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An intriguing observation in magnetically confined plasma experiments and in global gyrokinetic
particle simulations of toroidal ion temperature gradient turbulence is that the fluctuations are
microscopic, while the resulting turbulent transport is not gyro-BoEniLin et al, Phys. Rev. Lett.

88, 195004(2002]. A possible resolution to this puzzle is identified as turbulence spreading from
the linearly activelunstablé region to the linearly inactivéstablg region. Large scale gyrokinetic
simulations found that transport driven by microscopic fluctuations is diffusive and local, whereas
the fluctuation intensity is determined by nonlocal effects. Fluctuations are found to spread from the
linearly active region to the linearly inactive region. This turbulence spreading reduces the
fluctuation intensity in the unstable region, especially for a smaller device size, and thus introduces
a nonlocal dependence in the fluctuation intensity. The device size dependence of the fluctuation
intensity, in turn, is responsible for the observed gradual transition from Bohm to gyro-Bohm
transport scaling. €004 American Institute of Physic§DOI: 10.1063/1.1647136

I. INTRODUCTION larger devices. The device size where this transition occurs is
An outstanding issue in turbulent transport in magneti—muc,h Iarggr Fhan that expected from Iinear theory bgse.d on
cally confined plasmag is the device size scaling of the profile variation of the pressure gradient. These findings
show that extrapolations based on empirical scalings or mix-

global energy confinement time, which enables extrapolaz

tions of turbulent transport properties from present-day tokalNd ength rules, or local simulations, can be unreliable, and

mak experiments to larger fusion reactors. In the absence dfat full device nonlinear simulations can play a key role in
a fundamental, first-principles turbulence theory, heuristicCOmPlementing and eventually replacing extrapolation meth-
mixing length rules are often utilized to estimate the size?dS, Py directly addressing parameter regimes inaccessible
scaling of turbulent transpo?t This approach invokes a ran- through conventional analytic or experimental approaches.
dom walk type of picture for diffusive processes using the In this article, we present results from gyrokinetic toroi-
scale length of turbulent eddies as the step size and the lineflgl ode(GTC) simulations which show that the key to rec-
growth time of the instability as the step time. It predicts thatonciling the deviation from gyro-Bohm transport scaling
Bohm-like transport scaling implies that the eddy size in-With microscopic fluctuations is turbulence spreading from
creases with the device size in the diffusive transport. On théhe linearly active(unstabl¢ zone to the linearly inactive
other hand, if the eddy size is microscopazales with the (stablg zone in the presence of radial variation of the pres-
gyroradiug, the transport scaling is gyro-Bohm. However, sure gradient. We found that fluctuations are microscopic,
dimensionless scaling studies on the DIII-D tokamak fdund that the transport process is diffusive and local, whereas the
that the ion transport and energy confinement time exhibifluctuation intensity is determined by nonlocal effects. Spe-
Bohm-like behavior, while fluctuation characteristics are mi-cifically, the spatial and temporal correlation functions, and
croscopic, which suggests a gyro-Bohm scaling for transporthe radial and poloidal spectra of density fluctuations are
A similar trend was observed in transport studies of the Jointndependent of the device size. The probability density func-
European TorusJET) tokamaR and a scan of power thresh- tions (PDF) of fluctuations and heat fluxes decay exponen-
olds for the formation of internal transport barriérs. tially. Test particle transport is diffusive, and the transport

This intriguing feature of the size scaling of fluctuations coefficient is proportional to the local intensity of fluctua-
and transport has been critically examihed our global tions. On the other hand, fluctuations are found to spread
gyrokinetic particle simulations of electrostatic ion tempera-from the linearly active region to the linearly inactive region.
ture gradient(ITG) turbulence. Large scale simulations This turbulence spreading reduces the fluctuation intensity in
found, by varying the device size while keeping other dimenthe unstable region, especially for smaller device sizes, and
sionless plasma parameters fixed, that the fluctuation scatbus introduces a nonlocal dependence in the fluctuation in-
length is microscopic in the presence of zonal flows, whiletensity. The device size dependence of fluctuation intensity,
the local transport coefficient exhibits a gradual transitionin turn, is responsible for the observed gradual transition
from a Bohm-like scaling for device sizes corresponding tofrom Bohm to gyro-Bohm transport scaling in the presence
present-day experiments to a gyro-Bohm scaling for futureof microscopic fluctuations.
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It is encouraging to note that our initial report of radial rium profile variation such as steep pressure gradients. Tor-
penetration of fluctuations from the unstable region to theoidal geometry is treated rigorously, e.g., the radial variations
stable region, and its relation to the transport scaling througbf safety factor, magnetic shear, and trapped particle fraction
the fluctuation intensity dependence of the thermalare retained in global simulations. Both linear and nonlinear
conductivity,® has stimulated the development of a numberwave—particle resonances, and finite Larmor radius effects
of independent dynamical theories for turbulence spreadingare treated in gyrokinetic particle simulatiofis?? Magnetic
Key features of the simulation results have been reproducecbordinates provide the most general coordinate system for
in theoretical models for the turbulence spreading based oany magnetic configuration possessing nested surfaces. The
radial diffusion resulting from nonlinear mode coupfingr  property of straight field lines in magnetic coordinates is
based on radial propagation of dispersive waves nonlinearlgesirable for describing the microinstabilities with field-
enhanced by drift wave-zonal flow interactithFor ex-  aligned mode structures and for efficiently integrating the
ample, these theorig® have qualitatively confrmedTc  electron and ion orbits. The guiding center equations of
simulation results for the spreading distance, the device sizeotion'® can be derived from a Hamiltonian formulation
for the Bohm to gyro-Bohm transition, and the dynamicalwhich conserves phase space volume and is best for integrat-
process of radial envelope expansion. These theories als$ag particle orbits for a long period. The fact that only scalar
predict that, in the absence of avalanche-like, large transpofield quantities are needed to calculate the guiding center
events, the transport coefficier(ighich we shall call “local  orbit in this framework is most suitable for the general ge-
results”) of the ITG turbulence should be determined by lo- ometry equilibrium.

cal plasma parameters in the large device lithé., in the A challenge for full torus turbulence simulations is that
gyro-Bohm regimgvia a local balance of linear growth with the computational cost grows rapidly with the device size,
linear and nonlinear dampirg. i.e., the number of computationsl., has a cubic depen-

In addressing the transport scaling, it is important todence on the device sizB .~ (a/p;)*, wherea is the toka-
have a simulation approach which can treat various mesamak minor radius angb; is the ion gyroradius. The large
scale phenomen&;™ including the turbulence spreading, device simulations reported in this paper only became fea-
self-consistently. It is worthwhile to note that the fundamen-sible with the implementation of an efficient global field-
tal assumption of flux-tube simulatiofisis that these local aligned mesh using magnetic coordinates to take advantage
results exist, and can be reproduced in flux-tube simulationsf the quasi-2D structure of toroidal drift wave eigenmodes.
with radially periodic boundary conditions when the turbu- The global field-aligned mesh, contrary to that employed in
lence correlation length is much shorter than the simulatiorflux-tube codes, provides the highest possible computational
box size. The ability of a global code to simulate turbulenceefficiency without any simplification in terms of physics
in a large device, where the gyro-Bohm transport scaling camodels or simulation geometry. As a result, the GTC code
be produced from first-principles calculations, can provide éhas a unique feature that the number of computations has a
theoretical foundation for testing the fundamental assumpguadratic dependence on the device size, Nex (a/p;)?.
tion of flux-tube simulations, i.e., the flux-tube simulation This reduces computational requirements by two orders of
results as proxies for the local results. magnitude for reactor scale ITG simulations. A detailed de-

In retrospect, the size scaling of turbulent transport hascription of the global field-aligned mesh will be published
been a subject for intense studies, and continuing debates, i a separate paper.
magnetic fusion research. OwrTcC simulation results of a Our studies use representative parameters of DIII-D to-
gradual transition from Bohm to gyro-Bohm scaling werekamak H-mode core plasmdswvhich have a peak ion tem-
criticized by Candy and Waltz in a series of publicatfbfs  perature gradient at=0.5a with the following local param-
based on sometimes evolving and self-contradictoaypti-  eters:R,/Lt=6.9, Ry/L,=2.2, q=1.4, $=(r/q)(dg/dr)
ori expectations” and simulation results of gyro-Bohm scal-=0.78, T,/T;=1, anda/R,=0.36. HereR, is the major
ing from the continuum codeyro. However, a drastic re- radius,a is the minor radiusLt andL,, are the temperature
version of results froneYRo simulations® with “more care  and density gradient scale lengths, respectivelgndT, are
and details” has recently confirmed the earl@rc simula-  the ion and electron temperatures, anis the safety factor.
tion results’® These parameters give rise to a strong ITG instability with a

In Sec. Il we discuss transport scaling measured frominear threshold of Ry/L1)®"=4.0. Our global simulations
GTC simulations of the toroidal ITG turbulence. In Sec. lll used fixed boundary conditions with electrostatic potential
we present fluctuation characteristics. Fluctuation spreading$=0 enforced atr<0.la and r>0.9a. The simplified
from the linearly active zone to the linearly inactive zone isphysics model includes a parabolic profile qf=0.854
discussed in Sec. IV. Conclusions are drawn in Sec. V. +2.184(/a)?, a temperature gradient profile of €xg(r
—0.52)/0.281°} (shown in the lower panel of Fig.)la
circular cross section, no impurities, and electrostatic fluc-
tuations with an adiabatic electron response. Externally

Our present studies utilize a well benchmarked, masdriven plasma flows and collisions are not treated in these
sively parallel, full torus gyrokinetic toroidal codeTc).’®  simulations. The marker temperature and density are as-
GTc employs magnetic coordinafés® and a nonspectral sumed constant to focus on the simplest problem of the ra-
Poisson solvér suitable for general geometry. The nonspec-dial variation of the pressure gradigiie., »* shear effects,
tral Poisson solver allows realistic treatment of the equilib-o* is the diamagnetic frequencyThe computational mesh

Il. TRANSPORT SCALING
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FIG. 2. (Color) Time history of ion heat conductivity; in nonlinear simu-
lations for a/p;= 750 (solid black, 500 (dotted red, 250 (dashed green
and 125(dotted—dashed bljieln the gyro-Bohm regimey;=2.5y,.

temperature gradient

Ro/Lt

In nonlinear simulations, the size of the tokamak is var-
ied such thata/p;=125, 250, 500, and 750 with other di-
mensionless parameters fixed. Each of these simulations
starts with very small random fluctuations which grow expo-
r nentially because of the toroidal ITG instability. Zonal flows
ook are then generated through modulational instaBit§ and

’ saturate the ITG eigenmode through random shedfify.

0 . .
nally, the nonlinear coupling of ITG-zonal flows leads to a
FIG. 1. Linear ITG real frequencw, and growth ratey versus poloidal ~ fully developed turbulence that is insensitive to initial con-
wave vector fromsTc (solid) andrFuLL (dotted calculations(upper panel  ditions. Shown in Fig. 2 are the time traces for the local heat
and radial profile of temperature gradiedfswer panel conductivity xy; measured at =0.5a and averaged over a
domain of one-fifth of the simulation volume. The gyro-
Bohm unit for the heat conductivity is defined ag
consists of 32 toroidal gridgequivalent to 45 parallel grids =p* yg. Here, p* =p;/a, and the Bohm coefficient igg
for g=1.4), and a set of unstructured radial and poloidal=cT./eB, wherec,e are, respectively, the speed of light
grids with a perpendicular grid size pf. Parallel nonlinear- and electric charge of the electron. We observe thatevi-
ity is neglected and a partially linearizédl method®is used ates significantly from the gyro-Bohm scaling far/p;
for comparisons with the flux-tube simulatiotis. =125 and 250, but reaches the gyro-Bohm scalingafr;

In the upper panel of Fig. 1, the ITG real frequencies and=500 and 750 with a gyro-Bohm value gf=2.5y,. The
growth rates from globatTc simulations, are compared to gyro-Bohm value is about 26% below that of our previous
local calculations using a comprehensive linear eigenvalustudy which used a slightly different geometry as discussed
FULL code?*'3The maximum linear growth ratgfrom both  above. In the present simulations with zonal flows included,
codes agrees quite well withy=0.038;/L+, where v; the plasma is far away from the linear marginality. In fact,
=4/T;/m; and m; is the ion mass. Both the real frequency the linear growth rates= w,/3 for the linearly most unstable
and growth rate of lovk, modes from GTC are about 10% mode with kyp;=0.35. Pressure profile are kept fixed
lower than those fronruLL. Note that the maximum growth throughout the simulations using an effective collision opera-
rate in current studies is about 17% lower than that in outor for energy diffusion to model a heat bath as discussed
previous studigswhich used a tokamak geometry with finite below. Therefore, the Bohm-like scaling for small device
aspect ratio corrections. Specifically, in the straight field-linesizes observed in our simulations is not due to a proximity to
magnetic coordinategy,6,¢) with a flux function, a mag-  marginality or profile relaxation.

23F

netic poloidal angled and a toroidal anglé, current studies The heat conductivity from global simulations in the
use the so-calleds— " model with {,={ and ,=6 for  large device limit, xgopa=2.5x0, IS compared toxype
comparisons with earlier flux-tube simulatiociiswhere the =1.9y,, that of flux-tube simulations’ Note that there are

metric poloidal angle i¥, and the metric toroidal angle is some differences between global and local simulations in
Lo. In our previous studieSfinite aspect ratio corrections terms of geometry. Plasma parameters sual, &g are con-
were taken into account with the definitiods= ¢y, 6=6,  stant in flux-tube simulations, but are functions of minor ra-
—e€sin(fy), and a magnetic field magnitudB8=1[1  dius in global simulations. The radial box size in flux-tube
+ e cos()], wheree=r/R,. simulations is 128; , much smaller than that in global simu-
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lations. Flux-tube simulations use periodic boundary condi-1.00

tions in the radial direction, while global simulations use
fixed radial boundary conditions.

The simulation time shown in Fig. 2 is much longer than
the ITG turbulence characteristic time.g., linear growth

Z. Linand T. S. Hahm

— a=500p,
---- a=250p,

time or nonlinear decorrelation tinfeand longer than the
cyclone flux-tube simulations to which several turbulenceq 16|
codes were benchmarké8On such a long time scale, pro- E
file relaxation in full torus simulations can drive the system
toward marginality. To prevent this relaxation, we use an
effective collision operator for energy diffusion to model a
heat bath:6f .= fy[(v/v;)?—3/2]6T/T;, wheref,, is the
Maxwellian andsT is the ion temperature perturbation aver- 0.01

aged on the flux-surface and over a minor radius range o} g, — —
one-fifth of the simulation domain, which is much longer
than the turbulence correlation length. lon temperatures are
restored to their initial value using this heat source/sink. The
effective collision time of this operator is on the order of ion
energy confinement time, which is much longer than the tur-
bulence decorrelation time. It should be pointed out that sucl
heat source/sink, similar to that used in other global codes, i0-10F
not derived from first-principles and its effects on long time
simulations has not been carefully studied.

In the absence of the heat source/sink, the turbulence
state could change on a time scale of profile relaxatign
which is much shorter than the energy confinement time
Specifically, using the random walk argument for the diffu- 0.01 i
sive transport, we can estimate 0.01 0.10

ke pi

1.00

10.0
FIG. 3. Radial k,, upper pangland poloidal k,, lower panel power

spectra for density fluctuations farp; =500 (solid), 250 (dasheg and 125
(dottegd.

TE™ L'%/XI .

For the case ofa/p;=500 with measuredy;=2.5xvq, 7

~ 15004, which is much longer than the simulation time. To
estimate the profile relaxation time;, we observe that in
the absence of the heat source/sink, the ion heat conductivigtudies. Since turbulent transport is a stochastic process, ob-
would diminish if the temperature gradient drops from theservable quantities such as can only be obtained through
equilibrium valueT; /Lt with Ly=R,/6.9, to a nonlinear ensemble averaging. Unlike linear simulations, which are
threshold of T; /Ly, with Ly =Re/6.0 given by flux-tube time-reversible, nonlinear simulations are time-irreversible
simulations:® This profile relaxation time is due to random round-off errors. For example, multiple simu-
lations with the same initial condition would have different
time traces fory; . We have done several such simulations
when Ly, —Ly<Ly. For the case ob/p;=500 with mea- and have observed a consistent trend in the transition of the
suredy; = 2.5xo, Tr~34/y, Which is shorter than the simu- transport scaling. However, an ensemble averagingy;of
lation time shown in Fig. 2. Therefore turbulence and transwould require many simulations that are computationally
port would evolve on a time scale of (~34/y for the case  prohibitive. All the x; quoted in this paper are obtained from

of a/p;=500) due to the profile evolution, ang in long  time averaging as a proxy to the ensemble averaging.
time simulations could, in principle, depend on the particular

form of the heat source/sink.

Another issue for such a long tim# simulation is that
the deviation of distribution function from the equilibrium,
thus the discrete particle noise, grows without bound in the In order to understand why the transport scaling is not
collisionless simulations. The issue of particle noise and congyro-Bohm fora/p;=<500, we examine the fluctuation char-
servation properties in the gyrokinetic particle-in-cell simu-acteristics of the ITG turbulence. The fluctuations in the
lations has been extensively discus$&tf~33In particular, a  quasi steady state are nearly isotropic in radial and poloidal
“thermostatted5f” simulation enforces a statistical steady directions because of the zonal flow shearing eff€ttéWe
state using a numerical dissipatiBhA problem with this measured the radial spectrum of density fluctuation® at
approach is that the transport level depends on the strengthO and the poloidal spectrum et 0.5a, averaged over the
of this numerical dissipatiof?. We note that the velocity toroidal angle and over several eddy turnover times after the
space sub-grid dissipation in continuum codes representsrenlinear saturation. Both radial and poloidal spectra, as
similar numerical dissipation, which is absent in our currentshown in Fig. 3, are independent of the device size. The

TR~ (Lne— LT)Z/Xi )

lll. FLUCTUATION CHARACTERISTICS
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FIG. 4. Radial(upper panéland poloidal(lower panel correlation func- time seperation (1 /’Y)

tions for density perturbations.
FIG. 5. Time correlation functions for electrostatic potentigl (or density,
solid) and temperaturéT (dotted perturbations, and heat flux€s(dotted—

. dash
poloidal spectra peaks kjp;=0.15, compared to the fastest ashed

linear mode ok ,p;=0.35. The energy containing part of the
radial spectra ik, p;=<0.2.

The fluctuation spectra are consistent with two-pointponentially and no significant tails at large radial separations
spatial correlation functions shown in Fig. 4. Here the radialexist. We conclude that the fluctuation scale length is micro-
correlation functions for field-line averaged fluctuation quan-scopic, i.e., on the order of ion gyroradius and independent
tities (density perturbations, ejcare calculated at poloidal of the device size.
angle #=0 using a radial location=0.5a as the reference The time correlation functions, shown in Fig. 5, are mea-
position, and the poloidal correlations are calculated at sured atr=0.5a and #=0 on a rotating frame which has a
=0.5a using =0 as the reference position. Both radial andvelocity equal to the sum of zonal flows and diamagnetic
poloidal correlation functions are averaged in the toroidafflows, and averaged in the toroidal direction and over many
direction because of axisymmetry and over many eddy turneddy turnover times after the nonlinear saturation. The cor-
over times after the nonlinear saturation assuming a statistrelation time for the electrostatic potentiar density and
cally steady state. The correlation functions for density pertemperature is close to that of the linear growth timg,
turbations(or electrostatic potentials excluding zonal flow ~1/y, as expected from the balance between linear growth
componentsare found to be self-similar for different toka- and nonlinear decorrelation for the saturation of the instabil-
mak sizes, and suggest a turbulence eddy sizkeref 7p; in ity. The correlation time for heat fluxes is about half that for
the radial direction, which is independent of the device sizethe potential and temperature perturbations. The difference
The poloidal correlation functions show some wave-likebetween two device sizdse., a/p;=125 and 50Dis small.
structures, indicating a partial survival of the linear disper-Although there are small tails in the correlation functions for
sion. Correlation functions for temperature perturbations ar¢he potential and temperature perturbations, these long time
similar to that of density perturbations, and correlation func-structures do not drive much transport, as is evident in the
tions for heat fluxes show a correlation length about half ofcorrelation functions for heat fluxes which decay much faster
those for densityor electrostatic potentiabnd temperature and diminish at a time separation larger tham. 1/
perturbations, as expected since heat fluxes are proportional Both spatial and temporal correlation functions indicate
to the product of the potential and temperature fluctuationshat the fluctuations are microscopic in space and local in
with a finite phase-shift. All correlation functions decay ex- time. To further test whether large events dominate transport,
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FIG. 7. Probability density functiond®’DF) of test particle radial displace-
) - o ] mentdr (solid, the dotted line is a Gaussjampper pangl and time history
we examine the probability distribution functiofBDF) of  of heat conductivities; (lower panel.

the potential and temperature fluctuations, and heat fluxes.
These quantities are discretized in both time and space, then

grouped into 100 bins according to their relative amplitudes,

The counts of each bin are plotted as the PDF in Fig. 6. ThéPDF) for the radial displacemendr (1) after a few eddy

maxima in Fig. 6 correspond to zeros for potential and tem-tumover times, shown in the upper panel of Fig. 7, is found

perature fluctuations and heat fluxes. The unit for both thé0 be very close to a GaussiaThe PDF of the Lagrangian

size and the PDF is arbitrary. Both pointwise PDFs for po_velocity fluctuations, which resembles the step size PDF of
' ese dispersing particles, should also approach a Gaussian

tential and temperature fluctuations are close to a Gaussia{a ! .
with negligible tails, while the PDF for heat fluxes is a arter a few eddy turnover times, and therefore indicates a
folded Gaussial re:;ulting from the folding of two corre- difusive process? Similar results have also been obtained

lated Gaussiang.e.. potential and temperature PDFEhese in a Hasegawa—Wakatani turbulerteézurther examination
probability distribution functions for the electrostatic poten- of the deviation from the Gaussian reveals no singular struc-

tial and temperature fluctuations, and heat fluxes all deca%re in either the pitch angle or energy space. This indicates

exponentially with no significant tails. This is specially true a.t therells no sharp'resongnce in the Waye—pgrthle mter—

for large devices where the transport scaling is gyro_Bohmactlons. Since the radial motion of test particles is diffusive

and where there are a large number of data samplings f’pther than ballistic, the wave does not trap or convect the
particles, but only scatters particle orbits. We can then calcu-

adequate statistics. late the ion heat ductivity based h d K
We further examine whether the transport is diffusive'@'€ N€ lon heat conductivity based on the random wa

using the probability distribution function for the radial dif- model for test particle heat fluxeQ=—Jzu?Ddf/ard’,

fusion of test particlegpassive particles that do not affect the Using the energy-dependent diffusivily= o-*/27, whereo is
turbulencg. After the nonlinear saturation, at timg, 6 mil-  the standard deviation for the radial displacement at the time

lion test particles are initiated aroundqty)=0.5a with a 7 after the initiation of test particles. We also measure the
uniform poloidal distribution. The radial displacemefrt(t) self-consistent heat fluxeQ= [ 3v?dve.gdfd3, wherev

of each test particle at a later timesty+ 7, is defined as is the particle velocitysf is the perturbed distribution func-
or(t)=r(t)—r(tg). The probability distribution function tion, anddvgyg is the radial component of the gyrophase-
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averagede X B drifts. We found that the test particle heat 40— — T 3z
fluxes are very close to the self-consistent heat fluxes. This

suggests that wave transport, where the wave extracts energ

from ions in the hot region and deposits it back to ions in the 30
cold region, does not play a significant role. Thus, heat fluxes | I
are carried by the radial diffusion of particles. Large trans-
port events, where heat pulses propagate ballistically, are abag -
sent over this simulation time. The simulation presented in |
Fig. 7 useda/p;=160 and a radial profile of the temperature :
gradients narrower than that shown in the lower panel of Fig. ok
1. [

2.4

1.6

0.8

In summary, our global gyrokinetic simulations of toroi-

dal ITG turbulence show that fluctuations are microscopic _ | J
and local, that transport is diffusive, whereas transport can = 7y 0.2
deviate from gyro-Bohm scaling. These results are consistent

with recent dimensionless scaling studies on the DIII-D to—F'G-68-/ (fT‘"Ozf) R‘?dia' Z@f”es fct" imjnsti_ty_t_m f/'UC“(J;“t':g F;me”/“‘”
kamak which found that ion transport and eneray confine™ (S04 10" 508 410 08 e conustiten o (Goved br o
ment time exhibit Bohm-like behavior while fluctuation small device size is broader than that of a larger device size.
characteristics suggest a gyro-Bohm scafidg we increase

the device size further, there is a gradual transition from

Bohm-like scaling to gyro-Bohm scaliffg.Interestingly, the fluctuatingE x B drifts (excluding zonal flow compo-
transport studies of the JET tokamaknd a scan of power nent3 which control the transport level. In short, the failure
thresholds for the formation of internal transport barfiers of the mixing length rules, which originated from the fluid
show a similar trend. These findings show that extrapolationgurbulence, is a direct result of the fundamental differences
from present-day experiments to larger devices based obetween the fluid turbulence and the plasma turbuléhce.
mixing length rules, which have been key building blocks inSpecifically, the fluctuation intensity controls both the deco-

0
1.0

most of existing transport models, can be unreliable. rrelation and transport processes in the fluid turbulence,
whereas in the plasma ITG turbulence, fluctuation intensity
IV. TURBULENCE SPREADING controls the transport level and zonal flows control the deco-

rrelation process in the lowest order of expansion based on
Now that the fluctuation scale length is microscopic andthe nonlinear time scale separatfSrf>

the test particle transport is diffusive, mixing length estimate  Therefore, in order to understand the transition of the
would predict that the transport scaling is gyro-Bohm. How-transport scaling, we must examine the size scaling of the
ever, the local ion heat conductivity measuredrat0.53,  fluctuation intensity. Figure 8 shows the time averaged radial
shown in Fig. 2, exhibits Bohm-like scaling for plasmas cor-profiles for the fluctuation intensityexcluding zonal flow
responding to present-day tokamak experiments even thougfbmponents and the heat conductivity. Two striking fea-
both the turbulence eddy size and turbulence decorrelatiofures are apparent in this figure. First, the radial envelope of
time are independent of the device size. These contradictory; matches that of the fluctuation intensity(except for a
pictures clearly illustrate the failure of the mixing length small region near the magnetic axis in the caseafs;
approach. Specifically, using the measured eddy siz&rof =125, probably due to boundary effective may conclude
~7p; and decorrelation time of.~ 1/y, mixing length rule  that the transport is driven by the local fluctuation intensity.
predicts that the heat conductivity follows a gyro-Bohm scal-This result confirms and elaborates our earlier observation

ing with that the volume averagey is proportional to volumed av-
(Ar)? eraged!.*® Second, the device size dependence for bgth
Xi~ ~4.6x¢, and | is very similar. Therefore, the transition of the size
Tc

scaling fory; can be interpreted as the transition of the size
which is higher than the; for any device size shown in Fig. scaling forl. Interestingly, the ratio of the heat conductivity
2. to the turbulence intensity, both expressed in the gyro-Bohm
What has been missing so far in our analysis is the sizenits as shown in Fig. 8, is a constant independent on the
scaling of fluctuation intensity, which ultimately determinesdevice size and local plasma parameters, i.e.,
the level of transport. In the mixing length approach, the(x;/xo)/(1/15)=0.08, wherel ;= (Tp*/€)?. This points to
dependence of transport on the intensity is implicitly built-in a universality underlying the diffusive transport process.
through the eddy turnover time which is inversely propor-  So why does the intensity depend on device size given
tional to the fluctuation amplitude. The eddy turnover time isthe fact that the fluctuations are microscopic and the trans-
the same as the turbulence decorrelation timewhich con-  port is local? A possibility is nonlocal effects in the fluctua-
trols the level of transport in fluid turbulence. However, in tion intensity. If we re-plot Fig. 8 such that the area under the
plasma ITG turbulence, the turbulence decorrelation is domieurve of intensity is 1, we would expect that the intensity
nated by the shearing of zonal flowswhich do not drive  curves fora/p; =125, 250, and 500 lie on top of each other,
any transport. Zonal flow convections are much stronger thaif the fluctuation intensity is determined by local plasma pa-
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rameters. Instead, we found that the radial envelope for & 5-2F ' ' BASS T !
small device size is broader than that of a larger device size s 5¢

This is evident in Fig. 8, which shows that, in the smaller e AR A At sttty
size simulation, the intensity is lower in the center and higher Vexe

toward the boundaries compared to that of a larger device
simulation. We remark that even though this trend is consis- [
tent with that of linear ballooning modes, the linear eigen- 4
mode is destroyed by zonal floffsand should not play a
dominant role in the nonlinear dynamics. Instead, a plausible
mechanism for the nonlocal effects is the radial penetration
of fluctuations from the unstable region to the linearly stable
region. The leakage of the turbulence into the linearly stable
zone has previously been observed in mode coupling i time (1/7)

analysis® and global gyrokinetic simulatiof *3of toroidal 107 . . . . .
ITG turbulence. These simulations were carried out before 0 20 40 60

the concept of ITG turbulence self-regulation by zonal ) . ) ) . )
6 . . . FIG. 9. Time history for amplitude of electrostatic potengakp/ T, (solid)
flows'® were generally accepted. The previous gyrokinetic

) . ~ and zonal flows) g /v; (dotted.
simulations have not quantified the process of turbulence
spreading and have not made connection between the turbu-
lence spreading and transport scaling. now measure the time dependence of the intensity-weighted
By comparing the normalized radial envelope of themean locatiof(r) and widthAr of radial envelopes for both
fluctuation intensity as described above, it is observed that igonal flowsveyg and fluctuating potentiabs. The most
the nonlinearly saturated phase, fluctuations spread radialiyiteresting time evolution occurs around nonlinear satura-
toward both directionsedge and axisfor a distance on the tion, as shown in Fig. 10. In the linear phase8/y, the
order of 25%; independent of the device sizéJsing simula-  toroidal eigenmodess centers at(r)=0.43, where the
tion parameters, a dynamical thedrfor the turbulence
spreading based on the radial diffusion predicts a spreading
distance of 18;, in rough agreement with that observed in 0.16|
our nonlinear simulations. If we assume that the total fluc- A ]
tuation energy content is not affected by this radial expan- C i 7]
sion, the fluctuation intensity scales a8¢()%(S8¢g)?/(1 L& i
+50p,)2, where 8¢p=p*T,/e is the gyro-Bohm scaling o.12[, ¥ ! : :
for p* —0. Sincey;*(8¢)2, as shown in Fig. 8, the heat [
conductivity should scale as(=xo/(1+50p,)2. This
simple scaling formula fits well the simulatign data’® The
simulation result§for the device size, where the transition
from Bohm to gyro-Bohm scaling occurs, are also in rough 0-08 [~
agreement with a theoretical prediction for the transition size [ o i
of a=42Qp; using simulation parameters by a nonlinear - -
paradigm® based on a radial propagation of dispersive I ' ]
waves, nonlinearly enhanced by drift wave-zonal flow inter- 0.04 [ L L ! L
actions. 055 = - o s o
To elucidate the process of the turbulence spreading ir
the initial value calculation¥ it is instructive to examine the
dynamical evolution of radial profiles for the fluctuation in- 0.50
tensity. In Fig. 9 is shown the time history of volume- I
averaged, root-mean-squar@ochs) amplitude for zonal flows
vexg and fluctuating potentiab¢ (excluding zonal flow
componentsin a GTC simulation. The linear ITG instability
with a spectrum peaks ne&yp;=0.35 saturates at=_8/y [ .
due to the shearing of nonlinearly generated zonal flows. The L :
fluctuation amplitude then drops after the nonlinear satura0-40 v
tion due to the reduction of amplitude of linearly most un-

stable modes witlk ,p;=0.3—0.4, but follows by a slower I time(1/y)
growth until t=20/y because of the increase in nonlinearly 0.35 - - ! !
dominant modes with ,p;=0.1—0.2. The zonal flow ampli- 6 8 10 12 14 16

,tUde e,),(hlblts a Slml_lar time history Wlth_OUt any num?rlcal FIG. 10. Time history for the radial widtiAr/a (upper pangland mean
'nStab”'_ty over a period (_)f more th‘?m 50 linear growth times. rgial location(r)/a (lower panel for electrostatic potentiaf¢ (solid) and
To illustrate the radial spreading of the turbulence, wezonal flowsve,g (dotted.
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magnetic shear is lower than thatrat 0.5a, at which the fluctuations. On the other hand, fluctuations are found to
temperature gradient peaks. The mode is highly narrow witlspread from the linearly active region to the linearly inactive
a radial width ofAr=0.06%. The width of zonal flows at region. This turbulence spreading reduces the fluctuation in-
this time is not of interest since it is dominated by the initial tensity in the unstable region, especially for the smaller de-
noise. At the nonlinear saturatidn=8/y, zonal flows are vice size, and thus introduces a nonlocal dependence in the
generated and reach the highest amplitude=a8.5/y with a  fluctuation intensity. The device size dependence of the fluc-
narrow radial width of Ar=0.05%. Within two linear tuation intensity, in turn, is responsible for the observed
growth times after the nonlinear saturation, the widths ofgradual transition from Bohm to gyro-Bohm transport scal-
radial envelopes for both fluctuations and zonal flows in-ing in the presence of microscopic fluctuations. Our findings
crease toAr=0.12a, and the mean location of the fluctua- show that extrapolations from present-day experiments to
tions moves outward tdr)=0.52a. At t=12/y, both the larger devices based on mixing length rules, which have been
radial widths and mean locations reach steady state valud®y building blocks in most of existing transport models, can
and remain constant through out the simulations. The exparbe unreliable.

sion of the radial width for the fluctuations slightly precedes
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