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Calculations of neoclassical viscous damping on flux surfaces near
magnetic islands in the Helically Symmetric Experiment
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Neoclassical viscous damping rates have been calculated for the helically symmetric expgfiment

S. B. Andersoret al,, Fusion Technol.27, 273 (1995], concentrating on the effects of magnetic
surface shape changes due to magnetic islands. The interaction between the main helical spectral
component and magnetic surface shape changes caused by an island chain introduces symmetry
breaking spectral components on closed surfaces near the island chain. Results indicate that small
islands present in the quasihelically symmetric configuration can give rise to an observable but not
problematic deviation from quasisymmetry on surfaces near the islands. These islands can be
eliminated via a small reduction in the rotational transform. Large islands can be produced by the
introduction of thee=4/4 resonance inside the last closed magnetic surface. These islands result in
not only a significant reduction in the volume of closed nested magnetic surfaces, but also an
elevated level of viscous damping on magnetic surfaces adjacent to the isla@@95@ merican
Institute of Physics[DOI: 10.1063/1.1825390

I. INTRODUCTION field which lead to the island. Field lines on these surfaces
near islands will traverse through the magnetic field on dif-

The Helically Symmetric ExperimemHSX)1 is a mem- f t traiectories than th Id h in the ab fth
ber of the family of advanced quasisymmetric stellarators, < o1 ¢ trajectories than they would have In the absence ot the
land. The variation ofB| along the field line will thus be

These stellarators are defined by the property that the Fourié} ! ) . L
decomposition of the magnetic field strength in magnetic co ifferent than the case without the island, causing a deviation

ordinates is dominated by a single harmonic. In the case Jfom the ideal quasisymmetric properties of the configura-
quasihelical symmetrgQHS)? in HSX, the single large spec- tion. This transport mechanism has been noted in the context

tral component has toroidah) and poloidal(m) mode num- of magnetic islands in otherwise axisymmetric tokanmaks.
bers (n,m)=(4,1). The (n,m)=(0,1) toroidal curvature In general, efforts are made during the stellarator design

component of the magnetic field spectrum is reduced to thB70C€SS to avoid the presence of large island cha_ms. In HSX
level of an aspect ratio 400 stellarator, even though thé"”d many other low shear stellarators, the rotational trans-
physical aspect ratio of HSX is 10. In this sense, HSX has form profile is chosen such that there are no low-order reso-

the transport properties of a straight stellarator, but in toroi"@Nces; varies from 1.05 on axis to 1.12 at the last closed

dal geometry. magnetic surfacd CMS) for the base configuration of HSX.
In a conventional stellarator without a direction of sym- Other stellarators with low-order rational surfaces present

metry, the three dimensional nature of the magnetic fiel@ve relied on large magnetic shear to minimize the island
leads to poor neoclassical transport properties. These includédth. More recently, island elimination technigfiesave
a diffusion coefficient scaling such as the inverse collisionPeen applied to the design of the National Compact Stellar-
frequency and large viscous damping of plasma flows in all &tor ExperimenNCSX).” Nevertheless, residual small is-
directions on a flux surfackA quasisymmetric stellarator, on 1and chains may exist; the=12/11 resonance in the base
the other hand, is able to largely eliminate these poor transconfiguration of HSX is an example. A computational study
port properties. In general, these configurations have ne®f the effects of the surface deformations associated with the
classical transport properties similar to an axisymmetric conislands is the purpose of this paper. In particular, we examine
figuration such as a tokamak. the modifications to the Hamada spectrum on surfaces near
It is of interest to know what effects can break the qua-the islands, and then consider the impact of the islands on the
sisymmetry, as any large deviation from quasisymmetry cafeoclassical viscous damping as calculated from the Hamada
cause the neoclassical transport to revert to the level of gpectrum.
conventional stellarator. One mechanism for the breaking of ~ The effects of magnetic islands on viscous damping in a
quasisymmetry lies in the formation of magnetic islands. Orstellarator have probably already been observed, in the
surfaces near the magnetic island, significant changes ca@ontext of access to edge transport barriers
occur in the shape of the flux surfaces even through the corfH-modeg.  H-mode access in the stellarator Wendelstein
tours of constaniB| may not be significantly different than 7-AS’ is limited to small windows surrounding certain val-
they would have been in the absence of the resonant err¢tes of edge rotational transforhiThese particular configu-
rations correspond to cases where there are no large islands

dPresent address: Princeton Plasma Physics Laboratory, Princeton, New JHF—Sid_e _the separatrix. Cal_cwa_‘tions O_f the p0|0id6_1| dgmping
sey 08543. coefficient reveal a reduction in the viscous damping in these

1070-664X/2005/12(1)/012504/7/$22.50 12, 012504-1 © 2005 American Institute of Physics

Downloaded 01 Sep 2005 to 192.55.106.34. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp


http://dx.doi.org/10.1063/1.1825390
http://dx.doi.org/10.1063/1.1825390
http://dx.doi.org/10.1063/1.1825390

012504-2 Gerhardt, Anderson, and Talmadge Phys. Plasmas 12, 012504 (2005)

configurations? The hypothesis in this case is that the re-1l. CALCULATION OF THE VISCOUS DAMPING
duced viscous damping in these configuration windows alRATES

E)V:/S poloidal She"?‘r flov}\}c;tohdevelop,'IeadmgC;n txrn.to'ltur— To quantify the effects of magnetic islands on the damp-
ulence suppression and the transitiorHtanode. A similar ing of plasma flows, we use the model by Coronado and

relationship between the edge t_opolozgy dmanode access  ramadge® This model was developed to explain the
may have been observed in Heliotron2Dn the other hand, spin-up or spin-down of a plasma subject to an externally
experiments in the Large Helical Device have demonstrate@riven radial current. The external current in the model may
both the existence of radial electric field shear and the reduge that drawn by a biased electrode, although other nonam-
tion of heat transport at the boundary of a magnetic isf&nd. bipolar particle transport mechanisms, such as ion orbit
HSX has unique properties for studying the viscousloss'® would be consistent with the model. The model pro-
damping due to magnetic islands. The quasisymmetric fiel#ides two time scales for the plasma flow evolution, corre-
in the base configuration is generated with a set of 48 nonsponding to two different directions on a magnetic surface.
planar coils. Each nonplanar coil has a planar auxiliary coillhe portions of the modeling which are utilized in this paper
associated with it. These auxiliary coils can be used to add cire described briefly here.
subtract toroidal field from that produced by the main coils. ~ The first order parallel and poloidal momentum balance
When the field of all 48 auxiliary coils adds to the field of the guations in Hamada coordinateare given by
main coils, the rotational transform and well depth are de-
creased and the configuration moves toward a magnetic hilfiN;—(B -U)=—(B - V -1I), 1)
these are known as “Hill” configurations. When the field of
all auxiliary coils subtracts from the main field, the rotational

s”_ (Ra
transform is raised and the plasma well depth is deepene%iNii@P.U) = _@<Jplasma' Vy)-(Bp- V -II).
this is known as the “Well” configuration. A different con- an c
figuration is formed when alternating groups of six auxiliary (2

coils add or subtract from the toroidal field of the main coils.
This leads to the “Mirror” configuration with a large, m)

=(4,0) symmetry breaking component in the magnetic field
spectrum. The configurations accessed through the auxilia

coils are denoted by the labels abc(HaI!, well, an(.j'error)' oloidal and toroidal contravariant components of the mag-
and by the percentage of amp-turns in the auxiliary coil SeEetic field. The notation(---) represents a flux surface
compared to the amp turns in the main coils. HSX has &,eragd® The currents flowing through the plasma and the
major radius of 1.2m and a minor radius of from electrode (Jpjasma and Jey, respectively are related to the

9 to 13 cm, depending on the configuration. electric field using the radial component of Ampére’s fw:
In this research, the neoclassical damping rates in HSX

have been computed using the model developed by Coro- 9 ¢P —
nado and Talmagg’é‘.These %amping rates are cglculazed for ot 071,//<V¢- V) = Am(Jptasma V) + et V 4.

four separate configurations. In the first case, the intrinsic (3)
small islands in the vacuum field of the base quasisymmetric . . .

configuration are considered. Having established this base- 1© calculate the viscosities, we Fourier decomposed the
line, a case is considered where the rotational transform higagneﬂc field in the Hamada coordindt¢oroidal and po-

In these expressionsy is the ion massl,; is the ion density,
¢ is the toroidal flux,B is the magnetic fieldBp is the po-
rIoidal magnetic field]T is the viscous stress tensag is the
yacobian,c is the speed of light, an@* and B¢ are the

been lowered sufficiently to exclude the islands which caus pidal angles:
the |_ncreased damping. Next, a case is co_nS|dered where the B= BOE by, cognZ — ma). (4)
rotational transform has been lowered slightly further and nm

the +=4/4 rational surface enters the confinement volume. _ N )
This resonance leads to large symmetry breaking on th-e[h's Fourier decomposition has been accomplished for HSX

highly deformed surfaces inside and outside of the isIan(#JSIng a mod|f|c_at|ojr7 of the technique originally dev_eloped
. ) . . : . ; or the calculation of the Boozer specﬁgaThe calculation of
chain. Finally, a Mirror configuration of HSX is considered

which contains both=8/7 magnetic island as well as a large the Hamada spectrum can yield hundreds of spectral compo-
) nents to accurately model the magnetic field. We generally

(n,m)=(4,0) symmetry breaking component. keep only those spectral components whose amplitude is

The ordering of the remainder of this paper is as follows.greater than 1@ times the average field on the flux surface.

Section Il will provide some details of the calculation of the The inclusion of additional terms does not change the calcu-
viscous damping rates and explain the physical meaning ghted damping rates. Note that we never calculate the Ha-
the damping rates. Section Il will provide comparisons be-mada spectrum exactly at the rational surface, but only on
tween the four different configurations of HSX discussed inthe nested irrational surfaces close to the rational surface.
the previous paragraph. Section IV will compare the viscous The neoclassical viscosities in Eq4) and (2) can be
damping in the four different configurations. Section V will written in the plateau regin’l% as(B-V 'H>=,u,aua+lu,§ug
summarize the calculation. and (Bp-V 'H>:/.LEIP)UQ+/_L2P)U£, where  u,=«x(B%ap
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+Blag), me=k(Bac+ Bar), /.LEYP)zKBaCEp, and ,u.g) 118
=kB%. These expressions in turn use 7/2PB,/vB¢ 116 | / 1
8/7
n?o? ., 1.14 -
aT:n%O |n—®|’ (5a) § 112 14% Mirror
, 2 \
- g 11 12/11]
aP: E n,m ’ (Sb) = 108
nm0 [N = M| S108f QHS —
E .
7 E 1.04 | 1
nmkf, ., 1
ac=- », —m (5¢) 102 , 1
nm0 [N = el 1 s il = wa
.o —a—wN o LI
In these expression®, the pressure and, the thermal ve- 0.98 . L 6% HiIll .
locity. These viscosities are only strictly valid for time scales 0 2 4 6 8 1 12 1
longer than the ion-ion collision tinf@,placing a limit on the Foit €M)

applicability of the formula to the shortest time scales. FIG. 1. Rotational transf fles for the QHS, 2% Hill, 6% Hill, and
. . o . } . 1. Rotational transform profiles for the , 2% Hill, 6% Hill, an
Using the viscosities provided above, E§), and as 14% Mirror configurations. Important low-order resonances are displayed as

suming incompr_GSSib”itﬁﬂ EQ$1) "fmd (2 can be C_Onverted horizontal lines. These symbols for the different configurations will be
to a system of first order linear differential equations for themaintained throughout this paper.

parallel flows and radial electric field The external current

(for instance, that in a biased electrpdppears as a source ) )

term in these differential equations. If the current is abruptlyeXPlore, the damping due to neutrals has been ignored. The
terminated, the flows and electric fields will decay with two €ffects of any shear viscosity are also neglected.

time scales, given by All calculations are done using the vacuum field of HSX
as calculated by a Biot—Savart code. We assume that in the
low-B plasmas typical of HSX to date, the plasma does not
Y % v \2 P v, - Py [P modify the magnetic field in any appreciable way. In particu-
Sto_ L [2A) 22 Ta (6) y g y pp. .y- 'p'
% 20 7| \ 20 QO ’ lar, it is assumed that the vacuum islands still exist in the

presence of the plasma, i.e., island he&ﬁr"r@does not oc-
where 1,=(B/2xc)XV - V )/ (4xmNi(Bp-Bp)) and Q=1  Cur.

+1,—((B-Bp))?/({B-B)Bp-Bp)). The viscous frequencies
are defined a2, =,B/mN(B-B), v BIMNGB ), | ool B GURATIONS OF
=B ImN(Bp-Bp), and 1= PBUMN(Bp-Bp),

L ¢ HSX
and the frequency; is given by

The calculations presented are accomplished through a
w(v@ +qu?) number of steps. For a given configuration of HSX, detailed
B-B) “ ¢ Poincarre plots are generated of finely spaced magnetic sur-
faces. These calculations are used to identify the LCMS and
(B -Bp) . . . :
- t,. (7 the location of any island chains, as well as magnetic sur-
(Bp-Bp) faces on which to calculate the Hamada spectra. If the island

These two rates in Eq6) will be referred to as the fast chains were not precisely localized in this step, the magnetic
rate(y) and the slow ratéy,). For example, in the case of a surfaces in the vicinity of the islands are calculated with
perfectly axisymmetric tokamak, the slow rate correspondgnore fine resolution until the field line launching locations
to damping of flows in the toroidal direction, and is equal toare determined which fill in surfaces sufficiently close to the
zero because there is no variation |Bf in that direction. island chains. The Hamada spectrum is then calculated on
More generally, the slow rate corresponds to damping othe closely spaced surfaces very near the islands and on more
flows along the approximate direction of symmetry|i if ~ coarsely spaced surfaces away from the islands.
such a direction exists, while the fast rate corresponds to The rotational transform profiles for the four configura-
damping of flows which are across the direction of symmetrytions studied in this paper are presented in Fig. 1. Low-order
and their accompanying parallel flo#sThese two damping Natural resonaces are also shown as horizontal lines. There
rates, as well as the magnetic field spectrum itself, will beis a+=12/11 surface present inside the last closed flux sur-
used as figures of merit when comparing the effects of magface (LCFS) in the base QHS configuration. This resonance
netic islands in different configurations of HSX. has been excluded in the 2% Hill configuration, where the

These calculations include only the effects of neoclassiauxiliary coils have been used to reduce the rotational trans-
cal parallel viscosity. The original paper by Coronado andorm. Continuing to reduce the rotational transform causes
Talmadgé® includes the effects of ion-neutral collisions on the +=4/4 surface to enter the plasmaa6.25% Hill. The
the damping of flows. Given that these collisions would onlyrotational transform for the 6% Hill case is shown in the
obscure the neoclassical effects that this paper is designed figure, illustrating that the=4/4 surface exists at approxi-

v = vikp) + (1 +1o)(ev, + 1) —
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FIG. 2. Magnetic surfaces at the ellipsoidal shaped symmetry plane for the 2 ta g !

QHS, 6% Hill, and 14% Mirror configurations. The rational surfaces appar-

ent in Fig. 1 appear as gaps between the closed magnetic surfaces in thq_sl%_ 3. (a) The complete Hamada spectrum for the 6% Hill configuration

plots. The surfaces displayed in the calculations are the surfaces on Whic:;}ld (b) a detailed view of the smaller spectral components. Théd/4

the Hamada spectrum and damping rates are calculated. island chain exists in the shaded region and the spectral components are
discontinuous across the gap due to the different magnetic surface shapes on
either side of the island. The ten largest spectral componemtaat).372
are illustrated in the plot.

mately the half radius in this configuration. Also shown is the

rotational transform for the 14% Mirror configuration. As
noted previously, this configuration contains a lat@em)  Monte Carlo integration method. The volume contained by
=(4,0 symmetry breaking spectral component, whose amthe LCMS for this 6% Hill configuration is<0.4 ne. The
plitude is approximately constant over the full minor radius.volume enclosed by the last square surface inside the island
The rotational transform is also slight raised in this caseseparatrix is~0.055 n¥, while the volume of the first closed
leading to & =8/7 resonance inside the LCMS. Note that in surface beyond the island chain 480.22 n?. Hence, this
this and other plots, the effective minor radiyg (in cm) is  island chain contains~40% of the volume within the
defined asrq4=100 ¢,/ x X 0.52, wherey, is the toroidal LCMS.
flux through the boundary in T frand the field strength is The Hamada spectrum for the 6% Hill configuration is
always 0.5 T on the magnetic axis at a toroidal anglebof shown in Fig. 3. The top frame of the figure illustrates the
=0. entire spectrum. Note that tia, m)=(4,1) spectral compo-
The magnetic surfaces for the QHS, 6% Hill, and 14%nent is the largest spectral component, even on surfaces near
Mirror configurations are shown in Fig. 2 for vertical slices the magnetic island. The bottom frame shows the same data
at the symmetry plane with approximately elliptical surfacesin a view that has been zoomed in to illustrate the small
Each of the resonances noted in the previous paragraph aspectral components. The components shown are the largest
visible as a set of gaps between closed surfaces, inside whi¢bn for the magnetic surface ata=0.373, i.e., just before
magnetic islands exist. The surfaces shown in the graphs athe inner separatrix of the island chain. As the surface shape
the surfaces on which Hamada spectrum and the dampingansitions from elliptical to square, there is a distinct in-
calculations have been performed. The surfaces are carefultyease in the number and amplitude of symmetry breaking
chosen so that regions of the plasma with fine structure areomponents. Crossing the island chain yields a discontinuity
fully resolved. in the spectral components due to the very different surface
The larges=4/4island chain in the center frame of Fig. shape. Approaching the LCMS yields a decrease in some
2 illustrates most clearly the means by which the islandspectral components associated with the perturbed surface
chains break symmetry. Near the axis, the surfaces have amape[the (n,m)=(8,5) or (0,-3) spectral components, for
elliptical shape which is similar to the surface shape in thenstancé and an increase in those spectral components
QHS configuration. The closed surfaces near the inner sepahich grow towards the edge in the QHS configurattire
ratrix of the island chain have developed a distinctly squarén,m)=(8,2) harmonic of the main spectral component, for
shape. The closed surfaces beyond the outer separatrix of thestancé.
island chain dive in toward th¥ points. Moving toward the The symmetry breaking spectral components are deter-
LCMS, the surfaces once again have a shape that is similar fmined by the interaction of the main helical spectral compo-
the outer surface shape in the QHS configuration. Recall thatent and the island perturbation. In the 6% Hill case, for
these large deviations from the QHS surface shape are thestance, thén,m)=(4,1) perturbation mixes with thé4,4)
result of a magnetic field perturbation at the level of 6% ofperturbation, leading to large spectral components with mode
the amp-turns of the main coil set. The volume inside variousiwumbers (n,m)=(4-4,1-4=(0,-3) and (n,m)=(4+4,1
surfaces of this configuration has been calculated using #4)=(8,5). Smaller spectral components not shown in the
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FIG. 5. (a) The fast andb) slow damping rates, as defined using E).
FIG. 4. The fractional power in symmetry breaking spectral components fofrhe magnetic islands cause local increases in the damping rates, while there
the four configurations, where the power is defined using(&y. is an increase in viscous damping across the entire minor radius in the
mirror configurations.

figure are those based on the second, third, and fourth har-
monics of the field perturbation, i.eln,m)=(4,1)+2(4,4)  the+=8/7island chain are not visible in this plot, as they are
=(12,9, (n,m)=(4,1)-2(4,4)=(-4,-7), etc. Similarly, the obscured by the symmetry breaking of the largem)
largest perturbations associated with teel12/11 island =(4,0) spectral component. Finally, the symmetry breaking
chain in the QHS configuration are then,m)  impact of thet=4/4island chain in the 6% Hill configura-
=(4,1)+(12,1)=(16,12 and (-8,-10 spectral compo- tion is clearly visible on either side of the island chain. Note
nents. that the QHS, 2% Hill, and 6% Hill configurations have very
The planar auxiliary coils add some toroidal curvature tosimilar power in symmetry breaking spectral components at
the magnetic field spectrum. Note, though, that tfmism) the LCMS, which is free of large scale island deformation in
=(0,-1) spectral component is still small compared to manyall three cases.
other components in the spectrum. We thus infer that any
increase in viscous damping is due to the modification of the
surface shape, not simply the addition of a small amount ofV. VISCOUS DAMPING RATES IN FOUR
toroidal curvature. CONFIGURATIONS OF HSX
As a fma! assessment of the complexity Of. the Hamada Having calculated the Hamada spectra, it is possible to
spectrum, it is useful to plot the total power in symmetrydet

breaking speciral components for the different confiauras ermine the viscous damping rates as described in Sec. Il.
. 9 sp 1! compo Qule=rpe plasma parameters are assumed to be the same in all
tions. This quantity is defined as

calculations. A flat ion temperature profile with=20 eV is

5 \ 12 used. A parabolic density profile is used with a small dc

Power = > b, . (8) : : S
~ nm offset to provide some density at the edge. The profile is

(n'm);;;;'m'l) constrained to have a line-averaged density of 1

X 10*? cm 3. These conditions place the plasma in the pla-
Note that this definition excludes the average field on a fluxeau regime, where the damping rates are independent of the
surface(by o), the main helical spectral componéhj, ;), and  plasma density. Given the flat ion temperature profile used in
all spectral components with the same helicity as(then)  the calculations, the profile shapes of the damping rates are
=(4,1) component. This figure of merit is shown in Fig. 4 due to the magnetic geometry only.
for the four configurations of interest. The slow damping rates for the four configurations are
The power in symmetry breaking components in theshown in Fig. %a). Recall that this rate corresponds to the
QHS configuration shows a general rise toward the edgejamping of flows in the approximate direction of symmetry.
with a final level of about 2% at the LCMS. There is an The QHS and 2% Hill are very similar in this quantity, ex-
increase in symmetry breaking power in the vicinity of cept for the increase in the damping in the vicinity of the
the +=12/11 island, but it never exceeds the level at the,=12/11 magnetic island. The increase in the vicinity of the
LCMS. The 2% Hill case, where the=12/11 island has island is by a factor of between 4 and 5. The island has a
been excluded, shows simply a monotonic rise of the symwidth of 3 mm effective minor radius out of a total effective
metry breaking power toward the edge. The 14% Mirror caseninor radius of 11.3 cm, and the increased damping dies
shows large symmetry breaking across the entire plasmaway within 0.5 mm on either side of the magnetic island
cross section. This is due to the largem)=(4,0) spectral chain. Furthermore, the fraction of the total volume enclosed
component introduced by the auxiliary coils. The effects ofby these islands is onlyg=6% of the volume within the
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can be compared to the large increase in damping across tiier helpful discussions.

entire minor radius in the 14% Mirror configuration. This This work was funded by the U.S. Department of En-

configuration has a large=8/7 island, whose effect is vis- ergy.
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