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The direct quantitative correspondence between theoretical predictions and the measured plasma
fluctuations and transport is tested by performing nonlinear gyro-Landau-fluid simulations with the
GRYFFIN ~or ITG! code@W. Dorland and G. W. Hammett, Phys. Fluids B5, 812 ~1993!; M. A.
Beer and G. W. Hammett, Phys. Plasmas3, 4046~1996!#. In anL-mode reference discharge in the
DIII-D tokamak @J. L. Luxon and L. G. Davis, Fusion Technol.8, 441~1985!#, which has relatively
large fluctuations and transport, the turbulence is dominated by ion temperature gradient~ITG!
modes. Trapped electron modes and impurity drift waves also play a role. Density fluctuations are
measured by beam emission spectroscopy@R. J. Fonck, P. A. Duperrex, and S. F. Paul, Rev. Sci.
Instrum.61, 3487~1990!#. Experimental fluxes and corresponding diffusivities are analyzed by the
TRANSP code@R. J. Hawryluk, inPhysics of Plasmas Close to Thermonuclear Conditions, edited
by B. Coppi, G. G. Leotta, D. Pfirsch, R. Pozzoli, and E. Sindoni~Pergamon, Oxford, 1980!, Vol.
1, p. 19#. The shape of the simulated wave number spectrum is close to the measured one. The
simulated ion thermal transport, corrected forE3B low shear, exceeds the experimental value by a
factor of 1.5 to 2.0. The simulation overestimates the density fluctuation level by an even larger
factor. On the other hand, the simulation underestimates the electron thermal transport, which may
be accounted for by modes that are not accessible to the simulation or to the BES measurement.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1424925#
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I. INTRODUCTION AND SUMMARY

There is much indirect evidence that low frequency t
bulence driven by plasma gradients is responsible for ano
lous transport in the core of tokamak plasmas.1,2 This evi-
dence is obtained both from theoretical or numeri
predictions of energy transport and its scaling and from
perimental correlation between transport and turbule
levels.3–8 In particular, shear in the radial electric field h
been associated with reduction in the turbulence levels
the improvement of confinement.9,10 Evidence for flow-shear
suppression of the turbulence has also been obtained in
bal gyrokinetic simulations.8 Nevertheless, the direct quant
tative correspondence between the theoretical predict
and the measured fluctuations and transport has not
established in the plasma core.

Here, we investigate this connection by performi

a!Electronic mail: dwross@mail.utexas.edu
1771070-664X/2002/9(1)/177/8/$19.00
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nonlinear gyro-Landau-fluid~GLF! simulations using the
GRYFFIN ~or ITG! code11,12 and comparing the results wit
data from a particular reference discharge on the DIII
tokamak.13 Each simulation predicts simultaneously th
transport fluxes~of both energy and particles! and the ampli-
tudes and spectral properties of the turbulence at a partic
time and radial position. If all these quantities can be sho
to agree with the data, then this exercise will help to est
lish the validity of the anomalous transport theory and
causal relationship between the turbulence and the trans
If we could subsequently make accurate predictions fo
wide range of different conditions, then the theory would
strongly supported.~A complete theory of transport in toka
maks would also have to account for transient phenom
that are difficult to describe within a conventional diffusiv
convective framework.14–17 We do not address this questio
here.!

We presume the turbulence in question to be of the dr
wave type, including ion temperature gradient~ITG! modes,
© 2002 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



on
y

als
he
a

ar
e
th
u

ys
m

re
a

f
be
e
a
w

m is
vel

r 5.
an

lec-
ent

te
the

nd,

too
n-
lly
ary

the
ith

the
-

.

t

.

om-

178 Phys. Plasmas, Vol. 9, No. 1, January 2002 Ross et al.
trapped electron modes, and impurity drift waves. These l
wavelength (k<2.5 cm21) fluctuations are measured b
beam emission spectroscopy~BES!18–20 and simulated by
the code. Electron temperature gradient~ETG! modes, which
cannot be resolved by either the BES or this code may
be important for the transport, especially that of t
electrons.21,22 Transport fluxes and corresponding therm
and particle diffusivities are obtained from power and p
ticle balance analysis as determined by the TRANSP cod23

Measured density and temperature profiles used in
TRANSP analysis also make up part of the input to the sim
lation code. Likewise, the geometry used in both the anal
and the simulation is derived from fits to the equilibriu
produced by the EFIT code.24

The comparison requires correcting the simulation
sults for the measuredE3B flow shear, which we do using
‘‘quench rule’’ proposed by Waltzet al.25 Similarly, the in-
terpretation of the BES measurement requires accounting
the sample volume, which filters the higher wave-num
modes.26,27 Even with these corrections we find that th
simulated thermal ion transport exceeds the measured v
by a factor of 1.5 to 2.0 depending on the choice of flo

FIG. 1. Electron density data and profile fit from Thomson scattering

FIG. 2. ~a! Zeff ~left-hand scale! and ~b! carbon density data points and fi
~right-hand scale!.
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shear correction. The shape of the wave-number spectru
close to the measured one, but the density fluctuation le
ñe /ne exceeds the BES measurement by a factor of 4 o
On the other hand, the electron thermal flux is smaller th
that of the experiment. We speculate that the missing e
tron transport is accounted for by some other turbul
mechanism, e.g., the ETG modes.

Our principal difficulty is to account for the overestima
of the ion transport and the even larger overestimate of
fluctuation level. The latter is particularly hard to understa
since we expect the transport fluxes to be proportional toñe

2 .
We believe that errors in the BES measurement are far
small to account for this discrepancy. A major source of u
certainty in this work is that of the local gradients, especia
the effects of impurities. We have presented a prelimin
survey of these effects elsewhere.28 Gyrokinetic simulations
have been shown to exhibit an upward nonlinear shift in
temperature gradient threshold, which could, together w
the temperature gradient uncertainty, alleviate
discrepancy.29,30 For the conditions considered here, how

FIG. 3. Electron temperature and profile fit from Thomson scattering

FIG. 4. Ion temperature data and profile fit from charge–exchange rec
bination spectroscopy.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



o-
ith
he
th
ius

-
c
r

av
t i
an
io
-
rg
-

n
r

s
ith
n

t
-
ity
th

r
t
n
ze

fo

nc

h

in
W
is

d
t of

and

ed
.g.,

e
nte-

e-
-
e

ts.

-
sen
e
m.
nd
des

port
lec-
ith
een

on.
lly

ck-

nd
icu-

p to

179Phys. Plasmas, Vol. 9, No. 1, January 2002 Comparing simulation of plasma turbulence . . .
ever, initial gyrokinetic calculations with the Eulerian gyr
kinetic GS2 code do not improve the agreement w
experiment.31 Variation of the plasma gradients across t
computation domain might also affect the result. This is
subject of current research, for example, with full-rad
particle-simulation codes,32,33 or finite-annulus Eulerian
gyro-kinetic codes.34 Much further work is required to estab
lish definitively the causal connection between turbulen
and transport. We are presenting this case in detail in orde
provide a reference and context for subsequent studies.

II. THE EXPERIMENTAL DATA

We deliberately choose a shot that is expected to h
substantial turbulence in the outer part of the core. Tha
the maximum growth rate without flow shear should subst
tially exceed the flow-shear frequency. The shot in quest
No. 98777, is anL-mode in DIII-D, which is used as a ref
erence for comparison with a radiation-improved discha
obtained by neon puffing.8,35 The measured density and tem
perature profiles are shown in Figs. 1–4 fort51150– 1170
ms into the discharge. The deuterium ion density~not shown!
and Zeff are inferred assuming the carbon is six times io
ized. ~We do not consider the neon-puffed shot 98775 he
because the ITG modes are expected to be stable. Thi
sults from a reduction of the driving terms together w
increased flow shear and accounts for the improved confi
ment.!

BES measurements were taken att51100– 1200 ms a
the normalized radiusr50.7 near the outer plasma mid
plane. After converting relative intensity to relative dens
and correcting for sample volume effects, we estimate
relative density fluctuation level, to beuñ/nu<0.4%. The
spectrum as a function of frequency and wavenumbe
shown in Fig. 5. Here,k'5ku is inferred from the dominan
E3B Doppler shift,v'kuvE , since the mean frequency i
the plasma frame is small. The wave number is normali
to rs5cs /vci , wherecs5ATe /mi . The peak atk'rs'0.32
may shift to a somewhat higher value when corrected
sample volume.

Energy and particle fluxes obtained in a power-bala
analysis~using the TRANSP code! for the target radius and
time are given in Table I. The ion quantities include both t

FIG. 5. The measured fluctuation spectrum~amplitude squared! vs fre-
quency and wave number.~Here,Te'Ti andrs'r i .)
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main deuterium and the impurity carbon. We note that
total, i.e., for the full plasma volume, there is about 3.6 M
of electron and ion heating. Of this amount, about 0.5 MW
ohmic, which implies that only 3.1 MW of the total injecte
4.5 MW of beam power is absorbed by the plasma. Mos
this energy is deposited inside ther50.7 surface, trans-
ported by the ions and electrons through that surface
then lost by radiation at larger radii.

For comparison with other presentations8,35 we also list
the corresponding thermal and particle diffusivities impli
by a diagonal transport model for the profiles shown, e
taking the conducted heat flux to beqi5x iniTi /LTi , where
the scale lengthLTi5(d ln Ti /dr)21 is an average over the
flux surface. Similarly, the total energy flux is given byQi

5x i
effniTi /LTi . For comparison with theory we prefer to us

the fluxes, since their experimental values depend on i
grated quantities and not on local gradients. In this fram
work the diffusivities, e.g.,x i , are secondary derived quan
tities. For the radially localized simulations, of course, w
must still deal with uncertainties in the input local gradien

III. THE CODE AND SIMULATION OUTPUT

GRYFFIN or ITG is a nonlinear GLF code that com
putes turbulence in a flux tube centered at the cho
radius.11,12 It makes use of ballooning formalism, taking th
sheared magnetic geometry from the EFIT equilibriu
GRYFFIN calculates the evolution of a main ion species a
one or more impurity species. The electron response inclu
a nonadiabatic trapped electron contribution. Thus, trans
of both energy and particles is calculated, and trapped e
tron modes and impurity drift waves are included along w
ITG modes. Although an electromagnetic version has b
developed36,37 the code used here is electrostatic. Atr50.7
drift-Alfvén coupling is slightly stabilizing, but by an
amount far too small to affect the experimental comparis
A principal saturation mechanism arises from the toroida
and poloidally symmetric modes, i.e., the zonal flows. Ba
groundE3B flow shear, however, is not included.

We choose a flux-tube size and number of poloidal a
radial mode numbers sufficient to encompass the perpend
lar correlation lengths and resolve the mode spectrum u

TABLE I. Experimental transport losses through the surfacer50.7 at t
51160 msec of the reference shot, 98 777. Here,A537.5 m2 is the area of
the flux surface.

Loss through surface Diffusivity
Particle fluxes particles/s m2/s

Ions G iA51.631021 Di51.3
Electrons GeA51.931021 De51.4
Energy fluxes Loss through surface Diffusivity

MW m2/s
Ion thermal conduction qiA51.3 x i53.8
Ion thermal convection 3

2 G iTiA50.2
Total ion thermal flux QiA[qiA1

3
2 G iTiA51.5 x i

eff54.4

Electron thermal conduction qeA51.2 xe52.3
Electron thermal convection 3

2 GeTeA50.2
Total electron thermal flux QeA[qeA1

3
2 GeTeA51.4 xe

eff52.8

Total thermal flux (Qe1Qi)A52.9
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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kur i>1.0. The precise upper bound ofku depends on the
growth-rate spectrum of the ITG and impurity modes. T
code is configured to run in parallel on the T3E~MCURIE!
at the National Energy Research Scientific Computing C
ter ~NERSC!. For our cases the number of processors is
equal to the number of poloidal modes, typically 22, inclu
ing ku50. The run we shall present represents about 16
time steps and 3.7 CPU hours on each of the 22 proces

We work with fixed profiles because it is the only way
present to focus on the turbulence itself. A long-term go
presently beyond our capability, is to couple the simulatio
to a transport code. Since the anomalous transport lead
stiff systems of equations, meaning that transport fluxes v
strongly with small profile changes, running a transp
simulation is the only way to fully test a transport mod
derived from turbulence simulations. This is a conseque
of the critical-gradient nature of ITG turbulence.29 We could
partly overcome this limitation by running the turbulen
simulations at several radii. While we do not report on su
an exercise here, we offer some further comments in Sec

All input and output quantities are normalized to typic
gyrokinetic time and length scales, e.g., time toLne /vTi , ki
to Lne

21, and k' to r i
21 . Here the gradient scale length

defined byLne5a(dne /dr)21, wherea is half the plasma
diameter at the midplane, andr is the normalized flux-
surface label. The thermal velocity and gyroradius are
fined byvTi5ATi /mi andr i5vTi /vci , respectively. A typi-
cal time plot is shown in Fig. 6. Here, we show the to
thermal fluxes,Qi , of the deuterium and carbon ions an
their sum, normalized toneTir i

2vTi /Lne
2 , as functions of

tvTi /Lne . In this example, the impurity concentration is low
and the turbulence is dominated by ordinary ITG mod
whose growth rate is enhanced by the trapped electrons.

FIG. 6. Normalized total energy transport vs time from the gyrofluid sim
lation, flux-surface averaged: for the main ions~dotted line! and impurities
~dashed line! and their sum~solid line!.
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contribution of the impurity ions to the transport is qui
small, nearly invisible on the plot. Plots similar to Fig. 6 a
also obtained for the electron thermal flux and the parti
fluxes. The latter arise from the nonadiabatic effect of
trapped electrons. Averaged in the same way, the spectru
the squared relative density fluctuations, normalized
r i

2/Lne
2 , is shown in Fig. 7 as a function ofkur i . Many other

diagnostic quantities are available in the code output.

IV. COMPARISON OF SIMULATION RESULTS WITH
DATA

To compare with the measurements, we first note that
simulated wavenumber spectrum of Fig. 7 is very similar
shape to the BES spectrum of Fig. 5, each having a pea
the neighborhood ofkurs'kur i'0.3220.35. ~The electron
and ion temperatures are nearly equal at this radius.! Sum-
ming over the simulated spectrum and converting from
normalized units, however, we finduñe /neu'2.0%, which is
substantially larger than the BES value. This is without a
flow-shear correction.

We define the particle and thermal losses to be the t
averages over the final 3/4 of the time series plotted in Fig
and the corresponding time series for the other fluxes,
after the initial transient. Converting to dimensional uni
we find, for example, that the uncorrected ion energy loss
thermal conduction isQiA53.560.2 MW, where the error
quoted is the standard deviation of the averaged time se
This exceeds the experimental value given in Table I b
factor of 2.3.~We ignore neoclassical transport, which a
counts for about 10% of ion thermal flux.!

There is considerable evidence that the background fl
shear strongly affects the turbulence levels and transp
This strong effect for the neon-puffed case relative to o
reference case has been shown in a global simulation
adiabatic electrons.8 However, quantitative comparisons wit

-

FIG. 7. Relative density fluctuation spectrum vskur i normalized tor i
2/Ln

2 .
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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the experiment were not made. Waltzet al.25 have studied
this question by means of numerical simulation and infer
that the transport levels without sheared flow should be c
rected by the factor (12vE /gmax), wherevE is the shearing
frequency andgmax is the maximum linear growth rate of th
modes. This is known as the ‘‘quench rule.’’ For our ca
these quantities arevE52.53104 s21 and gmax57
3104 s21, where we use the definition ofvE given by
Hahm and Burrell.38 Waltz and Miller39 propose an alterna
tive formula forvE , which in its simplest approximation i
vE'(r /q)d(qvE /r )/dr and in general is a flux function
For shaped discharges, it is smaller than the Hahm–Bu
evaluation and for our case is given byvE59.73103 s21.
The maximum growth rate given by the GRYFFIN co
agrees with that found with an electromagnetic gyrokine
code.8 Thus, we have (12vE /gmax)50.65 or 0.86, depend
ing on which evaluation of the flow shear we accept. We n
also that recent gyrokinetic simulations by Dimits40 indicate
that the required flow shear for stabilization may be as m
as four times that of the preceding formula. We give a ran
of comparisons in Table II.

The transport fluxes and turbulence amplitudes, c
verted to dimensional units and with the flow-shear fac
applied, are compared with the experimental values in c
umns 2 and 3 of Table II. Applying the flow-shear factor
the square of the fluctuation amplitude, we find our dens
fluctuation estimate isuñe /neu'1.6– 1.9 %, which is still
large compared with the measurement by a factor of 4
more.~Neither the simulation nor the experimental estim
includes high wave-number modes such as ETG.! The peak
at kur i'0.35 in the simulation has not been corrected
flow shear and is likely to shift to a higher value when flo
shear is applied in the simulation runs.25 Thus, it may track
the sample-volume-corrected measured spectrum.

We see that, with the flow-shear correction, the simu
tion yields an ion thermal conduction value that is larger th
the measurement. On the other hand, it gives particle

TABLE II. Comparison of experimental and simulated particle and ene
transport losses and relative density fluctuations. To account for the fl
shear effect the simulated quantities in column 3 are corrected by the f
(12vE /gmax)50.65 and 0.86, respectively, the smaller figure being tha
the Hahm–Burrell form and the larger being that of the Waltz–Miller for
The last column gives the differences between the experimental values
the simulation.

Simulation, Difference:
corrected for ETG?

Experimental vE

Particle losses ~particles/s! ~particles/s! ~particles/s!

G iA 1.631021 2.3,3.131020 1.4,1.331021

GeA 1.931021 4.7,6.231020 1.4,1.331021

Energy losses ~MW! ~MW! ~MW!
qiA 1.3 2.2, 3.0 20.9,21.7
QiA 1.5 2.2, 3.0 20.7,21.5
qeA 1.2 0.7, 1.0 0.5, 0.2
QeA 1.4 0.8, 1.1 0.6, 0.3
Fluctuations

uñe /neu 0.4% 1.6%, 1.9%

kur i of peak 0.32 0.35
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convection fluxes of both species that are negligible co
pared to the TRANSP analysis. The simulated electron th
mal flux is small by approximately a factor of 2. Again, no
that the particle and electron thermal transport in the c
come entirely from the trapped electron dissipation.~We will
return to column 4 of Table II in the next section.!

V. DISCUSSION AND CONCLUSIONS

The ITG modes with impurity and trapped electron e
fects, as simulated by the GRYFFIN code, are clearly m
than sufficient to account for the thermal transport of the io
observed in the experiment at the radius chosen, and
fluctuation levels are overestimated by a large factor. On
other hand, electron thermal and particle transport are
accounted for by the simulated ITG modes. We theref
consider some of the uncertainties and additional phys
effects that might bring the turbulence calculations into co
formity with the experiments. We also consider whether
case we have chosen is representative or is unusual in s
way.

E3B shearing and zonal flows.Both forms of the flow-
shear frequency and the maximum ITG growth rate
shown as functions of radius in Fig. 8. First, the shearing r
itself is uncertain by about 20%, but atr50.7 the uncer-
tainty is a small fraction of the quench-rule correction, sin
the discharge is well above marginal.

Second, there is considerable uncertainty in the que
rule itself. Some of the curves in Ref. 25 show a conca
rather than linear dependence of the transport onvE . On the
other hand, Hamaguchi and Horton, in a fluid slab mod
obtain a convex dependence onvE ,41 as does Dimits,40 who
also finds a weaker dependence onvE . Also, as noted ear-
lier, the Waltz and Miller39 form of vE is a flux function that
can be smaller than that of Hahm and Burrell38 by as much
as a factor of 2.5. The point where the growth rate and
flow-shear rate cross is often identified with an internal tra
port barrier. Judging by the profiles of Figs. 3 and 4, ho
ever, such a barrier appears to be nonexistent, in the re
ence discharge, indicating that one should use caution

y
-

tor
f

nd

FIG. 8. Both forms of shear flow frequency and ITG growth rate for t
reference shot vs the normalized radius:~a! using the Hahm-Burrell formula,
and~b! using the Waltz–Miller formula, and~c! ITG growth rate. The errors
are small in the neighborhood ofr50.7 ~vertical dashed line!, where the
BES measurements are made.
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182 Phys. Plasmas, Vol. 9, No. 1, January 2002 Ross et al.
applying this criterion. A case could be made for margin
stability aroundr50.4, providing support for the Waltz–
Miller flow-shear frequency, but this highlights the difficult
of explaining why the transport is not stronger nearr'0.7.

Third, the treatment of radial modes or zonal flows co
tinues to be a subject of some controversy, with GLF co
yielding lower zonal flows and higher turbulent transp
than the gyrokinetic codes.29 It is possible that an improved
treatment of zonal flows42 in GRYFFIN could improve the
agreement. We are also investigating this hypothesis with
GS2 gyrokinetic code.21,22,44We have so far found that thes
effects are insufficient to explain the discrepancy betw
the simulation and the data for the reference case and o
similar cases in DIII-D and Alcator C-Mod.30,31Finally, there
is the possibility that the effects of flow shear could alter
wave-number spectrum in a way that affects our interpre
tion of the BES measurement. In particular, initial tests w
flow shear included in GRYFFIN42 suggest greatly broad
ened radial wave-number spectra. These might be filtere
the finite sample volume, yielding a lower experimen
value than is reported in the simulation. As noted earl
these calculations present some difficulties and are not
ready for presentation.

Profile uncertainties.We have shown in separate work28

that uncertainties in the local input gradients can hav
strong effect on the simulation results. In particular, in pl
mas withZeff.2 variations in the impurity density gradien
within the estimated error bars can change the fluxes s
stantially. This comes about mainly through the dilution
fect. That is, the background ion density gradient~not mea-
sured independently! must change to maintain charg
neutrality. This change in the main ion gradient with ne
puffing is likely to be the initiating event that leads to im
proved confinement.7,43 In the reference case consider
here, however,Zeff'1.5, and the impurity effect is smal
Our experience with these studies indicates that the trans
fluxes and the fluctuation levels tend to vary in proportion
one another as the profile gradients are varied. Thus, by
approach we cannot expect much relief from the seem
inconsistency of turbulence levels relative to the transpo

The discrepancy with the experimental ion therm
transport might be accounted for by the uncertainty in
temperature gradient. Figure 4 illustrates the scatter in
data points. If, at this time and radius, the temperature pro
is flatter than we have assumed, then reducing our input
dient might be helpful. Figure 9 shows the ion energy flu
both with and without the flow-shear corrections as a fu
tion of ion temperature gradient. With the Hahm–Burr
flow shear, we see that reducing the temperature gradien
20%, fromR/LTi58.7 to 7.2 achieves agreement. One m
be cautious, however, in accepting this as an explana
because of the preceding discussion of flow shear and
cause the simulated fluctuation levels remain too high.
correct both the fluctuation levels and the transport flux

we would require first a fourfold decrease inñe /ne and then
an adjustment of the phase between the fluctuating temp
ture and electric field that actually enhances the fluxes.

We also note that flattening the profile at one radius
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quires raising it somewhere else to maintain global con
tency. Because the experimental transport fluxes and
code input parameters vary slowly with radius, the probl
will reappear at some other radius. Finally, we note in Fig
that the flow-shear parameter passes through zero ner
50.8 but no great differences in the transport are seen th
We have found similar results for anH mode in Alcator
C-Mod. We conclude that, as far as GRYFFIN simulatio
are concerned, the results presented here are represen
of the outer radii of bothL andH modes.

ETG modes.We might adjust the profiles, e.g., increa
ing the electron temperature gradient to fit the electron th
mal transport, but the preceding discussion applies her
well. We may also assume that other effects, such as elec
temperature-gradient~ETG! modes can account for some o
it. There is evidence from theory and computer simulatio
that ETG modes play a role in anomalous transport.21,22 A
plausible speculation is given in Table II. Column 4 lists t
difference between the measured values, column 2, and t
of our simulation, column 3. ETG modes could account
the difference in the electron thermal transport. Until an ET
simulation is run for this particular case we cannot direc
test this idea. To the extent that the ions are approxima
adiabatic, ETG modes are not expected to drive much
ticle transport. Trapped electron modes with wave numb
between the ITG and the ETG ranges could play a role
both particle and electron thermal transport.

Profile variations orr* dependence.The present calcu-
lations are performed in a flux tube with fixed plasma gra
ents. Thus, profile variations or finiter* effects, wherer* is
the ratio of the gyroradius to a macroscopic length, canno
addressed here. That is, by definition the results exhibit gy
Bohm scaling. Studies with full-radius gyro-kinetic partic
codes,32,33 and with a finite-annulus Eulerian gyrokinet

FIG. 9. Total energy flux through surface atr50.7 vs temperature gradient
showing the experimental value~large diamond! and simulated values~a!
with no E3B correction, and with the shear flow correction using~b! the
Waltz–Miller formula and~c! the Hahm-Burrell formula.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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code34 have shown departures from gyro-Bohm in the dire
tion of Bohm scaling. Reductions in transport fluxes w
respect to the flux-tube results have been found.45 Whether
these would be sufficient to bring our results into conform
with the measurements is not known.

In, summary, we have an encouraging start in the dir
comparison of turbulence simulations to experimental m
surements, in which both the fluctuations and transport
taken into consideration. The simulated ion thermal transp
level exceeds that of the experiment. It could be brought i
agreement within the error bars of the temperature grad
and flow shear, but we argue that some unaccounted for
bilizing mechanism should be sought. The most signific
remaining problems are~1! the turbulence levels predicte
remain a few times larger than the BES measurements,
~2! we have no explanation for the measured particle fl
These results provide a further strong incentive to seek
explanation.

We expect that by a combination of theoretical improv
ments and experimental refinement the gaps between
simulations and measurements will continue to be reduc
Future work with GRYFFIN will be to complete the calcu
lations with the background flow shear and improved zo
flow treatment. We will also continue nonlinear gyrokine
runs with the nonlinear GS2 code.21,22,44
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