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Electron cyclotron heated plasmas in the Helically Symmetric Experiment (HSX) feature strongly
peaked electron temperature profiles; central temperatures are 2.5 keV with 100 kW injected power.
These measurements, coupled with neoclassical predictions of large “electron root” radial electric
fields with strong radial shear, are evidence of a neoclassically driven thermal transport barrier.
Neoclassical transport quantities are calculated using the PENTA code [D. A. Spong, Phys. Plasmas
12, 056114 (2005)], in which momentum is conserved and parallel flow is included. Unlike a
conventional stellarator, which exhibits strong flow damping in all directions on a flux surface,
quasisymmetric stellarators are free to rotate in the direction of symmetry, and the effect of
momentum conservation in neoclassical calculations may therefore be significant. Momentum
conservation is shown to modify the neoclassical ion flux and ambipolar ion root radial electric
fields in the quasisymmetric configuration. The effect is much smaller in a HSX configuration where
the symmetry is spoiled. In addition to neoclassical transport, a model of trapped electron mode
turbulence is used to calculate the turbulent-driven electron thermal diffusivity. Turbulent transport
quenching due to the neoclassically predicted radial electric field profile is needed in predictive
transport simulations to reproduce the peaking of the measured electron temperature profile
[Guttenfelder et al., Phys. Rev. Lett. 101, 215002 (2008)]. © 2010 American Institute of Physics.

[doi:10.1063/1.3300465]

I. INTRODUCTION

The Helically Symmetric Experiment' (HSX) is a four
field period quasisymmetric stellarator, designed to have a
magnetic field strength |B| dominated by a single (n,m)
=(4,1) helical Fourier spectral component, where |B| on a
surface  labeled by p is  written  B(p,0,¢)
=B2,,.,0 . (p cos(np—mb)). In the quasihelically symmet-
ric (QHS) configuration of HSX the symmetry spoiling spec-
tral components are smaller than 1% at the plasma edge.
Quasisymmetric configurations have been shown to have
zero net radial drifts of particles from a ﬂux surface >3 and
small flow dampmg in the symmetry direction® allowmg for
free rotation.® HSX has experimentally demonstrated re-
duced particle, heat,7 and momentum transport4 and im-
proved confinement of energetic particlesg’9 as compared to a
conventional stellarator, with reductions consistent with neo-
classical theory.

With the reduction in neoclassical transport in HSX, the
anomalous contribution to the total transport is dominant
across the plasma radius. For this reason, methods of reduc-
ing the turbulent transport are of particular interest. The im-
pact of the HSX geometry on anomalous transport has
been investigated using transport modeling10 and probe
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measurements.'' As will be discussed below, the internal
transport barrier in QHS is observed in the same region as
significant E X B flow shear predictions. The flow profile re-
sults in shearing rates that are much larger than the maxi-
mum linear growth rate in the plasma core, therefore turbu-
lence “quenching” is expected. The reduction in both
turbulent and neoclassical transport can result in high tem-
peratures and peaked temperature profiles even for a rela-
tively small amount of input power.

A combination of centrally peaked electron temperature
profiles and large, positive “electron root” radial electric
fields (E,) has been observed in several stellarators.'*™"° This
class of internal transport barriers has been collectively
named core electron root confinement (CERC).16’17 Large ra-
dial electric fields are important, particularly in conventional
stellarators, as they act to pull both plasma species out of the
detrimental “1/v” regime that can result in large neoclassical
transport. The E, profile may also have significant radial
shear and act to reduce turbulent transport. Reduction in tur-
bulent transport in CERC plasmas has been both measured'®
and modeled.'®"” Because the radial electric field profile is
determined from the nonambipolar neoclassical fluxes by en-
forcing ambipolarity on each flux surface, this type of trans-
port barrier is unique to stellarators.

Another common feature of CERC transport barriers is
the existence of thresholds for achieving a CERC in injected
electron cyclotron resonance heating (ECRH) power P;,; and

© 2010 American Institute of Physics
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electron density ne.l(”17 Specifically, CERC behavior is only

seen above a threshold value of Pyyj/n,. These experimental
observations have been attributed to ECRH effects, such as
“convective” fluxes driven by heating ripple trapped popula-
tions of electrons. Because the threshold Pj,;/n, has been
observed to be lower in the configuration with larger on-axis
ripple at the Wendelstein 7-AS stellarator (W7-AS)**?' and
in the device with the largest effective ripple (TJ-II) in an
intermachine comparison,l7 it had been suggested that the
power threshold in a quasisymmetric device may be very
high.17 Here it will be shown that despite a small effective
ripple, a CERC can exist in the QHS configuration of HSX
for a sufficiently large ratio of T./T;.

The plasmas discussed in this work are heated with
=100 kW of ECRH, with an on-axis magnetic field strength
of By=1.0 T. During ECRH, electron temperature (T,) pro-
files are measured to be very centrally peaked, with core
temperatures of 2.5 keV for 100 kW of injected power. The
ion temperatures (T;), on the other hand, are less than 100 eV
across the plasma radius. These temperature profiles, in par-
ticular, the large ratio of T,/T;, result in large, positive elec-
tron root radial electric field predictions in the plasma core
and small “ion root” predictions across most of the plasma
radius.

Neoclassical transport calculations are performed using
the PENTA code’ in which momentum conservation is en-
forced using a moments method.”” Momentum is conserved
by including the effect of parallel flow, which is often ne-
glected in stellarator neoclassical transport calculations™ due
to the strong flow damping exhibited in all directions on a
flux surface in a conventional stellarator.”** The assumption
of negligible parallel flow is generally not justified in quasi-
symmetric configurations, where flow damping is reduced in
the direction of symmetry, and parallel flow can be
signiﬁcant.5

Section II discusses the neoclassical transport calcula-
tions performed by PENTA. The neoclassically determined ra-
dial electric field profile and the mechanism that leads to
large positive E, in the core with a region of strong radial
shear are described in Sec. III. In Sec. IV the coupled neo-
classical and turbulent transport simulations are discussed, in
particular, how the neoclassically determined radial electric
field profile leads to quenching of the turbulent transport.
The effect of strong E, and momentum conservation on the
neoclassical transport calculations is shown in Sec. V. Fi-
nally, conclusions are given in Sec. VL.

Il. DESCRIPTION OF THE NEOCLASSICAL
TRANSPORT CALCULATIONS

The neoclassical transport calculations discussed in this
work were performed using the PENTA code, based on the
momentum-conserving moments method of Sugama and
Nishimura.”* PENTA uses a database of transport coefficients
calculated using the DKES code,”**” which solves the linear-
ized drift kinetic equation (DKE) using a pitch angle scatter-
ing (PAS) collision operator. The simplified collision opera-
tor neglects field particle collisions, which decouples the
DKE of each species. Further, the particle speed v is con-
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served, reducing the dimensionality of the problem. These
simplifications allow for efficient and fast calculation of neo-
classical transport coefficients for many radii, collision fre-
quencies, and radial electric fields for an arbitrary number of
|B| spectral components. On the other hand, the PAS operator
does not conserve momentum, does not allow for proper cal-
culation of the parallel flows (and therefore bootstrap cur-
rent), and the transport coefficients do not recover the intrin-
sic ambipolarity in ideal (quasi)symmetric systems.

Momentum conservation is enforced through the /=2
Legendre component of the guiding center distribution func-
tion f;, from which the viscosity coefficients are derived.
The field particle collisions can be neglected in the calcula-
tion of the viscosity coefficients because the /=2 component
of f, is dominated by test particle collisions.”® In this sense
the momentum is conserved at a macroscopic level instead of
a microscopic (kinetic) level. In Ref. 22 it is shown how to
calculate the viscosity coefficients from the DKES output. In
this method the /=1 component of f| and the momentum-
conserving collision operator are expanded in a series of So-
nine (associated Laguerre) polynomials. In this section only
the first two polynomials are retained for notational brevity.

The particle and heat fluxes for a species a are calculated
from a linear combination of thermodynamic forces and par-
allel flows as

Eldddz)
qgn/Ta e QHa ¢ Xa2 '

The “banana-nonaxisymmetric” particle and conductive heat
fluxes are defined as the total flux minus the Pfirsch—Schliiter
flux, = (fdPvg v, Vp)-TTS and g
=T/[ d3vgavda-Vp(x§—5/2)>—q55,29’30 respectively, where
V4, is the guiding center drift Velocity,27’22 x,=v/vg, and
8u=fu1— fflllzl) is the first order distribution function minus
the first Legendre component. The thermodynamic forces are
X, =-p./n,—e, ' and X,=-T,, with the pressure p,
=n,T,, and n, and T,, are the species’ density and tempera-
ture, respectively. The (') denotes a radial derivative, and
the electric field is defined as E=-V®.

The parallel particle and heat flows, defined as U,
=(Buy,)/(B*) and Q,=(2/5p,)(Bgy,)/(B?), respectively,
are calculated from the friction-flow relations and parallel
momentum balance equations as

(M, - (B1,,) [ Ut } ~BYY zab{ Y ]

QHa b#a QHb
Xal n.e, BZ>1/2:| <BEII>
'N“{Xaz ] " [ o sy ®

In Egs. (1) and (2), the coefficients
Na N, Ly L,
NGE{ 1 2] LGE{ 1 2]
NaZ Na3 Lu2 La3

MaE|:Mal Ma2:|
Ma2 Ma3

are defined in Ref. 22, and the classical friction coefficients

3)
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lab = |:_ lah lah (4)
21 22

(for low orders) in Refs. 28 and 31. Equations (1) and (2) are
given for an arbitrary order in the Sonine expansion in Ref.
29; for a nearly equivalent method, see Refs. 32 and 33.
Reference 33 also describes a “direct” momentum correction
method, which is a generalization of the classical Spitzer
problem.34

The coefficients in Eq. (3) are calculated from a database
of monoenergetic coefficients from the DKES code, although
Monte Carlo methods are also being developed.35 The
method described above has been shown to analytically re-
produce intrinsic ambipolarity in the (quasi)symmetric limit,
which is currently being investigated numerically. The use of
monoenergetic coefficients, while extremely attractive from
the standpoint of computation, presents several difficulties in
the presence of strong radial electric fields. These issues are
discussed in Sec. V.

Setting the parallel flow to zero and dropping corrections
to the L coefficient due to momentum conservation reduces
Eq. (1) to give the “conventional” stellarator neoclassical
fluxes calculated from direct energy convolution of the mo-
noenergetic coefficients (see Refs. 26 and 27). A comparison
of neoclassical quantities with and without momentum con-
servation for HSX experimental parameters is given in
Sec. V.

lll. RADIAL ELECTRIC FIELD PROFILE

The radial electric field is a critical transport quantity in
stellarators as it can reduce both neoclassical transport
through its magnitude and turbulent transport through its
shear. The radial electric field in a nonsymmetric system is
calculated by solving for the momentum relaxation on a flux
surface.”® The momentum relaxation can be described by the
in-surface flows in two directions, such as the poloidal and
toroidal flows. More commonly, the flow parallel to B (U))
and the radial electric field (which along with a diamagnetic
component gives the perpendicular flow) are used.* In con-
ventional stellarator neoclassical calculations the parallel
flow is assumed to be negligible due to the strong flow
damping. In this case solving for the momentum relaxation
reduces to just enforcing ambipolarity of the nonambipolar
particle fluxes to determine Er,37 with U neglected in Eq.
(1), and Eq. (2) does not need to be solved. (The case of
U, #0 is accounted for in HSX neoclassical calculations, as
described in Sec. II.) The so-called “ambipolarity constraint”
can be written as

el =0, (5)

where the summation is over species, e, is the species’
charge, and I, the particle flux. As I, is a function of both E,
and the radial transport coefficients, Eq. (5) is a nonlinear
equation that can have any odd number of solutions. A com-
mon scenario with T,~T; and both species in the long mean
free path (LMFP) regime results in three solutions, as shown
in Fig. 1. The ion root typically occurs at a small, negative E,

Phys. Plasmas 17, 056101 (2010)

10° grerrrrrrrprrrrrrrr e

: r ]

10" ¢ t E

i i ]
%’ 10° 3 3
= g 1 ]
82 10-1;,_ *t Election root_;
— i —= :
10-2: lon root ~\\ |

- Unstable root NE
0_3-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIt
-10 0 10 20 30

Er (V/cm)

FIG. 1. (Color online) Neoclassical particle fluxes vs E, for T.=T;
=1 keV. The three ambipolar roots are labeled, with the middle root un-
stable to perturbations in E,.

where the primary effect is to reduce the ion flux from the
E,=0 level. The electron root occurs at a large, positive E,
where both species fluxes are strongly reduced from the
E,=0 level. In this sense the electron root represents an im-
proved confinement regime. The intermediate root is thermo-
dynamically unstable to perturbations in E,, i.e., a perturba-
tion in E, results in a drive in the direction of the change.

In general, assuming an initial condition of zero radial
electric field for the scenario described in Fig. 1, the plasma
will be in the ion root in steady state as it cannot cross the
unstable solution. In this case, one way to achieve the elec-
tron root is by increasing the electron flux, such that the
plasma is driven over the unstable root, for example, from
ECRH driven convective’' or diffusive fluxes.*® On the other
hand, if T,>T;, the ion root may no longer exist near the
plasma core. This is the situation that occurs in HSX plas-
mas, which have no direct ion heating. Typical measured
electron temperature and density profiles from Thomson
scattering are shown in Fig. 2. The electron temperature pro-
file is strongly peaked inside of r/a=0.3, and much larger
than the ion temperature, Fig. 2(c), for r/a=<0.5.

The ion temperature profile, shown in Fig. 2(c), is mea-
sured by the ChERS system39 from Doppler broadening of
impurity emission of C+5 atoms. The measurement is from
the “poloidal” ChERS view, and both fine structure broaden-
ing and the instrumental function have been taken into ac-
count. The precision of the measurement is limited by the
signal strength, which is typically low near the plasma edge.
Coronal equilibrium calculations using the atomic data and
analysis structure™” (ADAS) suggest that the neutral hydrogen
density limits the ionization states present in the plasma. The
energy transfer time between C+5 and protons has been cal-
culated to be on the order of 0.02—0.04 ms, much shorter
than the ion confinement time of 2-5 ms.***

At these ion temperatures (<100 eV) the ions experi-
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FIG. 2. (a) Measured electron temperature and (b) density profiles from
Thomson scattering for a 100 kW QHS plasma. (c) lon temperature profile
measured by ChERS.

ence a resonance at a relatively modest E, near the plasma
core.! The resonance occurs when the poloidal velocity of a
passing particle as it follows a field line is cancelled by the
poloidal component of the E X B drift, effectively resulting
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FIG. 3. Normalized monoenergetic transport coefficient D

1
=D,,/(m2v’/2¢?) vs E, from DKES showing the peaking and reduction in

transport due to the poloidal resonance.

in a particle that sees zero rotational transform. For E,
>E*=(lm—nq|/ m)vTaBp,42 the fluxes are strongly reduced,
corresponding to the situation in a symmetric system where
the trapped particle fraction drops to zero.*'**%% This is cap-
tured in DKES calculations of the monoenergetic radial trans-
port coefficient, as shown in Fig. 3 for r/a=0.2. In QHS,
only a single resonance corresponding to (n,m)=(4,1) is
seen; for a broader |B| spectrum additional helical reso-
nances can exist. Note that closer to the core additional reso-
nances are found in QHS, as the symmetry breaking terms
become larger relative to the (4,1) term.

The factor of m—nq increases E,°/v by ~3 (¢~1), as
compared to an equivalent tokamak; however, for
T;=100 eV this is still easily surpassed. The effect of the
resonance on the ion particle flux can be clearly seen in Fig.
4. Neglecting the resonance, I'; scales linearly with E, in this
collisional regime. When the resonance is included, I'; has a
maximum at E;" and decreases rapidly for larger E,. The
peaking in the flux is broader than that in the diffusion coef-
ficient because of the energy convolution of the monoener-
getic coefficients.

The E, profile versus radius resulting from solving Eq.
(5) is shown in Fig. 5. Three distinct regions can be seen,
corresponding to the three scenarios described below. Near
the plasma core [r/a<<0.18, Fig. 4(a)] the electron flux is
much larger than the ion flux at E,=0 and the ion flux is
reduced to a small level due to the resonance. In this case a
single ambipolar root occurs at a large positive E,, essentially
at I'.=0; corresponding to the region of Fig. 5 of only elec-
tron root solutions. The region of 0.18<r/a<0.33 [Fig.
4(b)] has three ambipolar roots (two stable): an ion root
where the resonance pushes the ion flux through the electron
flux and again an electron root near I',=~0. Finally, across
most of the plasma radius [r/a>>0.33, Fig. 4(c)] the electron
flux is small (due to the reduced T,), and only ion root solu-
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FIG. 4. (Color online) Neoclassical particle fluxes vs E, for three different
radii. (a) r/a=0.1, T.=2 keV, T;=70 eV; (b) r/a=0.3, T.=750 eV,
T;=60 eV; (c) r/a=0.5, T,=300 eV, T;=55 eV. lon particle flux ignoring
the effect of the resonance is shown for reference (dashed line).

tions exist near E;=0. Note that the ion root solutions near
the plasma edge are small and typically positive (opposed to
negative in the case shown in Fig. 1) because the ions are not
collisionless enough to be in the “1/v” regime, therefore the
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FIG. 5. (Color online) Neoclassically predicted radial electric field profile
for the profiles shown in Fig. 2.

flux at E;=0 is small. This scenario of achieving core elec-
tron root solutions due to the large ratio of T./T; and a re-
duction in I'; from the resonance is different than most stel-
larators that observe CERCs, with the exception of ECRH
heated W7-AS plasmas.

The critical feature of the E, profile shown in Fig. 5 is
that with only electron root solutions near the core, and only
ion root solutions near the edge, a transition must occur in
the multiple root region, with significant radial shear. The
location of this “shear layer” can be calculated by including
the effect of the perpendicular viscosity.44’45’41 A finite per-
pendicular viscosity modifies the standard ambipolarity con-
straint and results in a diffusion equation for the radial elec-
tric field,#1#-46.10

JE, @
ot IV

{<vv>DE( = —5)} -Lr-T), @
r r €

where V is the volume enclosed by the surface labeled with r
and &, =M e0(1+c*/ V2) with V, the Alfven velocity and ¢
the speed of light in vacuum. The enhancement factor
M= l+2c]2,47 where for HSX the effective rotational
transform t=1/g=3, has been taken to be unity for this
work. The flux surface average operator is given by (:--)
= [[ddgng(---)/ [[d6dd\g, where g is the Jacobian for
the coordinates (r, 6, ¢) with ¢ and 6 representing toroidal
and poloidal angles, respectively. The radial electric field
“diffusion coefficient” Dg is related to the perpendicular
viscosity44 and is not known for general configurations. Fig-
ure 6(a) shows the solutions to Eq. (6) for several values of
Dg. The coefficient Dg can, in principle, be calculated from
neoclassical theory48’49 or estimated from the ion diffusion
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experimental profiles and shearing rates corresponding to two extreme val-
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coefficient’! (as the neoclassical perpendicular viscosity
should be driven by ion drifts coupling neighboring flux sur-
faces). In the latter case, using Dg=D,;(E,) results in an
extremely sharp transition because the ion diffusion coeffi-
cient is very small for the QHS parameters discussed here
(<0.1 m?/s). On the other hand, assuming a turbulence-
driven Dg (on the order of y,., for example) would give a
value of 0.3-0.7 m?/s in the core region. For any value in
this range, the solution to Eq. (6) results in a region of strong
radial E, shear at r/a=0.25, which is near the location where
the T, profile becomes strongly peaked (compare Fig. 2).
This strong E, shear has a significant impact on the turbulent
transport when performing predictive transport simulations.
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FIG. 7. (Color online) Simulated and measured electron temperature pro-
files. Simulated profiles are shown with and without effect of E X B shear
suppression, for a range of ap and Dg.

IV. PREDICTIVE TRANSPORT SIMULATIONS

Turbulent transport has been modeled in the QHS con-
figuration of HSX using the axisymmetric quasilinear
Weiland model.”®? Use of the Weiland model is justified in
QHS because, like in a tokamak, the transport is dominated
by a single class of trapped particles. Further, with local
geometry considerations (specifically, replacing the toroidal
curvature with the helical curvature and using the appropri-
ate trapped particle fraction) good agreement is found with
growth rates calculated from the three-dimensional gyroki-
netic code GS2 (Refs. 53 and 54) for experimentally relevant
gradients.lo The applied model has also successfully pre-
dicted zero-dimensional transport quantities such as the
stored energy and energy confinement times within 10% of
experimental values.' For a detailed description of turbulent
transport modeling for HSX, see Refs. 10 and 55.

Predictive transport simulations were performed to
evolve the electron temperature using the one-dimensional
transport equation,

3 9T, 9
- K/<VV>Qe = Pgcru(?), (7)

n
2°¢ ot

and the radial electric field using Eq. (6). In Eq. (7) the heat
flux Q, is the sum of the neoclassical and turbulent contri-
butions, and the ECRH power deposition profile is calculated
using a ray-tracing code,”®’ normalized to give the total
absorbed power measured from the time response of the dia-
magnetic loop at ECRH turnoff. Other power sinks and
sources have been neglected for these simulations.

The measured and simulated electron temperature pro-
files for a 100 kW QHS plasma neglecting the effect of
sheared flow are shown in Fig. 7 (symbols and dashed line,
respectively). The temperatures have been greatly underesti-
mated inside of r/a=0.3, the radius where the T, profile
becomes peaked. In this region the neoclassical transport is
small due to the large E,, therefore it is the turbulent trans-
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FIG. 8. Neoclassically predicted ion parallel flow profile. Upper curve cor-
responds to ion root solutions and lower curve to electron root (see Fig. 5).

port that limits the simulated T,.. The calculated growth rates
from the Weiland model and GS2 remain in good agreement
atr/a=0.25, suggesting that a mechanism of turbulent trans-
port suppression is required. Given the strong E, shear in this
region, turbulence quenching via E X B flow shear is a viable
mechanism.

The suppression of turbulent transport is included
through a linear “quench rule”® where the turbulent diffu-
sivity is scaled by max(1—ag¥g/ ¥Ymax,0)- The shearing rate
vg is given by (r/q) d(qugx g/ )/ dr and Y, is the maximum
linear growth rate. Figure 6(b) shows the model linear
growth rate, calculated from the experimental profiles, and
¥g for two extreme values of Dg, 0.05 and 1.1 m?/s. For
each Dg, ag was chosen to reproduce the peak experimental
temperature, as shown in Fig. 7. The values of Dg and afp
required to reproduce the experimental profiles are clearly
coupled, for example, a smaller Dg requires a smaller ag.
Nonlinear tokamak simulations have found that a value of
ag=0.5 is able to reproduce the suppression of trapped elec-
tron mode-dominant turbulence,58 which is expected to
dominate QHS transport.10 For stellarators, the scale factor is
not known. A tokamaklike value of ag=0.5 only requires a
modest amount of shear, corresponding to Dg=1.1 m?/s, see
Fig. 6(a). For any value of Dg in the range shown, the shear-
ing rate is much larger than the linear growth rate for 0.1
<r/a<0.3, and quenching would be expected in this region.
Similar values of Dg have been shown to give good agree-
ment with measured E, profiles in W7-AS. %

V. EFFECT OF MOMENTUM CONSERVATION
AND LARGE E, ON TRANSPORT

The momentum-conserving neoclassical calculations de-
scribed in Sec. II result in significant parallel ion flows
(BU,;), as shown in Fig. 8 for the profiles given in Fig. 2. A
region of two solutions exists near the core, corresponding to
the ion and electron root ambipolar E, solutions, compare to
Fig. 5. Measurements from the ChERS diagnostic give par-
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allel flows on the order of 10-20 km/s across the plasma
radius.%® At present, the lack of spatial resolution in the
core® precludes a direct comparison to ChERS data, but
improvements are in progress with results to be presented in
the future. Inside of r/a=0.4 the flows corresponding to the
neoclassical ion root predictions become very large, reaching
speeds on the order or larger than the ion thermal velocity vy;
(~140 km/s for 100 eV protons). These large flows violate
the assumption of U|; <vz; made in the neoclassical analysis,
in which stationary Maxwellians are used.” In the QHS con-
figuration of HSX, the flow should be dominant in the
(n,m)=(4,1) helical direction. Recent ChERS measurements
indicate that the flow in the symmetry direction is a factor of
~10 larger than the flow in the VB direction on a flux
surface.’’

The effect of momentum conservation on the neoclassi-
cal flux in QHS is shown in Fig. 9(a). For E,<E™ the ion
flux accounting for momentum conservation is ~25%—-30%
smaller than without momentum conservation. When
E,>E* the effect is minimal because the ion flux has been
reduced to a very small level by the resonance. The electron
flux, on the other hand, is nearly identical in both cases. The
change in the ion flux modifies the ambipolar ion root solu-
tion, while the electron root is largely unchanged, as shown
in Fig. 10. Due to these effects, the changes in the ion par-
ticle flux and ion root E, are rather small for current HSX
experimental parameters (small T;, T.>T;). At higher T;, ion
root solutions are likely to exist across the plasma radius due
to the reduced ratio of T,/T;. In this case the ion root would
act to reduce the ion transport from the E,=0 level, and E,
must be known precisely to calculate the steady-state trans-
port quantities.

HSX also has the option of running in a spoiled symme-
try configuration, where a set of planar coils are energized to
produce m=0 “mirror” terms in the magnetic spectrum. In
this configuration, the flow damping is larger on a flux sur-
face, and the effect of momentum conservation should be
reduced as compared to QHS. Figure 9(b) shows the neoclas-
sical fluxes versus E, in the spoiled symmetry configuration
for the same temperature and density profiles used in Fig.
9(a). The ion fluxes without momentum conservation are al-
most identical in Figs. 9(a) and 9(b), indicating that the in-
creased ripple transport in the spoiled symmetry configura-
tion does not affect ions at this temperature (T;=<100 eV).
The electron flux, on the other hand, is greatly increased in
the spoiled symmetry configuration because the electrons are
in the LMPF regime. The effect of including momentum
conservation on the ion flux is much larger in QHS than with
the symmetry spoiled, as expected using a simple flow
damping argument. Note that the larger electron flux in the
spoiled symmetry configuration acts to increase or even re-
move the ambipolar ion root solution as compared to QHS
(the latter case is shown in Fig. 9). It also results in a broader
region where only electron root solutions exist in the core,
which may act to move the location of the strong E, shear
outward. On the other hand, the electron confinement at a
given set of parameters (T,,VT,,E,,...) is degraded.

As mentioned in Sec. I, the large (E,> E*°) radial elec-
tric fields predicted in QHS can present problems in the neo-
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FIG. 9. (Color online) Neoclassical particle fluxes vs E, with and without
the effect of momentum conservation (MC). (a) In the QHS configuration
and (b) in the spoiled symmetry configuration for the same input profiles.
The effect of MC on the electron flux is minimal.

classical transport analysis. The local and monoenergetic ap-
proximations made when ordering the DKE in many
neoclassical transport algorithms, including DKES, reduce a
five-dimensional problem to three dimensions. This allows
for relatively fast and efficient computation of the full neo-
classical transport matrix of radial transport, bootstrap cur-
rent, and parallel conductivity coefficients. Particles near the
resonance, however, experience large drifts with unusual
orbits®® and significant deviations in energy,63 not captured in
DKES due to the assumption of incompressible EX B flow.
The change in the energy has been observed numerically to
“smooth” the resonant behavior seen in the DKES data, but
not significantly change the results for E,/E*<0.5-0.7.
The effect of the change in energy was also shown to be
small for E, much larger than the resonance (on the order of
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FIG. 10. (Color online) Predicted radial electric field profiles with and with-
out momentum conservation (MC).

~2x larger), that is, the strong reduction in Dy, for E,> E™*
still exists.” This agreement is not valid when multiple reso-
nances (due to complex |B| spectrum) exist, but may be ac-
ceptable for the single dominant resonance observed in QHS.
A broadening, or smoothing, of the resonance would act to
modify the E, roots at the sides of the three root region seen
in Fig. 5. As the strong E, shear is caused by the radial
proximity of the regions of only ion or electron root solu-
tions, and the electron root region in the core occurs for E,
> E7*° one may expect the overall effect to be unimportant to
the results presented here. In addition, ECRH plasmas at
W7-AS included the effect of the resonance to explain very
large electron root solutions in the core, and good agreement
was seen between measured and predicted E, proﬁles.]3

The large E, can also affect the momentum-conserving
treatment described in Sec. II. In the moment method mo-
mentum correction techniques discussed here, see Refs. 29
and 33, as well as in traditional neoclassical transport
theory,64 the radial transport of parallel momentum is ne-
glected in the parallel momentum balance. This approxima-
tion, however, is only valid for E,<E;es,33 which is more
restrictive than the limit imposed by the assumption of mo-
noenergtic particles. This effect may be important when es-
timating neoclassical quantities very near the core of QHS
plasmas.

VI. SUMMARY AND CONCLUSIONS

The effect of a neoclassically determined radial electric
field profile on electron heat transport in HSX has been de-
scribed. The large ratio of T./T;, coupled with the reduction
in ion transport due to the poloidal resonance, leads to a
radial electric field profile with only electron root solutions
in the core and only ion root solutions across most of the
plasma radius. In an intermediate region of multiple roots a
transition occurs. The transition can be estimated using a
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diffusion equation for E,, resulting in significant radial shear
in the same region where the measured T, profile is centrally
peaked.

The large radial electric field in the core acts to reduce
the neoclassical transport, while the strong radial shear
quenches the turbulent transport. Turbulent transport is mod-
eled using the Weiland model, which has been shown to
agree well with growth rates from GS2 for experimentally
relevant gradients after appropriate geometry corrections
have been made. Predictive transport simulations overesti-
mate the core transport unless the effect of shear suppression
is included using a linear quench rule. The central peaking of
the T, profile can be reproduced for a range of quenching
scale factors ap and radial electric field diffusion coefficients
Dg, which are consistent with values used in other stellara-
tors and in tokamak simulations.

Neoclassical transport calculations are performed using
the PENTA code, which is based on a moment method that
conserves momentum by accounting for the parallel flows.
The effect of momentum conservation is important in
(quasi)symmetric systems, which have reduced flow damp-
ing in the direction of symmetry. PENTA predicts significant
parallel flows across the plasma radius. In the core very large
flows violate the assumption of Uj;<vy; ChERS measure-
ments (to be presented elsewhere) may shed light on the
consequences of this assumption. The momentum correction
technique results in modified ion fluxes, as compared to di-
rect energy convolution of the DKES coefficients. The impact
of the reduced ion flux given by PENTA is small for current
QHS experimental parameters. When the symmetry is
spoiled, the effect of the momentum correction is reduced for
the same plasma profiles. On the other hand, the increased
electron flux in the symmetry breaking configuration results
in a larger region where only electron root solutions exist in
the core. This observation raises the question of whether
there is an optimal amount of symmetry breaking that allows
the location of the E, shear and T, peaking to occur at a large
radius (and therefore improve confinement over a larger vol-
ume), and whether this effect outweighs the increased ripple
transport.
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