Comparison of toroidal viscosity with neoclassical theory
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Toroidal rotation profiles are measured with charge exchange spectroscopy for a plasma heated with
tangential neutral beam injectidiNBI) in the Compact Helical SystefCHS) heliotron/torsatron
device[lda et al, Phys. Rev. Lett67, 58 (199])] to estimate the toroidal viscosity. The toroidal
viscosity derived from the toroidal rotation velocity shows good agreement with the neoclassical
toroidal viscosity plus the perpendicular viscosify, (=2 n?/s). © 1997 American Institute of
Physics[S1070-664X97)01101-4

I. INTRODUCTION guency, including all magnetic field Fourier spectral compo-
nents, and then the neoclassical toroidal viscosity is com-
In heliotron/torsatron devices, because of the nonaxipared with the measurements.
symmetry of the magnetic field, the toroidal viscosity causes CHS is a heliotron/torsatron devic@oloidal period
the damping of the toroidal rotation velocity. The toroidal numberL=2, and toroidal period numbevl=8) with a
rotation profiles are measured using charge exchangmajor radiusR,, of 95 cm and an average minor radasf
spectroscopyand the magnitude of the toroidal viscosity has 20 cm(the major radius of the vacuum magnetic axis and the
been compared with the preliminary neoclassical calculaaverage minor radius in the standard configuratiorhe
tions in the Compact Helical Systef@HS).? Strictly speak- magnetic field ripple on the magnetic axis on the inboard
ing, toroidal viscosity(parallel viscosity in the toroidal direc- side (R,=90—95 cm) is negligible, however, it increases
tion), not the parallel viscosity(viscosity parallel to the sharply forR,>95cm and reaches 8% &,,=101.6 cm.
magnetic field ling, is evaluated in this papefin the origi-  Therefore the magnetic field ripple at the plasma center can
nal paper, the magnitude of toroidal viscosity was assumetle modified from zero to 8% by shifting the magnetic axis
to be identical to that of the parallel viscosity. Rax from 89.9 to 101.6 cm and the damping of toroidal ro-
The transit frequency for a particle in the magnetic fieldtation due to transit time magnetic pumpifigTMP) can be
ripple is roughlyw; =vn(Mn+me)/R, wherevy, is the ther-  studied.
mal velocity of ions,M is the toroidal period number in the
helical components of the field, is the toroidal mode num-
ber in one field periodm is the poloidal mode numbet,is
the rotational transform, anR is the major radius. For a As is well known in axisymmetric systems, the direction
tokamak, wheren=0 and m=1, with q=1/, the transit of the flow to be damped by the parallel viscosity is deter-
frequency of the toroidal effect is;;=v,/(qR), whereq is mined by the symmetry, i.e., the flow in the direction without
the safety factor. For helical devices with=1 and symmetry(poloidal flow) is damped. The plasma flow veloc-
M>mze, the transit frequency in the helical ripple is approxi- ity V, is governed by the momentum equation
mately ;= (v,M/R). In the original paper, one dominant

II. TOROIDAL AND PERPENDICULAR VISCOSITIES

helical mode in CHS, wher=8 and (n,n)=(2,1), was mana%=eana(E+VaXB)—VIOa_V'Ha+ F.tFL,
assumed in the calculation of the transit frequency, @agéh at
the Shaing pap@iis replaced bywy,;, with everything else @

the same. On the other hand, in this paper all helical compo~herem, andn, are the mass and the density of species
nents of the magnetic field in the CHS are included in the(a=i for ion anda=e for electron$, respectivelyp, and
calculation of VB. In the original paper, the magnitude of II, are pressure and stress tensor, respectigebndB are

VB was characterized by the magnetic field modulationthe electric field and magnetic field, respective, and
strength, y, defined asy?=((A-VB)2/B2), wherefi is the  F. are the forces due to collisions between ion and electrons
normalized vector in the direction of magnetic field and  and plasma and fast ions, respectively. By summing ion and
is a flux-surface-average operator. The magnetic field modwelectron equations and neglecting electron viscosities, the ion
lation strengthy is approximated to bee,M/R) near the flow velocity, V;, is given by

plasma edge, where, is the ripple of the(2,1) component oV,

and the single helicity assumption is a good approximation mini—':j xB—Vp—V-Hi+Fif+ F;, 2
except for the plasma center. Howevernear the plasma o

center should be estimated by including other Fourier speowherej andp are the current density and the total pressure in
tral components, mainly th@,1) and(1,1) components, be- the plasma, respectively. When the neutral beam is injected
causee,=0 at the plasma center. Toroidal viscosity for ain the tangential direction, the force driven by neutral beam
three-dimensiona(3-D) magnetic structure in a stellarator injection, F"™®, mainly contributes td~/+F. In the steady
has been publishetf. In this paper, neoclassical toroidal state, the toroidal force driven by neutral beam injection,
viscosity’’ is calculated more precisely using the transit fre-F™!, is balanced with viscosities in the toroidal direction,
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(By-F™)=(B,V-II,), ) v
where B, is the toroidal magnetic field an¢) is the flux % I ®
average. As we discuss later, the measured damping of S 00
plasma flow cannot be explained by the neoclassical toroidal ‘5
viscous force alone. With respect to the viscous forces, we Z -0.1
consider two viscosities: one is the viscosity coupled to a °E-.
velocity gradient in the direction parallel to the toroidal ve- A ool ——(0, 1) ——@G 1
locity and the other is the viscosity associated with a velocity Ig 8 -G D
gradient in the direction perpendicular to the veloditgdial 03 , , , .
direction. These viscosities are called toroidakarly paral- 0 02 04 06 08
lel) and perpendicular viscosity. There are off-diagonal terms P
of the transport matrix in these viscosities and the plasma 0.l—— T T .
rotations are not independent of temperature or density gra- go F ®
dients (which are considered to be part of the internal g 0.0:
forceg. Taking the standard diagonal terms of the transport E i
matrix, the viscous forces can be expressed by the perpen- § 0.1
dicular and toroidal viscosity coefficientg, ,u; Sq
S A N
(By-V-IL)=BynimipVy—Bynimiu, V2V, . (4 St S A
In neoclassical theory, the toroidal viscosity is determined by 035 02 04 06 o8
the toroidal flow velocityy , (see the Appendix the thermal p
velocity (2eT;/m;,)*2, and the geometric factor of the mag- 01 : : . :
netic field. The toroidal viscosity coefficiept|, can be ex- o f (©
pressed as s 0.0
E
_N2eT/mJ E o1
=2 ApLgRBy © 5
: : : o ool ——O. 1)  ——(3.1)
where 27J is poloidal current outside the flux surface and —a—(1,-1) ——(4, 1)
n,,m;, and T, are ion density, mass, and temperature, re- IE% B G2 ]
spectively. In CHS, ions are in the plateau collisionality re- 035 03 04 06 08 1
gime and\p 4 is defined as P
1 E( \/;(‘H— tl) FIG. 1. Radial profile of the magnetic field spectrum in the CHS torsatron/
ApLg 2(BZ> heliotron for the vacuum magnetic axis Bf,=89.9, 94.9, and 97.4 cm.

B,-VB 1 (1,
X<( B )%|mt+Mn|\§n'VB

X exd(m0+Mn¢)> ,

mn main contribution to the modulation of magnetic field is the
helical component of helical coils of{,n)=(2,1), regard-
less of the position of the magnetic axis. However, (h4)
mode vanishes at the plasma center and(€h® and (1,1
modes mainly contribute modulation of the magnetic field
wherem andMn are the poloidal and toroidal period num- and damping of the central toroidal rotation velocity. These
ber of the magnetic field spectrum. By replacing the terms ofnodes increase as the magnetic axis is shifted outward. The
the Fourier series with 1.+ Mn)(n-VB/B), making the  toroidal viscosity coefficientsy,, are closely related with
approximation of single helicity =1, m=2, then the three-dimensional magnetic field structure. In the as-
M>me), ignoring the difference between parallel and toroi- sumption of single helicity in the calculation of the transit
dal viscosity(B,~B and B,-VB)/B~n-VB), and taking frequency, the toroidal viscosity coefficient is simplified to
the large aspect ratio limitde=B,4R) with no net current  ~(27"2y%eT,)/(Mywy) = 7V2y*(RIM) (2e T, /m;) Y2 with
(1=0), the formula (6) is approximated to be(3)  the magnetic field modulation strengt, In order to extend
X (m2Ry?)IM. Then the viscosity coefficient is simplified the magnetic field modulation strength, applicable even in
as puj~m%y*(RIM)(2eT;/m;)*2 This formula is identical  the three-dimensional calculation, the parametgp, is de-
to that in the original paper, which was derived from thefined with the toroidal viscosity coefficient as
Shaing formuld by replacingw,; to wp= (v M/R).

Figure 1 shows the magnetic field spectrum contributing
to the damping of the toroidal velocity(# 0) for the vari-
ous magnetic axiR,,. Near the plasma edge ¥ 0.5) the

(6)

el

Y307 \/\/ZWeTi/mi(R/M)'

)
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FIG. 3. Radial profile of the toroidal rotation velocity measured in the CHS
FIG. 2. Radial profile of the toroidal viscosity coefficient in the CHS torsatron/heliotron for a vacuum magnetic axisRgf=89.9, 94.9, and 97.4
torsatron/heliotron for the vacuum magnetic axisRyf=289.9, 94.9, and cm.
97.4 cm.

The 3-D magnetic field strengthz.p, no longer depends on
the thermal velocity of ions, but mainly depends on the ma 2 . :
v ry ot ! nly dep gdue to neutral beam injection. The toroidal force due to in-

netic field structure. ) . . :
Figure 2 shows the neoclassical toroidal viscosity coef-J.eCtGd fast ions has been estimated for each plasma axis us-

ficient profiles calculated from the magnetic structure, in-"N9 an ana!ytlcal modélwhere the fast lon birth d|str|but_|9n
cluding the finited effect in the plateau regime in the CHS. e;]nd fthe ghlne-through arlg calculated. Slngelthe deposrﬂon of
The toroidal viscosity coefficient increases very rapidly to-t e fast ion energy declines due to O.rb't 0SS _and charge
ward the plasma edge, which gives strong damping of thgxchange loss, their effects have been involved in the deel
toroidal rotation velocity, regardless of the position of theto match the resuit of the 3.'D Monte C_arlo .COEIEI.‘IOS.'
vacuum magnetic axif},,. As the magnetic axis is shifted The_ major source of error in the effect!ve V'SCO.S'ty is the
outward, the toroidal viscosity coefficient increases ever{oro.Idal fprceo, Wh"i the error b"’?r of_tor0|dal rotation veloc_—
near the plasma center. The increase of the toroidal viscosilgfy |tse_lf 1S SAJ_.ZO %, as seen in Fig. 3. Ong of the main
coefficient by shifting the plasma from 89.9 cm, where there rrors in evgluatlngyg_D n _the me.a§ureme.r!ts.|s due to the
is negligible ripple, to 97.4 cm, where the helical ripple is uncertainty in the description of finit8 equilibria. The un-

nti 0/ — 0, i -
more than 2%, is one order of magnitude near the plasm‘::ierta'nt'.es of the.evaluategi‘;_q are 5% .20/0' Since the cen-
tral toroidal rotation velocity is determined by the magnetic

=v4(0)m;n;(0)/F(0), whereF*(0) is the toroidal force

center. : . .
field strengthy;.p in the central region(not the central
vs.p value along because of the diffusion procelsee Eq.
IIl. TOROIDAL ROTATION VELOCITY IN CHS (8)], the y3.p values near the centep£0.2) are taken as a

reference.

Figure 3 shows toroidal rotation velocity profiles as a  1he central toroidal velocity 4(0) is determined by
result of a major radius scarR{,=89.8, 94.9, 97.4 cm), Solving the diffusion equations of
which is controlled by the vertical field strength in the CHS
heliotron/torsatron. The plasma is produced initially by elec- Foi(r)
tron cyclotron heatindECH) in hydrogen gas and sustained
with tangential neutral beam injectiofNBI) (absorbed
power of 0.5 MW in the direction parallel to the helical with the perpendicular viscosity coefficient constant in space
curren). The line-averaged density reaches aboutand boundary conditions of ,(a)=0, dv,/dr(0)=0. If
2x10%cm 2 after NBI. there is no perpendicular viscosity this effective viscosity

The parameter dependence of the viscosity coefficient isoefficient is equal to the toroidal viscosity coefficient,
studied by changing the field ripple to check whether it isues=u(0). Since the effective viscosityus, is defined
neoclassical or not. The damping of toroidal rotation velocitywith the central toroidal rotation velocity and the central
due to charge exchange loss can be neglected, except tatrque due to neutral beam injectiop,\;Cf1 represents the
the plasma periphery. Here we introduce the effective viscosmagnitude of central toroidal velocity and does not represent
ity coefficient ue4(1/s) as an indication of how strong the local value of perpendicular viscosity plus toroidal vis-
the damping of the central velocity is by toroidal and cosity.
perpendicular viscositiesnm;uv,, and ﬂimiMLVZU¢ Figure 4 shows the inverse of the effective viscosity co-
in the plasma, wherg(1/s) andu, (m?/s) are the toroidal efficient as a function of the modulation parameter of the
and perpendicular viscosity coefficients, respectively. Thenagnetic field,y;.p. The effective toroidal viscosity coeffi-
effective viscosity coefficientu.s is defined as ,u;ffl cient we Shows they%_D dependence, as predicted by neo-

mini(r):MH(r)VMr)_MLVZV(ﬁ(r), (8)
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FIG. 4. Inverse of the effective viscosity coefficient as a function of mag-
netic field modulation strength;_ with the prediction of neoclassical tor-
oidal viscosity,nym;u ,, and neoclassical toroidal viscosity plus anoma-
lous perpendicular viscosityy m; v ,—nimi i, V2 4(u, =2 né/s), in the
CHS torsatron/heliotron.

FIG. 5. Inverse of the effective viscosity coefficient as a function of line-
averaged density near the plasma cenger Q.2) for various magnetic field
modulation,y; 5. The two straight lines are the inverse of the neoclassical
toroidal viscosities fory; ,=0.15 m'! and 0.24 m?. The inverse of neo-
classical toroidal viscosities fop,.p=0.09 m'! is off the scale.

classical theory in the region, where the neoclassical toroiddlabs: e, B.a,R are absorbed power in MW, line-averaged
viscosity becomes dominang;; ;>0.2. When the modula- €lectron density in 1 m~=, magnetic field strength in T,
tion of B decreases below 0.2, the neoclassical toroidal visand minor and major radius in m, respectijely
cosity becomes small and anomalous perpendicular viscosity The differences between the parallel viscosity in the
becomes dominant. The anomalous perpendicular viscosit§figinal paper and the toroidal viscosity in this paper are
coefficient, i, , to fit the measured data is 2fs. The co- discussed. The approximations made in the original paper
efficient of perpendicular viscosity of 2%s has a similar Were a replacement of the Fourier series with M1/
magnitude to that of effective thermal diffusivity *(N-VB/B) and the replacement of toroidal viscosity with
(xer=5—6 mM?/s) 1° Since the toroidal viscosity increases Parallel viscosity B,~B) and B,-VB)/B~n-VB). Since
sharply toward the plasma edge, the toroidal velocity away-/M is the maximum value of IMn+mz), wheren=—1,
from the plasma centerp(>0.6) is determined mainly by 1, 2andm=0, 1, 2, 3, 4, (I)(n-VB/B) values should
toroidal viscosity. In fact, the toroidal velocity becomes al-P€ larger than the sum of the Fourier series in formi@la
most zero atp=0.6 for Ry=97.4 cm andp=0.8 for The toroidal effecte(1/e=5 at the plasma edges compa-
R,,=89.9 cm, where the toroidal viscosity coefficient ex- rable to the helical rippley, in a low aspect ratio heliotron/
ceeds 10 1/s. The measured velocity away from the p|asmatorsr:1tron device like the CHS. Therefore the magnetic field
center shows good agreement with the neoclassical predigodulation strength estimated along the magnetic field

tion. n-VB, should be larger than that in the toroidal direction,
(B,4-VB)/B. Then the parallel viscosity was overestimated
IV. DISCUSSION in the original paper, especially near the plasma edge be-

cause of these effects. In order to match the toroidal rotation

Since the plasma is in the plateau regime, the neoclassprofiles measured, an artificial multiplicative factor of 0.3 for
cal toroidal ViSCOSity coefficient is independent of collision- the para||e| Viscosity (OBH) was taken to evaluate the per-
ality (electron density or ion temperatirexcept forvy, in pendicular viscosity to be 3.5 3s. This artificial multipli-
formula (5). In order to check, the effective viscosity coeffi- cative factor causes the underestimation in toroidal viscosity
cient is measured at various densities. In this density scamear the plasma center, where the effects described above are
ion temperature was more or less constant. As seen in Fig. 8maller. Therefore a larger perpendicular viscosity was
the effective viscosity coefficient shows at most only weakneeded to explain the toroidal rotation velocity near the
dependence on the electron density, when the modulation gfiasma center.
B is large (y=0.24 m ') and neoclassical toroidal viscosity The toroidal viscosity coefficient derived from the toroi-
is dominant. However, when the modulation Bfis small  dal rotation velocity shows good agreement with neoclassical
(y=0.09 m ') and neoclassical toroidal viscosity is negli- toroidal viscosity coefficient calculated with the a three-
gible, the effective viscosity coefficient has a strong depengimensional magnetic structure, when the perpendicular vis-

dence on electron density. This density dependence is a fegosity with the coefficientu, , of 2 n?/s is added to the
ture of anomalous transport, because strong densitjeoclassical viscosities.

dependence is also observed in the energy transport, which is

governed by anomalous transport. In fact, the global energpCKNOWLEDGMENTS
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APPENDIX: THE TOROIDAL VISCOSITY OF IONS IN wheren, ,m,uq[ = (2eT,/m,)?] are the density, mass, and
THE PLATEAU REGIME thermal velocity of the particle species and the explicit

In nonaxisymmetric systems, both the direction and thé?XPression of the coefficient, for ions in the plateau regime
magnitude of the damping should be specified. Therefore th@ill b€ given later. The paramete, in (A1) is an angle-like
parallel viscosity in the toroidal directioftoroidal viscosity ~ Variable mainly determining the direction of the damping
neglecting the heat flux can be expressed as due to parallel viscosity:

02=(11(Gy)a) 0+ (I=%(Gy)a) ¢, (A3)

with the poloidal(toroidal) angle 8(¢) in the Boozer coor-
whereu, is the viscosity coefficient mainly determining the dinate system, the poloid@oroida) current outsiddinside
magnitude of the damping, of the flux surface zZJ(2l), the rotational transform, and
) the geometric factofG4),. The geometric factofG ), de-
Ma:( NaMal th , (A2) pends on the collisionality of the specias The geometric
Na factor in the plateau regimé )™, is given by

(By:V 1lg)=ua(Va-Voy), (A1)

B4 VB 1 |1 ( g 9 ) .
| — 4 — BZ _ BZ (mé+Mng)
N <( B )>% Tmes M| 28| 30 a5 (B (92 ~(BO2) mnex'd
(Ga)= B, VB 1 [[a 4 . ' A4)
— et — exp(m0+Mn¢)
B mn [me+Mn|[\d0 “do) ]
|
wherem and Mn are the poloidal and toroidal period num-
ber of the magnetic field spectrum agg is the solution of 1 — \/;(34' 1)
the following differential equation: NpLg 2(B?)
B, VB
92| 1 X B
B-V ? =BxVy-V ? , (A5)

1
>< N —
mn |mt+Mn|

1. .
En-VB) ex;j<m"+'\"“¢)>,
mn

with the conditiong,(B= B4 =0.
In CHS plasmas, there is no net toroidal current Q) (A7)
and only poloidal current)~B 4R). The first term of;; can
be neglected in the plasma come<(0.5), because the toroi-
dal velocity is dominant in these plasmas, with the tangenti
neutral beam injected in the toroidal direction. For instance,
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where,n; ,m;, andT; are ion density, mass, and temperature,
espectively. The toroidal viscosity is given by the toroidal
low velocity.
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