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The linear properties of an electromagnetic drift-wave model are examined. The linear system is
non-normal in that its eigenvectors are not orthogonal with respect to the energy inner product. The
non-normality of the linear evolution operator can lead to enhanced finite-time growth rates
compared to modal growth rates. Previous work with an electrostatic drift-wave model found that
nonmodal behavior is important in the hydrodynamic limit. Here, similar behavior is seen in the
hydrodynamic regime even with the addition of magnetic fluctuations. However, unlike the results
for the electrostatic drift-wave model, nonmodal behavior is also important in the adiabatic regime
with moderate to strong magnetic fluctuations. 2000 American Institute of Physics.
[S1070-664X00)02707-5

I. INTRODUCTION ous models have been developed to study drift-Aifve
turbulence’®~**Various numerical studies of drift-wave tur-
The observed transport of particles and energy at thgylence have been performed. One of the standard steps of
plasma edge in magnetic confinement devices, e.g., tokdhe analysis is to study the linear properties of the models.
maks, is much larger than predicted by neoclassical transpofigatures of the nonlinear numerical simulation that cannot be

l . . .
theory. Experimental evidence relates this anomalous transaccounted for by the linear analysis are attributed to nonlin-
port to observed density, electric potential, and magnetigy, effectd?

field fluctuations. Drift waves with amplitudes and wave Eigenmode analysis or normal mode analysis is a stan-

numbers comparable to those of observed fluctuations resularg method of studying instabilities in fluids and plasmas
from plasma density and temperature gradiésift waves  ang has been applied with success to many problems. How-
produce anomalous particle and energy diffusion along thesgyer there are notable cases in fluid dynamics where normal
spatial gradients. There is also experimental evidence ghoge analysis fails to agree with observed instabilifes.
waves with drift-wave characteristics in the central region ofrpese fajlures have been attributed to the linearization of the
the tokamak: Drift-wave turbulence is therefore assumed to problem. However, it has been long known than-normal
be one of the mechanisms responsible for anomalous tranfaear systems are potentially capable of behavior different
port in tokamaks, especially at the plasma edge. ~ than that suggested by their normal model analysis. A non-
Another place where drift waves may play a role is innormg| linear system is one that does not have a complete set
the transition from poor confinement to improved con- 4t orthogonal eigenvectors. Recent studies have shown that
fmement regimesH) in .tokamak.s. Although extenswg €X- some non-normal linear systems do indeed present behavior
perimental and theoretical studies of the-H transition  gjfferent than that suggested by their normal mode analysis.
have been performed, it is still not completely underst®dd. For instance, perturbations in modally stable systems can be
Experimental evidence suggests that core plasma |nstabll|t|Q.§np|ified by factors of thousands as a result of non-
related to ion temperature gradient modes change into driﬁﬁorma"ty_ls,le
type mode near the plasma edgéhas also been suggested  Tpe possible enhanced growth due to non-normality sug-
that the edge turbulence could have its origin in the pIasm@eS»[S almost linear mechanisms for the transition to
center, where the magnetic fluctuations have a fundamentglpyience’ However, the general applicability of this
role® These facts suggest that the coupling between electrOnechanism for shear flows has been criticieghd an al-
static turbulence and Alfrewaves are significatftand vari-  ternative mechanism for obtaining subcritical turbulence has

been proposetf Recently?° this mechanism has been exam-
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system; some aspects of this work are also discussed in Refs. The electromagnetic drift-wave equations*4re
23 and 24. The role of the magnetic fluctuations in a simple

nonlinear drift-wave modewithout magnetic shei@?°has %Q:V J

already been studied numericalfyThere, the results of the dt I

nonlinear numerical simulations were compared to the modal d 9

linear stability properties in order to understand the role of “E— _ —+V}J, (1)
the nonlinear terms. However, the linear behavior of electro- At ay

magnetic drift waves is not completely described by its
modal growth properties in some regimes. The system pre-
sents a strong nonmodal behavior in the hydrodynamic re-
gime for a wide range of magnetic fluctuations strengths,ynere

extending previous electrostatic drift-wave model restflts.

Previous electrostatic drift-wave model results showed little 5 1_,

nonmodal behavior in the adiabatic regime. Here, we dem- =Vi¢, J=- EVL b, @
onstrate that the adiabatic regime including moderate to

P 1
i W+V||(n—¢)—7‘l

strong magnetic flucuations produces nonmodal growth with  d. o . J .

larger growth rates and different wave number than those ;= 7; +(ZXV19) V., Vj=——(2XV ¢)-V ,
given by normal model analysis. This regime of adiabatic 3
electrons and moderate magnetic fluctuations is typical of

tokamaks. 4mn,T L2 cs/Ly M, L2

The organization of the paper is as follows. In Sec. llthe ~ B= (4)
nonlinear electromagnetic drift-wave model and the associ-
ated fluctuations energy inner product is described. The speg Fourier representation is used:

trum and pseudospectrum of the linear model is presented in

Sec. lll, demonstrating the non-normality of the system. f(x,y 7S f el (kex Ky +iK ) (5)
Modal and nonmodal growth rates are compared in Sec. IV. 7 K ’

Finally, a summary and conclusions are given in Sec. V.

Bg L_%, Ve MeL_ﬁ.

wherek= (k,,k,) andK| is taken to be constant.
The adiabaticity parametef used in the Hasegawa—
II. NONLINEAR ELECTROMAGNETIC DRIFT-WAVE Wakatani systeﬁjr'31 is related toA: C= KﬁA. We choose
EQUATIONS Ky=1 and consider the parametér instead of A. The
The electromagnetic drift-wave equations consisting ofHasegawa—Wakatani systéhis the electrostatic limit of the
three nonlinear coupled bidimensional equations, for potenelectromagnetic drift-wave modél) obtained by taking)
tial ®(x,y), densityn;(x,y), and magnetiaP (x,y) fluctua- —0 andJ=C/Kj(n— ). The two-dimensional magneto-
tions, are an extension of the Hasegawa—Wakatani system ltydrodynamiqMHD) equation$’ can also be obtained from
slab geometry to include the magnetic fluctuations. ThisEd. (1) by taking a constant density;=0 and K;=0."
model was first derived in Refs. 25 and 26, and an equivalerfElectromagnetic drift-wave equations therefore contain the
form can be found in Ref. 28. It can also be interpreted as glynamics of both the Hasegawa—Wakatani and the MHD
restriction of tearing-mode modéfs® to a homogeneous equations. By varying the two free parametérand 3, a
magnetic geometry. variety of regimes can be studied. The electromagnetic ef-
~ The electron densityr is given byn=no(1+n;/no),  fects are controlled by3; B<1 is the electrostatic regime
with n; <1, where the equilibrium density,(x) has a con- 5, 351 s the electromagnetic regintéLarge values of’
stant gradient in the negative direction with equilibrium correspond to an adiabatic regime, while small valueg of

density scal¢n= n0/|dn0/dx|_. The electrons are |sqthermal correspond to a hydrodynamic regifffeln our calculations
and the ions are coldl{<T.=T); temperature gradients or ;e aqq dissipative corrections in E€L), such thatd/at
fluctuations are neglected. The total magnetic figlthas a —alt+ vt i

1.

uniform component in the direction, By, with maAgnet|c The total energy of the fluctuations is an invariant of the
fluctuations in the X,y) plane, such thaB=Bee,~V  purely nonlinear electromagnetic equations and is given by
XWVe,.

The drift-wave dispersion scaje,=c\M;T/eB and the 1 a1V bl2+n? 1 _—
sound speed=\T/M; are used to define the usual drift - EJ X\ IVLel*+n +E” LY
parameterdy=ps/L,; M; and M, are the ion and electron
masses, respectively. A parallel length sdales also used, 1
which is equivalent to the shear length in tearing-mode mod- ) ;
els. The fluctuations are then scaled according ¢o
=(e®/T)8, ", n=(n1/ng) &y ", = (¥/Bops)(Ls/Ly)dy ", wherek=\kZ+KkZ. The total fluctuation energy can be used
and J=(JH/necs)(Ln/LS)651. The adimensional variables to define a norm and an inner product on fluctuations. In
are defined asx—x/ps, y—Ylps, z—2z/Lg, and t particular, for any two fluctuationsi=[¢,n,] and u’
—tcg/L,. =[¢',n’",y'], the total energy inner product is defined by

kg2 ni+ %w&) , ©
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@

1 - — 1 —
(Uu)=3 2 | Kt nani+ Ekzwm NC) L N
') T~ 3
where () denotes complex conjugatgul|=(u,u) is the o R
energy of the fluctuatiom. Two fluctuationsu andu’ are
orthogonal if(u,u’)=0. 10”
107
I1l. SPECTRUM AND PSEUDOSPECTRUM OF THE 10°
LINEAR MODEL
10°° 10°
Neglecting the nonlinear terms of the electromagnetic c
drift-wave equations and expanding the potential, the density
and the magnetic fluctuations in a double Fourier series in s (b)
the nondimensionalized slab variableandy gives for each o PR RN .
pair of (k,,k,) a linear system: 7 \
5 ; \
d . , ...-...."—*\
g U= Al (8) Y / ' )
E \ )
whereu,=[ ¢, ,n,#]" and TP L J
-15 AN /
4 . ~ ~ s
— vk} 0 —iK,/B 20 T~
. 4 . 2,15 -
A= iky =k} iIKKT/B ) (9) o —20 —10 0 10

. . . 2, 4 Rez
—iK; iK;  —ik,—k{/BC— vk
FIG. 1. (a) y, (solid line), a Monte Carlo estimate @, (dotted ling, and

D (dashed lingas functions of the adiabaticity constahtor Z¥=5. (b) The
eigenvaluegcircles and the boundary of the numerical rangefofdashed

(yI—A)u=0, (10)  line) for B=5 andC=10.

is obtained from assuming an exponential time-dependence

~ e for the fluctuationsy is the vector of Fourier compo-

nentsu, andA is the block-diagonal matrix with entries, . fore, the linear behavior of a non-normal system is only
The spectrum oA\, denotedA (A), consists of the values of weakly determined by the properties of its spectrum.

v for which (10) has a nontrivial solution. The normal mode Some information about the constaht can be found
growth ratey, is obtained by finding the eigenvalue &f  from the pseudospectrurof A.3* A complex number is in
with the largest real part. The dependence of the electromaghe € pseudospectrum d%, denotedA ((A), if zis an eigen-
netic drift-wave normal modal growth ratg, on the adiaba- value of (A+E) for ||E||<e. The e-pseudospectral abscissa

ticity C and magnetic field strengtB has been previously a(e) defined by

An eigenvalue problem,

calculated-*
If the linear operatoA were normal, or equivalently, if a(e)= max Rez, (13
A had a complete set of orthogonal eigenvectors, the modal zeA(A)

growth ratey, would give strong conditions on the behavior 2
of the total fluctuation energyju(t)|. Namely, one could can be used to boun from below:
conclude that for any initial condition(0) with unit initial

—a(0
energy D=D,= maxM. (14)

1d >0 €
[u(t)|<ert, max a||u(0)||syo, t=0, (11
o . _ . Figure Xa) shows a Monte Carlo estimate @, and the
the upper limits being achieved by taking0) to be the  exact value ofD as a function o’ for 8=5. ForC<1, D,
eigenvector ofA whose _elge_nvalue has real paig. HOW-  and D are considerably greater than unity, indicating the
ever, the electromagnetic drift-wave system does not have gresence of enhanced nonmodal growth. Similar behavior for
complete set of orthogonal eigenvectors and for non-normah 1 .-« caan in an electrostatiee., 3<1) model?” How-

dynamics the strongest statements that generally apply A€aver, in the electrostatic model considered in that worlC as

11 increases nonmodal enhanced growth disappearsZynd
lu(t)|<De”", t=0, lim 5 7 nlu®l=yo, (12 <1 for c=1. Here, including moderately strong magnetic
e fluctuations leads t®>1 even for large values of the adia-
for a constan® greater or equal to unity. The constdntis  baticity constant.
not known from the eigenvalue analysis and the modal Information about the rate of change of the fluctuation
growth ratey, only limits the long-time growth rate. There- energy is given by thaumerical rangeof A, denoted/V/(A)
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FIG. 2. The growth ratiog, (solid line), &; (dashed ling &, (dotted ling,
&5 (dash-dot ling plotted as functions df for C=10 and(a) B= 1073, (b)
B=1, and(c) B=10.

and consisting of all complex numbezsuch that for some
unit vectoru, z=(u,Au). Since the rate of change of the
energy is given by

1d, . 1d
EaHU(t)H—Ea(U(t),U(W

1 1
= E(u(t),Au(t))Jr E(Au(t),u(t)) , (15
where( , ) is the energy inner-product, the maximum rate
of change of the energy is given by themerical abscissa
defined by

max Rez.
ze W(A)

w= (16)
If A is normal, thenw=vy,. The eigenvalues oA and the
boundary ofW(A) are shown in Fig. (b) for =5 andC
=10. The time scale suggested by the maximum mod
growth rate yo=0.0024 is orders of magnitude differen

from that corresponding to the maximum rate of change of

energyw=23.1. A simple calculation using Eq12) shows
that the maximum growth rate can be maintained for a
time no longer than 0.54.

IV. FLUCTUATION ENERGY GROWTH

Following Ref. 27, the basic quantities used to investi-

a1i|on ie.,
t growth at one instant need not be the same as the initial

Camargo, Tippett, and Caldas
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FIG. 3. The growth rates, (solid line), y, (dashed ling vy, (dotted ling,
3 (dash-dot ling plotted as functions af for C=10 and(a) B=10"3, (b)
B=1, and(c)3=10.

Jluc)
luco)”
and its growth ratey(t)=t"! In £ Different choices of ini-
tial fluctuationu(0) produce different energy growth ratios.
We consider four energy growth ratégt), i=0, 1, 2, 3.
The first comes from taking(0) to be least stable eigenvec-
tor of A, giving

&o(t) (18)

maximum modal growth. The maximum energy growth ratio
() is

E(t)= 371 (17)

— t
=g ,

luct)ll

— || QAL
U(O)” ”e ” ’

&(t)=ma
u(0)

(19

and does not necessarily correspond to a single initial condi-
the initial condition that produces maximum

ondition that produces maximum growth at another instant.
The quantityé,(t) is defined by using the initial condition
that produces maximum growth in the limit of large time.
The quantityé&s(t) is defined by using the initial condition
that produces maximum initial growth. Details regarding the
calculation of&_q; , {t) can be found in the Appendix of
Ref. 27.

If A were normal the growth ratiog; 1,3 would all

gate the modal and nonmodal growth of electromagneticoincide. For non-normal operators the statement that applies

drift waves will be the energy growth ratig(t):

generally is thatyy(t),y1(t), and y,(t) are the same in the
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FIG. 5. The growth ratey, (solid line) and y,(t) for t=10 (dashed ling
t=20 (dotted ling, andt= 100 (dash-dot ling plotted as functions of, for
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FIG. 4. The growth ratey, (solid line) and y,(t) for t=10 (dashed ling
t=20(dotted ling, andt=100(dash-dot ling plotted as functions df, , for

€=10 and(a) f=10"°, (b) =1, and(c) 5=10.

o _ important is extended. Although the growth ratggt) and
limit of large time. Nonmodal growth rates may be larger y,(t) are approaching the modal growth ratg there con-
than the modal growth rate and involve different wave num+inue to be oscillations in the energy ratios.

bers on intermediate time scales. We now examine modal \We now examine which wave numbers are responsible
and nonmodal properties of the electromagnetic drift wavesor the modal and nonmodal growth. In Fig. 4, the modal
in different regimes, considering first the adiabatic regimegrowth ratey, and the maximum growth rate,(t) for t
with C=10. Non-normal effects were not observed for the=10,20,100 are shown as functions kof for k,=0. The
Hasegawa—Wakatani equations in this regime. We now ad@ave number dependence 9f(t) is different from that of
magnetic fluctuations and consider electrostatic, intermediy,, for smallt. As t increases, the wave number dependence
ate, and electromagnetic regimes corresponding, respegf v, (t) converges to that of,. In the electrostatic regime,
tively, to 3=10"%, B=1, and3=10. o andy;(t) coincide for all the wave numbers at the times
Figures 2 and 3 show the time evolution of the energyshown. For intermediate to strong magnetic fluctuations, en-
growth ratiosép 3 (t) and energy growth rateg;o_3(t) hanced nonmodal growth is seen over a wide range of wave
for these values of and 3. In the electrostatic regime, non- numbers with the maximum initially occurring at long wave-
modal effects are only important for very small time scaleslengths. This growth is larger and takes longer to relax to the
[Figs. 2a) and 3a)]. In this regime the maximum growth modal growth rate as the strength of the magnetic fluctua-
rate (y,) differs from the modal one only on very short time tions is increased. The wave numbers associated with maxi-
scales, approximately five time unitg; and y, then coin- mum nonmodal growth differ substantially from those asso-
cide in the electrostatic regime, as shown in Figa)2The  ciated with modal growth.
initial condition that gives maximum growth does not main- ~ We now examine the dependence of the growth rates on
tain that growth. As3 increases, the nonmodal effects be-f‘he adiabia_ticity and magnetic fluctuatio_n s_tre_ngth, identify-
come important on longer time scales. Figurés) 2nd 3b) ing the regimes where nonmodal behavior is |_mp(_)rtant. Fig-
show that for the intermediate regime while the modal growtrés 5 and 6 show the dependence of the finite time growth
rate y, has decreased, the nonmodal growth rates have ifate yi(t) and the modal growth ratg, on C and 8. Non-
creased compared to the electrostatic regime. In the electramodal growth is important for all values @f in the hydro-
magnetic regime this trend continues with the modal growthdynamics limit of smallC, a direct extension of the results
rate y, approaching zero while the nonmodal growth is en-obtained for the Hasegawa—Wakatani systérklowever,
hanced. Also the time scale on which nonmodal behavior isncluding moderate to strong magnetic fluctuations leads to
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(@ €=10"", (b) C=1, and(c) C=10. FIG. 7. Values ofk™ (solid ling) and kKI'®(t) for t=10 (dashed ling t
=20 (dotted ling, andt= 100 (dash-dot ling plotted as functions of, for

o a3 .
significant nonmodal behavior in the adiabatic regime as(a)ﬁ 1075 (b) f=1, and(c) f=10.

well. For tokamaks, the estimated values &rel0 and,@
~1, and for these values the linear growth would be much
larger than that given by the modal analysis, especially for

small times. complete set of orthogonal eigenvectors. Two parameters de-
Figure 7 shows the wave numbers corresponding to théermine the importance of the nonmodal effects, the adiaba-
growth rates in Fig. 5 as a function 6f We denote bk{™ ticity parameteiC and the electromagnetic parameBrEx-

andk{'®{t) the perpendicular wave number corresponding taamination of the pseudospectrum shows that while the modal
the growth rates, andy,(t) (t=10,t=20, andt=100). In  growth rate goes to zero in the hydrodynamic limit, non-
the hydrostatic regime the behavior seen is similar to thainodal growth is still present. Calculation of the numerical
observed in the Hasegawa—Wakatani systéihere is a abscissa showed that in the adiabatic regime the instanta-
critical valueCgi(t) of the adiabatic parameter, a decreasingneous rate of the change of the energy can be many orders of
function of time, such that at a particular timek{™(t)  magnitude larger than the modal growth rate.

~ko ™ for C<Cei(t) and ki *(t)~ki'(10) for C<Ceqt). In the hydrodynamic regimésmall values of), the lin-

For values ofC near the cutoff there is transition connecting g4 properties are practically independenBaind the modal

the modal and nonmodal behavior. In the adiabatic regiMeyrowth rate gives only poor estimates of the general non-

moderate to strong magnetics ﬂuctugtions produce a Secor?\qodal behavior. In the adiabatic regime, on the other hand,
regime where nonmodal effects are important. As noted €alne nonmodal behavior is important only for large values of
lier, in Ref. 27 the maximum nonmodal growth is associate

with long wavelengths dB (electromagnetic limjt and the maximum instantaneous

growth rate is much larger than the modal growth rate.

These conclusions suggest that when studying the full
nonlinear simulations of this electromagnetic system and

We have examined the modal and nonmodal linear becomparing with the linear properties, it is important to con-
havior of the electromagnetic extension of the Hasegawa-sider the non-normal character of the system. As non-
Wakatani model. Nonmodal analysis of the linear behavionormality appears to be generic for multiple-fields models of
of an electromagnetic drift-wave model reveals features noplasma fluctuation®’ this line of study is important to pur-
evident from eigenvalue or modal analysis. Nonmodal besue the understanding of transition to turbulence and submar-
havior plays a role in this system because it does not have ginal turbulence in plasmas.

V. CONCLUSIONS



Phys. Plasmas, Vol. 7, No. 7, July 2000 Nonmodal energetics of electromagnetic drift waves 2855

ACKNOWLEDGMENTS 15 N. Trefethen, A. E. Trefethen, S. C. Reddy, and T. A. Driscoll, Science
. - 261, 578(1993.
This work was supported by FAPESPundaeo de Am-  ssx i guler and B. F. Farrell, Phys. Fluids A 1637(1992.
paro aPesquisa do Estado de®Raulg under Grant No. 173 s Baggett, T. A. Driscoll, and L. N. Trefethen, Phys. FIuids333
96/5388-0 and by CNP@Conselho Nacional de Desenvolvi-  (1995.

mento Cienfico e Tecnolgico under Grant Nos. 381737/ *°F. Waleffe, Phys. Fluidg, 3060(1995.
19F. Waleffe, Phys. Fluid9, 883(1997.

97-73 and 520945/94-8. " _ .
J. A. Krommes, Proceedings of the 1998 International Congress on

. ) ] Plasma Physics combined with the 25th European Physical Society Con-

F. L. Hinton and R. D. Hazeltine, Rev. Mod. Phyg, 239 (1976. ference on Controlled Fusion and Plasma Physics, Prague, Czech Repub-

2A. J. Wootton, B. A. Carreras, H. Matsumoto, K. McGuire, W. A. Peebles, lic, 1098 [Plasma Phys. Controlled Fusid/S3 A641 (1999)].
3Ch. P. Ritz, P. W. Terry, and S. J. Zweben, Phys. Fluids B379(1990. 217 Hasegawa and M. Wakatani, Phys. Rev. LB, 682 (1985.
W. Horton, Phys. Repl92 1 (1990. 22) F. Drake, A. Zeiler, and D. Biskamp, Phys. Rev. L@g, 4222(1995.

“S. Raycharedhuri, Nucl. Fusi@b, 1281(1995. X .
5The AySDEx Teua:n ﬁucl Eulsioﬂg 195(9(19389 23, J. Camargo, M. K. Tippett, and |. L. Cald&oceedings of the Edge-
SF. Wagner, G. Becker. K. Behrir;ger D. Carﬁpbell A. Eberhagen, w. Plasma Theory and Simulation Workshop, Innsbruck, Austria, 1998

Engelhardt, G. Fussmann, O. Gehre, J. Gernhardt, G. V. Gierke, G. Haa§4[cze‘3h- _J- Phys1§/S2, 189 (1998]. o _
M. Huang, F. Karger, M. Keilhacker, O. Klueber, M. Kornherr, K. Lack- =M. K. Tippett, S. J. Camargo, and I. L. Caldappics in Theoretical

ner, G. Lisitano, G. G. Lister, H. M. Mayer, D. Meisel, E. R. Mueller, H.  Physics Festschrift for Abraham H. Zimerman, Vol. II, edited by H.
Murmann, H. Niedermeyer, W. Poschenrieder, H. Rapp, H. Roehr, F. Aratyn, L. A. Ferreira, and J. F. Gomémistituto de Fsica Tegica, S@
Schneider, G. Siller, E. Speth, A. Staebler, K. H. Steuer, G. Venus, O. Paulo, Brazil, 1998 p. 47.

Vollner, and Z. Yue, Phys. Rev. Le#9, 1408(1982. A, Hasegawa and M. Wakatani, Phys. FIuRE; 2770(1983.
’R. J. Groebner, Phys. Fluids B 2343(1993. 26R. D. Hazeltine, Phys. Fluidg6, 3242(1983.
®R. D. Durst, R. J. Fonck, J. S. Kim, S. F. Paul, N. Bretz, C. Bush, Z.27g 3, Camargo, M. K. Tippett, and I. L. Caldas, Phys. Re\68E3693
Chang, and R. Hulse, Phys. Rev. Létt, 3135(1993. (1998.
°N. Mattor and P. H. Diamond, Phys. Plasmagi002(1994; N. Mattor, 28\ pekki and Y. Kaneda, Phys. Rev. LeK7, 2176(1986.
mllg.ldslczc’)tz,(slgli?gzPhys. Controlled Fusi® 1635(1997. 29J.| F. Drake, T. M. Antonsen, Jr., A. B. Hassam, and N. T. Glad, Phys.
1B, Rogers and J. F. Drake, Phys. Rev. L&8, 229 (1997. 30': uids 26, 2509(1983. .
12, Zeiler, D. Biskamp, J. F. Drake, and P. N. Guzdar, Phys. Plaspas B. D. Scott and A. B. Hassam, Phys. Fluig& 90 (1987.

313, J. Camargo, D. Biskamp, and B. D. Scott, Phys. Plasind8 (1995.

2951(1996.
32D, Biskamp, Nonlinear Magnetohydrodynamidgambridge University

130. Pogutse and Yu. IgitkhanoProceedings of the Edge-Plasma Theory \
and Simulation Workshop, Innsbruck, Austria, 1988zech. J. PhysAg Press, Cambridge, 199%. 17.
S2, 39 (1999]. 33D, Biskamp, S. J. Camargo, and B. D. Scott, Phys. Lett1g§ 239

145, J. Camargo, B. D. Scott, and D. Biskamp, Phys. PlasBa3912 (1994.
(1996. 34L. N. Trefethen, SIAM Rev39, 383 (1997.



