Physics Basis for High-Beta, Low-Aspect-Ratio Stellarator ExperimentsG.˚H.˚Neilson, A.˚H.˚Reiman, M.˚C.˚Zarnstorff, A.˚Brooks, G.-Y.˚Fu, R.˚J.˚Goldston, L.-P.˚Ku,Z.˚Lin, R.˚Majeski, D.˚A.˚Monticello, H.˚Mynick, N.˚Pomphrey, M.˚H.˚Redi, W.˚T.˚Reiersen,J.˚A.˚SchmidtPrinceton Plasma Physics Laboratory, Princeton, NJ˚˚08543S.˚P.˚Hirshman, J.˚F.˚Lyon, L.˚A.˚Berry, B.˚E.˚Nelson, R.˚Sanchez1, D.˚A.˚SpongOak Ridge National Laboratory, Oak Ridge, TN 37831A.˚H.˚BoozerDept. of Applied Physics, Columbia University, New York, NY 10027W.˚H.˚Miner, Jr., P.˚M.˚ValanjuUniversity of Texas at Austin, Austin, TX 78712W.˚A.˚Cooper�cole Polytechnique F�d�rale de Lausanne, Lausanne, SwitzerlandM.˚Drevlak, P.˚Merkel, C.˚NuehrenbergMax-Planck-Institute for Plasma Physics, D-17491 Greifswald, GermanyHigh-beta, low-aspect-ratio (�compact�) stellarators are promising solutions to theproblem of developing a magnetic plasma configuration for magnetic fusionpower plants that can be sustained in steady-state without disrupting. Theseconcepts combine features of stellarators and advanced tokamaks and have aspectratios similar to those of tokamaks (2-4). They are based on computed plasmaconfigurations that are shaped in three dimensions to provide desired stability andtransport properties. Experiments are planned as part of a program to develop thisconcept. A ˚=˚4% quasi-axisymmetric plasma configuration has been evaluatedfor the National Compact Stellarator Experiment (NCSX). It has a substantialbootstrap current and is shaped to stabilize ballooning, external kink, vertical, andneoclassical tearing modes without feedback or close-fitting conductors. Quasi-omnigeneous plasma configurations stable to ballooning modes at ˚=˚4% havebeen evaluated for the Quasi-Omnigeneous Stellarator (QOS) experiment. Theseequilibria have relatively low bootstrap currents and are insensitive to changes inbeta. Coil configurations have been calculated that reconstruct these plasmaconfigurations, preserving their important physics properties. Theory- andexperiment-based confinement analyses are used to evaluate the technicalcapabilities needed to reach target plasma conditions. The physics basis for thesecomplementary experiments is described. 1 Current address: Universidad Carlos˚III de Madrid, Spain.

I. IntroductionA critical issue for magnetic fusion energy (MFE) is the need to develop a high-beta magneticplasma configuration that can be sustained in steady-state without disrupting. Interest in steady-state magnetic confinement systems is motivated by their economic benefits for MFE powerplants: continuous power output without the need for energy storage, and good reliability throughminimizing the thermal cycling of plasma-facing components. However, there are challengingrequirements. The core plasma must have good plasma energy confinement and requirerecirculation of only a small fraction of the plant�s fusion power output to sustain the plasma. Forthis reason the use of inefficient means of sustainment such as non-inductive current drive mustbe avoided to the extent possible. The frequency of unscheduled plasma terminations (e.g., dueto disruptions) must be minimized, and their effects mitigated, to avoid long unscheduledoutages. High plasma beta (5% or more) and low aspect ratio (4 or less) advance the goal ofmaking fusion devices as economically attractive as possible while reducing development costs.Currently the major steady-state MFE research thrusts are the stellarator and the advancedtokamak˚(AT). The three-dimensional conventional stellarator relies entirely on magnetic fieldsgenerated by coils to sustain it. This eliminates the need for plasma current drive, but care mustbe taken in the configuration design to avoid self-generated currents. These designs have largeplasma aspect ratios (5-12) and project to conservative power plant designs with relatively lowpower density. The axisymmetric AT uses the bootstrap current to sustain a configuration withlower aspect ratio (£4) and higher power density than the stellarator, using plasma profilecontrol, conducting structures close to the plasma, and feedback control of unstable modes toavoid disruptions.High-beta, low-aspect-ratio stellarators, or �compact stellarators� (CS), offer a promisingalternative solution that combines features of stellarators and advanced tokamaks. The CS usesthe self-generated bootstrap current to sustain a configuration with AT-like plasma aspect ratioand beta values. The CS uses three-dimensional stellarator magnetic fields from coils to providesome of the confining poloidal magnetic flux and to stabilize the plasma by three-dimensionalshaping without the need for active plasma controls or conducting structures close to the plasma.Theoretical studies, aided by sophisticated numerical analyses, have established basic physicalcharacteristics of two CS plasma optimization approaches˚[1], the quasi-axisymmetric (QA)stellarator and the quasi-omnigeneous˚(QO) stellarator, each having a set of advantages. Experi-ments are needed to develop the physics of these complementary approaches and clarify theirrelative merits, and the necessary facilities are now being designed. The National CompactStellarator Experiment (NCSX) will demonstrate disruption-free operation near beta limits andtest the physics of the QA approach, while the smaller Quasi-Omnigeneous Stellarator (QOS)will test QO physics properties at lower beta values.

II. NCSX Physics BasisQuasi-axisymmetric stellarators˚[2,3] possess tokamak-like magnetic symmetry as experiencedby charged particles in the system. Neoclassical transport and energetic-particle losses arereduced by reducing the non-axisymmetric components of ripple in the magnetic spectrum. Thebootstrap current magnitude is comparable to that in an advanced tokamak. The NCSX willsupport experiments aimed at demonstrating disruption-free operation near beta limits andunderstanding the physics properties of QA stellarators: beta limits and limiting mechanisms,equilibrium islands and neoclassical tearing-mode stabilization, reduction of neoclassicaltransport by QA configuration design, reduction of anomalous transport by flow-shear control,and compatibility with stellarator power and particle exhaust methods. The design is optimizedaround a reference high-beta QA plasma configuration. The machine and plasma heating systemare able to generate the reference plasma and support it magnetically with sufficient accuracy topreserve its important physical properties.Here we describe the physics of a design for NCSX which re-uses existing major components(toroidal and poloidal field coils and neutral-beam injectors) from the former PBX-M tokamakfacility, has a major radius R0˚=˚1.45˚m, an average plasma radius Æaæ˚=˚0.42˚m, and a nominalmagnetic field strength B0˚=˚1.2˚T.A. Quasi-axisymmetric Plasma ConfigurationsThe NCSX numerical design is based on a reference b˚=˚4% (volume-averaged) QA plasmaconfiguration˚[4] �C82� shown in Fig.˚1. The C82 plasma has three periods and an aspect ratio(3.4) compatible with the geometry of the existing TF coil set. A reference pressure profile and abootstrap-like current profile are assumed in generating this configuration. The C82 boundaryshape has been chosen to provide a substantial externally generated rotational transform (>50%of the total transform at the plasma edge) with sufficient shear that the total rotational transform(iota) profile is monotonically increasing. This gives good ballooning and kink stabilityproperties˚[5,6], and provides adequate quasi-axisymmetry for the assumed profiles.Figure˚2 shows the iota profile of configuration C82, as well as the vacuum transform generatedby the externally-generated three-dimensional fields alone. Since the transform generated by thecurrent decreases near the edge, the externally generated transform has been designed to haveenough shear to produce a total iota with positive shear even in this edge region. Themonotonically increasing iota profile gives a perturbed bootstrap current effect that stronglyopposes the formation of magnetic islands. This stabilizing effect is the opposite of the unstableneoclassical tearing mode that has been seen in tokamaks.˚[7]

A feature of the C82 shape that differs from that of other stellarators is its strong axisymmetriccomponents of ellipticity and triangularity. These shape components are used to produce goodballooning stability properties.˚[8,9] The ballooning beta limit for configuration C82 isabout˚4%. The plasma core region is calculated to be in the second stability regime forballooning, and consequently there is considerable ballooning stability margin which could allowthe ballooning beta limit to be further increased by peaking the pressure profile.Configuration C82 is marginally stable to external kink modes at b˚»˚3.9%. The external kinkmode has been stabilized by a combination of externally generated shear and an appropriatelydesigned three-dimensional corrugation of the boundary. The potential use of externallygenerated shear to stabilize kink modes was suggested in several early papers.˚[10,11]Calculations for NCSX confirm that the external kink in quasi-axisymmetric configurations canbe stabilized by this method.˚[12] However, when externally generated shear alone is used tostabilize the kink, in combination with the requirement for a monotonic iota profile, the iota inthe interior is forced to undesirably low values for neoclassical transport. The development of asecond kink stabilization scheme— a three-dimensional corrugation of the plasma boundary withlittle associated shear— to augment externally generated shear is therefore key to generatingattractive kink-stable configurations for NCSX.˚[4,13]The stabilizing corrugation is illustrated in Fig.˚3, which shows the cross-section of C82 atseveral values of the toroidal angle, as well as the cross-section of a kink-unstable configu-ration,˚C3. Configuration C3 has approximately the same iota profile as that of C82, so that theexternally generated shear has a substantial stabilizing effect on the kink, but not sufficient tostabilize the mode. A key feature of the corrugation used to complete the stabilization is anoutboard indentation, which can be seen in Fig.˚3. In the following section we describe thecapability of the NCSX-1999 coil design to control this feature, varying the degree of indentationto test its effect on kink stabilization.The external kink mode preserves stellarator symmetry (symmetry under f˚fi˚—f, q˚fi˚—q), butnot the stellarator’s periodicity. It is also necessary to consider modes, corresponding to verticalinstabilities in tokamaks, that preserve the periodicity, but not the stellarator symmetry. (Allmodes can be constructed by a combination of these two types.) Periodicity-preserving modesare found to be robustly stable in kink-stabilized NCSX configurations without a nearbyconducting wall.˚[14] This makes it possible to use stronger axisymmetric shaping than in atokamak, where the shaping is limited by vertical stability considerations.Figure˚4 shows a calculation of growth rates of periodicity-preserving modes for a set ofequilibria interpolating between C82 and a corresponding tokamak. The tokamak boundary isdefined by keeping only the axisymmetric (n˚=˚0) Fourier components defining the boundary ofC82. The nonaxisymmetric Fourier components are linearly varied to produce the intermediate configurations. The tokamak case is unstable to a vertical mode, as is generally the case forshaped tokamaks in the absence of a conducting wall. Figure˚4 shows that the growth rate of themode decreases as the three-dimensional deformation is introduced, and the mode is stabilizedabout 60% of the way to the C82 shape. The existence of such a large stability margin in C82suggests the possibility of applying much stronger axisymmetric shaping to improveperformance; this is currently being studied.While producing a substantial rotational transform and the favorable stability propertiesdescribed above, the three-dimensional boundary shape of C82 also provides approximate quasi-axisymmetry, meaning that the non-axisymmetric Fourier coefficients of the magnetic fieldstrength in Boozer coordinates˚[15] are strongly suppressed relative to the axisymmetric term,even though the shape is three-dimensional. For example, the C82 boundary shape has anormalized m˚=˚2, n˚=˚1 mode of amplitude 0.126, which helps to produce the desired externallygenerated shear. Yet, the m˚=˚2, n˚=˚1 Fourier component of B (the largest non-axisymmetriccomponent) at the surface with a normalized flux˚(S) of˚0.5 is only 0.7% (relative to the m˚=˚0,n˚=˚0 component), rising to 3.5% at the edge. The adequacy of the level of quasi-symmetryachieved is judged on the basis of calculated transport.The sensitivity of C82�s stability properties to changes in profiles has been analyzed to assess itsrobustness.˚[16] Peaking the pressure profile raises the beta limit for both the kink and theballooning mode, while a broader pressure profile is more unstable. A broader current profileraises the beta limit for both modes. Decreasing the magnitude of the current also improvesstability to the kink mode, but causes ballooning stability to deteriorate somewhat.B. CoilsCoils for NCSX are configured to reconstruct the reference C82 plasma equilibrium withsufficient accuracy to preserve its kink stability and neoclassical transport properties. Otherrequirements derive from experimental considerations. To satisfy NCSX physics goals, flat-toppulse lengths at nominal high-beta conditions must be long enough (‡0.5˚s) for profile relaxation.For the coil and conductor designs under consideration for NCSX, the pulse length is limited byconductor current density, so reducing this quantity is a key objective of the coil design process.Practical considerations impose further constraints. In order to adapt the design to a fixedaxisymmetric background field provided by the PBX-M toroidal field (TF) coil set, saddle coils(coils with no net toroidal or poloidal current) are used to generate the non-axisymmetric fields.Space between the plasma and coils must be allowed to provide room for power and particlehandling structures and diagnostics.The NESCOIL˚[17] code is used to establish an initial set of saddle coils, by first generatingsheet-current solutions on a winding surface surrounding the plasma with a uniform standoff distance of 18˚cm. Reconstruction accuracy is targeted by minimizing the normal component ofthe magnetic field, averaged over the surface of the reference plasma. A genetic algorithm isused to generate a small number of discrete coils by selecting constant-current-potential contoursfrom the sheet-current distribution. The selection method simultaneously targets both low normalcomponent of the magnetic field and low conductor current density. To calculate the latter withsufficient accuracy, the effect of the winding surface curvature and winding-pack geometrydetails are taken into account. The results strongly favor reducing the number of coils to reducethe conductor current density enough to satisfy minimum pulse length requirements.The NCSX saddle coil configuration shown in Fig.˚5 has 10 coils per period and largeunobstructed regions on the outboard side which provides access for heating and diagnostics.Each coil can be independently powered, if necessary, and the mutual inductance between saddlecoils and the TF or PF coils is low; these are desirable for plasma control. These coils reconstructthe C82 plasma with a mean value of magnetic field normal to the surface equal to 1.2% of theaverage magnetic field in the surface, and a maximum value equal to 6.3%, and they have acurrent density 80% of the maximum allowable. At this value of the field error, the plasmaboundary shape is matched with an average deviation of 1.2˚cm and a peak deviation of 4.4˚cm(compared to an average plasma radius of 42˚cm). This reconstruction adequately preserves theneoclassical transport properties of the original configuration. To examine the coil set flexibilityto control the kink stability of the plasma, use is made of the sensitivity of the kink mode to theoutboard indentation described in Sect.˚II.A. A single pair of coils (in each period) in the Fig.˚5coil set is effective at controlling the outboard plasma indentation. This is demonstrated in Fig.˚6,where cross sections of reconstructed C82 plasmas are shown for two values of the current,differing by 10%, in the relevant coil pair, with all other coil currents are held fixed. A kink-unstable configuration is made marginally stable by this adjustment, with only a slightdeterioration of the neoclassical confinement. The dependence of the kink eigenvalue ismonotonic with coil current, which implies that this coil pair is a good controller of the kinkstability. Thus, by adjusting the currents in this single coil group we gain control of the outboardindentation, and hence an important experimental flexibility to test understanding of kinkstabilization mechanisms.C. Operating ScenariosThe transport properties of NCSX candidate configurations have been evaluated to projectaccessible beta values, estimate required heating powers, and quantitatively assess theneoclassical transport optimization. The projections have focussed on the expected performanceusing the existing 50-keV neutral beams from PBX-M. Separate numerical models of neutral-beam ion orbit loss and thermal neoclassical transport are used. These are combined with globalconfinement scalings to project plausible plasma parameters.

The beam ion orbiting and slowing-down is modeled using two separate three-dimensionalMonte Carlo simulation methods˚[18,19] and the high-beta equilibrium. The codes differ in theirtreatment of the collision operator, but show the same variations. The neutral beam depositionprofile is calculated by the TRANSP code using the oblate cross-section geometry as a 2Dapproximation. Similar losses are calculated for candidate NCSX configurations, as seen inFig.˚7 for co-tangential hydrogen injection. Losses for deuterium injection are higher byapproximately˚

2

. While the beam ions are deposited onto passing orbits, most of the lossesare due to pitch-angle scattering to trapped orbits. The pitch angles of lost ions are broadlydistributed throughout the trapped region, indicating stochastic orbits as the primary lossmechanism. A small amount of loss appears to be due to stochastic passing orbits˚[20].The thermal plasma neoclassical confinement is calculated by Monte Carlo simulations using thegyrokinetic toroidal code (GTC)˚[21,22], similar to previous models of axisymmetricneoclassical transport. The model simulates the full ion distribution function and theperturbation (d f) of the electron distribution function from a Maxwellian. The radial electricpotential is taken as eF˚=˚Ti(0)y (where y is normalized poloidal flux), presuming operation inthe ion root. The calculated electron neoclassical losses are negligible, compared with the ionlosses, as expected for a quasi-symmetric configuration. Eliminating the electric potentialreduces the ion energy confinement time by ~25%, indicating that the electric field terms arerelatively weak. The calculated ion neoclassical confinement scales approximately as B2.The calculated beam-energy loss and thermal neoclassical confinement are combined with theISS-95 global energy confinement scaling˚[23] (to model anomalous transport) in a zero-dimen-sional model of the plasma performance, depending on the plasma size, density, magnetic field,heating power, and confinement enhancement over the scaling law. The confinement time isassumed to be the minimum of that given by the scaling law or half of the neoclassical value (i.e.presuming the anomalous losses will at least equal the neoclassical losses). The density isconstrained by the Sudo density limit˚[24]. This model is used to search for plausible parameterchoices that minimize the heating power needed to achieve the design b˚limit, or to search for theminimum confinement enhancement needed to achieve the b˚limit. Table˚1 shows the resultsfrom such a search for parameters giving b˚=˚4%, with 6.9 MW of H0 NBI and a confinementenhancement of 2.3 times ISS-95 scaling. This confinement enhancement is similar to the bestachieved by W7-AS, at a very different aspect ratio (R/a˚=˚11). For comparison, similar sizedPBX-M plasmas achieved b˚=˚6.8% with 5.5 MW of NBI at B˚=˚1.1˚T, with a confinementenhancement of 1.7 times ITER-89P scaling or ~3.9 times ISS-95 scaling˚[25]. RF heating isbeing investigated as a possible supplement to the neutral beam power, if needed, or as analternative to neutral beams to avoid energetic ion losses.

III. QOS Physics BasisLow-R0/Æaæ quasi-omnigeneous (QO) stellarators [26] obtain reduced neoclassical transport andhigh-beta stability using an approach that is complementary to the QA approach. In a QO design,energetic particles are confined by approximately aligning their bounce-averaged drift orbitswith the magnetic surfaces. Distinguishing QO configuration features are a large helicaldeformation of the flux surfaces and a �bumpy� (mirror) term in the magnetic field spectrum,which lead to magnetic configurations that are relatively insensitive to beta and have a lowbootstrap current, typically ~1/10 that in a comparable axisymmetric system. The QOSexperiment is planned to test these properties. The low bootstrap current and insensitivity to betashould allow configurations that are robust against current-driven instabilities, verticalinstabilities, and disruptions. While QO stellarators have some general similarity to the drift-optimized Wendelstein 7-X �helias� configuration [27], the QO configurations studied here havea factor of 3-4 smaller plasma aspect ratio, non-zero bootstrap current, a factor of three largerhelical field component (which increases the vacuum rotational transform without relying on aplasma current), and a mirror component of the magnetic field that varies strongly with radius(which produces a poloidal �B drift).QO-optimized configurations with three and four toroidal field periods and R0/Æaæ from 3 to 4.8have been studied. The i profile has low shear and the average value of i varies from 0.55 to 0.9in this sequence of QO configurations. Figure˚7 shows the spatial Fourier spectrum of the |B|components for a three-field-period R0/Æaæ = 3.6 QO configuration where the on-axis field isnormalized to 1. The largest components are the helical, axisymmetric "1/R" term (but a factorof 4 smaller than for an equivalent tokamak, resulting in a smaller toroidal curvature drift), andmirror terms. The spectrum of smaller compensating field terms is that needed to satisfy the QOphysics constraints at low aspect ratio. Figure 8 shows the plasma boundary for this referenceconfiguration and the modular coil set that creates it. The shading indicates contours of constant|B|. Changing the current in the corners of the coil set –50% allows varying the aspect ratio from2.9 to 4.6. Auxiliary coils would be used for plasma shaping and additional rotational transformcontrol.A study of the reference QO configuration with i(0)˚=˚0.56 and i(a)˚=˚0.64 demonstrates itsrelative insensitivity to changes in b. Fixed-boundary VMEC [28] equilibrium calculationsshowed little outward shift of the magnetic axis as beta increased (7.4% of Æaæ at b = 2% and17% at b = 6%) [29]. There is only a small (<8% decrease) change in i(r) due to the smallbootstrap current at the reference 2% beta [30]. The bootstrap current is not in the direction tostabilize neoclassical islands and tearing modes, but is thought to be sufficiently small to havelittle effect. Similar low- R0/Æaæ QO configurations have been found in which the bootstrapcurrent is in the stabilizing direction, producing a small increase in i(r) [31]. A magnetic welland monotonically increasing i out to the plasma edge exist in both the vacuum and finite-beta configurations. Ideal ballooning modes set the critical b for QO stellarators rather than kinkmodes because of their relatively small bootstrap current. Ballooning instabilities are localmodes that are driven unstable by the presence of pressure gradients in regions of bad localcurvature. Their stabilization is governed by local quantities including the local shear andcurvature. A fast 3-D ideal MHD code was developed to evaluate the ballooning growth rate ona prescribed set of flux surfaces and initial points for a given equilibrium [32]. Use of this codeto target ballooning stability in the configuration optimization process has doubled theachievable value of b while preserving good transport properties. Figure˚10 shows how theconfiguration in Fig.˚9 (stable at b=2%) was modified to be stable at b > 4%.The fundamental QO nature (minimized deviation of bounce-averaged drift orbit surfaces frommagnetic surfaces) holds even for the vacuum configuration at low R0/Æaæ. This leads toneoclassical energy confinement times tE that are typically 3-5 times the ISS95 scaling value forthe machine parameters (R0 = 1˚m, B = 1˚T) being considered for QOS. The values for tE areobtained from a Monte Carlo calculation of the rate of loss through the outer surface of ions andelectrons where the particles are distributed across the plasma cross section according toassumed density and temperature profiles. A electric potential profile ef(r) = Te(r) is assumed inthese calculations. The calculated values for the particle diffusivity D and heat diffusivity cdecrease with decreasing density (and collisionality n*) and do not exhibit the 1/n* transportassociated with ripple-induced losses.IV. Future WorkThe physics development for NCSX has led to a reference design with a practical engineeringembodiment which demonstrates attractive physics properties of QA stellarators. Future physicsdevelopment goals include configuration flexibility to robustly support the full range ofequilibria needed for startup and physics studies. For the QOS, future work includes the physicsdevelopment of a reference plasma and modular coil configuration optimized for physics goals,and assessment of flexibility for creating a range of plasma configurations.V. ConclusionsExperimental results on tokamaks and stellarators and recent rapid developments in theoreticalunderstanding have opened a promising path to a magnetic plasma configuration for fusionpower applications that can be sustained in steady-state without disrupting. The freedom to shapea toroidal plasma in three dimensions can be used to stabilize disruption-causing instabilities.The bootstrap current can be used advantageously for sustaining these compact stellaratorconfigurations. The available toroidal physics knowledge base and the theoretical understandingembodied in numerical design tools provide a satisfactory basis for designing experimentalfacilities needed for the next steps in developing the physics of compact stellarators. The NCSX studies demonstrate a methodology for designing a high-beta quasi-axisymmetric stellaratorstable to ballooning, external kink, vertical, and neoclassical tearing modes, consistent withpractical considerations of experimental physics and engineering. The QOS studies show thatthere is a range of quasi-omnigeneous configurations available to provide a basis for experimentsto test key properties of the low-aspect-ratio QO approach: transport reduction and configurationinsensitivity to beta.

Table 1. Parameters for NCSX Operating Points.ScenarioÆbæ = 4%Magnetic field, B (T)1.5Injected power, P (MW)6.9Volume-avg. beta Æbæ (%) (*)4.0Volume-avg. density, n (1019 m-3)11.3Central temperature, T0 (keV)2.0Collisionality parameter (nR/T2)4.2tE (ms) 53*Includes 10% beam beta.Fig.˚1. Reference plasma configuration C82 evaluated for NCSX.

Fig.˚2. Total rotational transform profile and externally-generated contribution for configurationC82.

Fig.˚3. Configuration C82 (right) with kink-stabilizing surface corrugation, compared with anuncorrugated, kink-unstable configuration (left).

Fig.˚5. NCSX saddle coil design for plasma configuration C82. (Background TF and PF coils notshown.)

Fig.˚6. Reconstructed plasma cross sections, varying the current in the longest saddle coil pair inFig.˚5 by 10%. Dashed configuration (b) is kink unstable. Solid configuration (a) is mademarginally stable by the deeper indent on the outboard side.

gy s in QA Dev051

3540450112

c er s

sFig.˚7. Calculated neutral beam orbit losses for Configuration C82 (triangles) and a configuration(diamonds) with the same transport properties but weaker shaping.

Helical term

Tokamak 1/R

Bumpy field