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A series of BOUT[X. Q. Xu et al,, Phys. Plasmag, 1951 (2000] simulations is conducted to
investigate the physical processes which limit the density in tokamak plasmas. Simulations of
turbulence in tokamak boundary plasmas are presented which show that turbulent fluctuation levels
and transport increase with collisionality. At high edge density, the perpendicular turbulent transport
dominates the parallel classical transport, leading to substantially reduced contact with divertor
plates and the destruction of the edge shear layer, and the region of high transport then extends
inside the last closed flux surface. As the density increases these simulations show resistive X-point
mode— resistive ballooning modes. The simulations also show that it is easier to reach the density
limit as the density increases while holding pressure constant than holding temperature constant. A
set of 2D transport simulations with increasingly large radial outboard transport, as indicated by
BOUT for increasing density, shows that such transport can lead to an X-point multifaced
asymmetric radiation from the edge when impurity radiation is included, which is a common
symptom of density-limit related disruptions. BOUT further demonstrates that the local transport
scaling with the current is similar to the global low-confinement-m@denode transport model
(7ex1p) (by fixing g profileg. This current scaling appears on a plot of discharge current versus
density as abruptly large radial transport once the Greenwald density is approached or exceeded. All
of these results indicate that rapid edge cooling due to large radial transport is a key for the physics
of the tokamak density limit. €2003 American Institute of Physic§DOI: 10.1063/1.1566032

I. INTRODUCTION tions and theoretical developments for density limit in toroi-

Scali f . tal data f 1ok K 'thdal plasma have been recently surveyed in an excellent re-
caling of experimental data from many tokamaks with, ;.. paper by GreenwaRl.

?as fdue“n.? hf mdwﬁceﬁ tt:efpresence 0]; 3. maxt|_murtn elec' Obtaining high energy confinement at high density is
r:gtnonen'ilc}r/eaa Zver;\' IdCI D'e rre?.uintzyrg.naﬁ;llf'p;;/fheezg;important since the fusion power increases with density as
ations increases rapidly. DISTuptive terminatl Prusxn?(ov), wheren is the ion density andov) is the
sity limit is frequently correlated with growth of . . .
) . . fusion reaction rate. However, the Greenwald empirical scal-
magnetohydrodynami@ViHD) modes with low toroidal and . . . S
. o .ing shows that the maximum attainable plasma density is
poloidal mode numbers. By examining data both from ohm|-|. ited by the ol hich is i imited b
cally heated and neutral beam-heated tokamak discharg imited by the plasma current, which Is in turn limited by
'HD kink instabilities. While density limits have been ob-

Greenwaldet al. concluded that this disruptive limit was . ; ,
. gt B 2 M, . served for several decades, there is no widely accepted first-
given by the relatiom.>ng=1,/m7a“, wheren, is the line- L : !
DY A g 0.3 principles theory available. For the tokamak, there is a gen-
averaged electron density in?an~3, ngisin 167° m™3, | : R o
P~ erally accepted picture for the density limit which involves

is the plasma current in mega-Anmps (MA), anda is the ) : )
. o : . . edge cooling, current profile shrinkage followed by the loss
minor radius in meters. Even though this empirical scaling is AT :
; o i : of MHD equilibrium.” What leads to edge cooling and the
obtained for elliptical tokamak plasmas; the simple law

. . . ! ; collapse of current profile? A number models have been pro-
works for a wide variety of machine sizes and configura- . . . . o
tions. Thus the Greenwald density, becomes a common posed to explain an increase in transport at high densities and

. ; . . . . its relation to the density limit. Theoretical considerations of
figure of merit for high-density operation. The global scaling, i X

L2 . . the thermal stability of a current carrying plasma column and

however, does miss important local effects, in particular, the . ) . . : )

. ! . . ) experimental observations which associated disruptive plas-

role of the density profile. Discharges with good confinement

are achieved at densities above the empirical limit by pelle[m’lS with high levels of impurities led investigators to pro-

fueling with significant central density peakfithand by gas pose these mechanlsms for the den_5|ty I|m_|t._SeveraI sce-
fueling with only moderate density peakihgn DIII-D narios have been considered. In the first, radiation from high

. . Z impurities in the plasma core leads to cooling across the
H-mode plasmas. The comprehensive experimental observa- .. . ) .
entire profile and to neoclassical tearing mode caused by

density peakind.In the second scenario, impurity radiation

l?)PaloeLUIZ 3,kBuII- Am. Phys. Sod7, 324(2002. leads to a thermal condensation in the plasma edge by com-
Invited speaker. : ; ;

9MIT-Plasma Science & Fusion Center, 175 Albany Street, Cambridge,pe“ng effectlvely_ with heat tranSport' The appgaranc;e .Of
MA 021309. these condensations, or multifaced asymmetric radiation
9General Atomics, San Diego, CA 92186. from the edge(MARFE), has been shown to scale in the
1070-664X/2003/10(5)/1773/9/$20.00 1773 © 2003 American Institute of Physics
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same manner as the density lifiitWhile the radiation mod- impurity radiation in high-density simulations. The turbu-
els have had some success in explaining experimental réence transport and its relation to density limit scaling with
sults, they have shortcomings which suggest that they areurrent is presented in Sec. IV. A summary and discussion
incomplete at best. The various models seek to identify thare given in Sec. V.
density limit with P,,4/P;,~1.0, MARFE formation, poloi-
dal detachment, or divertor detachment. These phenomena
all exhibit density threshold behavior, but experimental”' CHARACTERISTICS OF HIGH DENSITY
- SIMULATIONS
thresholds can range as low as a quarter of the ultimate den-
sity limit. Moreover, these models generally predict strong ~ BOUT models boundary-plasma turbulence in a realistic
sensitivity to power input and impurity content and often todivertor geometry using modified Braginskii equatitini
details of divertor or limiter geometry. They depend on mod-3D for plasma vorticityw, density ), electron and ion
els for heat and particle transport which do not necessarilyemperatures T, ,T;), and parallel momenta. The electro-
match experimental observations. The overarching questiostatic potentiakp and parallel magnetic potential, are also
is whether radiation related phenomena are a cause of thelculated. The dynamical equations, boundary conditions,
density limit or a common symptom of some other physicsand numerical scheme are discussed in Refs. 10 and 13. All
which drives edge cooling—namely density-dependent transesults reported in this article were obtained by BOUT and
port. In other words, is there a maximum density indepentUEDGE simulations for a deuterium tokamak plasma with a
dent of atomic processes? Does edge transport increasgverted, lower single-null magnetic equilibrium. Only low-
strongly as the density is raised above a critical value and isonfinement-modéL-mode discharges are investigated in
this increase the fundamental driver for the limit? Three-this article.
dimensional nonlinear two-fluid simulations in flux tube ge- -
- . . A. General turbulence characteristics

ometry have found a region of exceptionally high transport
in low-temperature and high-density reginfesshich are To simulate boundary plasma turbulence and validate
typical near the density limit. The role of divertor or limiter with the corresponding experiments, the BOUT code uses
sheath physics on turbulence on open field lines has beewalistic X-point magnetic and plasma profiles. The back-
recently addressetlin these studies, large coherent struc-ground magnetic field structure is obtained from a MHD
tures (“blobs” ) undergoVB polarization and drift rapidly equilibrium code(usually EFIT% for a typical shot. The
across the SOL under the influence of the resultawtB plasma profiles are obtained by taking density and tempera-
drift. ture as analytic fit§¥modified tanh to Thomson scattering

In this article, 3D BOUT° turbulence simulations and data(Fig. 1). For the scaling studies with plasma current, the
2D UEDGE" transport simulations are conducted to inves-background magnetic field structure is obtained from another
tigate the physical processes which limit density in tokamakMHD equilibrium code, Corsic® For typical DIII-D
plasmas. Simulations of turbulence in tokamak boundarpoundary plasma profiles in L-mode, the midplane values on
plasmas are presented which show that turbulent fluctuatiothe magnetic separatrix afe,=60 eV, T;=240 eV, andn;
levels and transport increase with collisionality. At high den-=6.5x 10'¥m®. From the given magnetic geometry and
sity, the perpendicular turbulent transport dominates the paplasma profiles corresponding to a specific experimental de-
allel classical transport in the scrape-off lay8OL), leading  vice and discharge, the simulation is initialized with a set of
to a reduced impact of the divertor and to the destruction ofmall random fluctuations. The fastest growing modes domi-
the edge shear layer; the region of high transport then exaate the initial phase of the calculation, in which the fluctua-
tends inside the last closed flux surfat€FS). As the den- tions grow at an approximately exponential rate. After this
sity increases these simulations show resistive X-pointnitial linear phase, the density and electrostatic potential
mode—resistive ballooning mode detachment from di- fluctuations evolve to a saturated state with many modes, as
vertor. Thus, our density limit scenario is as follows: Theshown in Fig. 2. The background density and temperature
large perpendicular transport peaked on the outside of torysrofiles are held constant during the turbulence evolution.
changes the dominant loss channel from divertor to the mailowever, the electric potential, parallel current and ion ve-
chamber, which is accompanied by a shift of the peak plasmkocity are self-consistently evolved with turbulence dynam-
density from the divertor plate region to the region near thdcs. At t~43 us, the unstable modes inside the separatrix
X-point. The higher density and lower temperature near thenter into a nonlinear phase. After a period of adjustment, the
X-point then lead to a MARFE with strong radiation losses.turbulence-generated electric potential reaches a steady state.
The enhanced losses cause the plasma column to shrink akdom the saturated steady state, turbulence statistical proper-
discharge to be disrupted due to long wavelength magnetdies can be extracted from the BOUT simulations by using
hydrodynamidMHD) modes. Here we only model the initial the correlation function analysis and validated with the vari-
change in the edge turbulence and some aspects of MARF&us fluctuation measuremenfs*® From the density contour
formation. plot (not shown we observe the following as the density

The rest of the article is organized as follows: In Sec. llincreases(1) Large-scale, transient, and coherent structures
the general turbulence characteristics of high-density simulaconvect in the ion poloidal diamagnetic velocity direction at
tion are described. In this section, we discuss the transition-1 km/s at low density and reverse to electron diamagnetic
of turbulence characteristics near the plasma density limit. lmlirection at high density at10 km/s outside the separatrix.
Sec. Il we consider the roles of the divertor plasma and2) The fluctuation levels and the radial correlation length
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a result of the locally enhanced resistive effects, the mode
FIG. 1. Typical pedestal density and temperature profiles. DIII-D shotcém line-bend across the X-point, avoiding the good curva-
107822 at time=2900 ms. Figures courtesy of G. D. Porter at Lawrence . . e i
Livermore National Laboratory. ture region on the inside of the_ torus. This “disconnection

of the eigenmodes profoundly influences the unstable spec-

trum. A new class of modes called resistive X-po{RX)

increases, as indicated by the estimated perpendicular scdleodes exploits this synergism between resistivity and the
length, Ly, given by the resistive ballooning mod&How-  X-point geometry, giving rise to robust growth rates at
ever, at low density, the BOUT radial correlation length ismoderate-to-low mode numbers for which resistive effects
longer than that from the estimates, while at high densityvould otherwise be negligible. BOUT simulations indicate
they agree inside the last closed flux surface. that although the radial and perpendicular mode structures
evolve from linear to nonlinear phase due to nonlinear mode-
coupling processes, the parallel mode structure stays the
similar throughout the simulations.

To address issues related to density-dependent transport,

Recent studies of resistive ballooning modes in thewe can step back from real experiments and examine the
boundary plasma of diverted tokamaks have been performegeneral behavior of the turbulence in the parameter space of
within the framework of a collisional fluid modéf:?*??Itis  edge density and temperature. Starting from a particular dis-
shown that the large magnetic shear and small poloidatharge which corresponds to a DIlI-D L-mode experiment as
B-field in the X-point region act to increase the local perpen-a base case, two numerical experiments have been per-
dicular wavenumber, and hence the importance of the residermed: (1) increasing density while holding pressure con-
tivity, near the X-point. This effect can be viewed as a con-stant and(2) increasing density while holding temperature
sequence of the fanning of the flux tubes in the X-pointconstant. These two cases separate the pressure driven insta-
region, and it has no simple analog in circular flux geometrybilities from density-dependent instabilities. In the first case,
where the magnetic shedt, is constant on a flux surface. As the magnetic equilibrium is kept the same. If there is no edge

B. Transition of turbulence characteristics near the
plasma density limit

Downloaded 23 Mar 2005 to 198.125.176.18. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



1776 Phys. Plasmas, Vol. 10, No. 5, May 2003 Xu et al.

<§n >rms/ N 0

~ O/ ~ 8
- D ~ W
7~ \/)f/?)o \\' w}% . 160
h ~ % // ™~ fp
SO v \//\\ 91 /' @8
g 8y,
\\\ /S//I/ \\\ “"m%ﬁ\% /'G
S e > kN
0.21 I b@// St
\/ \\\\O /)/}7 oy
\\\ 9//
Z
\w 0.89
£
AN
0.58xNa S 0
. -4
V pO/o/da/ ge

1.12xNe 5 .o

FIG. 3. The rms levels of the radial-poloidal profiles of fluctuation density calculated from BOUT simulation. As the Greenwald density is approached o
exceeded, the SOL density fluctuation increases and peaked around the outer midplamg,=Her2x 10%/m?.

localized mode(ELM) for the base case, there is also no pressure conservation, as density increases while temperature
ELM for the density scans due to the absence of currentiecreases, one enters the strong resistive ballooning regime
drive and constant pressure profiles for the scans. In the segr lower right corner of the plot. In this case, ballooning of
ond case, one can take from the experimental observationke eigenfunction at the outboard midplane reduces the im-
the typical separatrix temperatuig=>50 eV, and far SOL portance of X-point effects, and it becomes classical resistive
temperatureT,=10 eV. However, the change of magnetic \jHD mode. These results clearly demonstrate the transition
equilibrium is ignored in the simulations. _ from resistive X-point mode to resistive ballooning mode as
The corresponding root-mean-squarétns radial- e density approaches and exceeds the Greenwald density. A

poloidal mode structures are shown in Fig. 3 for the first casgjnjar trend of the mode transition in the parameter space
W|th_three different back_ground denS|t|e(ﬂ)_n?=0.28jG, and T, has also been found in the linear eigenmode
(b) ng=0.56g, and(c) ng,=1.17. Heren, is the line- calculation?2

H i -3 — 2 03
averaged density in i_@m » Ng=lp/ma in 1077 . For casg2) where we increase density by a factor of 10
For the base cag@) which corresponds to a DIlI-D L-mode . . . .
. = - — while holding temperature constant, we find that density
experiment, 1,=0.974 MA, a=0.59m and n,=0.25 . .
fluctuation levels only increase by 50%. In contrast for case

x 10 m~3. The typical resistive X-point mode discussed , .~ . . .
above appears at the upper left cormner of the plot as a baé(l.) in Fig. 4(a) the turbulence fluctuation levels increase by

case. In this regime, the X-point effects are the most dra®00%. when the density increases by a factor of 4. This
matic. The eigenfunction illustrates that the resistivity isdifference between the two cases is due to the strong tem-
dominant near the X-points, allowing the mode to decreas@®rature dependence in the collisionalityefcn/Te™
rapidly away from this region. In this particular case, the*n>7PZ?%) and the resulting electron parallel conductivity
mode survives past the lower X-point and does weakly(Kje*Tg?).

sample the outer divertor plasma. As density increases, mov- Particle transport perpendicular to the magnetic field,
ing diagonally down from the upper left corner of the plot, I';, results from correlated fluctuations of the plasma drift
the rms fluctuation levels increase dramatically, and thevelocity ¢ and densityfi, and can be calculated frodr,
modes are poloidally peaked around the outer midplane. For (T¢h). A large particle flux is found near the X-point re-
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(b) FIG. 5. Profiles Qf e_Iectric field calculated from BOUT simulation. As the
Edge SOL Greenwald density is approached or exceeded, the Edgshear layer is
' destroyed. The solid curve fon=1.12Ng, dot—dashed curve fon
=0.56Ng, and dashed curve for=0.28Ng.

300.0

200.0 |

E, shear layer is destroyed as the density approaches or ex-
ceeds the Greenwald density. Figuf®)dalso shows that for
the given magnetic equilibrium, as the density increases
while temperature decreases, transport increases but mani-
fests itself in nearly discontinuous behavior from
et =0.5a\g to N=1.12Ng. The implication is that a cata-
""" strophic boundary is crossed. Similar experimental results
has been obtained on the Texas Experimental Tokamak
X(cm) (TEXT)?® and Alcator C-mod?® On TEXT, the change in
transport was correlated with a significant increase in low-
FIG. 4. Profiles of density fIL_Jctuati_on levela) and diffusion coefﬁcients frequency fluctuations with moderately high wave numbers,
(b) calculated from BOUT simulation. As the Greenwald density is ap- 1 . .
proached or exceeded, the SOL diffusivity increases and the region of higﬁﬁ~ 12 cm* corresponding tdps~0.3—0.9, whereps is
fluctuation levels and high diffusivity extend inward across the last closedthe ion gyroradius. Spatial resolution in these experiments
flux surface. The solid curve fon=1.12Ng, dot—dashed curve fon was not sufficient to localize the source of the fluctuations.
=0.56Ng, and dashed curve far=0.28Ng. Data from a fast reciprocating probe showed a strong in-
crease in fluctuations in the far SOL on DIII4.On AS-
DEX, a clear increase in correlation time and length were
gion due to largeve there from largek, at low density. seen at higher densitié$An increase in turbulence driven
However, as the density increases, the particle flux is alsfiux with density was seen on the Joint European Torus
peaked around the outer midplafret shown. This is an-  (JET).2” On C-Mod, measurements with a fast scanning elec-
other evidence to show the mode transition from the resistivérostatic probe found two distinguishable regions in the
X-point mode to resistive ballooning mode as the densitySOL2* Near the separatrix, density and temperature profiles
approaches and exceeds the Greenwald density. were steep, with gradient lengths of the order of 5 mm or
Large increases in the effective diffusivityDo.z  shorter. The fluctuations in this region were of moderate am-
=—TI',/Vn, are illustrated in Fig. &) as the density limit is plitude, with autocorrelation times on the order of:.&. Us-
approached while the edge temperature and gradient drdpg a high-resolution Lyman array to determine the ioniza-
precipitously. It also shows that as the density is increasedijon source, the particle transport could be calculated and
the strongk, shear layer is destroydéig. 5 and the region convective losses estimated. The effective diffusivily
of high diffusivity extends inward. The negati\ie inside  =-—TI',/Vn was found to scale with the parallel collisionality
the separatrix is generated by the Reynolds stress, and posis (L /\¢)*’, wherel’, is the integrated particle source and
tive E, in the far SOL is dominated by the sheath physics due\; is the mean free path for electron-ion collisions. Flows
to parallel particle loss. Near the separatrix in the SOL, thelown the open field lines to the divertor were found to be an
two mechanisms compete. As density increases and tempernanimportant component of the particle balance. Beyond this
ture decreases, the fluctuation levels and the Reynolds stresegion, in the far SOL, profiles were much flatter and fluc-
drive increases while sheath potential decreases, so that theations were large and intermittent. The autocorrelation time
negativeE, extends outward. Eventually the Reynolds stresdor fluctuations in this region was of the order of 20—#48§.
drive dominates over sheath drive in the SOL, and the stronghe far SOL region had very large cross-field transport, well

1.12xNa
0.56xNa
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in excess of parallel losses for both particles and energy. As 1.4
the density was raised, the breakpoint between the two re-

gions move inward toward the separatrix, which is consistent

with Fig. 4(b).

a) Moderate transport
0.5% carbon

E
I1l. ROLES OF DIVERTOR PLASMA AND IMPURITY E 1.0
RADIATION 5 L
The simplest models for MARFE formation involve only % -
radiation, parallel conduction, and a heat source from per- E I
pendicular transport. A thermal collapse or condensation cansg
occur at temperatures where the cooling rd€T), de- g 06F

creases strongly with temperature. Thus, a negative tempera
ture perturbation leads to more radiation and still lower tem-
perature. Pressure conservation results in a positive density
perturbation which also contributes to increased radiation.
The density limit experiments on DIII-D have shown that the 0.
measured density and temperature for X-point MARFE for- 1
mation are consistent with the density threshold for the onset 3
of instability? However, a serious weakness lies in the deri-
vation of the empirical scaling which has to resort to the
global L-mode transport model with the current scaling. E
Based on the simulation results in Sec. Il B, it is reasonable "é'
to believe that increased transport at high densities is respon- &
%
8

b) Strong transport
0.5% carbon
Prﬂd -JI F' iﬁ: 41 %

1.0

sible for the formation of the X-point MARFE and divertor
detachment. The X-point MARFE formation is a natural con- @
sequence of the relative competition between parallel heat
transport, which scales a’i’z, and perpendicular turbulence E
losses, scaling through the impact of collisionality on turbu- = 061
lence level, as an inverse power of the temperature. For pres- -
sure conservation, as density increases and temperature de L
creases, the ratio between parallel and perpendicular powe
balance scales & and more power flow to the main cham-
ber relative to the divertor plate. Here the estimate is based 0.2 E—

on the linear scaling of perpendicular turbulence transport 1.0 1.4 1.8
with collisionality as inferred from the BOUT runs. The flux Major radius (m)

tube expansion in passing near the X-point reduces the par-

allel heat flux there Compared to its midplane value up_FIG. 6. (C_olor) '!'he contours of im.purity ragiatiqn power calculated from
stream. Such a reduction in heat flux leads to a lower temo-DCE simulation(a The convection velocity , is zero.(b) The convec-

X . . tion velocityv , increases radially from-40 m/s at the core boundary to 300
perature and therefore the formation of the density buildugys at the main chamber wall, extending as a step function from slightly
near the X-point due to pressure conservation; reduiced above the X-point to slightly below the top of the machine to emulate the
can also leads to increased neutral penetration and thipgllooning characteristics found in BOUT simulation.
plasma fueling. For a constant impurity fractiom, (n., n,
is the impurity density, the radiated poweP, = n.nR(T)
increases as the square of the density for a given temperaturadial diffusion coefficient for density is 0.5%s, while for
[Prag=n2(n, /ng)R(T)]. Thus, high density regions are ca- momentum and energy the coefficients are set td/&.rifhe
pable of large radiation losses, and as the peak in the plasnmadial convection velocity is everywhere zero for Figa)6
density shifts to the X-point region, a strong MARFE canwhereas for Fig. @), the convection velocity increases ap-
form there. proximately quadratically with radial distance between the

To calculate the MARFE formation and poloidal detach-core boundary and the wall, being 40 m/s at the core and 300
ment as a result of the large radial transport, a set of transpont/s at the wall. The enhanced convection region is limited to
equations for particle, momentum, and energy conservatiothe outer poloidal domain bounded by the top of the machine
is solved numerically. The different steady-state solutions arand a surface 10 cm above the X-point. Tdeehocconvec-
obtained using the UEDGE 2D edge transport ¢btg add-  tive velocity is used in UEDGE to emulate the ballooning
ing strong radial convection while keeping everything elsecharacteristics found in BOUT simulations discussed above.
the same. A detailed study of the effect of possible convecAs the radial transport increases, the peak of cold plasma
tive transport is reported in Ref. 28. The resulting impurity shifts from the plate to the X-point region, and the MARFE
radiation power contours are shown in Fig. 6 for a constants formed near the X-point. The calculated ratio of the radi-
carbon impurity concentration of 0.5%. In both cases, theated power to input poweP, .4/ P, is 9% for normal trans-

i L
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port, and 41% for the enhanced transport. It is important to
note that the evolution to the MARFE-like state appears sen-

Transitions of turbulence in plasma density limits
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Edge SOL

Ip=0.78MA, Bt=1.25T

—————

sitive to the level of the enhanced transport near the core
boundary; if the enhanced convection is zero on this bound-
ary, while still rising to large values at the wall, the MARFE

is not formed. Even though the model is not yet a self-
consistent, closely coupled turbulence-transport simulation g
the case with enhanced convection at the core boundary does-
qualitatively support the scenario that the large midplaneaf
transport leads to cold plasma shifting to the X-point region.
With the associated drop in the separatrix temperature, the
hot core plasma is eroded, and the current and pressure prc
files should shrink if they were evolved, leading to MHD
instability. In order to simulate the real experiment, time-
dependent feedback between turbulence and transport prc
cesses needs to be included. Since the diffusion coefficient
calculated from BOUT is quite high as the density limit is FIG. 7. Profiles of diffusion coefficients versus current calculated from
approached or exceeded, it is expected that the turbulen&PUT simulations at high density.

will significantly affect plasma profiles, which in turn change

the turbulent transport and MHD modes, and finally the core

plasma either reaches some marginal stability point or dis- [N the above-mentioned density limit experiments on
rupts. DIlI-D, an expression for MARFE stability in terms of glo-

bal variables has been derived from the local stability equa-
tions by using the L-mode scaling law to eliminate tempera-
ture and employing a simple fit to the radiation cur¢és.
g’his exercise yields the similar empirical expressionrfgr,

simple global scaling law for the density limitng while the applicability qf globa_l scaling laws to the plasma
=Ip/wa2, works for a wide variety of machine sizes and boundary and assumptions which relate local to average den-

configurations, for limited and diverted machines, and for aliS'y are somewhqt questlc')n'able. F|gur(_a 8 is a plot of the
first wall materials and geometry. The above sections hav8@xImum of diffusion coefficients from Fig. 7_ Versus current
discussed that plasma boundary turbulence and transport‘f@ﬂ"cr1 lndeed_ S_hOWS that local transport scaling with the cur-
responsible for edge cooling, MARFE formation, and di- rent is a reminiscence of the global L-que trans_port_ model
vertor detachment, which ultimately leads to the density{7*!p)- Thus the match of the empirical scaling is not
limit. These two observations indicate that plasma currenfl€rely & coincidence! N
may play a key role in controlling conditions giving rise to  F19ure 9 shows a contour plot of transport coefficient

enhanced plasma turbulent transport. The dominant currefigveraged poloidally and toroida)iyat the separatrix versus
scaling for the turbulence calculation could arise either fronP!@Sma current and density. We have conducted 17 additional

the poloidal magnetic field or through the parallel magneticBOUT runs for five different densities and four different cur-

connection length via the magnetic equilibria.
The current scaling of the density limit has been extrapo-
lated from an additional series of numerical experiments to
examine changes in the turbulent transport due to changes it [
the plasma current. The series of magnetic equilibria have Se
been generated by using the MHD equilibrium package 300 1 S~
within Corsica; where the experimentally measured plasma ___ .
pressure profiles are used and kept fixed. It is found that theQ See
turbulent transport is consistently reduced due to the associ-“‘E 200 | N
ated increase in the equilibrium magnetic fiéhy fixing q - .~
profiles in Corsicaat all density, as shown in Fig. 7. This (] IR
suggests that the dominant current scaling arises from the | \‘*o |
toroidal field rather than through a connection length. Be-
cause plasma safety factor q is fixed, the increase in plasms
current leads to increase of poloidal and toroidal fields,
which in turn leads to the decrease of plasma beta and tur-  °%7 os o 105 145 125 135 145
bulence. Figure 7 also shows that for the fixed density and
temperature plasma profiles, as the current decreases, tran: IP(MA)
port increases but exhibits a nearly dlscontlnuous_ behaVIOFEIG. 8. A plot of the maximum of diffusion coefficients from Fig. 7 versus
from I,=1.46 MA tol,=1.22 MA for x<1 cm. The impli-
cation is that a catastrophic boundary is crossed.

IV. DENSITY LIMIT SCALING WITH CURRENT

The empirical experimental database shows that th

current which shows that local transport scaling with the current is a remi-
niscence of the global L-mode transport mode!<£l,).
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based on the edge simulation results from BOUT and
UEDGE codes. Simulations of turbulence in tokamak bound-
ary plasmas show that turbulent fluctuation levels and trans-
port increase with collisionality. At high density, the perpen-

"

= = dicular turbulent transport dominates the parallel classical

= @® Doublet Il transport, leading to substantially reduced contact to the di-

% & PBX vertor and the destruction of the edggshear layer, and the

c ¥ BOUT,D, 3l region of high transport extends inside the last closed flux
X BOUT.D }’-q surface. As the density increases, these simulations show re-

sistive  X-point mode-resistive  ballooning modes

! —detachment from divertor. The simulations also show that
0.1 1.0 it is easier to reach the density limit as the density increases
n.experimental (102/m?) while holding pressure constant than holding temperature

constant. UEDGE 2D transport simulations with increasingly
FIG. 9. (Color) A contour plot of transport coefficient at separatrix versus !arge ra_'d|a| OUtPoard transport, as indicated by BOUT for
plasma currenhg=1,/ma’ and density. The large transport boundgay ~ increasing density, shows that such transport can lead to an
the separatriD > 10 n/s) shown by the<’s is consistent with experimen- ~ X-point MARFE when impurity radiation is included, which
tal operational limit. is a common symptom of density-limit related disruption.
BOUT also demonstrates that the local transport scaling with

rents. For a given current, as the density approaches or e;[J’_le current is a reminiscence of the global L-mode transport

ceeds the Greenwald density, the region of high transpoﬁpoOIeI (re=1p) (by fixing q profiley. This current scaling

extends inside the last closed flux surface. We choose th@ P€ars ona plot of discharge current versus density as an
effective diffusion coefficient at the separatrix db abrupt increase in the radial transport as the Greenwald den-

— 10 n?/s as the boundary for the density limit. This bound-Sity is approached or exceeded. All of these results indicate

ary is consistent with the Greenwald density line. Thus itthat rapid edge cooling due to large radial transport is a key

becomes clear that turbulent transport plays a fundamentgPr tEe phg/hsms r?f the tokarr:\ak gensny I|(;n|t_. lucidati
role in the plot which shows the important relation between Ven though progress has been made In elucidating Sev-

the maximum attainable plasma density and the current. Th?ral |m[Jtor§ant u.Pderl)él.n% procesdses, ?uclh as tlgrbuletﬂce,
large turbulent transport very likely leads to a collapse of the'ansport, impurily radiation, and neutral recyciing, the
fesent work is far from complete. The models are simplified

dge pl the densi h ds the GreB pie @ _
\?vagljc? ge?s?t}? as the density approaches or exceeds the reand decoupled. There are still important remaining questions

The parametric scaling of the density limit in tokamak to be answered. For example, what is the dependence of

plasma has been an active research subject since the |Eﬁgnsity limit onq andB,? How does the density limit calcu-

1970s. Here we demonstrate that the turbulent transport g\ted from turbulence and transport ches depend_on core
wer? How can we better parametrize the density limit

consistently reduced due to increases in the plasma curreR . N .
(by fixing q profiles in Corsica In order to determine the caused by the rapid edge cooling in terms of pedestal density

scaling, we also conduct a second set of scaling runs b nd temperature, rather than line-averaged density? Since the
fixing tFle B, profile in Corsica. Unfortunately, there is no hysics of the density limit is complex and highly nonlinear,

global trend for changes in transport associated with changea§1d Its _fu_II evolutu_)n involves tran_sport and atomic pro-
in the parallel connection length (L,~qR) over the whole cesses, it is essential that self-consistent models for sources,
boundary region across the separatrix at high density. In thiﬁk& turbulence, transport, e_md MHD are used. Integrating
region near the separatrix, the turbulent transport increases ese components is the subject of angoing research.
I, increases, while in the far SOL, the turbulent transport

decreases for the same variation lgf. The underlying

mechanisms are still under investigation. We plan to conduct

more BOUT runs to test the q scaling by fixiBg profiles in ~ ACKNOWLEDGMENTS
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density limit onB, by fixing I, in Corsica. Additional depen- :
bywth J. Boedo, K. H. Burrell, R. H. Cohen, P. H. Diamond,

dencies on g may also come from plasma parallel equili ) . C
rium physics and/or long wavelength MHD modes that mayD' A. D’Ippolito, R. J. Groebner, S. |. Krasheninnikov, B.
LaBombard, R. Moyer, J. R. Myra, G. D. Porter, M. E. Ren-

contribute to the current scaling of the density limit. We = ;
therefore defer more complete parametric scaling studies in 3Nk R. Schneider, M. N. Rosenbluth, D. D. Ryutov, J. Terry,

future publication. and S. Zweben. |
This work was performed under the auspices of the U.S.

V. SUMMARY AND DISCUSSIONS Department _ of Energy b_y the University of California,
Lawrence Livermore National Laboratory under Contract
Understanding the density limit is crucial for projecting No. W-7405-Eng-48, by MIT under Contract No. DE-FC02-
the performance of future fusion machines. In this article, weQ9ER54512, and by General Atomics under Contract No.
have presented a model for density limit in tokamak plasm@&E-AC03-99ER54463.

We are pleased to acknowledge useful conversations

Downloaded 23 Mar 2005 to 198.125.176.18. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 10, No. 5, May 2003 Transitions of turbulence in plasma density limits 1781

IM. Greenwald, J. L. Terry, S. M. Wolfe, S. Ejima, M. G. Bell, S. M. Kaye, Varandas, and D. Campbé[European Physical Society, Funchal, 2001
and G. H. Neilson, Nucl. Fusiog8, 2199(1988. Vol. 25A (ECA), pp. 1901-1904.

2M. A. Mahdavi, R. Maingi, R. J. La Hayet al, in Proceedings of the 24th 16X, Q. Xu, W. M. Nevins, R. H. Cohen, J. R. Myra, and P. B. Snyder, New
European Physical Society Conference on Controlled Fusion and Plasma J. Phys4, 53.1(2002.

Physics Berchtesgaden, Germany, 9-13 June 1997, edited by M. Schitt’X. Q. Xu, R. H. Cohen, W. M. Nevinst al, Nucl. Fusion42, 21 (2002.
tenhelm, R. Bartiromo, and F. Wagn@uropean Physical Society, Petit- *8A. Mazurenko, M. Porkolab, D. Mossessian, J. A. Snipes, X. Q. Xu, and

Lancy, 1997, Vol. 21A (part lll) (ECA), p. 1113. W. M. Nevins, Phys. Rev. LetB9, 225004(2002.
3R. Maingi, L. R. Baylor, T. Jernigart al, in Proceedings of the 17th  ®W. M. Nevins, X. Q. Xu, T. N. Carlstroret al, in Proceedings of the 19th
International Conference on Fusion Energyokohama, 1998 Interna- International Conference on Fusion Enerdyyon, France, 14—19 October
tional Atomic Energy Agency, Vienna, 1988/l. 2, p. 793. 2002 (International Atomic Energy Agency, VienhdAEA-CN-94/THP3/
“M. A. Mahdavi, T. H. Osborne, A. W. Leonast al, Nucl. Fusion42, 52 07.
(2002. 20p, N. Guzdar, J. F. Drake, D. McCarthy, A. B. Hassam, and C. S. Liu,
5M. Greenwald, Plasma Phys. Controlled Fusigh R27 (2002. Phys. Fluids B3, 3712(1993.
SF. C. Schuller, Plasma Phys. Controlled Fusih A135 (1995. 21X, Q. Xu, R. H. Cohen, G. D. Portet al, Nucl. Fusion40, 731 (2000.
’B. Lipschultz, J. Nucl. Mater135-147, 15 (1987). 223, R. Myra, D. A. D’lppolito, X. Q. Xu, and R. H. Cohen, Phys. Plasmas
8B. N. Rogers, J. F. Drake, and A. Zeiler, Phys. Rev. L&11.4396(1998. 7, 2290(2000.
°S. I. Krasheninnikov, Phys. Lett. 283 368 (2002. 2D. L. Brower, C. X. Yu, R. V. Braveneet al, Phys. Rev. Lett67, 200
10X. Q. Xu, R. H. Cohen, T. D. Rognlien, and J. R. Myra, Phys. Plasfnas ~ (1991).
1951(2000. 4B, LaBombard, R. L. Boivin, M. Greenwald, J. Hughes, B. Lipschultz, D.

117, D. Rognlien, D. D. Ryutov, N. Mattor, and G. D. Porter, Phys. Plasmas Mossessian, C. S. Pitcher, J. L. Terry, and S. J. Zweben, Phys. Pl&smas
6, 1851(1999; T. D. Rognlien, B. J. Braams, and D. A. Knoll, Contrib. ~ 2107(2002; B. LaBombard, M. Greenwald, R. L. Boivin, B. A. Carreras,
Plasma Phys36, 105(1996. J. W. Hughes, B. Lipschultz, D. Mossessian, C. S. Pitcher, J. L. Terry, and

123, 1. Braginskii, “Transport processes in a plasma, Reviews of Plasma S. J. Zweben, “Density limit and cross-field edge transport scaling in
Physics edited by M. A. Leontovich(Consultants Bureau, New York, Alcator C-Mod,” in Proceedings of the 19th International Conference on

1965, \Vol. |, p. 205. Fusion Energy, Lyon, France, 349 October 2002 International Atomic
13T, D. Rognlien, X. Q. Xu, and A. C. Hindmarsh, J. Comput. PHyg5, Energy Agency, Vienna IAEA-CN-94/EX/D2-1.

249 (2002. 25R. Moyer, J. W. Cuthbertson, T. E. Evans, G. D. Porter, and J. G. Watkins,
4. L. Lao, H. St. John, R. D. Stambaugh, A. G. Kellman, and W. Pfeiffer, J. Nucl. Mater.241-243 633(1997.

Nucl. Fusion25, 1611(1985. 26\M. Endler, Nucl. Fusior85, 1307 (1995.

5. D. Pearlstein, R. H. Bulmer, T. A. Casper, E. B. Hooper, R. A. Jong, T.2V. A. Vershkov, S. A. Grashin, V. V. Dreval, V. V. Piterskii, S. V. Soldatov,
B. Kaiser, L. L. LoDestro, and H. L. Berk, ifProceedings of the 28th and A. N. Jakovets, J. Nucl. Matgt41-243 873(1997).
European Physical Society Conference on Controlled Fusion and Plasm&®A. Yu. Pigarov, S. I. Krasheninnikov, T. D. Rognlien, M. J. Schaffer, and
Physics Madeira, Portugal, 18—22 June 2001, edited by C. Silva, C. W. P. West, Phys. Plasm&s 1287 (2002.

Downloaded 23 Mar 2005 to 198.125.176.18. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



