7. Configuration Robustness and Flexibility

The QPSreference configuratiomas optimized for good neoclassical confinement and MHD
stability and bootstrap alignment@tl= 2%. The QPS modular coils, along wikie value of the
current in the outer VF coils and the auxiliary Ti€ld, werethen optimized to reconstruct the
desired physicperformance obtainetbr the original fixed-boundary configuration, subject to
engineering constraints othe coils. The plasma obtainedrom a free-boundaryVMEC
reconstructiorwas found tchave approximately the sarplysics properties (stabilityransport,
aspect ratio) as thiexed-boundary configuration fothe samepressure andurrent profilesthat
were used in the original fixed-boundary configuration optimization.

However, to be useful for physics studies the QPS experiment must also:
(1) have good flux surfaces for the vacuum configuration (to promote ease of start-up);

(2) have a path from the initial (vacuum) state to the optimized (Brotdow v*) state
(accessibility);

(3) berobustenough that it does not require only the optimized pressure and current profile for
good performance (robustness against profile uncertainties and perturbations); and

(4) beflexible enough to explore a range of interesting magnetic configurations, not just the
optimized magnetic configuration (flexibility).

7.1. Quality of the Vacuum Configuration

A requirementfor a usefulstellarator experiment is that should have good flux surfaces in
vacuum. This is necessary for batbnfirming that there are no significant fieddrors in the
external coil configuration (as compared with the calculated vacuum configuratiorihaalmiv-3
(low-power or lowv*) plasma configurations should laecessibldor experimentaktudy. Also,

poor vacuum surfaces generally lead to poor plasma confinement and make it difficult to obtain the
higher-parameter plasmas of interest.

Vacuum flux surfaces are calculated by followmggnetic field linesvith the AVAC Biot-Savart
code.[1] Convergence studies show that accurate results for the flux surfac@$ aredobtained
when each coil is represented by 100 segmentdielddines arefollowed for up to 10Goroidal
transits. Figure 7.1 showtbe last closedlux surface (LCFS)obtainedfor the free-boundary
VMEC vacuum case and thiix surfacesobtained by following fieldines. Bothare calculated
usingthe same representatiéor the coils and the same current in thedular, VF,and TFcaoil
sets. While VMEC assumes good flux surfaces arahnot calculate magneiglands or ergodic
regions, AVAC makes no such assumption. thesecoils, excellent agreement @btained, and
only a small region at the edge has broken surfaces. Theluase inthe leftside of Figure 7.1
is for the same current in the outer VF coildasthe [B0= 2% referencease. The rightside of
Figure 7.1 shows that a reasonable fit is also obtained when the outer VF coil current is reduced by
a factor 2 and the plasma is allowed to shift outward. In Figure 7.1, the flux surfaces from
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Figure 7.1. Flux surfaces from following field lines and the LCFS obtained from the free-
boundary VMEC code for the vacuum case wjthe1204 kA (left) and 100 kA (right).



following field lines with AVAC are shown in color and the ouserrfacesobtained fronthe free-
boundary VMEC calculation are indicated by the outer black curve.

7.2. Accessibility of the Reference Configuration

Given goodvacuum fluxsurfaces,another requirement is that the optimiz&ute-3 magnetic
configuration be accessible frattme initial (vacuum) state. Thisapabilityhasbeen examined by
calculating a sequence of finifiefree-boundary equilibria in whictie pressureprofile shape was
held fixed and the value gi[lwas varied from 0 to 2% (Figure 7.28)his modifies theotational
transform profile and shear as shown in Figure 7.2b. The main effect on the stiaeGES is

a smalloutward shift (Figurer.3), except at the half period locatiqFigure 7.3c) where the
surface becomes more triangulaBascreases. Aimilar effect can be obtained by changing the
vertical field, as indicated in Figure 7.1.
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Figure 7.2. Varying the peak value of the pressure for a fixed profile shape (a) changes the shear
in the rotational transform profile (b).

All the cases inthe sequence ar®iHD stable toballooning, kink,and vertical modes. The
ballooning growth rate as calculated by the COBRA code is shown in Figuréhedneoclassical
confinement improves dBllincreases as indicated in Figure 7.5 by the decreabe DKES L11
transport coefficients. Here L11 is the transport matrix coefficient relpdirigle (or energy) flux

to the density (or temperature) gradient obtained from the DKES code. The corresponding value of
the particlediffusivity D or the heatdiffusivity X is obtained by integrating thgroper energy
moment over the distribution function.
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Figure 7.4. Ballooning growth rate normalized to the Alfven time as a function of the toroidal flux
variables (O [r/a]z) for the sequence shown in Figure 7.2.
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Figure 7.5. DKES L11 transport coefficients on 8% 0.3, 0.5, and 0.7 surfaces as a function
of for the sequence shown in Figure 7.2.

7.3. Robustness of the Reference Configuration

7.3.1. Profile sensitivity.

The pressure and surface-averaged parallel current profiles for the reference case plsisovenare
in Figure 7.6. The reference current profile was chosgual to theébootstrap current (this is so-
called bootstrap “alignment” witthe equilibriumcurrent). Totest the sensitivity of the reference



case to th@ressure andurrentprofiles, test profilesthat areboth more andesspeaked than the
reference case wenhosen. These profilesareshown in Figure 7./and are consistentith the
NCSX reference profiles [2].
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Figure 7.6. Reference pressure and surface-average parallel current profiles as a function of the

normalized toroidal flux variable, S ~ (Fla)
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Figure 7.7. Test pressure and parallel current profiles. The reference profiles are shown in blue.
For the pressure profiles, both a more peaked (red) and a flatter (green) profile were
used. For the field-aligned current, an Ohmic profile (green) and a bootstrap profile
with lower edge current (red) were used.
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Effect of Profiles on PlasmaShape. All of these cases weren at[B]= 2% with atotal
toroidal current of 60 kA. The effect of tvarious current profiles othe plasmahape isshown
in Figure7.8. Thecases shown in Figuré8 wereall with the referencg@ressure profile. The
effect of the different pressure profiles on the plasma shape is weaker than the effecaabtize
currentprofiles. While the plasmahape is sensitive to changes [[fi] and thetotal toroidal
current, it is only weakly affected by modifications in the pressure and current profiles.

Effect of Profiles on Rotational Transform. The rotationatransform profileis, of course,

more sensitive to modifications of the current profiled, to a lesser extenthanges in the
pressure profile. Figure 7.9a shows the rotational transform profileésefdhree different current
profiles withthe referenc@ressure profile. Using aBdhmic currentprofile, a weakly reversed
shear profile is obtainedThe two bootstrapcurrent profiles (the reference case #mel low-edge
current case) have similar rotational transform profiles. Figure 7.9b shows the rotational transform
profiles for the three different pressure profiles with the reference current profie.variation of

iota with the different tespressure profiles isimilar for the other test currerprofiles. The
pressureprofile only has alarge impact on the rotationtensform ifthe current is forced to be
bootstrap consistent (which was not the case for these calculations).

Effect of Profiles onMHD Stability. The effect of the tegirofiles on ballooning stability is
shown inTable7.1. The referencg@ressureprofile is stable aff1= 2% for the two bootstrap
current profiles but the majority of surfaces are unstable for the Ohmic cprodite. Indeed, for
the Ohmiccurrent profileall the cases were unstable on naajority of the surfaces (cases
highlighted in red in Table 7.1). Thislikely due to thevery flat iota profile associatedith the
Ohmic current profile as shown in Figure 7.9a. Both the flatter and more pa@ssdre profiles
had regions of localized, weak ballooning instability for both the reference cprodité. This is
also the casefor the more peakegressureprofile with the low-edge current bootstrap profile
(cases highlighted in yellow in Table 7.1). This ceae be made stable bgwering [B0to 1.9%
(this wastested and confirmefibr all the cases) or possibly by slightly modifyirtge pressure
profiles (this wasnot tested). The flatter pressureprofile with the low-edge current case was
unstable over roughly a quarter tbe surfaces with anaximumgrowth rate similar to th€Dhmic
cases. If the case is mstable onall surfacesthe numbersindicate the largest balloonirgyowth
rate (normalized to the Alfvén time) and the fractiorsoffaces unstable. Growthtes >0.05 in
these unitsare considered significant and difficult to stabiliséth modest pressur@rofile
variations. More details on the effect@hmic current on ballooning stability are described in the
section 7.4.1.

Table 7.1. Effect of profiles on the ballooning stability.

<J-B>! P- Reference Flatter More Peaked

Reference Stable 0.052; 6/41 0.016; 3/41

Ohmic

Low-edge bootstra Stable 0.028; 6/41
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Figure 7.8. Cross sections of the outer flux surface at 0, 1/4, and 1/2 field periods. These cases
are virtually indistinguishable, but, for reference, have colors that correspond to the

different current profiles shown in Figure 7.5.
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Figure 7.9.Rotational transform profiles for the (a) test current profiles with the reference
pressure profile and (b) test pressure profiles with the reference current profile.

Effect of the Test Profiles onConfinement. The effect of the profile variation omansport
was analyzed using the DKES transport code. The radial transport coefficient, LTthjoubsed
on three radial surfaceS= 0.3,S= 0.5, andS= 0.7. The L11transport coefficientfor all the
combinations of tegpressure andurrent profilesareshown inTable 7.2. Forall the pressure
profiles, the Ohmiccurrent profile had théowest transport coefficients. This ligely a result
primarily of the larger rotationdransform associated witthe Ohmiccurrentprofile. For the
outermost surface teste8 € 0.7), the variation of L11 i£6% around araverage 00.78. The
pressureprofile variation seems to have a westfect on thetransport coefficients (thexception
being L11 on th& = 0.3 surface forthe cases with a®hmic currentprofile). Weconcludethat
the transport is not sensitive to profiles.

Table 7.2. Effect of profiles on confinement as measured by the DKES transport code.

Reference Flatter More Peaked
<J-B>1 P-1s=03,05 07 s=03,05, 0.7 s=0.3,05, 0.7
Reference 1.06; 0.91; 0.8)f 1.07; 0.93; 0.82 1.07; 0.90; Q.79
Ohmic 1.06; 0.77; 0.74 0.81; 0.79; 0.15 0.81; 0.75; 4.73
Low-edge bootstrap 1.02; 0.88; 0.f8 1.03; 0.89; 0.79 1.03; 0.86;(0.77



7.4. Configuration Flexibility

The sets ofmodular coils, TF coils, VF coils,and theOhmic current solenoid provide the
flexibility needed to modify the plasma configuratiorstady modifications of equilibrium surface
quality, MHD stability, and neoclassictiansport. Different currents inthe modular coils allow
changing rotational transform and shear, the helical axis excursion, the mirrardineftbnent, the
plasmashape,and the plasma aspeettio. Currents irthe VF coils carshift the magneticaxis
radially andshapethe plasmasurface. Currents ithe auxiliary TF coils 4B = +0.15 T) can
change rotational transform astlear,and the OHsolenoid(+0.15 V-s) can beused todrive a
plasma current and change or revargemagnetishear. The combination can besed torepair
outer flux surfaces that were destroyedniggneticislands,induce magneticsliands to bound the
plasma orfor open divertorstudies,and testmagneticislands control and neoclassidalring
modes stability.
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Figure 7.10. Cross sections of free-boundary flux surfaces at the beginning, 1/4, and 1/2 of a
field period for dpB= 2% equilibrium with a 60-kA self-consistent bootstrap current
profile (top row) and a 60-kA Ohmic current peaked on axis (bottom row).



7.4.1. Ohmic current.

The QPS experiment will have the capability to openatk both Ohmic-driven current and boot-
strap-aligned current. This nfirmed in Figure7.10 which shows the free-boundary flux
surfaces fothe [B0= 2%, bootstrap= 60 kA case and a case wippil= 0 and bhmic = 60 KA.
The finitef3 bootstrap current antie Ohmiccurrent produce have different current distributions
and produce different rotational transform profifesth opposite sign othe magneticshear), as
shown in Figure 7.11.

A sequence oB[l= 0 free-boundary VMEC calculations was done whil plasmaDhmic current
varied throughthe similar values as in th@[0= 0 to 2% sequence in Figur&s2 and 7.3.
Figure 7.12 shows the assumed current density profiles and the regultagghe Ohmiccurrent
is increased from 0 to 60 kAThe same improvement in neoclassical confinemetfit increasing
current is seen in both cases (Ohmic vs. bootstrap current) dieepdédferences in theransform
profile, as illustrated in Figure 7.13.

Figure 7.12 shows that the Ohmic current solenoid can be used to change the shstmllfrator
shear (stabilizing) tdokamak shear (destabilizingjor studies ofmagneticisland control and
stabilization of neoclassical tearing modes.
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Figure 7.11. Free-boundary calculations of the rotational transform profile and current profile for
Ohmic and bootstrap current for the QPS reference configuration.
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Figure 7.12. Ohmic profiles of field-aligned current and rotational transform as a function of the
normalized toroidal flux.
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Figure 7.13. DKES L11 transport coefficient evaluated ors th8.7 surface as a function of the
total toroidal current for an Ohmic current scdB(at O and for thgs scan shown
in Figure 7.2.

7.4.2. Vertical Field control.

The vertical field coils can besed forcontrolling plasmaositioning, shapeand rotationatrans-
form. Theplasma equilibrium in th@PSdevice is sensitive to the current in the exteweslical
field coils. Vertical field scans have been conducted atBoth 0 andBU= 2%.



The rotational transform profiles af3= = 0 for different values of the current in tiertical field

coils areshown in Figure7.14. Asthe current in the VF coils becomes maregative, the
rotational transform profile increases time core and decreases at duge,reducing theshear
acrossthe profile. The fieldfrom the VF coilsshifts the plasma to smaller majoadius as the
current in the VF coils becomes more negative. The minor radius is relatively unchanged as the VF
coil currentchanges. The resulting variation of the aspect ratidriam 2.88 to 2.47 as,} goes

from O to —200 kA, (-204 kA ishe nominaldesign pointfor the referenceconfiguration). The
variation inR andR/a is shown in Figure 7.15.
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Figure 7.14. Rotational transform profiles as a function of the toroidal flux va8éiiehe
reference configurationfat O for different values of the current in the external
vertical field coils.

At finite B (IBC= 2%), the plasma equilibrium was more sensitive to variatiottgeinerticalfield.
The VF coilcurrent, |, wasvaried from-185 to —216 kA(the valuefor the reference case is
—205 kA). Within this rangethe effect on the rotation&dansform profilewas weak though the
trend was the same as in the zbeta case: oaxis, | rises from0.23 to 0.24,and at theedge,l
drops from0.40 to 0.39 as,} goes from —185 to —216 kAThe plasma remained ballooning
stable throughout this variation ifp] TheDKES L11 coefficients had a 5% variation within this
range of variation of } (with L11 decreasing ag:/became more negative). The effect of varying
the current in the vertical field coils on the plasma shaghasvn in FigureZ.16. The field from
the VF coils shifts the plasma to smaller major radiuth@surrent in the VF coils becomes more
negative.
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Figure 7.15. Variation of the major radius, R, and aspect Riipat[B[J= 0 as a function of the
current in the vertical field coils.
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Figure 7.16. Cross sections of the outer surfaces of free-boundary equililfsie=284: for the
reference case for different values of the current in the vertical field coils.



7.4.3. Auxiliary TF Coils.

The QPS experiment will have the flexibility to vary the external toroidal field by roughs T,
or +15% at <|B|> =1 T and £30% at <|B|> = 0.5 T. tdsi the effect of varying external toroidal
field on the plasma&quilibrium, the current in the toroidal field coilsas varied by+20% and
+40% fromthe reference value @59 kA. Overallthis variation hadittle effect on theplasma
equilibrium. The rotationakransform profiles for this scaare shown in Figure7.17. As the
magnitude of the current in the external toroidal field coils is increased from 156388 thA, the
edge rotational transform increases from 0.38 to 0.41. This is dloe tact that the toroidal field
generated by the external toroidal field calsbtracts fronthe toroidal field generated by the
modular coils.
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Figure 7.17. Rotational transform profiles for the reference case with the current in the external
toroidal field coils varied by +40% around the reference value of —257 KA.

The effect of the external toroidal field on the plashape is shown in Figuré.18. As the
current in the toroidal field coils becomes maregative,the plasmatends tobecome more
elongated and in the 1/2 field period cross section it also becomes more triangular.

7.5. Summary.
Our studies indicate the following.
» Good vacuum magnetic surfaces exist for a range of mid-VF currents.

» The reference configuration wiB(= 2% is accessible via a sequence of stable configurations
with good transport at progressively higlfieand self-consistent bootstrap current starting with
3 = 0and no toroidal current.

» Pressure profile variations have a weaker effect on plasma shape than current profiles, but
both have a weak effect.
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Figure 7.18. Variation in the outer surfaces as the cases shown in Figure 7.17.

 Ballooning stability is more sensitive to pressure profiles than current profiles. Both flatter and
more peaked profile¢ead to decreasestability. Ohmic-like currentprofiles are generally

destabilizing.

Transport is generally insensitive to profile variations.

Ohmic current profiles reverse the sign of the shear from stellarator-like to tokamak-like shear.

Transport improves with increasing current for both Ohmic currefits @&and bootstrap
current with self-consistent betas.

Changing vertical fields results in a weak variation of the shear with modest variations in the
plasma position, shape and confinement (for VF currents from —185 to —216 kA with a —204 kA

reference level).



» The auxiliary TF field is mainly useful for tuning edge transform values for optimum surface
quality.
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