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Abstract
Concernsaboutthe flexibility androbustnessof a compactquasiaxialstellaratordesignare
addressedby studyingthe effects of varied pressureand rotational transform profiles on
expected performanc€&or thirty, related,fully three-dimensionatonfigurationsthe global,
ideal magnetohydrodynamic stability is evaluated as assfinergeticparticletransport. It
is found that tokamak intuition is relevantto understandinghe magnetohydrodynamic
stability, with pressuregradientdriving terms and shearstabilization controlling both the
periodicity preserving, N=0, and the non-periodicity preserVNwfl, unstablekink modes.
Global kink modesare generatedy steeply peakedpressureprofiles nearthe half radius
and edge localized kink modes are found for plasmas with steep pressure priids=ige
as well as with edgerotationaltransformabove0.5. Energeticparticle transportis not
strongly dependenton these changesof pressureand current (or rotational transform)
profiles, although a weak inverse dependenceon pressure peaking through the
correspondingshafranowshift is found. While goodtransportandMHD stability are not
anticorrelatedin these equilibria, stability only results from a delicate balance of the
pressure and shear stabilization forc@srangeof interestingMHD behaviorsis found for

this large set of equilibria, exhibiting similar particle transport properties.

PACS numbers 52.20.Dq, 52.30.Bt, 52.35.Py,52.55.Hc,52.65.-y



I.INTRODUCTION

An intense effort to achieve a stable amell confinedcompactquasiaxialstellarator
(QAS) [1, 2] configuration has led topomisingdesignfor a modestsize experimento be
called the National Compact Stellarator Experiment (NCSX) [3, 4]. New ideas for
symmetricstellaratordesignhavedriven the developmenbf advanceccomputationakools
to evaluateand optimize neoclassicaplasmatransportand magnetohydrodynami@viHD)
stability in fully three-dimensionalgeometries. Computational studies can identify
conditionswhich will increaseor decreasglasmatransportand MHD instability, thereby
making possible the design of a stellarator experimit a rangeof expectedscenariosto
test andimprove our understandingf the underlyingphysics. A plausiblepicture of the
flexibility androbustnesf the designconfigurationcan be projectedbefore construction
begins.

Loss of plasma confinement has been a histopaablemin stellaratorexperiments,
which the new quasisymmetrialesignsare expectedto circumvent. Loss of confinement
can be driven by MHD instabilities and bgoclassicahnd anomaloudransportprocesses.
Very recentlyit hasbecomepossibleto calculatethe probability of these effects for a
particular equilibrium, making use of advancedcomputer packagesas well as high
performance computing platforms. Although developments in anom@msporttheory
are approachinga stageuseful for transport predictions,this paperwill only investigate
predictionsfor neoclassicatransportand ideal MHD stability for one candidateNCSX
design,and thirty relatedequilibria. Such calculationsare now a necessarystep in the

planning of a new experiment.



In Sectionll we discussthe variations of the pressureand rotational transform

profiles consideredfor equilibria which maintaina fixed boundary shapeas well as the

averagd3. The results othe MHD stability and particle transportcalculationsare givenin

Sections Il and IV. Section V provides a summary and conclusion.

[I. THE BASELINE DESIGN AND THE PRESSURE AND ROTATIONAL
TRANSFORM VARIATIONS

The baselinecase,called QAS3 _C82,is the candidatedesign configuration for
NCSX presenteat the 1999 EPSmeeting[3] andat the 1999 APS meeting[4]. Thisis a
threefield period,compactstellaratorwith majorradius1.6 m, and aspectratio 3.5. A

toroidal field of 1T is assumedat the magneticaxis. To assesdlexible performancen a

modest-sized experiment, the VMEC codeifblisedto obtainequilibria at f~3.8%for six
pressureprofiles and five 1 profiles, leadingto 30 related equilibria exhibiting different

stability and transportbehaviors. The rotational transform,1=1/q, is producedby both

externalfield coils and currentsarising from the various sources:the equilibrium-based
pressure-dependetipotstrapand Pfirsch-Schlitercurrents,in additionto the externally
driven ohmic, beam-driven and RF-driven currents. Flux surface cross secgéshs®wnin

Figure 1 for the baseline case.
The pressureprofiles and 1 profiles we considerare shownin Figures2 and 3.
Most stellarator density profiles are broader than the ARIES-like prd@ileshosenfor the

initial design for NCSX. The QAS3_C82 current profile was chdedre similar to that of

a bootstrap current profile in a low collisionality reactor, to enable rapid reactor



performancescaling. The plasmaequilibria obtainedare designated?0X/I0Y as follows:

P0OO0/100 is the baseline QAS3_C82 configuration. PO1,dn0P03 were definedwith P(r)
= P,[exp(-(sb)?)-exp(-16%)]/(1-exp(-16?)). The edge normalizedtoroidal flux label s is
proportional to (r/&@and varies from 0 at the plasma centet @t the plasmaedge. o was
variedso that POlis similar to POO, P02is more peakedthan P01, while PO3is broader
than PO1. For P01, P02 and P83; 0.52, 0.4, 0.7. P04 is a very brogdrabolicpressure
profile defined as P =&1-£)" with a = 0.5. P05 is th@ressureprofile usedin the Helias
reactor studies based on the W7-X design [7], defined by P(2-PLs/7 + 437 ).

The1 profiles are chosen as follows: 101 is lineasjmaintainingthe centrali(0) =
0.26 andthe edgel(1) = 0.47,the sameasin 100. 104 is alsolinearin s, with 1(a) higher
than 0.5. We defind =1(1) -1(0), and Fasthe factor by which the edgeshearis increased

relativeto 101. The 1 profiles 101-104 are written 1(s) = 1(0) + 8(2-F)s + 8(F-1)$. The

parameters(0), d and F are shown in Table I.

In this way we can explore the effectsa rangeof pressureprofiles, suchas might

be generatedhroughon- and off-axis heatingandfuelling scenarioswhile maintainingthe
average and edge valuesi similar to thoseof the baselinecase.By studyingthe equilibria
with thesepressureprofile variationsfor eacht profile, we look for robust and flexible

responsdrom this quasiaxisymmetristellarator. We can also compareto what would be

expected in the axisymmetric, tokamak, case.



(1. MAGNETOHYDRODYNAMIC STABILITY

The global,ideal MHD stability of quasiaxialstellaratordesignsis being evaluated
with the three-dimensionaktability code packagesCAS3D [8-10] and TERPSICHORE
[11]. Recently CAS3D has beenusedto verify and extend calculations[12,13] of the
TERPSICHORECcode, showing stability of the kink (N=1) and periodicity-preserving
(N=0) modesfor the proposedstellarator,evenwithout a conductingwall [14]. The two
codes have been extensively benchmarked against tokamak and qustaHdaraltorequilibia

and have beenfound in good agreemen{14]. Most of the stability calculationsfor the

pressure andscans of this papdravebeenobtainedwith the TERPSICHOREcode. The

CAS3D code package calculations are found in very good agreement, as is shown below.

TERPSICHORE [11] uses an efficient variational method to solve the equation
W, +3W, - w?dWy = O.
Here dW,, dW, dW; and w’ representthe potential energyin the plasma,the magnetic

energyin the vacuumregion, the kinetic energyand the eigenvalueof the system. The

MHD perturbations evolve as ex@f), being unstable ifs* < 0.

Global MHD instability in fully three-dimensionatellaratorsdiffers fundamentally

from that of axisymmetrictokamaks. The toroidal mode instabilitiesin tokamaksare not
intrinsically coupled [9]. They can be identified by unique toroidal mode numbe®, g1,
+2, .... In stellarators,the toroidal modes are coupled through the magnetic field

periodicity. If N¢, is the numberof field periodsof the stellarator,thereare 1+ [ Ng,/2]

independent mode families for decoupled problemdNqJf= 3 asfor NCSX, therearetwo



mode families designatedoy N. The N=0 family, comprisingonly the coupled toroidal

mode numbers n = &3, £6, ... andthe N=1 family, comprisingonly the coupledtoroidal

mode numbersn = 1, +2, £4, 5, ... The N=0 family is called the even parity or

periodicity-preservingnode family while the N=1 family is the odd parity mode and is

non-periodicity preserving. N=dcludesthe “vertical’ instability (n=0) andN=1 includes

the usual externalkink mode (n=x1), familiar in tokamakMHD studies. In stellarators,

both the N=0 and N=1 families describe kink-like instabilities.

With an(r) rangingfrom 0.25to 0.50the resonantvaluesof m/n are from 4 to 2.

Herem specifiesthe poloidal modenumber. The basisfunctionsfor the ideal instabilities
are described in mode selection tables, which incma@adn for theseresonantand nearby
m/n values. Thesetablesthen comprisethe perturbationbasis modesassumedfor the
calculations of theénstabilitiesin the N=1 and N=0 families. Calculationsin this paperuse
108 modesand 68 modes,respectively(see Tablesll and Ill). The stability of each
equilibrium hasbeenevaluatedfor the externalkink and periodicity-preservingnodesfor
48, 68and,in somecases96 surfaces. The TERPSICHOREcalculationswere carriedout
with a pseudoplasmapproximationfor the vacuumregion, settingthe wall distanceto 1.5
minor radii away from the plasma boundary.

Figures4 and5 summarizethe stability of the N=0 and N=1 modesand how it

depends on the pressure af describedn the last Section.Configurationswere denoted

stable on thdasisof a) positive eigenvaluedor the most unstablemode,or b) if the most

unstable mode eigenfunction is a numerical instability, along with convergence studies.



The normaldisplacementsf the unstableeigenfunctiorg, andthe plasmapotential

energychangedW, calculatedwith TERPSICHOREor the N=0 and N=1 mode families,

one for each pressure profilre shownin Figures6-10. The figuresshow the radial shape
of the five largestouriercomponentf eachof the most unstablemodes,aswell astheir
identification (m,n).

The CAS3Dcalculationof & anddW for the P0O2/I00case,in very goodagreement

with the TERPSICHOREcalculationsjs shownin Figure7. The CAS3D2.vaccalculation
of the unstable free-boundary perturbation uses the Green’s function technique for
calculatingthe vacuumcontributionwith a conductingwall at infinite distancefrom the
plasma.The calculationis for 128 flux surfacesuses108 perturbationharmonicsand has
the natural resonances eliminated (see discussion below of Figures 12 and 13).

The CAS3D codepackage[9] solvesthe sameproblemas doesTERPSICHORE.
The calculations are based on the plasma potential energy

W, =172 fffd’r [ICF- A€+ 09)” + yp(+&)7]

associatedvith the displacement. In Figure 7d, C!, C? and C* are componentsof the

vector C, which stabilizesthe plasmaenergyintegral. C* describeghe field line bending
energy, € depends on the local shear ahd parallel currentdensity, while C* is the field
compressiorenergy. OW is the total potentialenergychangedueto the presenceof the
instability.

Destabilization is driven by the second term ip With the current densityin A,

A =2 |0s[*(j xOs)» (BeO)Os



driving instability, modulated by thelasmacurvatureandthe local shear. The third term
in W, is stabilizing. It is proportionalto yp, wherey is the ratio of the specificheatsand
describes the energy associatgth field compression. The codeversionusedhereis for
incompressible mode§i¢& = 0) and therefore the stabilizingrm proportionalto yp does
not contribute.

We find that pressure profile POO is stable to the kinkthegberiodicity-preserving

modes for all of the profiles. P04, on the othéand,is unstableto both modeswith all of
thel profiles tested. The PO1 and P02 pressure profiles are stable to N=Ongéatzeswith

all 1 profiles. The remainingcasesexhibit either stability or instability dependingon the 1

profile studied. With the very peaked pressure profile, PO2extexnalkink is unstablefor

100, 101 and102, but is stabilizedwith 103 and104. The higher edgel and increasededge

shear ofthesetwo 1 profiles serveto stabilizethe kink for a very peakedpressureprofile.

The pressure profile characteristic of the Helias reactor studies ba¥éd-gneadsalsoto

a stableexternalkink for all 1 profiles exceptlO4, wherethe naturalresonanceat1 = 0.5is

destabilizing.For each pressureprofile the unstablemodesfound were stabilized for 1

profiles havingincreasededgeshear,exceptfor the broad“H-mode” pressureprofile, P04.
Many of the stability calculationsat 48 and even 68 flux surfacesexhibitedvery rapidly
varying numerically unstableeigenfunctionswith further convergencestudiesat 96 flux
surfaces being necessary.

The VMEC codewas usedto generateFigure 11, which shows how the parallel

currentdensity peaksnearthe plasmaedgeanddrivesthe kink unstablefor caseP04/100.



The parallel current density is plotted for two configurationswhich were stable and

unstable to the N=@ndN=1 instabilities. Holding 1 fixed at the plasmaedgeleadsto this

result from the force balancellP = jxB [15], Theseinstabilities are relatedto the edge

localizedmodes(ELMS) seenin tokamaksduring high heatingpower H-mode operation.
The influence of the edge current density in driving such edge localized magels known
[16]. The QAS edgelocalizedkink modes(ELKs) arealsoknown in tokamaksas “peeling
modes”, and are sometimes precursors to disruptions.

The TERPSICHOREcalculationswere carriedout with a “detuning” factor which
smoothsthe parallel currentdensity profile, at the radial locationswith 1=3/m or 6/m, €tc.
At theseMercier unstablepoints for QAS3_C82(seeFig. 12), the CAS3D calculations
show that a locally diverging parallel current densityich appearsat 1=3/7 (s= 0.8) drives
kink and vertical instabilities, if resonant contributions are included. This is not fowsd
assumehat anislandforms with a locally flattenedpressureprofile (Cp=0 in the vicinity
of the rational surfaces)or, equivalently,if the naturalresonancesre eliminatedfrom the

calculation. Then the locally diverging parallel current density is suppressedand the

corresponding singularities do not appear.

The normal displacmenis of the N=0 and N=1 instabilities ashownin Figure 13
for the case P00/I00 as calculatedwith CAS3D2.vac without eliminating the natural
resonancegFig.12) and without a locally reducedpressuregradient. The largest Fourier

componentsof the N=1 and N=0 families are shown. The calculationswere for free-

boundary perturbationsfor which the vacuum part was computed using the Green’s
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function techniquewith a conductingwall at infinite distancefrom the plasma.128 flux
surfaces and 68 perturbation harmonics were used for thdadsly, and 108 perturbation
harmonics for the N=1 family.

An additional set of calculationswas carried out to model one possible startup

condition, keeping the pressure armfofiles as in PO0/I00, but witB reducedto 1%. This

equilibrium is found stable to the N=0 and N=1 modes.

IV. ENERGETIC PARTICLE TRANSPORT

In recentwork with the ORBITMN code [17] we have surveyeda variety of
quasiaxialstellaratorsand examinedboth thermal and energeticparticle transport. It was
found that for a three field period, compact stellarator similar to QAS3_C82 (called
QAS3_53 (1T) in Refl7), a neutralbeamof deuteriumions at 40 keV, injectedparallelto

the magneticaxis, would be depletedin energyby 41% after one slowing down time. We

havecalculatedthe effect of the variouspressureandi profiles describedaboveon sucha

beam of heating ion®©nly the pressureand1 dependenthangesn the magneticgeometry

are included in these simulations,without changesin the deposition profiles or in the
slowing down and pitclanglescatteringrates. Sincepeakedpressureprofiles leadto more

peaked deposition profiles ameducedosses future work shouldincludethesedeposition

profile effects. Becauseof the strongq (or 1) dependencen particletransport[18-20] we
expectthat the 1 profile changesvould be of primary importanceandthat there would be

little difference in beam ion loss rates among pressure profiles with a fprefile.
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Simulations for the complete sequenceqtilibria, with deuteriumbeamions at 40
keV anda peakeddepositionprofile, led to similar energeticparticle lossesin every case
(Fig. 14). The PO1 pressureprofile is basedon a Gaussianapproximationto the
QAS3_C82 pressurprofile, leadingto slightly increasedon lossratesfor theseequilibria,
45% after one slowing down time. The figure sh@awvseak dependencef the particleand
energyloss fractions on the position of the magneticaxis and, specifically, the pressure
profile dependence. Thmeagneticaxesin thesesimulationsrangedfrom 1.50m to 1.63m,
depending on the pressure profile. Etatisticalerrorin the particle 0SS is ~ (Nis)* Mot
~ +4%.

Fig. 15 showsthe time evolution of the fraction of beamion loss in one energy
slowing down time for configurationP01/I00. The concavestructureof the loss evolution
with time is characteristiof QAS [17], andis unlike the convextime evolutionplots more
typically seenin tokamakbeamion orbit simulations[19, 20]. Over time, moreand more
ions find their way into loss orbits in the QAS stellarator, while in tokamaks, the
incrementallossesdecreasevith time. High initial lossesfrom the parallel beam occur
because of banana width and “orbit wobble” and are also not found in tokamaks.

To investigatethe stellaratorenergetigparticle loss characteristicsye launchedan
ensemble o000 neutralbeamions in the baselineconfiguration,with randominitial pitch
andwithout any pitch anglescattering. Figure 16 shows the time dependenc®f the lost
beamions. Regionsof highestparticle density representiocationsin energy/pitchspace
characterisedby high particleloss. In an axisymmetrictokamakthesecollisionlesslosses

would occur very rapidly, and entirely during the first toroidal orbit. However, iItQi8 a
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spectrumof longer time scalesare observedfor the collisionless beamion loss. It is

interesting to note the pocket of high beam ion lossesX@@8 for pitch = A = v,/v) due

to the collisionless stochastic loss of passing beam ions. pfikisomenormasbeentermed
“bucket transport” by Mynick [21,22] and arisesfor energeticions after some energy
slowing down has occurred. Simulations of alpha loss fféfR which were comparedo
pellet charge exchange measurements of the confined alpha particle distrédabeshowed
small losses attributed to stochastic collisionless pasdpigparticles[23], resultingfrom
toroidal field ripple.

For the most part theseresults confirm our expectationsthere s little effect on
energeticparticle transportfrom the variationsin plasmapressureandi. The P03 cases
with the magneticaxisat 1.5 m, exhibit somewhatreducedenergeticparticle loss, as ions
nearthe axis arelesslikely to intersectthe last closedflux surface. The 104 casesall have
somewhat higher edgebut this was nosufficientto greatlylower particle lossesWe note
that the particle transportis only slightly greaterin regionsof MHD stability andslightly

lower in regionsof N=0 modeinstability. The N=1 unstablecasesP02/100,P02/101 and

P02/102 did not exhibit clearly reduced particle transpmimparedo the kink stablecases

P02/103 and P02/104. A case of reduced plaBr(ieo) with PO0/100,which was chosento

model startup, has a small magnetic atigt andreducedevelsof neutralbeamion energy
transport (37%). The thirty equilibria showing a range of MHD behaviors, are not

characterized by greatly different particle transport properties.
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V. CONCLUSIONS

A seriesof simulationsand calculationsvarying the pressureand 1 profiles for a

compact quasiaxiatellaratorhasshownthat the stability of the N=1 andN=0 families of
global ideal MHD is quite dependenton the particular pressureand | profiles chosen.
Calculationsfor fixed edgepoloidal flux and fixed plasmaboundary shapeat 3.8% beta
show that many of the conceptsin tokamak MHD are useful in understandinghow
instabilities arise in QAS.

The calculations show quantitatively halesechangesn the plasmaconfiguration
affect the global ideal MHD stability and energetic particle transport. Unlike early

configurationsstudied before finding the candidateconfiguration,in which variationsin
plasmaboundaryshapeand profiles led to eitherimprovedkink stability or improved
particle transport, but not both; in this study good particle confinermertt anticorrelated
with MHD stability. The variableswhich affectedstability most strongly are the plasma
pressure gradient which is destabilizing, and the edge shear andbetige 0.5,which were
stabilizing. The parameters which most strongly affetedenergetigparticletransportare
the Shafranovshift of the magneticaxis and the plasmart; low shift and high 1 being
correlated with better energetic particle confinement.

Global and edge localized kink modes are found to be generatedsureprofiles

peaked neathe half radiusandthe plasmaedge,respectively althoughincreasedshearcan

provide some stabilization. Unstable edge localized modes are filmunbst plasmaswith

edgel above0.5. In tokamaksedgecurrentdensity (which drives the ELKS in the QAS
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simulationshereand ELMS in tokamakH-modes)is found to stabilizeglobal kink modes.
Similarly the QAS caseswith high edgepressuregradientsand high edgecurrentdensity
displayed ELKS, but not global kink modes.

Energetic particle transport is nstrongly dependenbn thesechangesf pressure

and 1 profiles, although a weak inverse dependenceon pressurepeaking through the

resultingShafranowshift is found. We haverecentlyshown that in QAS the thermaland
energetiparticle transportbehaviorare correlated[17], so that we expecttheseplasmas
will also not differ greatly in their thermalion confinement. While good transport and
MHD stability are notanticorrelatedn thesethirty equilibria, stability only resultsfrom a
delicate balance of the pressure ahdarstabilizationforces. Although the baselinedesign

hasbeenshownto be robustly stablerelative to the tokamakvertical instability [13], we

have shown in Secion Il thagriationsin the pressureandi profiles canleadto “vertical’

(N=0 kink mode)instability, if the boundaryand3 arekept constant. It is importantto

note that this “vertical”, N=0, instability arises only for plasmas wiaicalsokink (N=1)
mode unstable.
A rangeof interestingMHD behaviorshavebeenfound for a large setof equilibria

with not dissimilar particletransportproperties.The particular pressureand | profiles used
can be consideredas targetsfor experimentalplanning to develop effective methodsfor
plasma fuelling, heating, current drive and for coil desighe constructionof sucha device

will provide an opportunityfor interestingand flexible plasmaphysicsexperimentsagainst

which modern computational plasma theory can be tested.
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Tablel Parametersof rotational transform profiles, 1(s) = 1(0) + 8(2-F)s + 3(F-1)s%.
Profile 1(0) o F

01 026 021 1.0

102 026 021 15

03 026 021 20
104 026 026 1.0
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Tablell Basis functions (68 modes) used for calculations of the N=0 family most
unstable eigenfunctions.

m=012345678910111213
n

-4 00000000000 O O O
-3 011111111111 11
-2 00000000000 O O O
-1 00000000000 O O O
0 01111111111 111
1 00000000000 O O O
2 00000000000 O O O
3 11111111111 111
4 00000000000 O OO
5 00000000000 O O O
6 11111111111 1 11
7 00000000000 O O O
8 00000000000 O OO
9 11111111111 1 11
10 00000000000 O OO
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Tablelll  Basisfunctions (108 modes) used for calculations of the N=1 family most
unstable eigenfunctions.

m=012345678910111213

n

-8 0000000000 O O O O
-7 0000000000 O O O O
-6 0000000000 0O O O O
-5 0111111111 1111
-4 0111111111 1111
-3 0000000000 0 O O O
-2 011111711111 1111
-1 0111111111 1111
O 000000OOOCO O O O O
1 111111711111 11 11
2 1111111111 1111
3 0000000000 O O O O
4 1111111111 1 111
5 1111111111 1111
6 0000000000 O O O O
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Figure Captions

Figure 1. Flux surfacecrosssectionsof QAS3_C82at toroidal angleg = 0°, 9¢°, 18¢° and

27C within each field period.
Figure 2. Pressure profiles studied for their effect on stability and transpbe flux label

s is the edge normalized toroidal flux, and is proportional tc(r/a)

Figure 3.1 profiles studied for their effect on stability and transport. The flux lsimzethe

edge normalized toroidal flux.

Figure 4. Stability diagram for N=1 mode family for thirty equlibrium configurations.
Figure 5. Stability diagram for N=0 mode family for thirty equlibrium configurations.
Figure6. TERPSICHOREcalculationof the unstablekink mode for P01/104. The largest
Fouriercomponentsare(2,1), (4,2), (8,4), (3,1), and (10,5). The flux label s is the edge
normalized toroidal flux.

Figure7. TERPSICHOREand CAS3D calculationsof the unstableexternalkink mode for
P02/100. This is the odd parity perturbation, calculatedfor 128 flux surfaces,108

harmonics and the N=1 family. The flux label s is the edge normalized toroidal flux.
Figure 7a: The largest Fourier componentsof the normal displacement¢ from the
TERPSICHORE calculation are (3,1), (4,1), (5,2), (6,2), and (5,1).

Figure 7b: TERPSICHOREcalculationof the flux surfaceaveragedenergyassociatedvith

the normal displacement shown in Fig. 7a.

Figure 7c: The largestFouriercomponentf the normaldisplacemeng, from the CAS3D

calculation are (3,-1), (4,-1§6,-2), (5,-2),and(5,-1). The two codepackagesisedifferent

22



conventiondn the Fourierseries.CAS3D definesf(s,0,¢9) = Zn n fmn COS [2T(MO + Nn@)],
while TERPSICHORE defines {&¢) =%, ,fnn cOs [2T(mO - ng)],

Figure 7d: CAS3D calculationof the componentof the flux surfaceaveragedenergy,dW,

associated with the normal displacement shown in Fig. 7c.

Figure 8. TERPSICHORE calculation of the unstable kink@eribdicity conservingmodes
for P03/104. The largest Fourier components of the N=1 family are (4,2), (2013), (5,2),

and (8,4). The largest Fourier components of the N=0 faandy6,3), (12,6), (7,3), (11,6),

and (5,3). The flux label s is the edge normalized toroidal flux.

Figure 9. TERPSICHORECcalculation of the unstablekink and periodicity-conserving
modesfor P04/102. The largestFourier componentsof the N=1 family are (9,4), (2,1),

(11,5), (3,1), and (8,4)The largestFouriercomponentf the N=0 family are(7,3), (6,3),

(13,6), (8,3), and (12,6). The flux label s is the edge normalized toroidal flux.

Figure 10. TERPSICHORECcalculationof the unstablekink and periodicity conserving
modesfor P05/I04. The largestFourier componentsof the N=1 family are (4,2), (2,1),

(10,5), (8,4), and (5,2). The largest Fourier components dfitiiefamily are (6,3), (12,6),

(7,3), (11,6), and (5,3). The flux label s is the edge normalized toroidal flux.

Figure 11. Parallel currenjs8)/<C¢g*B>, for anideal MHD unstablecaseandfor a stable
case, as calculated with VMEC. Only the nonresonant pgBaf included.

Figure 12. Mercier instability criterion for configuration POO/IOthe resonantpart of j¢B

has beeraccountedor, giving the Mercier resonanceglentified by D,. The profiles of the

plasma pressure amdére shown.
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Figure 13. CAS3D predictions of the largest Fourier componentsof the most unstable
modesfor the N=0 andN=1 instability in configurationP00/100. In thesecalculationsthe
natural resonancedave not been eliminated. Identification of the 10 largest Fourier
componentharmonicsis shown. Thesemodesare stabilizedif the naturalresonancesire
eliminated.

Figure 14. Particle and energyloss percentagedgor thirty equlibrium configurations. A

unique symbol for each pressure profile, POX, is used to designgiartiede loss fractions

as shown near the bottom of the figure. Tite different equilibrium configurationsfound

with five 1 profiles for each POX, lead to five different, but simWatuesfor the position of

the magnetic axis. The energy losses are not differentiated by symbols for eadtueak,
be identified by the major radius location for eaomfigurationandthe symbol markingthe
corresponding particle loss percentage.

Figure 15. Time evolution of beam ion loss from P01/100 during one slowing down time.
Figure 16. Time of loss for neutral beamions in PO0/I00 orbiting without pitch angle
scatteringshown as a function of initial pitch angle. Initial ensembleof 4000 ions had

random initial pitches.
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