Building 5700

Published by Fusion Energy Division, Oak Ridge National Laboratory
P.O. Box 2008

Oak Ridge, TN 37831-6169, USA

Editor: James A. Rome
E-Mail: jar@ornl.gov

Issue 107
Phone (865) 482-5643

February 2007

On the Web at http://www.ornl.gov/sci/fed/stelnews

MHD studies in LHD

This article describes the progress of an experimental
study of MHD stability in the Large Helical Device (LHD)
in Toki, Japan. An understanding of the MHD beta limit is
the most important issue for the realization of an efficient
fusion reactor. Net-current-free stellarator plasmas are free
of the current-driven instabilities found in tokamaks.
Therefore characterization of pressure-driven instabilities,
and control of these instabilities in the high-beta regime, is
a crucial issue for a helical fusion reactor. Since LHD has
a configuration with weak magnetic shear in the core
region and a magnetic hill in the periphery, ideal or resis-
tive interchange instabilities are predicted to be major key
issues for high-beta plasma production. Verifying the
validity of linear MHD theory is an important subject for
optimization of the magnetic configuration in a fusion
reactor and for obtaining an understanding of nonlinear
phenomena. Here, the details of high-beta MHD experi-
ments in LHD are discussed.

In LHD, the production of high-beta plasmas has pro-
gressed successfully as neutral beam injection heating
power has been increased, and volume-averaged beta
(Bgi» of 4.5% was achieved in FY2005 experiments.
Here (B, is estimated by diamagnetic flux measure-
ments. A clear limitation of the beta value due to disrup-
tive phenomena has not been observed in the standard
operation mode, but several notable phenomena caused by
MHD instabilities have been observed. For medium

(Bgi» < 3%, variation of plasma profiles with resonant
magnetic fluctuations [1] and a minor collapse caused by
the formation of a steep pressure gradient near the reso-
nant surface after pellet injection [2] have been observed
in core plasmas. These phenomena occur in a region with
marginal stability against the ideal interchange mode,
which is caused by low magnetic shear and a magnetic
hill. These MHD activities have not been observed when
(Bgin 1s increased, which suggests that the resonant sur-
face enters the magnetic well region because of finite-beta
effects.

On the other hand, MHD modes excited in the periphery
(with magnetic hill and strong magnetic shear) have been
observed even in the low-beta regime and are enhanced
with increasing beta. The amplitudes of the modes have a
clear dependence on the magnetic Reynolds number, S, in
addition to the beta gradient. Figure 1 shows the amplitude
of the m/n = 1/1 mode in S- (Bg;,» space as an example
[3,4]. The S dependence is similar to that of the linear
growth rate of the resistive interchange mode. Also, it is
shown in Ref. [3] that other modes have a similar depen-
dence.
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Fig. 1. Amplitude of m/n=1/1 mode in (a) Iy/B;- (By,) and
(b) S-(Pgi) SPace. The data surrounded by the circle is for
the large Ip/Bt case [3].

The onset of the resistive interchange mode has been
investigated by controlling the pressure gradient in LHD.
The edge plasma pressure was changed by inserting a
pump limiter into the plasma, and the onsets of MHD
modes have been explored. A quantitative comparison
between mode onsets and a linear stability index of the
resistive interchange mode, Dy, has been made for a spe-
cific magnetic Reynolds number S. Experimental results
are consistent (within a factor of 2) with the rough esti-
mate of the stability boundary given by the resistive low-n
mode [5].

With increasing beta, the peripheral plasma approaches the
ideal stability boundary because of the reduction of the
magnetic shear and an increment of the beta gradient. The
relationship between the peripheral pressure gradient and
the stability boundary against the ideal m/n = 1/1 mode for
(Bgi» up to 4% is shown in Fig. 2 [6]. It suggests that tak-
ing into account the growth rate (or radial structure) of the
mode in the quantitative estimation of the stability bound-
ary is important.
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Fig. 2. Thermal beta gradients plotted over the contours of
the low-n ideal MHD mode [6].

Experimental observation of the MHD mode shows that
peripheral MHD activities become stable spontaneously
from the inner region to the outer region when (B,
exceeds a certain value [7]. This interesting phenomenon
has been well observed for (By;,) > 4%, and the mecha-
nism has been investigated in terms of changes of equilib-
rium due to finite-beta effects and nonlinear saturation of
MHD modes.

In order to clarify the impact of magnetic shear on MHD
activity, plasma aspect ratio (A,) scan experiments have
been done. Reduction of A, decreases the magnetic shear
on the t = 1 surface, which means that the m/n = 1/1 mode
moves from the resistive unstable state to the ideal unsta-
ble one. In the low-magnetic-shear configuration, a strong
m/n = 1/1 mode without rotation displaced the resistive
mode observed in the standard configuration, and it led to
a large degradation of the core plasma. Figure 3 shows an
example of the minor collapse observed in the low-
magnetic-shear configuration. After (Bg;,) increased with
N, , it abruptly decreased at 0.84 s. The radial component
of the m/n = 1/1 perturbation on the resonance, br11/B;,
which and was estimated by saddle loop measurements,
started to increase just before the collapse. After that,
br11/B; synchronized with the (Bg;,) signal, which
means the mode directly affects the plasma confinement.
Several experiments results show that this kind of m/n = 1/
1 mode has no rotation and grows at a specific position.
The mode rotating on the order of the electron diamagnetic
frequency, which is often observed in the experiments, was
not observed in this discharge. The S parameter is about
108, which is relatively high compared with that seen in
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the highest-beta discharge (S ~ 10%). This may be one rea-
son for the disappearance of the rotating mode as shown in
Fig. 1. The increment of Dy (the Mercier criterion, used as
an index of the stability boundary for the ideal interchange
mode) is caused by reduction of magnetic shear due to /,
as well as the increase in the pressure gradient. Even in
currentless discharges, the growth of this mode has been
observed.
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Fig. 3. Minor collapse observed in the low-magnetic-shear
configuration [3].

The appearance of the non-rotating (NR) m/n = 1/1 mode
in (Bgia)-tg space is shown in Fig. 4. The different colors
correspond to the amplitude of the radial component of the
NR mode. Since the edge iota is about 1.6 in any 7y, (the
helical pitch parameter) configuration, the central t is cor-
related with magnetic shear around the t = 1 resonance.
The mode appears in the high-t region, and a clear opera-
tional limit was discovered. This limit is qualitatively con-
sistent with the ideal stability limit. On the other hand, in a
configuration with high shear and low plasma current,
plasmas can approach the high-beta region by passing
through the “stable” area. Recent experiments show that
the NR mode is easily stabilized by a moderate m/n = 1/1
perturbation field with an optimum spatial position [8].
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Fig. 4. Appearance of the nonrotating m/n = 1/1 mode
(Bgia -t diagram [3]. The pitch parameter of helical coils
Y. is 1.254 in the standard configuration; the reduction of
Y, corresponds to an increase in Ay,
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Transport simulations for
W7-X

The results of transport modeling for both pure ECRH and
pure NBI scenarios for the Wendelstein VII-X (W7-X)
stellarator are presented. A set of calculations assuming
neoclassical confinement plus anomalous contributions
(dominant at low density and temperature) has been car-
ried out for the standard magnetic configuration. The
energy confinement time t¢ and its dependence on global
plasma parameters are analyzed and compared with the
prediction of the empirical scaling ISS04. Finally, W7-X
performance is compared to that of a classical stellarator
without elongation and with the same rotational transform,
magnetic field, and minor and major radii.

Equations

To model transport in W7-X, we use a predictive one-
dimensional (1-D) transport code [1]. The transport code
is based on a system of equations, which consists of parti-
cle and power balance equations augmented by diffusion
equations for the radial electric field and for the poloidal
magnetic flux:
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The neoclassical and anomalous fluxes in Eq. (1) are given
by the expressions:

where n,, T,, and Z, are the density, temperature, and
charge number of electrons or ions and the prime denotes
the partial derivative with respect to the effective radius r.
For evaluation of the transport coefficients D%, we use a
data set of transport coefficients calculated by the DKES
[2] and GSRAKE [3] codes for the standard magnetic
configuration and for different values of radial electric
field, plasma radii, and collisionalities. The components of
the transport matrix D%, appearing in Eqgs. (2) are a result
of energy convolution of the monoenergetic coefficients
with a Maxwellian distribution function.

ECRH scenarios, power and density scans

The ECRH scans are 51mu1ated for plasma densities
02x10°%m 3 <n<10"m" usmg X2-mode heating
(140 GHz at B =2.5 T) with slightly off-axis deposition of
power in the range from 2 MW to 10 MW. For the consid-
ered densities the X2-mode power is absorbed completely,
and for simplicity we use a prescribed power deposition
profile Pgcgy oc exp[—(r — rc)z/WZ] with a 10-cm half-
width. In the simulation we self-consistently determine the
neoclassical fluxes and the radial electric field, which
strongly affects the transport at low collisionality. The
density is kept fixed and the equation for the poloidal mag-
netic flux is not used in these simulations.
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root” disappears and the electric field becomes negative
throughout the entire plasma.
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curves are the anomalous heat diffusivities y,,, , magenta
curves are the neoclassical heat diffusivities D, .

Corresponding to Fig. 1, neoclassical transport coeffi-
cients Dﬁ( and anomalous heat conductivities ¥, are
shown in Fig. 2. Based on the experience of high perfor-
mance discharges of the W7-AS campaign [4] we choose
the diffusion model to be neoclassical in the bulk plasma
and anomalous at the edge. In the region of high density
gradient the anomalous transport coefficients are taken in
the form D:no = ino = X:ano oc 1/n, with exponential
decay towards the center of the plasma. To maintain ambi-
polarity the relation D;no = D;no is imposed.

Simulated confinement times t¢ for different ECRH pow-
ers and plasma densities are shown in Fig. 3. The energy
confinement time scales with the plasma density as

Tg oC ﬁg's . Dependence on power is depicted in Fig. 3
(right); the confinement time is proportional to P for
the low-density case and is P07 for the high-density case.
The almost linear scaling of the energy confinement time
with the plasma density is expected since both 1/v neo-
classical transport and anomalous transport scale as 1/n.
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Fig. 3. Dependence of the energy confinement time on the
line-average density (left) and on the ECRH power (right).

NBI heating scenarios, power and density
scans

Power and density scans have been performed for the
plasma heated by “positive” NBI (p-NBI, 60-keV H™).
Four beams launched through port AEK21 are used in the
modeling. The beams have the same particle energy and
power, with the power proportion Pg:Pg:Pgz = 50:30:20
(i.e., fractions of the total input power carried by full-,
half-, and third-energy neutrals). For modeling of NBI
heating, a newly developed fast NBI module is used. The
pencil-beam approach is used for the calculation of the
birth profiles. The approximation of slowing-down of the
fast NBI ions on the flux surfaces is used, allowing the use
of a fast Fokker-Planck solver for evaluation of the power
deposition profiles. The power deposition to ions and elec-
trons is self-consistently calculated with the temperature
profiles up to steady state. The density range is
05x10”m3<n<3x10°m> , where the lower limit is
chosen to reduce shinethrough losses below 20%. The
power is varied within 2 MW <P <10 MW .

Figure 4 shows NBI results for which the simulation
parameters were chosen to have the same heating power as
in the case shown in Fig. 1. The energy confinement time
is almost the same as in the ECRH plasma, although the
ion and electron temperatures are closer to each other and
plasma neoclassical transport follows the “ion” root. In
this case both electrons and ions are responsible for heat
losses.
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heating: (a) electron density; (b) electron (V) and ion (A)
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deposition profiles; tg = 0.505 s.

The simulated values of t¢ for different absorbed NBI
powers and plasma densities are shown in Fig. 5. For den-
sities lower than 102 m™3, the energy confinement time
scales with the plasma density as tg oc ﬁ2’54. At high den-
sities the energy confinement time strongly decreases.
Dependence on power is shown in Fig. 5 (right); the con-
finement time is prog)ortional to PO for the low-density
caseand Tg o P2 for the high-density case.
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Fig. 5. Dependence of the energy confinement time on the
line-average density (left) and on the absorbed NBI power

(right).

In order to clarify the behavior of t¢ at high densities, a
simulation of a dense plasma heated by a 150-keV hydro-
gen beam was performed. The results are presented in Fig.
6, which shows the high-density, high-power example for
positive NBI (p-NBI, 60-keV H*) and for negative NBI (n-
NBI, 150-keV H™, full energy only). In the p-NBI case, the

main power is absorbed at outer radii due to high densities
at the edge. This leads to a t¢ degradation with density,
whereas for the n-NBI case much higher central deposition
allows for higher temperatures and improved global con-
finement. For example, 1z =0.45 s and () =4.2% are
obtained for p-NBI, with 1z =0.6 s and (f) = 5.4% for n-
NBI. These simulation results demonstrate that confine-
ment is not degraded by high densities; rather it is the NBI
power deposition that is affected.
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Fig. 6. (a) and (b): Plasma profiles for a 10-MW NBI predic-
tive 1-D simulation of W7-X The dotted line in the tempera-
ture figure refers to the p-NBI power deposition shown in
plot (c) and the solid line refers to the n-NBI power deposi-
tion in plot (d).

Dependence on anomalous transport

The outcomes of transport simulation show a rather high
value of the energy confinement time, and naturally a
question arises as to the strength of the dependence of the
results on anomalous transport. A sensitivity analysis of
W7-X performance has been done for 4 MW of ECRH, a
central density of 0.6 x 10 m™ and several models of
anomalous diffusivity: y g, = 0.014/n, 0.07/n, and 0.35/n.
Figure 7 shows the dependence of plasma parameters on
the value of anomalous heat diffusivity at the plasma edge.
The points on the plots correspond to the above-mentioned
anomalous diffusivities. The results demonstrate a weak
dependence of the plasma parameters on the level of
anomalous transport; T decreases by a factor of 1.8,
whereas the anomalous heat diffusivity increases by 25
times.
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edge value of anomalous heat diffusivity.

Central electron and ion temperatures are affected only
slightly—both temperatures decrease by 10%; therefore
the core transport does not depend on the plasma edge
transport. Such behavior of the transport is explained by
the anomalous diffusion model used: it is local and does
not necessarily influence the core transport. This choice of
anomalous model is supported by W7-AS campaigns [5]
where it was observed that the central transport is not
affected by the edge transport and profile stiffness was
never seen. For the highest level of anomalous transport,
the temperatures are nearly zero for the last 18% of the
plasma radius and we may conclude that degradation of
W7-X performance is simply caused by a decrease in
plasma volume; see Fig. 8.
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Fig. 8. Temperature profile for different anomalous heat dif-
fusivities; left: x5, = 0.014/n, right: y5,, = 0.350/n.

W7-X and 1ISS04

The results of density and power scans for both ECRH and
NBI simulations are compared with ISS04 scaling

1:55504 _ 0.465a2'28R0'64P_0'61n0'54BO'84tg'j31 “In Fig. 9 the
values of 1z from W7-X simulations are added to experi-
mental data from the International Stellarator Confinement

Database (ISCDB).
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Fig. 9. Experimentally observed energy confinement times
and results from neoclassical simulations for W7-X versus
ISS04. The degradation of t for NBI is due to the outward
shift of the power deposition with increasing density.

The predicted confinement time are shown inside the red
ellipse in Fig. 9. Our results demonstrate longer confine-
ment time than that expected from the ISS04 scaling due
to the predominance of neoclassical transport. This is con-
sistent with the results of W7-AS campaigns, in which it
was shown [4] that confinement was neoclassical in nature
for high-performance discharges and that such W7-AS
discharges had better confinement than predicted by the
ISS95 scaling [5]; see also the W7-AS data in Fig. 9.
Strong neoclassical transport optimization leads to further
improvement of the plasma confinement in W7-X, consis-
tent with the impact of the high W7-X elongation as
described in the ITER ELMy H-mode scaling for toka-
maks [6].

W7-X and classical stellarator

The same set of calculations has been performed for a
classical stellarator. As a reference model, a classical stel-
larator without elongation and with the same rotational
transform, magnetic field, minor and major radii as W7-X
has been modeled. In Fig. 10 the results are summarized
and compared with ISS04 predictions. The closed symbols
in Fig. 10 correspond to W7-X (the same data as in the red
ellipse in Fig. 9); the open symbols stand for the reference
stellarator. The classical stellarator results are slightly
higher than predicted by ISS04. The energy confinement
times for W7-X are about twice as high as those for the
classical stellarator.
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Fig. 10. Neoclassical predictions of energy confinement
times for W7-X (closed symbols) and for the classical stel-
larator (open symbols) versus 1SS04.

Summary

We have studied the energy confinement properties of W7-
X assuming neoclassical diffusion in the bulk plasma and
anomalous diffusion at the edge. Modeling has shown that
the energy confinement time demonstrates a complex
dependence on plasma parameters. In order to effectively
heat plasma at high density (2 x 10 m™® and higher),
150-keV hydrogen neutrals are needed, which implies the
necessity for a source of negative hydrogen ions. For most
cases considered in this paper the confinement times are
higher than predicted by ISS04. We attribute this improve-
ment to the neoclassical transport optimization in W7-X.
The neoclassical predictions described here give an upper
limit of plasma performance in W7-X. The same set of
calculations has been done for a similar classical stellara-
tor and the results have been compared with ISS04 predic-
tions. The results for a classical stellarator are in good
agreement with the ISS04 scaling. The energy confine-
ment time for W7-X is about two times higher then that for
a classical stellarator with the same dimensions but with-
out elongation.

It is planned to continue self-consistent 1-D transport sim-
ulations for different magnetic configurations and heating
scenarios of W7-X to create a reference profile database
which is needed for various purposes, for example, for cal-
culations of neutron production and for the development
and testing of diagnostics software.
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Editor’'s announcement

I have decided to jog the schedule for Stellarator News by
a month to avoid the year-end holiday period. Hence this
issue is out in February rather than January. The next issue
will be in March.

I welcome submissions for Stellarator News from any
reader. Please send them to me, James Rome at
jar@ornl.gov.
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