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Shearing rate of time-dependent E xB flow
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Theory of ExB shear suppression of turbulence in toroidal geomg®lyys. Plasmag, 1648
(1995] is extended to include fast time variations of th&B flows often observed in nonlinear
simulations of tokamak turbulence. It is shown that the quickly time varying components of the
E x B flows, while they typically contribute significantly to the instantanelexB shearing rate, are

less effective than the slowly time varying components in suppressing turbulence. This is because
the shear flow pattern changes before eddies get distorted enough. The effecBv&hearing rate
capturing this important physics is analytically derived and estimated from zonal flow statistics of
gyrofluid simulation. This provides new insights into understanding recent gyrofluid and gyrokinetic
simulations that yield a reduced, but not completely quenched, level of turbulence in the presence
of turbulence-driven zonal flows. @999 American Institute of Physics.
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I. INTRODUCTION those of the turbulence. It is therefore of vital importance to
extend the nonlinear theory of turbulence decorrelation by

There is accumulating evidence ti&x B shear suppres- ExB flow sheat”*®%2to address the role of fast time vary-
sion of turbulence is the most likely mechanism to be reing ExB flow shear in regulating turbulence. This will lead
sponsible for various forms of confinement enhancertigfit.  to a better quantitative understanding of the nonlinear simu-
The theory ofE XxB shear suppression was first developed inlation results.
cylindrical geometry!’ It is valid when the time variation of In this paper, it is shown that the quickly time varying
E, is much slower than the eddy turn-over time. Extension tacomponents, while they typically contribute significantly to
a shaped tokamak geomefhhas been useful for compari- the instantaneoug xB shearing rate, are less effective than
sons to experimental data>>®°11-4which indeed show the slowly time varying components in suppressing turbu-
such a relatively slow time variation of the macroscopjc lence, since the flow shear pattern changes before the eddies

On the other hand, early flux-tube gyrofluid simulationsget distorted enough. EffectiEex B shearing ratepg s cap-
of ITG turbulencé®?2have observed relatively small radial turing this important physics is analytically derived. We pre-
scale (several ion gyro-radiysfluctuating shearedExB dict a significant reduction in the radial correlation length of
flows driven by turbulence. Flows can be generated by théurbulence wherwg¢; becomes comparable to the decorrela-
Reynolds’ stress and can be considered as a nonlinear in-tion rate of the ambient turbulence. Indeed, an estimated
stability associated with inverse cascade of the turbulentalue from zonal flow statistics of gyrofluid simulation is
spectra* Recently, the importance of these small scale zonatomparable to the maximum linear growth rate. This is in
flows in regulating turbulence in tokamaks has emerged as qualitative agreement with the broadeningkpfspectrum of
serious possibility. It has appeared persistently in the nonlinturbulence observed in the recent gyrokinetic simulatfdns.
ear gyrokinetic and gyrofluid simulations of lon TemperatureThis could also provide new insights into understanding
Gradient(ITG) turbulence as various flux-tube codes weresimulations that observe a reduced, not completely quenched
developed independentfy?® Moreover, the recent gyroki- level of turbulencé®?’ The instantaneou& xB shearing
netic simulation%’ in both full torus and annulus geometry rate observed in these simulations is much higher than the
with various boundary conditions have produced results thatnaximum linear growth rate, and is an overestimate of the
exhibit the importance of the fluctuating flows with similar shearing effect. Our results also suggest the relative impor-
characteristics as those in the flux-tube simulatfdrfS, tance of the low frequency part of the zonal flow.
when radial variations of the pressure gradient are mild.

We note that early global gyrokinetic simulations had a

relatively small system size in ion gyro-radius units, and,; TURBULENCE DECORRELATION IN THE

consequently, had rather sharp radial variations of pressuleRESENCE OF TIME-DEPENDENT ExB SHEAR
gradient. They either did not inclutfe?® or did not observ&

the small scale zonal flows. As computing power became In this section, decorrelation of fluctuations is estimated
sufficient to handle larger system size, the finer scale flow¥ia a two point nonlinear analysis in the presence of this time
began to appear in global gyrokinetic simulatiGhajthough ~ varying ExB flow shear. Following the previous
its effect on steady state transport was not observed to be #6rk,'"****we start from a one-field fluid model in which
significant as that seen in the flux tube simulations. the fluctuating fieldSH is convected by the fluctuating zonal
These flows observed in simulations contain significanflows Vg, and the fluctuatingE xB flow Vi associated with
components with radial scales and frequencies comparable the ambient turbulence excluding the zonal flows.
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(dlt+Vg-V+Vg-V)SH=S, (1) A0, plyl),
where Ve=BxV®/B?, Ve=BxVsd/B2 and S is the andG is the two point Green’s function for the LHS of Eq.

driving source of the turbulence. Linear dissipation and subfz)' . . )
dominant nonlinearities other th&hxB nonlinearity are ig- _Integration of Egs.(5) through (7) yields a solution
nored for simplicity. We use the coordinate system in whichWh_'Ch descr_lbes the secular orbit divergence of two initially
B=VoxVy+I(#)Ve, B,=I(#)/R, and B,=|Vyl|/R. adjacent points foA wtt>1:

Here, ¢ is the toroidal angle angr is the poloidal flux. We <¢§>(t)

consider a model problem in whigh is a flux function, but

. ; . A ¢?
depends on time in the following way:
. 2
D (1) =Do()exrd —iwr(t—to)], _ ¥ O, expliosto) Ay 1 ]
wheret, specifies the initial phase. The two-point correlation Ay Aortior Ad [ 1+2iwt/Awr
evolution equation is then derived following the standard . Q0 . 2
proceduré* of symmetrization with respect toyq , ¢, ,6,) 5 1 tflexm_‘”ft‘)) | |etert,
and (i, ,$»,6,) followed by an ensemble average. Hefe, AG?  A¢? Awr+iws
is the angle-like coordinate along the field ®)
d Q . d off 9 At this juncture, we define the eddy lifetime as the time
at +y-Qyexd —i “’f(t_to)]aqgf TE- I necessary for two adjacent points to diverge to characteristic
- eddy size, i.e.,
X(SH(1)8H(2))=S,. 2) (62)(1)
The corresponding radial shear of the time-dependent angu- A—(ﬁzzl’ 9
lar frequency is given by
2 Tegay=B 07 ([~ -17Y), (10
Qe(ypt)=— Fq)o( plexd —iwi(t—to)] where[ - - - ] is the expression multiplying®“T on the right
i hand side(RHS) of Eq. (8). We recall that Eq(8) implies
=Q exg —ioi(t—ty)]. (3) [---1<1.[---]=1 defines the physical extent of the eddy.

It is usually in an ellipsoidal shape which is deformed due to
the flow shear.

Here, the time dependence of thexB flow shear in-
duces the wave-like structure to the eddy shape as indicated
by the imaginary component in - - ]. Practically, the most
crucial modification is the reduction of the radial size due to

o \2 b_\2 ExB flow shear which is usually accompanied by the reduc-
Deﬁ=2De”[ (A_) + H) ] (4 tion of the fluctuation levet’*®32Therefore, we define the
Yo radial correlation length with a phase paramégefior which
whereAr =Ay,/RB, andRA ¢ are the correlation lengths the eddy shape is close to a simple deformed ellipsoid with a
in the radial and toroidal directions, respectivelp®®  minimum wave-like structure. This happens when
=AwtA$?/4 is proportional to the diffusion coefficient at 2 1
large separation. | (( i ):0_ (12)

The decorrelation dynamics due to the coupling of the 1+2iwi/Awy

flow shear and turbulent diffusion can be studied by taking  The radial correlation lengthr=A/RB,, is reduced

In Eq. (2), S, is the source term for the two-point correlation
function and thee xB nonlinearity is approximated as a tur-
bulent diffusion along the perpendicular directidrt small
separation, the relative diffusio®®" has the following
asymptotic form:

2
+

0
Af

O, expi wsty)
Awt+iwg

various moments of the left hand sideHS) of Eq. (2), by the flow shear relative to its valukr y=Ay/RB,, de-
a2 )=0, (5) termined by ambient turbulence alone:
A\ ? Wiy
5(6)=0, ©®) (_0) g4 B 12
o 3] T Rz (12
(yt<¢§>:4Deﬁ (%) + ) + <¢2>] Therefore, we expect that a significant fluctuation reduction
An®  A*  Ayg occurs when magnitude of the following effective shearing
. _ rate wg¢s exceeds the decorrelation rate of the ambient tur-
+2Q0 exd —iwi(t—to) {p_d_). (7) bulence,Awr
Here, _ o ((1+3F)2+4F3)1/4 (13)
(A(O_ ¢, 1p)) ORI T ) V1t 4F

B S C where 0?=0Q (Ay/A$), and F=w?/Aw?. We have
:f d6"dg’dy’G(6-.p- 4|07, Y0) used Eq(11) to eliminatet, From Eq.(12). WhenE, varies
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FIG. 1. wgit/0®=((1+3F)2+4F3)¥(1+F)J1+4F in Eq. (13 is
plotted as a function obv¢ /A wr= JF, demonstrating the reduction of ef-
fective shearing rate as the zonal flows oscillate faster than the turbulent
decorrelation time.

T T
T

slowly enough such tha<<1, we havewgs =, and e b b
recover the previous result in general toroidal geomtry.
. o (b) x/p,
On the other hand, wheR, varies fastly in time such that
F>>1, we havewEff<<w|(EO)_ In this case, it is difficult to FIG. 2. Instantaneous potentié), and instantaneous shearing rai®,

; ; ; (0) ; _ associated with small-scale turbulence generated flow from gyrofluid simu-
achieve turbulence suppression. The rm@f/wE IS plOt lations are plotted. Irib), instantaneous shearing rate is dominated by high

ted as a function Ot"f/A"’T in Fig- 1. k, components. Maximum linear growth rate for this run ig
=0.1vq;/L,.
Il. SIMULATION RESULTS

In this section, we discuss the possible relevance of our
analytical results to the recent gyrofldicand gyrokinetié’ It has a broad peak at low to intermedideand becomes
simulations. Toroidal gyrofluid simulations showed that ITG smaller at highk, as shown in Fig. 3. Since their contribu-
turbulence can drive fluctuating sheargck B flows which  tions add up incoherently, we compare them with the maxi-
play an important role in saturating the turbuled®&*?®  mum linear growth rate divided by the square root of number
These flows are typically of radial sizgp;~0.1, but consist modes. Overall, they are comparable. This seems qualita-
of a broadk, spectrum. Since thExB shearing rate is pro- tively consistent with considerable reduction, not complete
portional to kr2<I>, the highk, component of®, although suppression of turbulence observed in simulations.
small in magnitude, can contribute significantly to B
shearing raté® The instantaneous x B shearing rate which
varies in radius and time is much higher than the maximum
linear growth rate for a significant portion of the simulation
domain. An example is shown in Fig. 2. In this flux-tube
simulation, representative parameters of DIf%high con-
finement mode(H-mode core plasmas have been used: 0.1
Ro/L7=6.9, 7=L,/L;=3.2, q=1.4, s=(r/q)(dg/dr)
=0.78,T./T;=1, ande=a/Ry=0.36, whereR, is the major
radius,Lt andL,, are the temperature and density gradient &
scale lengths, respectively; is the ion temperature, ant,
is the electron temperature. The simplified physics model 0.05
included a circular cross section, no impurities, and an adia-
batic electron response excluding the flux surface averaged
part of potential. This proper electron adiabatic response has
been found to be essential in obtaining enhanced zonal flow
amplitude in ITG turbulenc&®" This zero electron response 0
to the flux surface averaged potential yields no radial particle
flux, and has been previously adopted in ITG mode simula-

tion which exhibits system size radial scale fluctuation
driven ExXB flow.38 FIG. 3. wgys in EQ. (13) is evaluated from nonlinear gyrofluid simulation
data for eaclk, , and compared to the maximum linear growth rate denoted

Using gerﬂUId simulation zonal flow spectrum and time in a straight line. The flow correlation frequency estimated from simulation

hiSFory to calculate c;orrelation time Of zonal flows, we haVeis used forw; . The zonal flow potential and the instantaneous shearing rate
estimated the effective shearing rate in E) for eachk, . are also plotted.
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10 . Our gyrofluid and gyrokinetic simulations share many
with flow 3 similar features in the physics of zonal flows, despite their
differences in simulation methods, simulation domains, and

0 boundary conditions. However, the following quantitative
_ difference between them deserves attention. Short wave-
3 0.0 length components of zonal flows are more prominent in
o 10 flux-tube gyrofluid simulations compared to the gyrokinetic

no flow simulations. Since the higkk components contribute signifi-
05t cantly to the instantaneousXB shearing rate, the peak

value of the instantaneous shearing rate from the gyrofluid
simulation shown in Fig. 2 is about twice the value obtained
0.0 from the gyrokinetic simulation shown in Fig. 5. However,
00 02 04 06 08 1.0 . T ) o
according to the estimation from nonlinear gyrofluid simula-
tion shown in Fig. 3, most of turbulence shearing is done by
FIG. 4. Global gyrokinetic simulation shows that tke spectrum of the  the low to intermediaté&, part of zonal flows. Since the long
potential fluctuation intensity excluding the zonal flow componéntk,, wavelength components of zonal flows are more prominent
=0) is broadened in the presence of self-generated zonal flows. in gyrokinetic simulations compared to the flux-tube gyrof-
luid simulations, we can speculate that higher value of steady

Gyrokinetic toroidal cod® solves the toroidal nonlinear State ion thermal diffusivity typically observed in gyrofluid
gyrokinetic  Vlasov—Maxwell systefd®® in magnetic Simulation in comparison to that seen in a gyrokinetic simu-
coordinate'! This single code can be used in both global andation could be partially due to an underestimation of the low
annulus geometry simulations. Inclusion of zonal flows inkr component of zonal flows linearly undamped by collision-
simulations significantly reduce the steady state ion thermdPSs neoclassical procééby the original gyrofluid closure.
transport as reported earl®r.One of the new significant Modifications to gyrofluid closures are currently being inves-
findings from this simulation is a broadening kgf spectrum  tigated to improve the quantitative comparistrand more
of turbulence due to self-consistently generated zonal flow§etails will be reported elsewhere.
as shown in Fig. 4. These are in qualitative agreements with
Eqg. (12) which shows the reduction of radial correlation |y piSCUSSIONS
length due to the time varyinB xB flow shear.

The instantaneou& xB shearing rate which is domi- Although we have focused our discussions on the zonal
nated by highk, components varies roughly on the turbu- flows in toroidal ITG-turbulence in this paper, zonal flows
lence time scale as shown in Fig. 5. It is much larger than th&ave been widely studied in fluid mechanics community as
maximum linear growth rate for a significant portion of the recently summarizetf Furthermore, their possible existence
simulation domain. These global simulations used represerhas been theoretically predictédor the Hasegawa—Mima
tative parameters of DIIl-D H-mode core plasmas, whichsystert®which is isomorphic to the Rossby wave equattbn.
have a peak ion temperature gradientrat0.5a with the  Finally, it should be noted that turbulence driven flows have
aforementioned local parameters used in the flux-tube gyrofoeen observed in the nonlinear simulations of other turbu-
luid simulations. The size of the plasma column was lence models}*'~*!although their radial scales were typi-
=160p; wherep; is the thermal ion gyroradius measured atcally of the order of a fraction of the simulation domain.

r=0.5a. ITG modes are unstable with these parameters. A On the experimental side, the increase of G&B
parabolicq profile has been used. shearing rat¥ from experimentally measured profited°>14

has shown robust semi-quantitative agreement with the sup-
pression of turbulence and confinement improvement. We
note that both theories and experiments deal with flow time

g'j scales which are much slower than the turbulent time scales.

' One of the fastest time variations of macroscopic radial elec-
£ 02} tric field observed in the core of magnetic confinement ex-
= ob periment to our knowledge is Heavy lon Beam ProH&BP)

3 measurements of dynamic electric field bifurcation in the
0.2 Compact Helical SysteiCHS).%2 Even in this experiment, a
0.4} typical time scale of electric field pulsation is of the order of

0.6 hundreds of microseconds which is much slower than the
0 typical eddy turn-over time of turbulent plasmas. Therefore,

the previous formulations in various geoméfrjf:32:5354s.-

suming the slow evolution oE, seem still appropriate in
FIG. 5. Instantaneous shearing rates associated with small scale turbulena@dressing the transition to the enhanced confinement regime

generated flow from global gyrokinetic simulations are plotted. Two curves . ] . . .o
are separated by approximately one turbulent decorrelation time. The instagssomated with the macroscopic radial electric field.

taneous shearing rate is dominated by Higlkomponents which vary much The e_XPerimental evidence of density fluctuations W_ith
in time. The maximum linear growth rate for this runyis=0.1v; /L. characteristics related to the zonal flows has been obtained




926 Phys. Plasmas, Vol. 6, No. 3, March 1999 Hahm et al.

from the DIII-D edge®® Density fluctuations with extremely 1°v. Koide, K. H. Burrell, B. W. Rice, and T. Fujita, Plasma Phys. Con-
smallk, and finitek, have been observed via Phase Contrasht':fo':\';d L'::\/Siir:)tgfmo'g I(Elgé’gi S M. Batha E. 3. Symakowski and M. G
Imaglng (PC!) t_echmque. The correla_\tlon function of these_z Zamstorff, Phyé. Rev. Letg0, '488'7(1998’. el ’ T
fluctuations is in good agreement with the recent gyrofluidizy shiraj and the JT-60 Team, Phys. Plastsag712(1998.
results®® although it remains to be seen whether zonal flows™®D. R. Emst, M. G. Bell, R. E. Belét al, Phys. Plasmas, 665(1998; D.
actually exist at the core. The development of new diagnosl—A(F;- Ernst,nl?h.}?.l_t'h%sis, "I’I'agsa\‘/f/hussteﬁs IcztStiIIUti’ r?f Telaclhndttff?sﬂﬂl-?z?
tics with finer spatio-temporal resolution capable of measur- ;g ettg, 8. 1. Burrell, . W, Stalaret al, Fhys. Flasmas,
ing zonal flows would contribute significantly to our under- 15G, wang, X. Yang, C. Feng, D. Jiang, B. Zhou, X. Qi, and L. Wang, Phys.
standing of core turbulent transport. Plasmas, 1328(1998. _
Finally, we discuss the limitations of our simple analyti- ,.<- !da, Plasma Phys. Controlled Fusidg, 1429(1998.

. . . . H. Biglari, P. H. Diamond, and P. W. Terry, Phys. Fluid2B1 (1990.
cal model. The zonal flqws in _the S|mulat|on_ contain SPEC-1eT. 5 “Hahm and K. H. Burrell, Phys. Plasns1648(1995.
trum of components with various frequencies and radial®m. A. Beer, G. W. Hammett, W. Dorland, and S. C. Cowley, Bull. Am.
wavelengths. We have considered the effect of each comp%Phys. Soc37, 1478(1992.
nent separately in our kinematic approach. While our theory \F/>VH '20;'222'761-4‘;‘2(1“;9rgme“* T. S. Hahm, and M. A. Beer, Bull. Am.
treats only the ambient fluctuations statistically, it would b921G_)\/N._ Hammett, M. A. Beer, W. Dorland, S. C. Cowley, and S. A. Smith,
desirable to have a statistical description of the fluctuating pPlasma Phys. Controlled Fusi@s, 973 (1993.

flows as well. One recent approach to this is to consider théz'\/'- A. Beer, Ph.D. thesis, Princeton University, 1995.

: P. H. Diamond and Y. B. Kim, Phys. Fluids 8 1626(1991).
case where zonal flows vary more smoothly in space angLA_ Hasegawa and M. Wakatani, Phys. Rev. LB8, 1581 (1987.

time than drift wave turbulepce such that' an gctiqn i'nva.riantsA- M. Dimits, J. A. Byers, T. J. Williamst al, in Plasma Physics and
can be defined and the eikonal approximation is justified. Controlled Nuclear Fusion Researckinternational Atomic Energy
Then, a wave-kinetic theory in the context of drift wave Zeggewnc?/, Vgﬂga,bli?g)él\golj ”l\I/i'Ip' _45h7-Ph Plasra2220 (1994

H H . [ . altz, G. Kerbel, an . Milovich, yS. Plas .
propagation in the presence of random media consgstmg Qf;zl Lin, T S. Hahm, W. W. Lee, W. M. Tang, and R. B. White, Science
zonal flows can be pursué8l.The predicted broadening of 281, 1835(1998.
thek, spectrum of turbulence via random refraction is also in*®R. D. Sydora, T. S. Hahm, W. W. Lee, and J. M. Dawson, Phys. Rev. Lett.
qualitative agreement with our gyrokinetic simulation ,,84 2015(1990.

7 S. E. Parker, W. W. Lee, and R. A. Santoro, Phys. Rev. L7#it.2042
results? (1099,
303, C. Cummings, Ph.D. thesis, Princeton University, 1995.
ACKNOWLEDGMENTS 3IR. D. Sydora, V. K. Decyk, and J. M. Dawson, Plasma Phys. Controlled

Fusion38, A281 (1996.
The first author would like to thank P. H. Diamond, L. *T. S. Hahm, Phys. Plasmds 2940(1994.

Chen, J. C. Cummings, A. Dimits, F. L. Hinton, Y. B. Kim 33M. A. Beer and G. W. Hammett, iftheory of Fusion Plasma®roceed-

. ings of the Joint Varenna—Lausanne International Workshop, Varenna,
W. M. Nevins, S. E. Parker, and R. D. Sydora for useful 1998 (Editrice Compositori, Bologna, 1999p. 19.

conversations. 34T. H. Dupree, Phys. Fluid$5, 334 (1972.
This work was supported by the U.S. Department of En-°P. W. Terry and P. H. Diamond, Phys. Fluig§, 1419(1985.

ergy Contract No. DE-AC02-76-CHO-3073. Some of the.,y; 5 [ 5 - [ Do, Loon JEerrL e Jes:

authors were partially supported by the U.S. Department ofsyy . Lee w. M. Tang, and H. Okuda, Phys. Flu2 2007 (1980.
Energy Numerical Turbulent Tokamak Project during the®T. s. Hahm, Phys. Fluid81, 2670(1988.
course of this work. “0E. A. Frieman and L. Chen, Phys. Fluids, 502 (1982.
“IR. B. White and M. S. Chance, Phys. Fluig, 2455 (1984; A. H.
Boozer, Phys. Fluid24, 1999(1981).
1K. H. Burrell, Phys. Plasma4, 1499 (1997. 42M. N. Rosenbluth and F. L. Hinton, Phys. Rev. L&, 724 (1998.
2E. J. Synakowski, S. Batha, M. Beer, M. G. Bell, R. E. Bell, R. V. Budny, *F. H. Busse, Chao4, 123(1994.
C. E. Bush, P. C. Efthimion, T. S. Hahm, G. Hammett, B. LeBlanc, F. **A. Hasegawa, C. G. Maclennan, and Y. Kodama, Phys. FIRRI®122
Levinton, E. Mazzucato, H. Park, A. T. Ramsey, G. Rewoldt, G. Schmidt, (1977.
S. D. Scott, G. Taylor, and M. C. Zarnstorff, Phys. Plasmasl736 “A. Hasegawa and E. Mima, Phys. Fluigs, 87 (1978.
(1997). 46C. G. Rossby, Q. J. R. Meteord8, 68 (1940.
SE. Mazzucato, S. H. Batha, M. Beer, M. Bell, R. E. Bell, R. V. Budny, C. *’B. D. Scott, inPlasma Physics and Controlled Nuclear Fusion Research
Bush, T. S. Hahm, G. W. Hammett, F. M. Levinton, R. Nazikian, H. Park, (International Atomic Energy Agency, Vienna, 199¥%ol. Ill, p. 447.
G. Rewoldt, G. L. Schmidt, E. J. Synakowski, W. M. Tang, G. Taylor, and *®B. A. Carreras, V. E. Lynch, and L. Garcia, Phys. FluidS,A795(1993.

M. C. Zarnstorff, Phys. Rev. Let?7, 3145(1996. “p_ N. Guzdar, J. F. Drake, D. McCarthy, A. B. Hassam, and C. S. Liu,
4S. Jachmich, G. Van Oost, R. R. Weynants, and J. A. Boedo, Plasma Phys.Phys. Fluids B5, 3712(1993.
Controlled Fusior40, 1105(1998. 504, Sugama and W. Horton, Phys. Plasnag220(1994.

SE. J. Doyle, K. H. Burrell, T. N. Carlstronet al, in Plasma Phys. and  5'B. N. Rogers, J. F. Drake, and A. Zeiler, Phys. Rev. Bat4396(1998.
Controlled Nuclear Fusion Research 199@ternational Atomic Energy  5?A. Fujisawa, H. Iguchi, H. Sanukiet al, Phys. Rev. Lett79, 1054
Agency, Vienna, 1997 Vol. |, p. 547. (1997.

SL.L. Lao, K. H. Burrell, T. S. Caspegt al, Phys. Plasma3, 1951(1996. 53T. S. Hahm and K. H. Burrell, Plasma Phys. Controlled Fusi8n1427

"F. X. Soldner, J. M. Adams, D. Ageladarakis, and the JET Team, Plasma (1996.

Phys. Controlled FusioB9, B353(1997). 54T. S. Hahm, Phys. Plasmds 4074(1997).

8E. J. Synakowski, S. Batha, M. Beer, M. G. Bell, R. E. Bell, R. V. Budny, °S. Coda, M. Pokolab, and K. H. Burrelroceedings of the 24th EPS
C. E. Bush, P. C. Efthimion, G. Hammett, T. S. Hahm, B. LeBlanc, F. Conference on Controlled Fusion and Plasma Physisichtesgaden,
Levinton, E. Mazzucato, H. Park, A. T. Ramsey, G. Rewoldt, S. D. Scott, Germany(European Physical Society, Petit-Lancy, Switzerland, 1997
G. Schmidt, W. M. Tang, G. Taylor, and M. C. Zarnstorff, Phys. Rev. Lett. °®P. H. Diamond, M. N. Rosenbluth, F. L. Hinton, M. Malkov, J. Fleisher,
78, 2972(1997). and A. Smolyakov, inPlasma Physics and Controlled Nuclear Fusion

C. M. Greenfield, D. P. Schissel, B. W. Stallagtlal, Phys. Plasmad, Research(International Atomic Energy Agency, Vienna, 1998AEA-
1596 (1997. CN-69/TH3/1.



