnight (7 pm-3 am) followed by daily experi-
ments on the days of 4-6 February. The neon glow dis-
charge effectively displaced the recycling background ions

from hydrogen to neon. As aresult, the ion temperature
increased day by day during the three experimental days.
The effect of using a neon glow discharge for ion density
control is now analyzed.

The second new experimental technique in the sixth exper-
imental campaign was the use of an argon gas puff instead
of neon, although this situation unfortunately makes the
ion density analysis more complicated. Of course a reduc-
tion of theion density was expected for the same electron
density. A typical result isshownin Fig. 1. Densities for
the horizontal axis are taken at the peak value after the
argon gas puff in order to suggest the supplied argon ion

density.
7 T T T T T T
6| * i
% 51 { } i
= 2t '
3l 3 |
2 | i
1L |
0 ! ! ! ! ! !
0O 0.2 0.4 0.6 0.8 1.0 1.2 1.

ne (1013 cm~-3)
Fig.1. Central ion temperature as a function of line-aver-
aged electron density after Ar gas puffing. The density is

taken at the peak value, which typically reflects the quantity
of the Ar puff.

Theion temperature is given by the peak value during dis-
charge. The peak value of the ion temperature is normally
obtained during the density decay phase after the argon
gas puff. These data were taken on the first day in the
three-day series of experiments. The highest ion tempera-
tureisfound at n, 01 % 107 cm™. At electron densities
higher than 1 x 10em™ , the plasmawas shrunk by the
argon radiation.

The highest ion temperature, T;(0) = 7 keV, was obtained
in the Ry, = 3.60 m configuration on the third day. The
experimental waveform is shown in Fig. 2. The discharge
isinitiated and heated by high-power NBI (P;,, = 10 MW,
Eng) = 160-170 keV). The direction of B, isinverted to
increase the net absorption power at the plasma center.
Then, beams 1 and 3 are injected in the co-direction and
the beam 2 isinjected in the counter-direction. A small
amount of Ar gasis puffed at t = 0.5 s. The density
increases from 0.1 x 10" cm™ t0 0.3 x 10°cm™ after
the Ar puff. Py, rapidly increases (a consequence of the
Ne discharge cleaning) and maintains a high level of

3 MW, athough the density is so low.
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Crystal Spectrometer
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Fig. 2. Time evolution of ion temperature (T;), NB | power
(Pjn: port-through power, P4,q: absorption power), toroidal
rotation velocity (Vy), line-averaged electron density (ng),
and electron temperature (Tg) in Ar-seeded discharge with
Ray = 3.60 m configuration. The ion temperature is mea-

sured from a Doppler broadening of Ar XVII.The green ver-
tical lines indicate error bars of T;(0).
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The highest ion temperature is obtained after the Ar puff.
It reaches 7 keV at n, 0.3 x 10”cm™ after 0.7 sof the
Ar puff. Thisincrease of the ion temperature might origi-
nate in the increase of P;/n;. One notable thing in this high-
Z discharge isthe toroidal rotation speed, V;, which rises
rapidly with the increase of ion temperature. It reaches

40 km/s, which corresponds to 30% of the Ar ion thermal
velocity. In the H, and He discharges, V; was <10 km/s.
The V; decreasesat t = 1.7 sheams 2 and 3 turn off. At the
time of thissmall drop in V;, T;(0) also begins to decreases
gradually. After the beams 2 and 3 turn off, V, dropsrap-

idly. Observations from a series of these experiments indi-
cate that Vi, seems to be correlated with P;/n;. To(0) is
measured with electron cyclotron emission (ECE) diag-
nostics, which show T,(0) = 4.3 keV. The ECH pulseis
applied during t = 3.1-3.6 s. Then, the ECE signal isinflu-
enced by electric power leakage from the 82.7 and 168-
GHz gyrotrons. Meanwhile, the H, signal rapidly
increasesat t = 0.7 s. It coincides with the rapid drop of ne.
After theincrease of the H, signal the n, gradually
increases. Theincreasein ngduring t = 1.0-1.8 s probably
comes from an enhancement of the hydrogen flux. At
present, the origin of the drop of T;(0) during the NBI
pulseat t = 1.7 s seemsto be the increase of n;.

The calculation of n; is complicated as mentioned before.
From arough spectroscopic calculation, n; is estimated to
be~0.1 x 10" ecm™. Themainionistill hydrogen, but ng
is determined by the Ar ions. Hydrogen is also supplied
from the NBI beam itself (so-called “beam fueling”), and
this determines an upper limit of the highest ion tempera-
turein alow-density, high-Z discharge. The total amount
of absorbed hydrogen ions from the three beam injectorsis
1.2 x 107%™, Taki ng into account areasonable core parti-
cle confinement time of 0.1 s(t; J0.3 s ), the hydrogen
ion density from NBI becomes 0.04 x 10°cm™ . This
suggests that we still have amargin to achieve higher ion
temperature discharges. Up to now no beam fueling effect
has been observed. The slowing-down time 1, of the fast
NBI ions becomes 1-2 sin the discharge. The effect of the
long slowing down time is seen by the plasma behavior (t
= 2.3-3.8 9) after switching off the NBI pulse.

The Ar XV1I Doppler-broadened spectraare shownin Fig.
3. Thedataaretaken at t = 0.440 sand 1.210 s of the Ar-
seeded NBI discharge in Fig. 1. The spectra are processed
with atime interval of 5 ms. The data are normally
summed over 20 frames for the graph display, which
resultsin atime resolution of 100 ms. The differencein
ion temperature for argon and hydrogen is estimated to be
smaller than afew hundreds of electron volts, taking into
account the collisionality of beam-Ar and Ar-hydrogen.

The value of Py, is estimated from the shine-through
power, measured with a calorimeter, and the ratio of Pg,g
to P;,, isshown in Fig. 4 for Ar-, Ne- and H,-puffed dis-
charges. In the Ar- and Ne-puffed plasmas, Pg,gis much
greater than in the H, discharge, and it becomes 1.7 times
at n,00.3 % 10”cm ™. Theratio of P a0/ Pin can be fitted
by 1 —exp(onl), where o represents the effective ioniza-
tion cross section for the injected neutral beam. Because
o is proportional to Zg; in plasmas, o,, becomes nearly
twice oy, and the Z in the Ar-puffed discharge can be
roughly estimated to be 6-8. Therefore, the ion density
estimated from this method seemsto be nj/n, = 1/2-1/3in
the Ar- and Ne-puffed discharges.
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Figure 5 shows T;(0) as afunction of plasma absorption
power normalized by line-averaged electron density in the
Ar- and Ne-puffed discharges. The electron temperature at
R=3.76 m measured with ECE is a so plotted in thefigure.
Theion temperature seems to be proportional to Pgd/Ne,
while the electron temperature tends to saturate at higher

Paps/Ne range.

Fig. 3. He-like Ar XVII X-ray spectra (3.95 A) showing Dop-

L
Enpi#q = 163-170 keV
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Fig. 4. Ratio of plasma absorption power (Pgp,s) to port-
through power (P;,,) of injected #1 neutral beam as a func-
tion of line-averaged electron density for Ar-, Ne- and H,-
puffed discharges (solid circles: Ar and Ne, solid squares:
H,).

Experiments were also done in the R, = 3.75 m configura-
tion. A typical result isshown in Fig. 6. The operational
scenario for the discharge is the same asthe R, = 3.60 m
case (see Fig. 2), and the Ar puff issuppliedatt =0.5s.
T;(0) reaches 6 keV and stays at the high temperature until
the end of the NBI pulse. The data were taken on the sec-
ond experimental day. If this experiment had been carried
out on the third day, we would expect the same T;(0) asfor
the R,, = 3.60 m case might be achieved. In comparison to
the Ry, = 3.60 m configuration, the Ry, = 3.75 m configu-
ration is known to have arelatively high effective helical
ripple, which leads to alarge neoclassical diffusion coeffi-
cient. The effective helical ripple g, . inthe Ry =3.75m
configuration is2-3 times as large asin the Ry, = 3.60 m
configuration, as shown in Table 1.

Table 1. A comparison of &, .« at 1/3 and 2/3 radii, for
two different configurations.

p=1/3 p=2/3
Rax = 3.60 m 0.015 0.042
Rax=3.75m 0.024 0.098

The obtained ion temperature is, roughly speaking, the
same for both cases. In both dischargesthe hydrogenionis
in 1/v regime and theargonionisin plateau regime. A
transport calculation must be done to compare the two
cases. A largetoroidal rotation isalso observed in this con-
figuration. The relationship between V; and T;(0) will be
analyzed soon via an analysis of P; and n.
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Fig. 5. Central ion temperature as a function of plasma
absorption power normalized by line-averaged electron
density for Ar- and Ne-puffed discharges. Electron temper-
ature at R = 3.76 m is also plotted.

Animpurity pellet injector was constructed [5] and
installed in LHD last summer. Various kinds of spherical
and cylindrical impurity pellets (C, Al, Ti, Mo) with asize
of 0.5—-1.0 mm were injected into NBI discharges. A typi-
cal result for acylindrical carbon pellet (1 mmdia.

1 mm long), performed on the third day of the experiment,
isshownin Fig. 7. The carbon pellet wasinjected at t =
0.95 sin the R, = 3.60 m configuration. No gas puffing
was carried out before injection. After the carbon injec-
tion, T;(0) gradually increases and reaches 5 keV. The lack
of T; data after the pellet injection is caused by a decrease
in Ar XVII emission due to the sudden T, drop.

A similar carbon pellet discharge, which had asimilar
high T;(0), was also obtained in the R, =3.75 m configura-
tion with the exception of more rapid increase in theion
temperature—just 0.5 s between the start of injection and
the time T;(0) reaches 5 keV. Generally the energy stored
in the beamn is high in NBI discharges of helical devices
because of a high value of Eyg,/Te. In low-density dis-
charges especially, the value becomes very large, and the
beam-ion slowing-down time becomes quite long. In this
regime, the heat flux from the fast ions of NBI has alarge
influence on the pellet ablation [6]. To avoid ablating the
pellet with the beam, the beams 2 and 3 are injected just
after the pellet injection to avoid pellet ablation in the
outer region of the plasma, and to achieve central particle
deposition. Thiswas avery effective meansto increase the
ion temperature. Density peaking was also observed. For
impurity pellet injection, no clear difference in obtained
T;(0) values was observed between the R, = 3.60 m and
3.75 m configurations. The T;(0) indicated alittle increase

for an Al pellet, and the plasma collapsed if 0.5-mm Ti or
Mo pellets were used.
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Fig. 6. Time evolution of ion temperature (T;), NBI power
(Pin: port-through power, P,q: absorbed power), toroidal
rotation velocity (Vy), line-averaged electron density (ng),
and electron temperature (Tg) in Ar-seeded discharge in
the R,y = 3.75 m configuration.

Finally, we expect that high-Z dischargeswill allow agood
opportunity to study helical/toroidal ripple effectsin LHD.
Thisreport isabulletin and the description mentioned

aboveis preliminary. Detailed analysis will be done soon.

Stellarator News

-10-

March 2003




0

(Pj: port-t

discharge

E-mail:

One of the authors (SM) wishes to thank Dr.
K. Y. Watanabe for helpful discussions.

C pellet

ECH

. Ml NB#2+#3

||||N||B|I|#\1||||||||||||lAlIlIIIIII

0 1 2 3 4
t(s)

Fig. 7. Time evolution of ion temperature (T;), NBI power

hrough power, P,,4: absorbed power), diamag-

netic plasma stored energy (Wp), line-averaged electron
density (ng), and electron temperature (Tg) in Ar-seeded

with R,y = 3.60 m configuration.
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Extended abstracts

Two-dimensional correlation measurements of
electron cyclotron emission fluctuations on the
stellarator Wendelstein 7-AS

To appear in Rev. Sci. Instrum. 74, March 2003.

The miniaturization of receiver arrays allows the arrange-
ment of numerous poloidally staggered radial sight lines of
an electron cyclotron emission (ECE) diagnostic for the
measurement of the electron temperature and its fluctua-
tions. Such an array can make possible two-dimensional
(2-D) imaging of the electron temperature and its fluctua-
tions caused by plasma turbulence. For the stellarator W7-
AS, afully monolithic microwave integrated circuit 150-
GHz subharmonic mixer array is under devel opment.

Asafirst step, a 2-D ECE system for the measurement of
electron temperature fluctuations using four individual
horn-reflector arrangements (see Fig. 1) in conjunction
with multichannel heterodyne radiometers was installed
and set into operation. With Gaussian beam optics and
four poloidally staggered sight lines, electron temperature
fluctuations could be characterized in the radial and poloi-
dal directions simultaneously. First observationsin purely
el ectron cyclotron resonance heated stellarator plasmas
reveal abroadband drift-wave feature. Earlier experiments,
showing a decrease of the el ectron temperature fluctuation
level with increasing heating power, were confirmed.
Additionally it was revealed using the 2-D ECE correla-
tion radiometer that an increased velocity shear might
account for the decrease of the coherence length and thus
for the reduction of the electron temperature fluctuation
level.

Fig. 1. Sketch of the four individual horn-reflector arrange-
ments installed at W7-AS. The detection volumes are
located on the high-field side of the plasma.
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Resonant influence of helicity on Alfvén heat-
ing of plasma in stellarators

Plasma Phys. Controlled Fusion 45 (2), 121-132 (2003),
online at stacks.iop.org/PPCF/45/121.

The distribution of antenna-driven fields of electromag-
netic waves in the local Alfvén resonance (AR) regionis
studied under the resonant conditions, when the axial
period of the fundamental harmonics of magneto-hydrody-
namic oscillationsin the axial direction istwice aslarge as
the pitch length, and the poloidal number of the fundamen-
tal harmonicsistwice as small asthe polarity of the helical
coils. It is shown that taking into account the helical inho-
mogeneity of the steady magnetic field can the remove
infinite discontinuity of the wave fields, which is present
in the case of straight confining magnetic field, rather than
using the electron inertia or finite ion Larmor radius.
Radio-frequency (RF) power absorption within the local
AR is compared with the case when the AR structure is
governed by electron inertia or finite ion Larmor radius.
Another approach is proposed to explain the helicity-
induced gap in the Alfvén continuum.

Fig. 2. Schematic description of the local Alfvén resonance
frequency dependence upon parallel wave vector. Solid
lines correspond to the case of the unperturbed magnetic
field. Dashed lines demonstrate the helicity induced gap in
the spectrum, caused by helical magnetic field. The dotted
line corresponds to the frequency of the generator.
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