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Equilibrium, stability, and transport in stellarators can be studied theoretically by running large
computer codes. Some of the codes have excellent resolution, and experimental data have been used
to validate the results of numerical calculations. An analysis has been made of recent measurements
from the Large Helical Device experiment in Japan to see how they compare with the tfAeory
Komori, H. Yamada, O. Kaneket al,, Plasma Phys. Control. Fusidg, 1165(2000]. Observations

of confinement time at low collisionality like that in a reactor agree well with estimates using a
quasineutrality algorithm to determine the electric potential. A nonlinear magnetohydrodynamic
calculation of stability for various pressure profiles gives predictions of the beta limit that are
consistent with the observations. Correlation of the theory with measurements justifies using the
codes as a tool to design quasisymmetric configurations for a modular stellarator experiment
promising better performance at reactor conditions2@2 American Institute of Physics.
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|. COMPUTATIONAL METHODS IN FUSION SCIENCE experiment at the National Institute for Fusion Science
(NIFS) in Japan.

A variety of computer codes are used in formulating pro-

Mathematical research on equilibrium, stability andposals for proof of principle or concept exploration stellar-
transport in stellarators and advanced tokamaks has led to thgor experiments, and some of the predictions that have been
design of configurations now proposed by the fusion commade do not agree. Consequently it becomes necessary to
munity for a proof of principle stellarator experiment. Large- benchmark the codes and compare the numerical methods
scale computation makes it possible to deal successfully witthat have been employed. Such studies should bring to the
physics issues that become very complicated in threeattention of the fusion community some of the advantages of
dimensional(3D) geometry. Compact stellarator configura- the mathematical models implemented in the NSTAB equi-
tions with simple modular coils and only two or three field librium code and the TRAN Monte Carlo code that we have
periods are being designed that have both good stability andeveloped:®* More specifically, nonlinear stability results
quasiaxial symmetry providing adequate transport at reactdfom NSTAB computations may be more realistic than local
conditions. If the bootstrap current is large a three field pecriteria evaluated by less accurate techniques, and they are
riod device becomes attractive, but if it is small then a soluwell correlated with existing experiments.
tion with two field periods and twelve modular coils may Our 3D computer codes have been applied to design
work better. Other good designs with quasihelical symmetrycompact stellarators with modular coils whose physical prop-
and four or five periods are available whose properties arerties compare favorably with those of tokamaks. Quasiaxial
less sensitive to the bootstrap current. Satisfactory perfosymmetry of the magnetic spectrum restricts the orbits of
mance requires that there be a magnetic well in the vacuurcharged particles and leads to good confinement of hot par-
field, which is a property lacking in some of the candidatesticles at reactor conditions. Because of a similarity to toka-
that have been considered for the proof of principle experimaks that are prone to disruptions, there is concern in the
ment. We investigate stability for these configurations byfusion community about MHD stability of the new configu-
means of a mountain pass theorem asserting that if two saations. We have addressed this issue by making extensive
lutions of the problem of magnetohydrodynami®iHD) runs of the NSTAB computer code, including examples that
equilibrium can be found then there has to exist an unstableompare favorably with experimental measurements or with
solution, too. other numerical calculations. In the cases we consider the

Another concern is the problem of transport in plasmacontribution to rotational transform from bootstrap current is
physics. Maxwell’s equations must be coupled to the partiaht a level where disruptions and free boundary kink modes
differential equations of fluid dynamics, and that leads to ado not seem to be dangerous.
singular perturbation involving quasineutrality of the elec-
trons and ions. We model this phenomenon by a Monte Carl
method that provides good agreement with experimental
measurementsThe computer code to implement the model The stellarator concept was developed fifty years ago at
is validated by applying it to analyze new measurements ofhe Princeton Plasma Physics Laborat(fPPL as a secret
confinement time at low collisionality that are now becomingproject with tentative applications to a neutron source. After
available from the Large Helical DevicgHD) stellarator  declassification the C-Stellarator was built there during the

A. Introduction

. The stellarator concept
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1960s, but the construction was so complicated that the ex-
periment faltered, leading to long term disrepute for the con-
cept in this country. Abroad stellarator research thrived in a
formulation based on the stellarator expansion and exact so-
lutions of partial differential equations with two-dimensional
symmetry in straight geometfyBy 1980 very successful
experiments were completed in both Germany and Japan. At
that point the analytical theory was superseded by numerical
methods, including some of ours, which took advantage of
the rapid advances that were being made in computer hard-
ware. This resulted in the design of new configurations opti- I/
mizing equilibrium, stability and tranport by appropriate S|
choice of the shape of the separatrix in space of three dimen- 3
sions. The large LHD experiment in Japan is the modern
implementation of the more conventional theory, while the
Wendelstein 7-X(W7-X) experiment being constructed in
Germany by the European fusion community is a product of
the computer codes developed by more elaborate mathemati
cal methods. Here we are primarily concerned with a future
generation of configurations that are designed to meet the
requirements for a fusion reactor by exploiting an appl’OXi-F|G. 1. (Color) Computational model of fusion plasma in a thermonuclear
mate two-dimensional symmetry of the magnetic structurereactor based on the stellarator concept for magnetic confinement of hot ions

These stellarators are ana|yzed by running the NSTAB andnd electrons. Twelve moderately twisted modular coils, half of which are
TRAN computer codes plotted, produce a magnetic field whose strength has a desirable symmetry

. . . displayed by the color map of the plasma surface.
It is best to choose toroidal geometry for the magnetic prayed by P P

confinement of plasma in a fusion reactor so that the orbits of
hot ions and electrons will not escape too rapidly. In toka-
maks the poloidal field required for equilibrium is producedthe most dangerous resonant surface. Good confinement in
by net toroidal current that is destabilizing. Stellarators in-an outer region of high shear produces broad pressure pro-
stead provide for the restoring force of the poloidal field byfiles in the experiment that raise th limit significantly
means of 3D geometry that causes the magnetic lines to spabove levels suggested in earlier theoretical work.
ral around on nested flux surfaces where they acquire rota- New quasiaxially symmetri€QAS) configurations with
tional transform in a less obvious fashion. The conventionatwo or three field periods and simplified magnetic structure
way to generate a stellarator field is by means of helical coilhave been found for a proof of principle stellarator experi-
that become interlocked as they rotate around the torusnent. Our mathematical theory, which captures islands by
However, better configurations have been found by shapingalculating weak solutions of the MHD equilibrium equa-
the plasma so that the external magnetic field confining it igions, suggests that these are better candidates than those
produced by a system of twisted modular coils not unlike thedeveloped by other methods with less resolution. We have
toroidal field coils of a typical tokamak. Significant math- collaborated with Shoichi Okamura at NIFS to design a
ematical questions arise from the challenge of designing steodular stellarator experiment there based on such a con-
larators for practical engineering construction. Much of thefiguration (cf. Fig. 1).
reluctance of the plasma physics community to accept this The Monte Carlo model of transport implemented in the
more stable concept stems from concern about technologicdiRAN code applies well to stellarators. The problem is
complications with 3D geometry. A sound theory based ortreated as a random walk among drift surfaces, and details of
mathematical analysis and scientific computing is required téhe geometry are handled computationally by an ordinary
make a convincing case for new stellarator experiments. differential equation solver. We have found numerical evi-
Techniques have been developed to analyze both localence that conservation of momentum is a secondary issue in
and global MHD stability of 3D configurations. A fast com- the calculations and cannot account for quasineutrality,
putational method involving bifurcated equilibria has beenwhich we take as a requirement that determines the electric
found to study nonlinear stability of modes with ballooning field. Resulting perturbations of the electric potential in three
structure. Results of these calculations have been compareliimensions simulate turbulence triggered by the displace-
with experimental measurements from the Compact Helicament current. Many models of turbulence involve a factor
System(CHS) stellarator at NIFS and with more recent datalike the eddy viscosity that needs to be determined from
from the larger LHD stellarator thereOne overall conclu- additional information. In the TRAN code we compute not
sion is that the predictions of local stability theory are tooonly the ion confinement time but also the electron confine-
pessimistic. For the LHD even global calculations exhibit anment time, which allows us to determine auxiliary factors
MHD mode that is unstable in a case observed at an averagem quasineutrality. By performing numerical simulations
B of 2.4%, but the ripple of the bifurcated equilibrium that of new experimental measurements from the LHD stellarator
was obtained is restricted to a very narrow shell surroundingt NIFS for low-collision frequencies near those of a reactor
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we have obtained confirmation of this theory that is moreB. Nonlinear stability
convincing than previous comparisons with tokamak data
that required novel 3D perturbations of the magnetic field.
We have applied our Monte Carlo simulation of trans-
port to modular stellarators of the kind discussed above to JXB=Vp, V-B=0,
show that it is possible in ?‘L!Ch conflguratlorj§ 0 reach h'.ghexpressing balance of the Lorentz force against the fluid
electron temperatures efficiently by exploiting quasiaxial ; o :
. .. pressurg, whereB is the magnetic field and=VXB is the
symmetry of the magnetic spectrum. At very low collision . . .
) . urrent density. We introduce the toroidal flexsuch that
frequencies less than those recently observed in the LHLI ™ : . . .
. . . =VsX V@ as a radial coordinate, whemis a multiple-
experiment conventional stellarator scaling laws for the en- . .
i : : vfalued flux function, and we denote biyandv poloidal and
ergy confinement time break down because of rapid losses oL roi .
. . oroidal angles on each magnetic surfaeeconst. In a cy-
hot trapped electrons. This means that to raise the peak terﬁﬁdrical coordinate system, d=v/Q andz we put
perature from the level already achieved in the LHD to val- Y ' v P
ues above 5 keV may require much more heating power. No  r+iz=ry+izo+R(s,u,v)[r,+iz;—ro—ize],
comparable phenomenon should occur in our modular con- here the funcii d . i ¢ tri
figurations because of two-dimensional quasisymmetry OY\{[ e_rel gthunc ions, andz, specify an outermost separatrix
the magnetic spectrum, so there is a possibility that goo(f’i1 S=Lw
transport at low collisionality might produce a peak tempera- _ " s
ture as high as 10 keV economically. ri+izi=e" X Apqe “

Equilibrium and stability of tokamaks and stellarators
are usually studied by solving the magnetostatic equations

Il. MAGNETOHYDRODYNAMIC EQUILIBRIUM AND where ro=ry(v) and zo=2z,(v) describe the location of

STABILITY the magnetic axis, and wherm® is the number of field
periods. The NSTAB code is based on minimizing the poten-
A. Introduction tial energy

the analysis of equilibrium and stability in plasma phySics.
The NSTAB spectral code is a member of the BETA, BE-
TAS, and VMEC code family which combines a new treat-as a functional oR, 6, ry, andz, subject to appropriate flux
ment of the magnetic axis position with improved optimiza-constraints.
tion for high-performance computing. In BETA the finite Euler—Lagrange equations f& and ¢ derived from the
element method was applied to the MHD variational prin-variational principle are equivalent to the magnetostatic
ciple to test for stability by looking for minima in the energy equations, and they can be solved by the spectral method so
landscapé.Weak solutions of equilibrium equations in con- reliably that it suffices to perform calculations on a single
servation form were calculated in a mixed Eulerian and Lamesh. It follows from the equations that the magnetic field
grangian coordinate system, but the accuracy was not vergan be expressed in the alternate form
good. Meanwhile because of its success with the Navier— B=V ¢+ (Vs
Stokes equation, the spectral method had been used in stud- '
ies of the partial differential equations of resistive MHD. The using Clebsch potentialé and ¢, and both the pressune
VMEC code combined these ideas to arrive at a simulatiorand the rotational transformare functions o alone. When
of toroidal confinement of a plasma that has been used ex nested surface hypothesis is imposed on thestedonst it
tensively to analyze experimeritszaster convergence and is weak solutions of the problem that must be calculated.
better resolution were achieved in the BETAS code, but thaThese are discontinuous solutions of the conservation laws
did not receive wide acceptance by the fusion commuhity.that capture islands and current sheets.
Further improvements have been made in the NSTAB ver-  Finite element implementations of the MHD variational
sion, which represents the boundary of the plasma by formuprinciple enable one to assess the stability of toroidal equi-
las conveniently related to the magnetic spectrum. We shalibria by examining the energy levels of neighboring con-
describe applications of NSTAB to stellarator and tokamalfigurations. The spectral method, which provides much better
equilibria with parameters of current experiments. resolution in other respects, fails to deliver convincing evi-
Nonlinear stability can be investigated with 3D equilib- dence of stability based on estimates of the energy because
rium codes by either surveying the energy landscape or bgf truncation errors associated with determining the magnetic
looking for bifurcated equilibria that violate uniqueness ofaxis. This is true of the NSTAB code in spite of a novel
the solution. A more quantitative stability criterion is basedtreatment of the magnetic axis which seems to define the
on the amount of ripple of the flux surfaces that results fromshape of nearby flux surfaces quite well. Hence we evaluate
an inhomogeneous forcing term in the magnetostatic equaionlinear stability by searching for bifurcated equilibria
tions. Incompatible ripple of the surfaces near the fixedthrough an application of the method of steepest descent af-
boundary of the plasma suggests the attainment of a soft betar perturbations have been introduced that are related to
limit. For the stellarators we shall be concerned with thisconventional resonant modes. In appropriate coordinates the
estimate of nonlinear instability is more realistic than limits spectral representation is so accurate that the existence of
set by local stability criteria. multiple solutions found this way gives a reliable test for the

Large computer codes have become an accepted tool for
E= f f f [B2/2—p(s)]dV,
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most important instabilities, for if there are many solutions attions are difficult to perform in a meaningful way. The spec-
least one will be a saddle point of the energy landscape. tral computations that arise involve approximating divergent
An effective procedure is to iterate the calculation of theFourier series that can only be summed by filtering them in
equilibrium until an apparently stationary value of the energyways that are not easy to specify in advance. The problem
is reached and then introduce an inhomogeneous feimn  becomes especially intractable if the nonexistence of a solu-
the partial differential equation foR that triggers a mode tion of the approximating system results in failure to drive
whose stability is to be tested. If perceptible ripple in thethe residuals toward zero in the numerical calculations. We
magnetic surfaces appears that can be identified with theircumvent this difficulty by applying the minimax theory of
mode that was triggered, the configuration may be unstableritical points to replace the question of stability by the ques-
The ratio of the perturbation of the solutiéhto the ampli-  tion whether there are bifurcated equilibria. Thus we apply a
tude of the inhomogeneous terfprovides a quantitative mountain pass theorem from topology to the energy land-
measure of instability that is helpful in marginal cases. scape which asserts that if several solutions of a conservation
In stellarator applications some correlation has been obform of the MHD equations derived from the variational
served between limits on average=2p/B? determined by  principle of magnetohydrodynamics can be found then there
nonlinear stability ang3 limits based on the Mercier local must be at least one that is unstable. Estimateg bimits
stability criterion. We therefore calculate the Mercier crite- obtained this way tend to be significantly larger than stan-

rion in the NSTAB code as a sum of the form dard predictions for ballooning modes. Similar discrepancies
9 have been reported in other comparisons of 3D equilibrium
Q= %[QSJF QO+ Q.]>0, and stability theory with ballooning calculations.
T L

where() is a term containing the shear=.'(s), Qyisa ¢ conventional tokamaks and stellarators

term measuring the magnetic wellvV"/V’, and(Q) is a term N ) )
measuring the parallel curredtB/B2. HereV=\/(s) is the To study the stability of axially symmetric tokamak

volume inside the torus=const. Convergence studies and €duilibria using the NSTAB code, it is convenient to divide
comparisons with stellarator experiments show that both théh€ device artificially into a numbé of field periods so that
Mercier criterion and a ballooning stability criterion of simi- Modes with that periodicity become isolated. We have ap-
lar structure are often too pessimistic, and our nonlinear tedilied this procedure toa simplified model of the International
seems to provide a better prediction of MHD stability. More- Theérmonuclear Experimental ReactdTER) tokamak ex-
over ambiguity may occur in working with the standard dif- Pefiment proposed by the international fusion community.
ferential equation for ballooning modes because the answe€t us divide the torus into identical field periods and seek in
is deceptively unstable for a long path of integration, but is2ny one of them a bifurcated equilibrium different from the
always stable for a very short path, so the result depends dixially symmetric solution. At higher beta the Poincase-

the choice of the length of an arc of the magnetic line beingﬂons of the magnetic surfaces of such equilibria turn out to
examined® ave ripple associated with known resonances at rational val-

After renormalization of the flux coordinatesand ¢  U€S t=n/m of the rotational transform. The asymmetric

and the toroidal currenit=1(s), we represent the magnetic ripple is evidence of nonlinear instability, and tigelimit
field strength by means of a Fourier series found this way is well correlated with that predicted by lin-

ear stability theory.
Consider next the Heliac-(H-1) stellarator at the Aus-
' tralian National University, which is a heliac with three field

1
=2 Bm”COS{ I—d
h h ; Hici ¢ . £ th periods that has been constructed using circular coils. The
where the spectrum of coefficien,, are functions of the aiiona transform is close to unity, the plasma has a very

radial coordinatgs. The pargllel current is cf';\lculated from a large helical excursion, and the separatrix is shaped in a
truncated and filtered version of the resulting formula complicated way that is typical of modern stellarators. Reso-
lution becomes difficult for H-1 at the magnetic axis because
, of the large helical excursion, but we have performed con-
vergence studies of the NSTAB code for this problem suc-
which involves small denominators. If no filtering is applied, cessfully. Monotonic decay over many thousands of itera-
then in 3D equilibria the singularities of the parallel currenttions shows that long enough runs reduce the residuals to any
at rational surfaces=n/m produce negative values & desired degree. However, the approximation is asymptotic in
because of Schwarz's inequality. In the NSTAB code thethe sense that truncation errors are big if too few harmonics
nonexistence of smooth solutions associated with these simre included in the solution, whereas too many may produce
gularities is compensated for through a weak formulation oferroneous noise. After filtering of the Fourier series for the
the mathematical equations. flux surface next to the magnetic axis, its shape becomes
Linear stability is hard to deal with for stellarators by well defined. Calculations of the Mercier stability criterion
numerical methods because the equilibrium problem in threpredict local instability for3 near 1% in agreement with
dimensions does not possess smooth solutions without isesults using other codes.
lands or current sheets at the resonant surfaces where the We have examined runs of NSTAB for the H-1 stellar-
small denominatorsi—.m vanish, so required differentia- ator at averag@ of 2% after 35,000 iterations on a fine mesh

(m—=1In) 6+(n—uwm) ¢

J-B '2 m—InB (m—=1In) #+(n—um) ¢
?_p n—.m mn €O 1—l
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of 44 points in the radial direction, 60 points in the poloidal
direction and 48 points in the toroidal direction. Poloidal
harmonics of degree 20 and toroidal harmonics of degree 16
were used in a coordinate system which rotates helically with
the magnetic axis. Extensive tests performed by triggering
resonant modes give no indication of nonlinear instability or
of the existence of bifurcated solutions despite decidedly un-
stable valueq)<<0 for the Mercier criterion. On the other
hand, cross sections of the flux surfaces display pronounced
ripple consistent with resonances 1/3 andc= 1/2 just out-

side the range 0.35.<0.37 of the rotational transform over
one field period. The observed mode is of one particular sign
associated with related coefficier8g,, in the spectrum and
clashes visibly with the prescribed shape of the fixed bound-
ary of the plasma. In the absence of free boundary calcula-
tions we interpret the incompatible ripple of the solution as
evidence that an equilibriung limit has been exceeded so
that the magnetic surfaces may break up near the separatrix.
At corresponding pressures in the experiment one might look!G. 2. Four Poincareections of the flux surfaces over five field periods of
for deterioration of the confinement rather than growth in&n LHD equilibrium with a major radiuR=3.6 m and with a triangular

. pressure profilegp=py(1—s?) like temperature profiles observed in the
MHD activity. _ _ _ experiment. Note the pedestal of good confinement around the edge of the
We attribute the failure of the Mercier local stability cri- plasma, which is in a second stability regime at averag®.035, the high-

terion for H-1 at lowg to relatively large values of the terms est value achieved thus far in the experiment.
B1o, By1, andBj; in the spectrum, which produce substan-

tial parallel currents even though the resonant surfaces for¥1 netic axi t R=3.6m hav hieved an averagef
these harmonics are not included within theange of the agneuc axis set ai=o. ave achieved an avergge

) : . . 3.5% for stiff pressure profiles apparently associated with
configuration. The parallel currents lead to perceptible Shlﬁi‘gh shear at the edge of a relatively thick plasfn this

of the plasma, including changes in shape associated with t . . . : "
P ¢ g b case our calculations at first show linear instability, but non-

m=2,n=1 andm=3, n=1 modes. The apparent local in- o .
stability is as much a symptom of nonexistence of the solu!Inear stability, of MHD modes that are too localized to de-

tion as it is evidence of significant global instability. This stroy the equilibrium. Then good confinement in an outer rim

suggests that a more realistic test @limits in low shear of high shear permits access to a second stability regime

stellarators similar to H-1, or in comparable advanced stelyvhen the pressure d|s_tr|but|on IS similar to triangular elec-
on temperature profiles that have been obsetveor

larators, is the appearance of unacceptable ripple in the mag; | R Jibri limit . hed with
netic surfaces calculated by the NSTAB code on fine grids. rger vajues ol an equilibrium fimi ong s reached wi
agnetic surfaces deteriorating at the edge of the plasma.

We note that the BETAS code provides a similar test, but thal”
other methods do not.

To further validate our theory numerical studies have
been made of the CHS stellarator constructed in Japan so Asymptotic expansions have been applied to exact two-
that NSTAB calculations can be compared with the experi-dimensional solutions of the magnetostatic equations to de-
mental measurements that are availdbM/hen the vertical sign conventional stellarators like the LHD. They have
field is adjusted to shift the magnetic axis inward, the stabiltightly wound helical coils providing abundant shear and a
ity limit drops to aB of 0.5%, which was the highest value good divertor, but there may be a magnetic hill in the
observed in the CHS experiment for such a case. With theacuum field and the magnetic spectrum has conflicting har-
magnetic axis in an outward position the equilibrium andmonics that lead to poor transport at reactor conditions. A
stability limit seems to be near@of 3%, but that conclusion later generation of stellarators has been developed by run-
is sensitive to assumptions about geometry and profiles. ning 3D computer codes like NSTAB and TRAN. They have

We have performed NSTAB computations for a similar modular coils and a larger value of the quotiédQQ of the
mathematical model of the LHD experime(ef. Fig. 2. The  aspect ratio and the number of field periods. There is less
code worked well despite a singularity i at the magnetic shear, but a magnetic well provides stabilization of ideal
axis for triangular pressure profilgs=py(1—s*?) shaped magnetohydrodynamic modes, and the spectrum can be ad-
like observed values of the temperature. Numerical estimatgssted to give good transport at low collisionaftyThe main
of stability for poloidal mode numbers as high as=12  feature the new designs have in common is a relatively low
have been made successfully, and convergence studies suglue of the coefficienB,,; despite a big value of the helical
gest that high modes are less dangerous than low modeslongationA,; accounting for most of the rotational trans-
Moreover, calculations of local ballooning stability predict a form. This enables one to achieve quasihelical, quasiaxial, or
B limit decisively lower than values that have been observedjuasipoloidal symmetry of the spectrusy,,.
in the experiment. The Modular Helias-like HeliaéMHH) stellarator is an

Recent measurements in the LHD with the radius of theexample of what has been achieved by numerical methods.

D. The QAS stellarator
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Line tracing based on the NESCOIL code has been applie®ABLE I. Coefficients A, defining an MHH2 stellarator for values
to design its modular coils, which can be built and supported”= ~1.0.1,2,3:4 of the poloidal index and valuas- ~1,0,1,2,3 of the

. tical Wa)}s An MHH4 configuration that was se- toroidal index. The spectrum of this example has a mirror tBg< 0 that
In-a prac : 9 . . raises thep limit for nonlinear stability of ballooning modes above 5%
lected for an Amencan reactor study had four field peno_ds, @vhen the configuration is run as a hybrid.

good magnetic well, low parallel current, and a rotational
transform in the interval 1:0:<1.25. Optimized parameters ™0 -1 0 1 2 3

providing simpler geometry than that of the W7-X under _1 0.190 0130 -0.015 0.000 0.000
construction in Germany were found by imposing less strin- 0 0.000 1.000 0.000 0.000 0.000
gent but perhaps more realistic stability requireméfts. 1 0.140 3.000 0.250 0.050 0.000

The design of modern stellarators like the W7-X and the 2~ 0000~ —00%0 ~ ~0410  ~0.070 0.000

. ) X . 3 0.000 0.020  —0.040 0.080 0.000

MHH4 is based on analysis of the Fourier expansion Bf1/ 4 0.000 0015 0015 —0.015 0015

in terms of renormalized flux coordinates. Its spectrum of
Fourier coefficientd8,,, control most physical properties of
the configuration. Each of them is directly related to the cor-
responding Fourier coefficier,, in our representation of
the plasma surface. Good equilibrium, stability, and transpor
are achieved by reducing the sizeRy,, for selected values
of the indicesm andn. That is to be accomplished so that
there will be little change in the location or rotational trans-

form of the plasma ag@ increases. A test of this concept is like the LHD the corresponding estimate f tums out to

planned in the Hel_|cally Symm_etnc E_xperlme(rh{_SX) CON" " he an order of magnitude smaller so that the size of a com-
structed at the University of Wisconsin, which is a quasihe-

. . . ) . parable reactor becomes very large. This is because incom-
llcaI%:yhn;\TeegggZaesignggasggrnvg;h&oﬁageé?eﬁz:;ggwithpatibIe Fourier coefficient8,, for the conventional stellar-

. : . ator are so much bigger than those of a quasisymmetric
only two field periods that has the low plasma aspect rat'chelias such as the MHH2 or the HSX.

A=2.5, has good quasiaxial symmetry, and has an externa Large values of the bootstrap current can be exploited in

magnetic field generated by just twelve modular coils. Qua- = . . . X
2 N . iaxiall mmetri llarators with three fiel ri
siaxial symmetry signifies that the spectral coefficidByjs, quasiaxially symmetric stellarators with three field periods to

. . contribute rotational transform improving the equilibridf.
with n#0 are relatively small, for example less than 2% of P g d

Bgg. Nonlinear stability is satisfactory, and islands near a\The QAS3 s a configuration of this kind that we have de-

q 2—1/a d by reduci signed in collaboration with Long-Poe Ku at PPPL as a
angerous resonance @é:= are suppressed by reducing o5 rator-tokamak hybri¢cf. Table Il). The plasma has as-
the corresponding terB,, in the magnetic spectrum. Good

confinement at low collision frequencies is assured becau ect ratioA=4.5 and 24 modular coils are used to produce
. . q . fie external field. Symmetric cross sections of the flux sur-
two-dimensional symmetry restricts the banana orbits.

Converaence studies of bifurcated solutions of the ma faces in runs of the NSTAB computer code establish nonlin-
9 Year stability for averagg as high as 6%. A unique solution is

netostatic equations taking into account bootstrap curren btained with no damaging ripple in the flux surfaces, so

show that with profiles neither the equilibrium nor the stability8 limit is
t=0.56-0.165, p=po(1—stHl3 surpassed? However, the issue of ballooning modes has

) been difficult to study because there are large gradients of the
the most dangerous MHD modes of the MHH2 remain stablgy, . - oordinates that make divergent Fourier series in the

for B below 5%. The shape of the magnetic surfaces ind"analysis hard to sum reliabligf. Fig. 3. The external mag-

cates the place where the worst problem with stabilitry 0Cyeic field generates enough rotational transform to control
curs. This nonlinear analysis appears to be an effective way oo boundary kink modes of the QAS3, but near the edge of
to deal with ballooning modes in stellarators, a conclusio he plasma there may be trouble with islands at low order

that is borne out by runs of the NSTAB code ugi.ng. Spe?”,a esonance® Performance is predicted to be optimal if net
terms of degree as high as 36. A significant equilibrium limit

on B for the MHH2 is predicted by high-resolution NSTAB

runs above 5% that display magnetic surfaces with incom-

; ; L ; -TABLE II. CoefficientsA,,, defining a QAS3 configuration for values
atible ripple. Parameters defining the separatrix of an opti- mn
P PP 9 P pu_ — 1,0,1,2,3,4 of the poloidal index and values —1,0,1,2,3 of the tor-

mal configuration ar_e under investigati¢ef. Table ). _oidal index. This is a stellarator-tokamak hybrid that depends on bootstrap
We are developing the MHH2 as a reactor concept witheyrrent for good performance.

large radius 9 m, plasma radius 3 m, and a minimum gap of

ime ¢ scales likep, >°, wherep, is the ion gyroradius

easured in units of the plasma radius. More specifically, in
the case of a magnetic field of 5 T in the plasma with average
temperature 12 keV and average densityx112?°m3, we
estimate thatre.=3s. For a more conventional stellarator

1.7 m between the separatrix of the plasma and the filaments ™" -1 0 1 2 8
defining the modular coils, which have acceptable curvature. —1 0.16 0.09 0.00 0.00 0.00
There is enough flexibility in the system to allow for correc- 0 0.00 1.00 0.03 0.00 0.00
tions that may become necessary after more detailed studies 1 0.05 4.50 005  —0.01 —0.01
of alpha particle confinement and the divertor are made. g 8'88 _00'1089 _06330 0(')056 0(')030
Monte Carlo simulations of the MHH2 reactor using the 001 _0.02 0.02 000  -002

TRAN computer code show that the energy confinement
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dicted to operate well when the rotational transform is ad-
justed to come out in the range 6:6>0.4.

E. Coils and islands

After fixed boundary calculations of equilibrium and sta-
bility have been used to design an optimal stellarator con-
figuration, it becomes necessary to find coils that will pro-
duce a compatible external magnetic field. In practice this is
accomplished by looking for a vacuum field given by the
Biot—Savart law

VeoXN
BZVXJ'J' ; do,

that has a flux surface identical with the boundary of the
optimal plasma. The integration is to be performed over a
suitable control surface specified by a formula like the one

that appears in the equilibrium code, and
FIG. 3. Asymmetrical cross sections of a bifurcated equilibrium of the
QASS stellarator 8=0.08 with net current putting the rotational transform .
in the range 0.72:>0.54. The existence of more than one equilibrium ‘P:U+2 @mnSIN(Mu—nv),
assures that there is a minimax solution at these conditions which is un-
stable. Notice the ballooning structure of the mode, which is localized in as a distribution of surface current whose level curves pro-

region of pad curvature and decays along a magnetic line in as little as halfide filaments defining a set of modular coils for the stellar-

a field period. ator. The mathematical problem of determining the coils is
not well posed because it involves an analytic continuation
and approximation oB related to Runge’s theorem in com-
plex analysis, which concerns the representation of an ana-

current is induced to keep the rotational tranfosiim a de-  lytic function by infinite series of polynomials in simply con-

sirable range. nected regions. What this means is that the coils turn out to

To make the mountain pass analysis of stability convincbe too complicated to construct in an effective fashion unless
ing, a bifurcated solution with asymmetrical flux surfacescare is exercised in selecting the trigonometric polynomials
must be exhibited that is fully converged. That has been acthat are employed.

complished easily at @ of 1% for a compact configuration We have written a line tracing code called NWIND that

like one of the candidates for a stellarator experinférit.  can be run to calculate the Fourier coefficiedts, of the

has three field periods, and its aspect ratio is dhty3.4, last closed flux surface defined by the Biot—Savart law and

but there is a substantial magnetic hill in the vacuum fieldsee whether it furnishes an adequate approximation to the

when no plasma is present. More recent designs suffer frorariginal equilibrium at zerg3. This tool enables us to read-

an excessive elongation of cross sections in the region of bgdst the definition of the coils systematically and arrive at a

curvature that apparently results from pessimistic predictionbetter fit. Thus there is also a well posed, but more tedious,

of ballooning instability. Another interesting proposal hasmathematical approach to the problem of designing coils.
been made for a concept exploration experiment based on@ood results are obtained when one uses just coefficients
guasiomnigenous stellarat@OS9S not unlike the MHH2. To ¢, With the indicesm andn of the shape factora ,,, that
obtain this one adjusts the mirror terfy, to produce large occur. Tables | and Il show how the indices are chosen in
negative values oB,, so the coefficienB,, decreases, the practical cases.

bootstrap current falls off, and ballooning stability improves. In a compact stellarator the rotational transform over

The MHH2 and QAS3 stellarators have good equilib-each field period is relatively large, so low order resonances
rium, stability, and transport, and attractive sets of modulacan produce undesirable magnetic islands even if there are
coils have been designed for them. Substantial progress has field errors. Such an island can be suppressed by requiring
been made on some of the mathematical problems in stellaat any dangerous rational surface wheten/m that the cor-

ator theory, and we have been able to optimize these configuesponding ternB,,, in the magnetic spectrum vanishes so

rations for a proof of principle experiment to demonstratethe parallel current does not become singular. It is not easy to

that the concept is competitive with tokamaks as a toroidahiccomplish that, so a certain amount of trial and error is
confinement system for magnetic fusion. However, importantalled for. However, the coefficienrt,,, largely controls the
technological issues must be addressed to construct a sumrresponding factoA ,,,, defining the shape of the plasma,
cessful compact stellarator with modular coils delivering anand that in turn controls the spectral teBy,, in less reso-
accurate external magnetic field. It is important to find outnant cases, which makes the design problem manageable. We
whether the quasiaxially symmetric configurations performsucceed by filtering the Fourier series in the solution to
well as stellarator-tokamak hybrids. In that connection, as &liminate irrelevant harmonics and by avoiding irregularities
hybrid the version of the MHH2 defined in Table | is pre- in the geometry of the coils and the plasma.
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be added in an experiment to cancel bad effects from boot-
strap current or field errors. Vertical field coils can be in-
cluded to compensate for increasiggjust as in a torsatron.
Fortunately the modular coils for the QAS3 stellarator are
less twisted than those required in more conventional con-
figurations. Finally, induced current can also be used to avoid
dangerous resonances.

Quasisymmetric stellarators should be considered as an
alternate concept for the large ITER project that is being
planned. The topology of the coils is like that of a tokamak,
but the rotational transform does not vanish at the separatrix
to complicate problems with edge physics. In this context it

FIG. 4. Poincaresection of the flux surfaces of an MHH2 stellarator in a is natural to view the MHH2 and the QAS3 as advanced

vacuum magnetic field given by the Biot—Savart law. The outermost cuvgLamaks. To make more proaress it will be necessary to
shows where the control surface is on which coil filaments are located, and0 ’ prog y

the inner curve is the free boundary of an equilibrium calculated by theCONStruct an experiment adequate to validate the theory.
NSTAB code. There is am=5,n=1 island inside the plasma that has been

largely suppressed through choice of the coefficigntin the Fourier series Il. MONTE CARLO SIMULATION OF TRANSPORT
for the surface current whose level curves define the modular coils. ’

A. Introduction

An effective method for the analysis of transport in stel-

For an MHH2 stellarator with two field periods and as- larators and tokamaks is to track particle orbits subject to a
pect ratioA= 2.5 we have applied the method just describedrandom walk in velocity space. The orbits are found by solv-
to find a set of 12 only moderately twisted modular céds  ing guiding center differential equations, and we employ a
Fig. 1). There is adequate space between them, and the miniest particle model from kinetic theory to evaluate the con-
mum distance between the plasma and the control surface imement time. This involves putting a sample particle in the
half the plasma radius. At zer@ the rotational transform plasma and calculating how long it takes to leave. Because
over one field period lies in the interval $¥4>1/5. This the effect of a single particle on macroscopic quantities is
means that the most dangerous resonanoe=igl,n=1, and negligible, the electromagnetic field and the flow of the
fortunately the corresponding coefficieBy; is relatively  background are taken to be fixed. To estimate the influence
small. That term in the magnetic spectrum remains less thaof random collisions we study the motion of the test particles
0.3% of By for B>0 and for profiles of. that take into  statistically using a distribution function that satisfies a sim-
account the effect of bootstrap curréAtBoth equilibrium  plified drift kinetic equation. The collisions are represented
and line tracing calculations suggest that we should be ablby a second-order elliptic partial differential operator acting
to control the corresponding island through small adjustwith respect to velocity coordinates, as in a Fokker—Planck
ments of the coefficienp,; in the Biot—Savart law. In an equation. Solutions should decay to the normal distribution,
experiment space should be provided to allow for auxiliaryor Maxwellian, according to the central limit theorem. De-
coils generating this harmonic. tails about the mathematics of this approach differ from sta-

The termBs, is larger and more troublesome, but fortu- tistical mechanics as it is usually formulated in plasma
nately . is expected to rise above 1/5 in the plasma as th@hysics®®
bootstrap current increases wigh Figure 4 shows how an The test particle model can be implemented numerically
m=5,n=1 island has been largely suppressed inside théy the Monte Carlo method. The test particles move on drift
plasma by our choice a5, for another MHH2 stellarator in  surfaces, but march back and forth among them following a
a vacuum field defined by the Biot—Savart law witbross- random walk that simulates collisions. Any particle that
ing the resonant value 1/5. After that has been accomplishe@aches the boundary of the plasma escapes, so the distribu-
any difficulties with the corresponding island in an actualtion function vanishes there. This process defines a solution
experiment should be no worse than those in a more convef the drift kinetic equation that decays exponentially at a
tional stellarator that are encountered when there are fielthte specifying the particle confinement time.
errors. Because of a singular perturbation of Poisson’s equation

To avoid undesirable ripple in the magnetic field of thethat is associated with small Debye length and neglect of the
QAS3 stellarator with three field periods defined in Table II,displacement current in our transport theory, the electric po-
we selected 24 modular coils for it that are adequately space@ntial should be determined by the requirement of charge
and not excessively twisted. This case has reversed sheaegutrality rather than from equations of motion represented
and the rotational transform over one field period in aby Ohm’s law. Resulting oscillations of the electric field
vacuum rises to between 1/7 and 1/6 at the separatrix. Coalong lines of magnetic force serve in this model to explain
responding islands can be reduced by adjusting of the coe&knomalous transport of electrons. Numerical simulations that
ficients o741 and ¢g;, but when the bootstrap current raisesassume a simpler radial electric field give a confinement time
the rotational transform the problem with magnetic surfacedor the electrons significantly higher than that for the ions.
near the edge of the plasma might become more difficult. IMThat leads to different rates of decay and hence to different
practice one should allow for small auxiliary coils that could sources for the ions and electrons to maintain a steady state.
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The impossibility of producing these different sources by )\ 2Ad=n,—n;,

injecting neutral particles may explain the origin of turbu-

lence, which is presumably triggered by the displacement/here® is measured in units of the temperature. The theory
current as it enforces quasineutrality. of singular perturbations implies that when the term on the

We perform transport calculations using the TRAN left is neglected, the resulting requirement of quasineutrality
Monte Carlo code. Exponential rates of decay of expected Ne(®)—n,(®)=0,
values of carefully selected integrals of the solution of the
drift kinetic equation provide estimates of the particle con-iS still what determines the electric field, even thouBmo
finement timesr, and 7, for the ions and electrons sepa- longer appears explicitly. This is the mechanism that will
rately. Thus the code enables us to study electron transpopfovide the desired oscillations @ along the magnetic lines
efficiently. It is important to exploit this capability, which in our model.
enables us to achieve good agreement with experimental data Often in plasma physics one measures the flownd
by combining the ion and the electron calculations with afinds the electric field from Ohm's law
m_ecfhall(rjlism to enforce quasineutrality and evaluate the elec- g4 xp= 73,
tric field.

We use the MHD equations to determine the structure opvhich is applied to establish its radial character. If the resis-
the magnetic field in the plasma, which allows us to expres§Vity 7 is neglected, integration of the magnetic differential
the guiding center differential equations in terms of the in-€quationB-V®=0 suggests thad is a function of the tor-
variant flux coordinates, 6, and¢. If we renormalizegand ~ 0idal flux s alone. This is a dubious approximation based on
¢ so that they become poloidal and toroidal angles on eachn ill posed problem in which the right-hand side does not
flux surface, then all we need to integrate the equations is §ven vanish, and it is probably responsible for anomalies in

know|edge of the Fourier representation of the magneticihe conventional theory of transport. The electric field is
field strength, which characterizes the spectfim. dominated by a radial term, but small oscillations of the elec-

trostatic potential within the magnetic flux surfaces may

have the same effect as the observed fluctuations to which
B. Quasineutrality anomalous transport is usually attributed. A plausible mecha-
nism to enforce the quasineutrality requirementn; is
I;;alled for to model such oscillations and provide a time-
averaged simulation of more complicated physical phenom-
ena.
)\ZDEtzVXB—J, Based on the considerations just described, we replace
Ohm’s law by quasineutrality as the rule to determine the
ﬁlectric potential. Experimentalists are accustomed to ob-
serving impurity flow and then estimating the radial electric
field from Ohm’s law, which is a reasonable thing to do, but
J=qniu;—gnele, it is wrong to calculate the much smaller parallel component
of E the same way in a detailed study of transport.

Including the displacement current in Maxwell's equa-
tions makes them consistent with conservation of charge. |
the relativistic formulation we have

wherel is the Debye length anH is the electric field. The
equation for the displacement current is a relation betwee
the electromagnetic fields and the current density

expressed in terms of the number densitiesand n, and s )
fluid velocitiesu; andu, of the ions and the electrons. Since 10 calculate the oscillations @b we solve the quasineu-
the Debye length is small, it is customary in plasma physicdrality and ambipolarity equations,=n; , 7e=r7; iteratively.

to neglect the displacement current. Then the three compg-N€ Mechanism implemented in the TRAN code to achieve

nents of the magnetic field must solve the four simultaneouiS requires that Fourier coefficients of the densitieand
equations n. of the ions and electrons coincide. The electric potential

® is expanded as a Fourier series
VxB=J, V-B=0.

A solution cannot be found unless the compatibility require- ~ ®=_>, Py,,co§mé—ne),

ment of quasineutralityv-J=0 is imposed. Hence in any

analysis involvingB the plasma is presumed to satisfy thatin the invariant poloidal and toroidal anglesand ¢ with

condition. coefficientsP,,, that depend on the flux. The charge sepa-
The displacement current is neglected because the fact6@tion is expressed as a similar Fourier series

A is small, not because the time derivatiggis zero. If it

were retained in Maxwell’s equations, it would generate fluc-  ng—n;= >, CpncOSMO—nd),

tuations of the electric potentid along the magnetic lines

in three dimensions. These fluctuations are observed ater dividing out the total numbers of electrons and ions.

plasma oscillations and turbulence that produce significan€alculation of low order Fourier coefficien&,,,, is accom-

transport. Time-dependent behavior of that kind ought to bglished by using the Monte Carlo method to estimate corre-

simulated in our static Monte Carlo model. Also, it becomessponding expected values of trigonometric functions that are

natural to consider quasineutrality as the right equation fostatistically significant.

the electric potential because of the role played by leaving We propose to determine the coefficieltg,, so that

out the Laplacian in Poisson’s equation Cmn=0. Because of the way charge separation gives rise to
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—— ION For tokamaks the dependence of confinement times on
104, —©— ELECTRON Pgo is less pronounced because of axial symmetry, so we
I ——  AVERAGE simply fix the radial term at some plausible value. On the

other hand, computations of 3D bifurcated tokamak equilib-
ria show that an increase in the helical excursion of the
magnetic axis can reduce the electron confinement time
without affecting the ion confinement time very much. Simi-
lar results can be achieved by increasing the size of other
resonant MHD modes. Therefore, to study tokamak trans-
port, the axially symmetric coefficien, in the spectrum
are obtained from an equilibrium calculation, but small 3D
termsB,,, with n#0 are allowed to appear, too. We intro-
duce a family of solutions parametrized by the size of the 3D
s , , , , , perturbation and iterate on that amplitude to solve the ambi-

0 ° 20 evoLEs 30 40 50 polarity equation7,= ;. Increasing the magnitude of the

perturbation reduces, without changingr; so much, but

FIG. 5. Iterations converging to quasineutrality in a Monte Carlo computa-decreasing it has the opposite effect. The method converges
tion of the energy confinement. timg:, measured in m@lliseco'nds, foran \well in practice and gives results in agreement with experi-
MHH2 stellarator of aspe(it ratié=3 at reactor condlthns with average ment. However. this 3D simulation of transport in tokamaks
T=12keV, n=1.7x10°m™3, and B=5T. The magnetic spectrum has . : )
excellent axial symmetry, but we have superimposed a mirror term thatS MOre speculative than the algorithm we have described for
improves transport by driving the radial electric field to a potential level four Stellarators because of the way it makes use of bifurcated
times the temperature. equilibria.

The asymmetrical perturbations BfandB that we have
described provide a 3D simulation of turbulence associated
with microinstabilities and drift waves. The quasineutrality
algorithm gives results for the confinement time that are rela-
tively insensitive to the choice of a specific MHD mode al-
tering the form ofB in three dimensions. We have found that
the method converges adequately, and calculations have been
run for tokamaks to validate the model through comparison
with experimental measurements.

TE

electrostatic restoring forces, it is reasonable to expect well
and hills in the electric potential to compensate for similar
oscillations inng—n;. This suggests the®,, has a domi-
nant effect on the corresponding coeffic€t,, so in prac-
tice we find a numerical solution by truncating the two Fou-
rier series ford andng—n; in the same way. For a suitable
relaxation factore, a convergent iteration scheme driving
Cmn towards zero takes the form
I+1 | |

Pinn = Pmnt €Crnn- C. Test particle equations
Numerical calculations using this algorithm show that rela- | okamaks and stellarators the mean free paths of the
tively small values ofP, with magnitude only a few per- jons and electrons are hundreds of times longer than the ra-
cent of the temperature may account for the anomalous trang;jys of the device. The gyroradiusv, /qB is small com-

port of electrons, for they reducg much more tharr; . pared with the plasma radius, so orbits can be tracked by
The method described thus far is insufficient becausgoying guiding center equations of the form

Pgo is not yet determined, for the average valueGgf, has

been normalized to vanish. One of the advantages of the x=p|[B+VX(pB)].

TRAN code is its effectiveness in computing both the ion

and the electron confinement times, so we solve the ambipg4ere the parallel gyroradiys=mv | /qB is of the same or-

larity equation7,=7; to find a physically relevant value of der of magnitude as the gyroradius. It is determined from the
the radial potentiaPq,. Stellarator calculations have shown conservation of energy

that an increase in the size Bf increases the ion confine-
ment time while leaving the electron confinement time more q°B2p?

. . p
or less unchanged. Hence the iteration W= om H +uB+qd,
-
Poo = ( 1- €|097—|> Pbo, where the magnetic momept=mv?/2B is an adiabatic in-
e

variant that is constant along trajectories between collisions.
completes the algorithm to solve for quasineutrality and amThe guiding center system can be transformed into simpler
bipolarity in stellarators. It yields both the expected ion rootordinary differential equations in terms of the flux coordi-
and the expected electron root. Figure 5 displays a calculasatess, 6, and¢ that just involve 1B2, which explains why
tion illustrating this procedure in which good resolution wastwo-dimensional symmetry of the magnetic spectiBgy, is
achieved by tracking collections of 1024 test particles. Theamportant for transport.
result gives an indication of how turbulence and anomalous The Monte Carlo method of calculating transport is most
transport may be controlled in quasisymmetric stellarators. easily formulated in terms of a drift kinetic equation
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of B arises from a normalization of time by the ion gyrofre-
E-‘r—p”[B-i-VX(pHB)]Vf quency. In the TRAN code particle confinement time is
evaluated by estimating the exponential rate of decay of

=V.[ve MV-WH2Tygmv-u)Z2Te] functionals calculated by the Monte Carlo method. Numeri-

cal experiments have shown that good estimates for both the
ion and the electron confinement times are obtained using the
functional

for the distribution functiorf of each species of test particle.
The operatoWV acts on space coordinatesn the left, but on
velocity coordinates on the right. The collision frequenay
and the temperatur€ are given functions ofv—u| and the Sy—oy T
flux s, respectively. The term in square brackets on the left is E 2 co{l'— E) =Ae V4.
the guiding center velocity, and the term on the right is the ~ KSik

;:oII|S|on operator. Thgre are actually two different equa’glo_nﬁNhere s« stands for the coordinate of the jth particle
o solve, one for the ions and one for the electrons, d'St'nTaunched from the flux surface= o, . The key step in our
guished by their respective gyroradi, collision frequencies proach is to actually perform the electron calculation, and
and temperatures, so it is possible to compute independentlrl is formula makes that possible. '

t.JOth the ion c_onfinement “".‘e anq the electrqn confinement Computation of confinement times and of the Fourier
time, Thg cplllspn opgrator IS de§|gned _to drlﬁ/egward a  coefficients of the charge separation involves multiple inte-
normal distribution shifted by the fixed fluid velocityof the rals in a five-dimensional space described by the variables
background. It conserves mass, but not necessarily momep- 6, ¢ W, and . To do the integrations we solve the drift
tum, which is a property that depends on the choice.of T '

. : kinetic equation for the particle distribution functiof
Expon_entlal dec_ay of can be established by the met_hod which depends on these five variables plus the tiraed the
of separation of variables becausdoes not appear explic-

ity in the drift kineti tion. Let us look f luti ¢ sign of the parallel velocity. The Monte Carlo method is an
'y n the dri 7}\I:"Ie ICc equation. Let us JooK Tor SOIUtIONS Of e tjve tool for computations in space of such high dimen-
the form f=e *F in which F does not depend on time. _;

Substitution of this relation into the drift kinetic equation and
differentiation of products on the right leads to the eigen-bee
value problem

The algorithm to solve the drift kinetic equation that has
n implemented in the TRAN code is a split time method
which alternates between numerical calculations of guiding
center orbits in flux coordinates and applications of a random
+AF. walk in velocity space modeling the collision operator. This
operator involves a Maxwellian shifted by the flow velocity
If the smallest eigenvaluk is positive, then solutions of the u, and the collision frequency is a function |@f-u|, so it is
drift kinetic equation decay exponentially, and the rate ofconvenient to translate the coordinate systemubpefore
decay is dominated by that eigenvalue. The particle confineapplying the random walk. The formulas for the transforma-
ment time r=1/\ defined to be the inverse of the smallesttion of coordinates show that whenis small compared with
eigenvalue is a measure of how long it takes for test particleghe thermal speed the changes it makes in the enétgyd
to leave the plasma. in the magnetic moment during the random walk are small.

If we identify the term\F on the right-hand side of the Therefore,u has little effect on the collision operator, in
eigenvalue equation as a sougethen for the lowest eigen- which conservation of momentum should play a secondary
value we haveS=F/. This source specifies one way par- role, since it could be enforced by a self-consistent choice
ticles can be injected into the plasma to maintain a steadgf u.
state. For a reasonable choice of norm, the Rayleigh quotient The principal parameters in the collision operator are the

_ temperature and the collision frequency. Runs of the TRAN

=[F[l/lIS], code brovi : -
provide numerical evidence that other features are less

gives a representation of the confinement time analogous tismportant. In order to study this matter systematically we
the ratio of energy divided by power that is introduced as théhave modified the collision operator by altering the Max-
measured value of energy confinement time in experimentsvellian and we have observed how that influences transport.
Note that there are two distinct sources, one for the ions andlumerical calculations establish that a variety of changes
another for the electrons, so when the confinement times atéat were made have little effett.There is only secondary
different, the sources are, too. Because only neutral particlesriation of the confinement times of the ions and electrons
can be injected into the plasma we see that steady solutiongith perturbations of the flow velocity in the collision
with unequal sources are not realistic in an analysis of transsperator, so that could not compensate for failure of
port, which means they become irrelevant when the electroquasineutrality. In the test particle model the electromagnetic
confinement time is an order of magnitude larger than the ioffield and the flow velocity are assigned, so test particles scat-
confinement time. ter against a fixed background and conservation of momen-

The TRAN code determines the particle confinementtum is dependent on the flow, which can safely be neglected
time 7 rather than the energy confinement timge For com-  in the computation.
parison with experiments we need a relationship between The physics of our model would be more consistent if
these two quantities, and the semiempirical formaa  we chose the flow velocity to ensure conservation of mo-
= 7/3B seems to work well in practice, where the division by mentum in the collision operator, just as we find the electric

m(v—u)
pH[B-f-VX(pHB)]-Vsz- VF+#F

14
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potential ® by imposing quasineutrality. However, that —k— 10N
would lead to a much more elaborate computation. Our nu- 103 —©— ELECTRON

merical studies show that it would not affect the results sig- C —— EXPERIMENT
nificantly, so we are justified in simply putting=0. On the i
other hand, the quasineutrality algorithm fér converges
well and seems to account for anomalous transport succes:
fully. Thus the final formulation of the method is based on
both theoretical and practical considerations. Perhaps thre ;27
most important conclusion is that it is wrong to think that '
requiring conservation of momentum could by itself lead to
qguasineutrality. After the radial electric field has been deter-
mined by quasineutrality, we could use conservation of mo-
mentum in the form of Ohm'’s law to find the flow, but that
would still have a negligible effect on the confinement time o'l L

through its appearance in the collision operator. 23 45 6 7 8 ;‘YCL‘;’S "oz oo o8

) ] ) FIG. 6. Calculation of the energy confinement timein milliseconds for
D. Comparison with experiment an NBI shot of the LHD experiment using 18 iterations on the electric

. . . potential® to achieve quasineutrality. Oscillations @falong the magnetic
In the TRAN code the guiding center ordinary differen- jines model turbulence and anomalous transport well enough so that there is
tial equations are solved by a fourth order Runge—Kuttasatisfactory agreement with the measured value, discrediting the faulty as-

method in which the step size is chosen so that well definegumption®=d(s) that the potential is constant on flux surfaces.

drift surfaces can be observed in Poincaegtions. Exten-

sive runs have been made to verify that the confinement

times 7, and 7, and the relevant Fourier coefficier®,, of  €try of the drift surfaces, so it can describe transport that is

the charge separation are statistically significant. We hav8ominated by turbulence and banana orbits. If in the calcu-

analyzed the results to show that the method does not hajations one can find realistic 3D perturbationsiofind 1B

unacceptable numerical errors and that the quasineutralitjat suffice to enforce quasineutrality, then the numerical re-

algorithm works for low collision frequencies like those in a Sults agree better with observations.

reactor. Confinement times computed by this algorithm com-  Our implementation of the quasineutrality algorithm is

pare favorably with experimental data obtained from Toka-only effective at low-collision frequencies such that a few

mak Fusion Test ReactdifFTR) supershots at PPP(cf.  early harmonics,,, suffice to approximate the electric po-

Ref. 3. tential ®. Therefore, we could only use tokamak data in our
We have compared numerical results from the TRANfirst comparisons of the theory with experiment, and we had

code with measurements from the Joint European Tokamale model turbulence by introducing bifurcated equilibria

(JET) experiment located in Great Britain. Experimental pa-Whose physical relevance is not universally recognized. Re-

rameters mode"ng JET were p|asma major radRis3 m, Cently measurements of confinement time for the LHD stel-

horizontal plasma minor radits=1 m, and vertical plasma larator in Japan have been performed that are at the required

minor radiusb=1.5m. Average values of the partic|e den- level of CO”iSionality, SO a more SatiSfaCtory Comparison be-
sity and the temperature wera=4x10m= and T  comes feasiblé® More specifically, we have run the TRAN

=4 keV. The average magnetic-field strength viBas3 T, code to model an observation with peak temperature 3 keV

the effective charge number was=2, and the energy con- and density 1.X 10m~3. The central magnetic field was
finement time wasre=260ms. We included both axially 2.8 T, the radius of the magnetic axis was 3.6 m, and the
symmetric Fourier modes and 3D modes witks4 andn small radius of the plasma was 0.65 m. Both the experimen-
<4 that are resonant inside the plasma for our calculationt?l measurements and the mathematical computations gave
using the TRAN code, and the radial electric potential waghe valuerg=160ms for the energy confinement tini.
set to —1.5 times the temperature. In an initial run the 3D Fig. 6). The margin of error is satisfactory, but depends on an
modes of the electromagnetic field were put equal to zero, sestimate near 2 of the effective charge numierwhich
the electron confinement time became much larger than th@ccurs in formulas for the collision frequency. This is a pre-
ion confinement time. A second run showed how 3D pertur]iminary result Calling for more careful theoretical aﬂalySiS of
bations of the fields affect transport by reducing the electrofew LHD data that are becoming available.
confinement time more than the ion confinement time, bring-
ing both down to a realistic level. Iterations were performed
to achieve quasineutrality, and then the confinement times o
the ions and electrons reached good agreement with the ex- We wish to express our appreciation for helpful discus-
perimental data. sions with Carlos Alejaldre, Frances Bauer, Nelson Kuhl,
These computations may explain why two-dimensionalLong-Poe Ku, Shoichi Okamura, and Harold Weitzner. Some
models of transport that do not include a mechanism enforcef the material was prepared for a review paper at the 13th
ing quasineutrality fail to simulate experimental data. Thelnternational Stellarator Workshop in Canbef@eptember
Monte Carlo method takes into account the complex geom2001).
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