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Concerns about the flexibility and robustness of a compact quasiaxial stellarator design are
addressed by studying the effects of varied pressure and rotational transform profiles on expected
performance. For thirty, related, fully three-dimensional configurations the global, ideal
magnetohydrodynami@HD) stability and energetic particle transport are evaluated. It is found
that tokamak intuition is relevant to understanding the magnetohydrodynamic stability, with
pressure gradient driving terms and shear stabilization controlling both the periodicity preserving,
N=0, and the nonperiodicity preservin§l=1, unstable kink modes. Global kink modes are
generated by steeply peaked pressure profiles near the half radius and edge localized kink modes are
found for plasmas with steep pressure profiles at the edge as well as with edge rotational transform
above 0.5. Energetic particle transport is not strongly dependent on these changes of pressure and
current(or rotational transformprofiles, although a weak inverse dependence on pressure peaking
through the corresponding Shafranov shift is found. While good transport and MHD stability are not
anticorrelated in these equilibria, stability only results from a delicate balance of the pressure and
shear stabilization forces. A range of interesting MHD behaviors is found for this large set of
equilibria, exhibiting similar particle transport properties. 2000 American Institute of Physics.
[S1070-664X00)03606-3

I. INTRODUCTION physics. A plausible picture of the flexibility and robustness

of the design configuration can be projected before construc-
An intense effort to achieve a stable and well-confinedtion begins.

compact quasiaxial stellarat@®AS)*? configuration has led Loss of plasma confinement has been a historical prob-

to a promising design for a modest size experiment to bdéem in stellarator experiments, which the new quasisymmet-

called the National Compact Stellarator Experimentric designs are expected to circumvenhioss of confinement

(NCSX).3’4 New ideas for symmetric stellarator design havectan be driven by MHD instabilities and by neoclassical and

driven the development of advanced computational tools t&nomalous transport processes. Very recently it has become

evaluate and optimize neoclassical plasma transport arRPSSible to calculate the probability of these effects for a
magnetohydrodynamic(MHD) stability in fully three- particular equilibrium, making use of advanced computer

dimensional geometries. Computational studies can identiI‘VaCkages as well as high performance computing platforms.

conditions which will increase or decrease plasma transpof%‘lthouqh developments in anomalous transport theory are

and MHD instability, thereby making possible the design Ofapproachlng a stage useful for transport predictions, this pa-

er will only investigate predictions for neoclassical trans-

a stellarator experiment with a range of expected scenarlog,ort and ideal MHD stability for one candidate NCSX de-

to test and improve our understanding of the underlyingsjon anq thirty related equilibria. Such calculations are now
a necessary step in the planning of a new experiment.
2 o In Sec. Il we discuss the variations of the pressure and
Electronic mail: redi@pppl.gov . . . AN .
Ypresent address: Physics department, University of lowa, lowa City, Iow&Ote_mor"al tre}nSform profiles considered for equilibria which
52242 maintain a fixed boundary shape as well as the avefage
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FIG. 1. Flux surface cross sections of QAS38?2 at toroidal angles)=0°,
90°, 180°, and 270° within each field period.
The results of the MHD stability and particle transport cal-
culations are given in Secs. Il and IV. Section V provides a 0 0.5 10 0 05 1.0

summary and conclusion.

normalized flux s normalized flux s

Il. THE BASELINE DESIGN AND THE PRESSURE AND FIG. 2. Pressure profiles studied for their effect on stability and transport.
The flux labels is the edge normalized toroidal flux, and is proportional to

ROTATIONAL TRANSFORM VARIATIONS
(r/a)2.

The baseline case, called QAS382, is the candidate
Qesign configuration for NC.SX preS(_anted at the 1999 meml'—|elias8 reactor studies based on the Wendelstein 7-X
ings pf the E'uropeqn.Physmal S_ocr“éan'd the American (W7-X) desigr® defined byP = Po(1— 115/7+4s2/7).
Physical Society.This is a three field period, compact stel- The ¢ profiles are chosen as followsd1 is linear ins,

larator with major radius 1.6 m, and aspect ratio 3.5. A tor'maintaining the central(0)=0.26 and the edge(1)=0.47,

oidal field of 1T is assumed at the magnetic axis. To asses

e same as im00. 104 is also linear irs, with «(1) higher

flexible performance in a modest-sized experiment, thefhan 0.5. We defines=«(1)—«(0), and F as the factor by

VMEC codé is used to obtain equilibria g8~3.8% for six
pressure profiles and five profiles, leading to 30 related
equilibria exhibiting different stability and transport behav-
iors. The rotational transform,=1/q, is produced by both
external field coils and currents arising from the various
sources: the equilibrium-based pressure-dependent bootstrap
and Pfirsch—Schter currents, in addition to the externally
driven ohmic, beam-driven and RFadio frequencydriven
currents. Flux surface cross sections are shown in Fig. 1 for
the baseline case.

The pressure profiles and profiles we consider are
shown in Figs. 2 and 3. Most stellarator density profiles are
broader than the Advanced Reactor Innovation and Evalua-
tion Study(ARIES)’ profiles chosen for the initial design for
NCSX. The QAS3C82 current profile was chosen to be
similar to that of a bootstrap current profile in a low colli-
sionality reactor, to enable rapid reactor performance scaling.
The plasma equilibria obtained are designaf@X/I0Y
as follows: PO0/N00 is the baseline QASX82 configura-
tion. P01, P02, and P03 were defined withP(r)
=Polexp(—(Jo)D)—exp(—1/o?) ]/ (1—exp(—-1/o?)). The
edge normalized toroidal flux labed is proportional to
(r/a)? and varies from O at the plasma center to 1 at the
plasma edgeo was varied so thaP01 is similar toPOO,
P02 is more peaked thaR01, while P03 is broader than
PO1. For P01, P02, andP03, ¢=0.52, 0.4, 0.7.P04 is a
very broad, parabolic pressure profile definedPasPy(1
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FIG. 3. ¢ profiles studied for their effect on stability and transport. The flux
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TABLE |. Parameters of rotational transform profilegs)=¢(0)+ &(2 Here 5\/\/p, SW,, sW,, and w? represent the potential en-
_ _ 2 . . .
F)sto(F—1)s”. ergy in the plasma, the magnetic energy in the vacuum re-

«0) 5 = gion, the kinetic energy and the eigenvalue of the system.
The MHD perturbations evolve as exf), being unstable if
101 0.26 0.21 1.0 w2<0
102 2 21 1. ‘ : - . .
|83 8.22 8.21 2.3 Global MHD instability in fully three-dimensional stel-
104 0.26 0.26 1.0 larators differs fundamentally from that of axisymmetric to-

kamaks. The toroidal mode instabilities in tokamaks are not
intrinsically coupled. They can be identified by unique toroi-
dal mode numbere=0, *=1, =2,.... In stellarators, the tor-

In this way we can exP'Ore the effects of a range Ofoidal modes are coupled through the magnetic field
pressure profiles, such as might be generated through on- aB@riodicity.lo If Ny, is the number of field periods of the

off-axis heating and fuelling scenarios, while maintaining thestellarator, there are4[Ny,/2] independent mode families

average and edge valuesdimilar to those of the baseline for decoupled problems. I;,=3 as for NCSX, there are

case. By studying the equilibria with these pressure profilqIWO important mode families designated by The N=0

variations for each profile, we look for robust and flexible family, comprising only the coupled toroidal mode numbers
response from this quasiaxisymmetric stellarator. We cal_po +3 +6.. and theN=1 family, comprising only the

also compare to what would be expected in the aXiSymmet(:oupled toroidal mode numbens= +1. 2. +4 +5. . The

ric, tokamak, case. N=0 family is called the even parity or periodicity-
preserving mode family while th&l=1 family is the odd
1. MAGNETOHYDRODYNAMIC STABILITY parity mode and is nonperiodicity preserviig=0 includes

The global, ideal MHD stability of quasiaxial stellarator the “vertical” instability (n=0) and N=1 includes the
designs is being evaluated with the three-dimensional stabikSual external kink moden(==1), familiar in tokamak
ity code packages CAS3H'2and TERPSICHORES Re-  MHD studies. In stellarators, both té=0 andN=1 fami-
centy CAS3D has been used to verify and extendieS describe kink-like instabilities.
calculation$*® of the TERPSICHORE code, showing sta-  With an «(r) ranging from 0.25 to 0.50 the resonant
bility of the kink (N=1) and periodicity-preservingN values ofm/n are from 4' to 2. H'eren spemﬂgs the .p0|0Id.6'l|.
—0) modes for the proposed stellarator, even without a conode number. The basis functions for the ideal instabilities

ducting wall’® The two codes have been extensively bench2re described in mode selection tables, which includend
marked against tokamak and quasiaxial stellarator equilibi& for these resonant and nearhyn values. These tables
and have been found in good agreem@nilost of the sta- then comprise the perturbation basis modes assumed for the
bility calculations for the pressure andscans of this paper Calculations of the instabilities in thé=1 andN=0 fami-

have been obtained with the TERPSICHORE code. Thdés. Calculations in this paper use 108 modes and 68 modes,
CAS3D code package calculations are found to be in veryespectively(see Tables Il and IJl The stability of each

good agreement, as is shown below. equilibrium has been evaluated for the external kink and
TERPSICHORE?® uses an efficient variational method Periodicity-preserving modes for 48, 68 and, in some cases,
to solve the equation 96 surfaces. The TERPSICHORE calculations were carried

out with a pseudoplasma approximation for the vacuum re-
SW,+ SW, — 025W, = 0. gion, setting the wall distance at 1.5 minor radii away from
the plasma boundary.

TABLE Il. Basis functions(68 modeg used for calculations of the=0 family most unstable eigenfunctions.
A “1” represents a mode used in the calculation, while “0” represents a mode not used for the stability
calculation. The poloidal mode numberis positive.
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TABLE lIl. Basis functions(108 modep used for calculations of thel=1 family most unstable eigenfunc-
tions. A “1” represents a mode used in the calculation while “0” represents a mode not used for the stability
calculation. The poloidal mode numberis positive.
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Figures 4 and 5 summarize the stability of thee0 and does TERPSICHORE. The calculations are based on the
N=1 modes and how it depends on the pressure @ngd plasma potential energy
described in the last section. Configurations were denoted 1
stable on the basis df) positive eigenvalues for the most Wp:_f f f d3r[|C|2— A(&-Vs)?+ yp(V-£)?7],
unstable mode, ofb) if the most unstable mode eigenfunc- 2
tion is a numerical instability, as shown by convergenceassociated with the displacemenin Fig. 7(d), C*, C?, and
studies. C2 are components of the vect@®, which stabilizes the
The normal displacements of the unstable eigenfunctioplasma energy integraC* describes the field line bending
& and the plasma potential energy chang#/, calculated energy,C? depends on the local shear and the parallel cur-
with TERPSICHORE for théi=0 andN=1 mode families, rent density, whileC? is the field compression energ§W is
one for each pressure profile, are shown in Figs. 6—10. Thghe total potential energy change due to the presence of the
figures show the radial shape of the five largest Fourier cominstability.
ponents of each of the most unstable modes, as well as their Destabilization is driven by the second termvify , with
identification (m,n). the current density in A
The CAS3D calculation of and 6W for the P02/100 a4
case, in very good agreement with the TERPSICHORE cal- A= 2IVs|"*(1xVs)-(B-V)Vs,
culations, is shown in Fig. 7. The CAS3D2.vac calculation ofdriving instability, modulated by the plasma curvature and
the unstable free-boundary perturbation uses the Greentbe local shear. The third term W, is stabilizing. It is
function technique for calculating the vacuum contributionproportional toyp, wherevy is the ratio of the specific heats
with a conducting wall at infinite distance from the plasma.and describes the energy associated with field compression.
The calculation is for 128 flux surfaces, uses 108 perturbaThe code version used here is for incompressible modes
tion harmonics and has the natural resonances eliminate®-¢=0) and, therefore, the stabilizing term proportional to
(see discussion below of Figs. 12 and.13 vp does not contribute.
The CAS3D code packalfesolves the same problem as We find that pressure profilB00 is stable to the kink
and the periodicity-preserving modes for all of thprofiles
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FIG. 4. Stability diagram foN=21 mode family for thirty equilibrium con-  FIG. 5. Stability diagram foN=0 mode family for thirty equilibrium con-
figurations. figurations.
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FIG. 6. TERPSICHORE calculation of thé=1 mode family, the unstable
kink mode for P01104. The largest Fourier components &#1), (4,2),
(8,4), (3,1), and(10,5. The flux labels is the edge normalized toroidal flux.

(see Figs. 4 and)5P04, on the other hand, is unstable to
both modes with all of the profiles tested. Th®01 andP02
pressure profiles are stable fb=0 global modes with alt

TERPSICHORE CAS3D
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FIG. 7. TERPSICHORE and CAS3D calculations of the unstable external
kink mode forP02/100. This is the odd parity perturbation, calculated for
128 flux surfaces, 108 harmonics and the1 family. The flux labels is

the edge normalized toroidal fluga) The largest Fourier components of the
normal displacemer¥ from the TERPSICHORE calculation a(&, 1), (4,1),

(5,2, (6,2, and(5,1). (b) TERPSICHORE calculation of the flux surface
averaged energy associated with the normal displacement shotah ()

The largest Fourier components of the normal displacengefiom the
CAS3D calculation aré3,—-1), (4,—1), (6,—2), (5,—2), and (5,—1). The

two code packages use different conventions in the Fourier series. CAS3D
defines f(s, 8, ) =32 nfmn co§27(MO+neh)], while TERPSICHORE de-
fines f(s, 0, ) =2 m nfmn CO§271(MAI—n¢h)]. (d) CAS3D calculation of the
components of the flux surface averaged enelyy, associated with the
normal displacement shown {ig).

profiles. The remaining cases exhibit either stability or insta-

bility depending on the: profile studied. With the very
peaked pressure profil®02, the external kink is unstable
for 100,101, andl 02, but is stabilized withh03 andl 04. The
higher edge and increased edge shear of these tywoofiles

serve to stabilize the kink for a very peaked pressure profile.

The pressure profil®05, characteristic of the Helias reactor

studies based on W7-X, leads also to a stable external kinl
for all « profiles except 04, where the natural resonance at
t=0.5 is destabilizing. For each pressure profile the unstable 5. 5.

modes found were stabilized ferprofiles having increased
edge shear, except for the broad High-mode bFthode”
pressure profileP04. Many of the stability calculations at 48

0.2

N=1,P03/104
(4.3)

e (109

N=0, P03/104

&4
@1

W (E-05)
o

and even 68 flux surfaces exhibited very rapidly varying nu-*
merically unstable eigenfunctions with further convergence
studies at 96 flux surfaces being necessary.

The VMEC code was used to generate Fig. 11, which '5'0

shows how the parallel current density peaks near the plasm
edge and drives the kink unstable for cad2@4/100. The

0.5 1.0
normalized flux s

0 0.5 1.0

normalized flux s

parallel current density is plotted for two configurations FIG. 8. TERPSICHORE calculation of the unstable kink and periodicity

which were stable and unstable to tie=0 andN=1 insta-

conserving modes foP03104. The largest Fourier components of tRe
=1 family are(4,2), (2,1), (10,9, (5,2), and(8,4). The largest Fourier com-

bilities. Holding . fixed at the_plasma edge I_eads to t_his resultoonents of theN=0 family are (6,3, (12,6, (7,3, (11,6, and(5,3. The
from the force balanc&P=jxB.}” These instabilities are flux labelsis the edge normalized toroidal flux.
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80 FIG. 11. Parallel currentj-B)/(V¢+B), for an idcal MHD unstable case and
0 o5 o for a stable case, as calculated with VMEC. Only the nonresonant part of
. : 0 0.5 1.0 j+B is included.

normalized flux s normalized flux s

FIG. 9. TERPSICHORE calculation of the unstable kink and periodicity-
conserving modes foP04/02. The largest Fourier components of the  included. This is not found if we assume that an island forms

=1 family are(9,4), (2,1),- (11,9, (3,1, and(8,4). The largest Fourier com-  jith a |0ca||y flattened pressure profngp: 0 in the vicin-
]E’Ione”ts of theN=0 family are(7,3), (6,3, (13,6, (8,3, and(12.6. The 4y, of the rational surfacesor, equivalently, if the natural
ux labels is the edge normalized toroidal flux. . .
resonances are eliminated from the calculation. Then the lo-
cally diverging parallel current density is suppressed and the
corresponding singularities do not appear.

The normal displacements of the N=0 andN=1 in-
stabilities are shown in Fig. 13 for the caB80/100 as cal-
culated with CAS3D2.vac without eliminating the natural
resonancesFig. 12 and without a locally reduced pressure
gradient. The largest Fourier components of Me 1 and
N=0 families are shown. The calculations were for free-
boundary perturbations for which the vacuum part was com-
puted using the Green’s function technique with a conduct-

related to the edge localized moddsLMS) seen in toka-
maks during high heating powét-mode operation. The in-
fluence of the edge current density in driving such edge lo
calized modes is well knowt The QAS elge bcalized fink
modes (ELKs) are also known in tokamaks as “peeling
modes,” and are sometimes precursors to disruptions.

The TERPSICHORE calculations were carried out with
a “detuning” factor which smooths the parallel current den-
sity profile, at the radial locations with=3/m or 6/m, etc. ! oo :

ing wall at infinite distance from the plasma. 128 flux

At these points folP00/100 (see Fig. 12 the CAS3D calcu-
P ( 9. 12 surfaces and 68 perturbation harmonics were used for the

lations show that a locally diverging parallel Pfirsch-Schluter’ ™ . \ .
current density which appears @t3/7 (s=0.8) drives kink g@ﬁyfam"y’ and 108 perturbation harmonics for the=1

and vertical instabilities, if resonant contributions are . . .
An additional set of calculations was carried out to

model one possible startup condition, keeping the pressure

0.2
N=1,P05/104 B
(@2 N=0, PO5/104 20
6,3 .
(10, 0.2
DI‘ 3/10
g 5 i |
0
8.4 3/9 rotational
-0.1 (C) - pressure 6/17 transform -
2 5 oFr———m——-- ---.-::i
g0
= 0 [
(2]
2
_5 i
: 1.0 0 05 1.0 30
normalized flux s normalized flux s * 0.0 0.5 1.0
FIG. 10. TERPSICHORE calculation of the unstable kink and periodicity normalized flux label s

conserving modes foP05104. The largest Fourier components of tRe

=1 family are(4,2), (2,1, (10,9, (8,4), and(5,2). The largest Fourier com- FIG. 12. Mercier instability criterion for configuratioR00100. The reso-
ponents of theN=0 family are(6,3), (12,6, (7,3), (11,6, and(5,3). The nant part ofj-B has been accounted for, giving the Mercier resonances
flux label s is the edge normalized toroidal flux. identified byD,. The profiles of the plasma pressure arate shown.

Downloaded 30 Dec 2004 to 198.35.4.169. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



2514 Phys. Plasmas, Vol. 7, No. 6, June 2000 Redi et al.

= T =y 80
N oo e
S - 80 - :;21;) 0k ¢ a8 2 b
. O — (9,5) n AR | . L) °
' ——— (B, ——= (11,1
g --- (09 By g 60 F ¥ ! ,
g - - (6:5) £ ¥ Particle Lo ss
4 0 : 0 o)
3 . o B0F g
g g = oo u]
H 4F obo o f o o
e i ¥ 0] H m}
N=0,P00/100 v N=1, P00/100 ¥ @ d ]
I =
Al L D | o OF Energy Loss ]
00 02 04 06 08 10 00 02 04 06 08 1.0 0
normalized flux label s normalized flux label s t 20F ]
T
FIG. 13. CAS3D predictions of the largest Fourier components of the most 10k P04 ]
unstable modes for tHe=0 andN=1 instability in configuratiorP00A 00. B P03 PO1 PO? P02
In these calculations the natural resonances have not been eliminated. Iden- by, l’ L ,.. g ' )
tification of the 10 largest Fourier component harmonics is shown. These 15 16
modes are stabilized if the natural resonances are eliminated. ’ Raxis (m) :

. . . o . FIG. 14. Particle and energy loss percentages for twenty-five equilibrium
and. profiles as inP00A 00, but with3 reduced to 1%. This  ¢onfigurations. A unique symbol for each pressure proRIeX, is used to

equilibrium is found stable to the=0 andN=1 modes. designate the particle loss fractions as shown near the bottom of the figure.
The five different equilibrium configurations found with fiveprofiles for
eachPOX, lead to five different, but similar values for the position of the

IV. ENERGETIC PARTICLE TRANSPORT magnetic axis. The energy losses are not differentiated by symbols for each

. POX, but can be identified by the major radius location for each configura-
In recent work with the ORBITMN cod@we have sur-  tjon and the symbol marking the corresponding particle loss percentage.

veyed a variety of quasiaxial stellarators and examined both
thermal and energetic particle transport. It was found that for
a three field period, compact stellarator similar to ration PO1A00. The concave structure of the loss evolution
QAS3_C82 [called QAS353 (1T) in Ref. 19, a neutral with time is characteristic of QA% and is unlike the convex
beam of deuterium ions at 40 keV, injected parallel to thelime evolution plots more typically seen in tokamak beam
magnetic axis, would be depleted in energy by 41% after onéon Orbit simulationg - Over time, more and more ions
slowing down time. We have calculated the effect of thefind their way into loss orbits in the QAS stellarator, while in
various pressure and profiles described above on such a tokamaks, the incremental losses decrease with time. High
beam of heating ions. Only the pressure andependent initial losses from the parallel beam occur because of banana
changes in the magnetic geometry are included in theswidth and “orbit wobble” and are also not found in toka-
simulations, without changes in the deposition profiles or inMaks.

the slowing down and pitch angle scattering rates. Since To investigate the stellarator energetic particle loss char-
peaked pressure profiles lead to more peaked deposition prgc:teristics, we launched an ensemble of 4000 neutral beam
files and reduced losses, future work should include thestns in the baseline configuration, with random initial pitch
deposition profile effects. Because of the strapgpr o) de-  @nd without any pitch angle scattering. Figure 16 shows the
pendence in particle transpBt??we expect that the pro- time dependence of the lost beam ions. Regions of highest
file changes would be of primary importance and that theréarticle density represent locations in energy/pitch space
would be little difference in beam ion loss rates among pres-
sure profiles with a fixed profile.

Simulations for twenty-five equilibridgpressure profiles
P01-PO05 and iota profile$01—105), with deuterium beam
ions at 40 keV and a peaked deposition profile, led to similar
energetic particle losses in every céb@. 14). The P01 and
P00 equilibria give nearly identical results for energetic par-
ticle losses. Thé&01 pressure profile is based on a Gaussian
approximation to the QAS&82 pressure profile, leading to
slightly increased ion loss rates for these equilibria, 45%
after one slowing down time. The figure shows a weak de-
pendence of the particle and energy loss fractions on the
position of the magnetic axis and, specifically, the pressure
profile dependence. The magnetic axes in these simulations
ranged from 1.50 to 1.63 m, depending on the pressure pro- 0.r

file. The statistical error in the particle loss is 0. | — Id It' ' 1.0
— (Nige) I N~ + 4%. slowing down time

0.67

0.4}

0.2r

Particle loss fraction

Figure 15 _ShOWS the time eV_OIUtion of _the fraCtion_ of FIG. 15. Time evolution of beam ion loss froR01/100 during one slowing
beam ion loss in one energy slowing down time for configu-down time.
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g down time

Slowin

Initial pitch

FIG. 16. Time of loss for neutral beam ions RO0A00 orbiting without
pitch angle scattering shown as a function of initial pitch angle. Initial en-
semble of 4000 ions had random initial pitches.

characterized by high particle loss. In an axisymmetric toka-
mak these collisionless losses would occur very rapidly, ang

entirely during the first toroidal orbit. However, in the QAS

a spectrum of longer time scales are observed for the colli
sionless beam ion loss. It is interesting to note the pocket O{Tno

high beam ion losse®).6<\<0.8 for pitch=\=v/v) due
to the collisionless stochastic loss of passing beam ions. Th
phenomenon has been studied analytically by Mymiék

and arises for energetic ions after some energy slowing dow
has occurred. Simulations of alpha loss from the Tokamak

Fusion Test ReactafTFTR)?® which were compared to pel-
let charge exchange measurements of the confined alpha p

chastic collisionless passing alpha parti@®gesulting from
toroidal field ripple.
For the most part these results confirm our expectation

there is little effect on energetic particle transport from the

variations in plasma pressure andrhe P03 cases with the
magnetic axis at 1.5 m, exhibit somewhat reduced energet
particle loss, as ions near the axis are less likely to interse
the last closed flux surface. The4 cases all have somewhat
higher edge. but this was not sufficient to greatly lower
particle losses. We note that the particle transport is onl
slightly greater in regions of MHD stability and slightly
lower in regions ofN=0 mode instability. TheN=1 un-
stable case®02/100, P02101, andP02/102 did not exhibit

clearly reduced particle transport, compared to the kinkc

stable caseB02/103 andP02/104. A case of reduced plasma
B (1%) with P0O0A00, which was chosen to model startup,

has a small magnetic axis shift and reduced levels of neutr%r

beam ion energy transpd7%). The thirty equilibria show-

ing a range of MHD behaviors, are not characterized b)E

greatly different particle transport properties.

V. CONCLUSIONS

S

Robustness and flexibility in compact quasiaxial . . . 2515

beta show that many of the concepts in tokamak MHD are
useful in understanding how instabilities arise in QAS.

The calculations show quantitatively how these changes
in the plasma configuration affect the global ideal MHD sta-
bility and energetic particle transport. Unlike early configu-
rations studied before finding the candidate configuration, in
which variations in plasma boundary shape apdofiles led
to either improved kink stability or improved patrticle trans-
port, but not both; in this study good particle confinement is
not anticorrelated with MHD stability. The variables which
affected stability most strongly are the plasma pressure gra-
dient which is destabilizing, and the edge shear and edge
below 0.5, which were stabilizing. The parameters which
most strongly affected the energetic particle transport are the
Shafranov shift of the magnetic axis and the plasmiaw
shift and highe being correlated with better energetic particle
confinement.

Global and edge localized kink modes are found to be
enerated by pressure profiles peaked near the half radius
nd the plasma edge, respectively, although increased shear
can provide some stabilization. Unstable edge localized
modes are found for most plasmas with edgdove 0.5. In
kamaks, edge current densityhich drives the ELKS in
the QAS simulations here and ELMS in tokamdkmode$
Iz§ppears to stabilize global kink modes. Similarly the QAS
cases with high edge pressure gradients and high edge cur-
fent density displayed ELKS, but not global kink modes.
Energetic particle transport is not strongly dependent on
these changes of pressure angrofiles, although a weak

Mverse de endence on pressure peaking through the result-
ticle distribution, also showed small losses attributed to sto- P P P 9 9

ing Shafranov shift is found. We have recently shown that in
QAS the thermal and energetic particle transport behavior
are correlated® so that we expect these plasmas will also not
differ greatly in their thermal ion confinement. While good

transport and MHD stability are not anticorrelated in these
thirty equilibria, stability only results from a delicate balance

f the pressure and shear stabilization forces. Although the

Haseline design has been shown to be robustly stable relative

to the tokamak vertical instability’, we have shown in Sec.
Il that variations in the pressure andorofiles can lead to

Ywvertical” (N=0 kink modg instability, if the boundary and

B are kept constant. It is important to note that this vertical,
N =0, instability arises only for plasmas which are also kink
(N=1) mode unstable. A new loss process, collisionless sto-
hastic loss of passing beam ions has been found for the
QAS.
A range of interesting MHD behaviors has been found
a large set of equilibria with not dissimilar particle trans-
ort properties. The particular pressure anprofiles used

an be considered as targets for experimental planning to
develop effective methods for plasma fueling, heating, cur-
rent drive, and for coil design. The construction of such a
device will provide an opportunity for interesting and flex-

A series of simulations and calculations varying theible plasma physics experiments against, which modern

pressure andprofiles for a compact quasiaxisymmetric stel-
larator has shown that the stability of tiNe=1 andN=0

families of global ideal MHD is quite dependent on the par-

ticular pressure and profiles chosen. Calculations for fixed

computational plasma theory can be tested.
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