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Abstract

Measurements of the helical rotation and the reduction of the magnitude of the Pfirsch—Schliiter current compared
to an equivalent tokamak are reported in a device that has quasihelical symmetry. The Pfirsch—Schliiter current is
helical due to the lack of toroidal curvature, and is reduced in magnitude by the high effective transform. A 3D
equilibrium reconstruction based on magnetic diagnostics agrees well with the profiles measured with Thomson

scattering and diamagnetic flux loop measurements.

(Some figures may appear in colour only in the online journal)

Optimized stellarators as fusion reactors offer the possibility
of excellent confinement of alpha particles while minimizing
the problems associated with disruptions, current drive and
positional stability. The concept of the quasihelical stellarator
(QHS) was first discovered numerically by Nuhrenberg and
Zille in 1988 [1]. Recent calculations have shown the
possibility of achieving high beta, 8 = 2uo(p/B?) (where the
brackets denote the flux surface average), in a QHS device [2].
Such a device has a single dominant helical component in the
magnetic field spectrum so that | B| is almost constant along a
helical ribbon on a flux surface. There is little to no toroidal
curvature component in the magnetic field spectrum.

The helically symmetric experiment (HSX) is the
experimental realization of the QHS concept [3]. Reduced
flow damping [4] and improved neoclassical transport [5] in
HSX have been reported. One unique aspect of a QHS machine
is that it has a high effective transform given by tefr = n — mt,
where n and m are the toroidal and poloidal mode numbers
of the main spectral component of the magnetic field and ¢ is
the rotational transform. For HSX where n = 4, m = 1 and
t = 1/q is 1.05 at the axis and 1.12 at the edge, the effective
transform is about 3. Compared to the physical transform,
the high effective transform in HSX results in reduced drift
of passing particles from a magnetic surface. This was
experimentally verified with an electron gun, fluorescent mesh
and a camera [6]. As a result of the high effective transform,
the Pfirsch—Schliiter current is correspondingly small, as is the
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resultant shift of the plasma axis, the Shafranov shift. In other
stellarators and tokamaks the toroidal curvature drives a dipole
current which varies little with toroidal angle. In HSX, the
helical curvature drives a current that rotates helically along
the torus. Previously, the dipole field due to this current was
measured in the Heliotron E device, an unoptimized stellarator
[7]. Also, a reduced Shafranov shift due to optimization
was measured in W7-AS [8] using flux loops and soft x-ray
tomography. In this letter, we present the first demonstration
that the Pfirsch—Schliiter current in a QHS rotates helically and
is reduced in magnitude compared to a tokamak because of the
high effective transform. The results serve to confirm the lack
of toroidal curvature in HSX. Furthermore, these results were
obtained using the V3FIT [9, 10] code that allows for the 3D
equilibrium reconstruction of the plasma pressure and current
profiles.

In the absence of an ohmic current or current drive, the
parallel current consists of the Pfirsch—Schliiter current (which
integrates to zero on a flux surface) and the bootstrap current.
By employing Boozer flux coordinates [11] where ¢ and 6 are
the toroidal and poloidal angular coordinates, respectively, the
Pfirsch—Schliiter current can be written as [12]

B dp

nl +mF
= B—éd(p Z n_ian.m cos (n& —mb). €))

mt

PS

(n,m)*

The quantities & and [ are, respectively, the toroidal flux
and toroidal current enclosed within a flux surface and F
is the total poloidal current external to a flux surface. The
8n.m terms are the coefficients of the Fourier expansion of
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Figure 1. (a) Temperature profiles of electron (solid) and ions (dashed), (b) electron density profile, (¢) time evolution of the total integrated
current, (d) time evolution of the measured stored energy (from the diamagnetic loop). *Dashed lines indicate the time for which the

reconstruction is performed.

1/B? along a field line. The summation over the magnetic
field spectral components excludes the (n,m) = (0,0)
term. For HSX, in which the current driven by the toroidal
curvature o is vanishingly small, the Pfirsch—Schliiter
current is overwhelmingly dominated by the principal spectral
component, 84 1. There are three unique features of the current
in a QHS configuration: first, the dipole current rotates with
the helical |B| contours due to the cos(4¢ — ) dependence.
Second, in the region ¢ = 0 where the | B| contours are similar
to that in a tokamak (i.e. low magnetic field on the outboard
side of the device), the dipole current has the opposite polarity
compared to a tokamak. This is because the B x V B drift is
in the opposite direction compared to a tokamak [6]. Third,
the magnitude of the current in a QHS device is reduced by
the factor n — mt, the effective transform. This factor can be
much larger than the corresponding term for a tokamak, which
is just the transform, because the major spectral component is
(n, m) = (0, 1). This also assumes that the toroidal fields are
similar for a QHS device and a tokamak (F is similar), that
nl is small (because n = 0 in a tokamak and / is small in
a stellarator), and that the tokamak &y ; ~ 4,1 component in
HSX.

Plasmas in HSX reported here are created and heated in
a magnetic field of 1T by S0kW of 1st-harmonic O-mode

electron cyclotron resonance heating (ECRH) with a 28 GHz
gyrotron. The launch angle is perpendicular to the magnetic
axis: no current drive associated with the ECRH has been
observed [13]. The plasmas are fueled with hydrogen gas
injected with a piezoelectric gas valve located on the opposite
side of the torus from the ECRH. Electron temperature and
density profiles, figure 1, are measured with a Thomson
scattering system.  Doppler spectroscopy measurements
indicate ion temperatures in the range 40-65eV. Estimates
for the effective ion charge during typical operations give
Zeg & 1-3 across much of the plasma column, rising to higher
levels near the edge.

The magnetic diagnostic set consists of a Rogowski coil,
a diamagnetic loop and three sets of coils located at three
separate toroidal locations as shown in figure 2. Two of the
sets are external to the vacuum chamber and are separated by
1/3 of a field period. The external sets each have 16 coils
spaced poloidally about the plasma that measure changes in
the local magnetic field vector in their own local orthogonal
coordinate system. The radial component of the magnetic field
(B,) points in a direction that is inward normal to the vacuum
vessel and the poloidal component (By) is tangent to the vessel
in a nearly constant ¢ (toroidal) plane. These two sets of coils
measure the helical structure of the plasma. A third set of coils
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Figure 2. Top view of the HSX stellarator (vacuum vessel and field
coils) along with the toroidal locations of the diamagnetic loop,
Rogowski coil and the three sets of magnetic diagnostics indicated.
The locations of the ECRH, gas valve, Thomson scattering and
charge exchange recombination spectroscopy (ChERS, for ion
Doppler spectroscopy measurements) are also shown.

that is interior to the vacuum vessel consists of 15 coils that
only measure the poloidal component of the magnetic field.
This third set is used to measure the absolute magnitude of
the magnetic field. The diamagnetic loop is a 10-turn loop
installed inside of the vacuum vessel and measures changes to
the enclosed toroidal flux at a nearly constant ¢ plane.

Figure 1(c) shows the time evolution of the total integrated
current which does not reach steady state by the end of the
50ms discharge. The effective L/R time constant in HSX
varies from 20 to 60 ms depending on the plasma temperature
and conductivity. A steady-state current is only reached
during the 50ms of the gyrotron pulse in discharges where
the resonance is off-axis and the core temperature drops to
400eV. In contrast to the L/R time, the stored energy of the
plasma measured by the diamagnetic loop reaches steady state
about 10ms after the initiation of the discharge as shown in
figure 1(d). The stored energy from the diamagnetic loop is
501J, compared to the integrated kinetic stored energy of 52J
from the Thomson scattering and spectroscopy measurements.
The volume-averaged beta is under 0.04% and has a negligible
effect on the vacuum equilibrium. The analysis of the Pfirsch—
Schliiter current is performed at 10 ms, before the bootstrap
current has reached substantial levels and dominates the plasma
contribution of the measured magnetic field.

Using the pressure profile calculated from the measured
profiles of figure 1 and assuming Z.s = 1, the three-
dimensional equilibrium code VMEC [14] is used to calculate
the Pfirsch—Schliiter current. This is shown in figure 3 along
with the approximate locations of the three coil sets. The
region of (Jps < 0) rotates from the inboard side of the
plasma column at the ~1/2 field period location to the outboard
side at &1/6 field period location. A sketch of the magnetic
field generated by this current distribution is also shown in the
figure. The code V3FIT was used in the forward direction
(that is without equilibrium reconstruction) to calculate the
poloidal and radial components of the local magnetic field at
poloidal indices 1-32 (defined in figure 3) due to only the
Pfirsch—Schliter current. This is shown in figure 4 by the
dashed curves. The characteristics of the dipole magnetic field
are seen in the calculated signals. The radial component of the
signals is largest near indices 4, 12, 24 and 32, and the sign of
the signals is consistent with the rotation of the current. The
zero crossings of the poloidal components of the magnetic field

are at those same indices. The sign of the poloidal signals is
positive for indices 5-11 and 17-23, and negative for indices
13-16 and 25-31.

As seen in figure 1(c), there is a net current of about
80 A flowing in the plasma when the measurements shown
in figure 4 were made at + = 10ms, indicating that the
Pfirsch—Schliiter current is not the only current that needs to be
considered when comparing to the measurements. A steady-
state calculation of the bootstrap current was obtained with a
neoclassical transport code, PENTA [15, 16], which includes
momentum conservation between the plasma species [17]. The
net current that flows at a given time is the sum of the steady-
state bootstrap current and the current that flows because of the
induced electric field. The decay of this induced electric field
is calculated with a model that includes the 3D nature of the
plasmacolumn[18, 19]. The magnetic signals at the diagnostic
coils due to the sum of the contributions from the Pfirsch—
Schliiter and bootstrap current were calculated by V3FIT and
shown in figure 4 by the solid curves. The measurements from
the diagnostic coils are shown in the figure by the vertical
lines which indicate the errors in the measurements. The
effect of the bootstrap current on the diagnostic signals is
to add an offset to the poloidal field measurements while the
modifications to the radial field are more subtle. In terms of
sign and phase, there is good agreement between the measured
and modelled diagnostic signals. In particular, the rotation
of the By components between the 1/6 field period and 1/2
field period locations clearly demonstrates the rotation of
the Pfirsch—Schliiter current. The disagreement between the
simulation and measurement of By for indices 1-4, 12-16,
25-32 and of B, forindices 3-7, 10-12, 17-19, 24-25 is likely
due to eddy currents in the vacuum vessel which have not been
modelled at this point.

Because of the possibility of eddy currents being induced
in the vacuum chamber, we use the set of coils internal
to the vacuum chamber to determine whether the absolute
magnitude of the Pfirsch-Schliter current is reduced by
the high effective transform in HSX. Here we use V3FIT
in the backward direction to perform a 3D equilibrium
reconstruction. The measured and calculated signals for the
internal diagnostics, indices 33-47, are shown in figure 5.
During the reconstruction, V3FIT minimizes the mismatch
between the measured (observed) and modelled signals, S,
and S;,, weighted by the uncertainty of the signal for each
diagnostic, o':

Soi_Smi 2
xz(p)=2(7’ p— (p)> :

i

2

The subscript i indicates a particular diagnostic. The set of
parameters used to describe the plasma profiles is designated
as the parameter vector, p.

The pressure profile, as a function of a radial coordinate,
s = &/ Dy cps (Prcps is the toroidal flux through the last closed
flux surface), is modelled by a Lorentz-type expression with
two parameters (Py, AM):

PO g (14.52M) 7!

o -1 3)
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Figure 3. The Pfirsch—Schliiter current density and location of magnetic diagnostics at three toroidal locations corresponding to Ext Set 1,
Ext Set 2 and Int Set in figure 2. The red contours indicate current directed into the plane (Jps < 0) while blue contours indicate current out
of the plane (Jps > 0). The dipole magnetic field generated by this current density is indicated by black arrows on the left plot.
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Figure 4. B, and B, components of the external magnetic
diagnostic signals: Pfirsch—Schliiter only case, with no net toroidal
current (black, dashed), PS current plus evolved current profile at
tim = 10ms (blue) and measured values (blue points with error
bars).

The enclosed current profile is modelled by an arctangent
function with two parameters (/ior, AC):

ACs3/?
) . “

— S

]enc]osed (S) o arctan (

The normalization is determined by the total enclosed toroidal
current:
Lenclosed (s = 1) = I )

The initial guess for the plasma pressure profile was a best fit to
the measured profile, and the initial guess of the current profile
was a best fit to the calculated bootstrap current at t = 10 ms.
During the reconstruction, V3FIT was allowed to adjust Py,
AM, I, AC, and the net toroidal flux enclosed within the last
closed flux surface.

Figure 6 shows the measured and reconstructed pressure
profiles and calculated and reconstructed current profiles.
During the process x2 reduces from 29.8 to 9.6. The final
reconstructed profiles with the lowest x> were found to be
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Figure 5. B, for the internal magnetic diagnostic signals: PS only
case, with no net toroidal current (black, dashed), PS + evolved
current profile at tg, = 10 ms (blue), the reconstruction best fit (red)
and measured values (blue points with error bars).

insensitive to variations in the initial profiles. Figure 5
shows that the reconstruction slightly improves the fit to
the measured poloidal signals of the internal coil set. The
reconstructed pressure profile in particular agrees well with the
measured profile. To test the sensitivity of the reconstructed
profiles, the pressure profile was varied by adjusting the
pressure parameters (i.e. Py and AM) while holding the current
parameters at their reconstructed values, and then searching
for profiles which fell within a 1-o deviation of the minimum
x2. This showed that the pressure profile was robust except
near the magnetic axis. The process was then repeated for
the current profile, while keeping the pressure parameters at
their reconstructed values. For this case, it was found that the
most important parameter was the total current enclosed inside
s = 1, which allowed matching the DC shift to the poloidal
field as shown in figure 5. With only one internal diagnostic
set, the constraints on the current profile reconstruction were
not sufficient to limit the range of current profiles that integrate
to the same total enclosed current. Representative error bars
for the reconstructed profiles are shown in red in figure 6.
For VMEC, specification of the input pressure profile
determines the Pfirsch—Schliiter current whereas the bootstrap
current is specified by an input current profile.  The
measurements shown here were purposefully made early in the
discharge so that the bootstrap current would be small. From
figure 4 it can be seen that the magnetic diagnostics are very
sensitive to the Pfirsch—Schliiter current and not so much to the
bootstrap current which basically adds a dc shift to the poloidal
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profiles are shown in red.

field signals. Hence, because the reconstructed pressure profile
agrees with the measurements, this confirms the reduction of
the Pfirsch—Schliiter current in a QHS device because of the
high effective transform and the lack of toroidal curvature.

In a tokamak with the identical transform, magnetic field
strength and pressure gradient as in HSX, the Pfirsch—Schluter
current would be about 3 times larger. Because of the reduced
Pfirsch—Schluter current in HSX, the shift of the magnetic
axis is reduced compared to a similar tokamak, a property
of QHS configurations as originally discussed by Nithrenberg
and Zille [1].
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