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Abstract. Transport in Hybrid plasmas in the international ITPA pefiatabase is studied. The TRANSP
code is used to deduce energy, angular momentum, and démasigport. The physics-based predictive
models GLF23 and MMM95 are used to simulate temperature @odlal velocity profiles assuming tur-
bulence driven by ITG/TEM. The GYRO gyrokinetic code is usadnonlinear turbulence simulations of
the energy, angular momentum, and species transport dyuiagj-steady state phases. Modeling and sim-
ulation results are compared to experimental measuremathtdimited agreement, indicating that further
work is still required. Effects of varying the negative ioeutral beam injection into simulated ITER Hybrid
plasmas indicates that below-axis aiming can maintain thefijle above unity.

1. Introduction Hybrid discharges are so called as they combine advantdgbe &1-mode and Steady
State regimes to address the ITER long pulse, high fluencganisCommon features of Hybrid plasmas
are central safety factors near or above unity, with susthsiationary high,,, high confinement, and re-
duced inductive current relative to standard H-mode plasafi@quivalent fusion performance. Some of
the issues that need to be addressed for confidence in tlity &bitreate Hybrid plasmas in ITER are: 1)
Can high values for the produgtn; be maintained wher&; is high? 2) Can high confinement (e.g§,,)

be achieved and sustained? 3) Are large external torquegedde.g., to create sufficient flow shearing
rates)? 4) Can an appropriate g profile be achieved and rivedta 5) Is a high edge pedestal required?
Credible predictions of ITER hybrid performance dependtanguccessful validation of simulation codes
on existing experiments. Also since large extrapolatioosnfconditions in present plasmas to burning

1 This research was supported in part by the U.S. Department of Energy under the contract DE-AC02-76CH03073
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plasmas are needed, it is important to base the predictinrmigorous calculations such as those using
gyrokinetic codes as much as possible.

Previous studies [1,2] of hybrid plasmas in the ITPA databtasted predictions of various models such
as GLF23 [3] and MMM95 [4]. In general, the model profile peiins in this previous work did not
agree well with experiment. Also linear simulations fouedions of stability (linear growth rates below
zero) extending out to unusually largg,;,/a (~ 0.5-0.7). This later result is paradoxical since power-
balance-derived energy flows are relatively large (at Ieaseral times neoclassical) in this region. This
paper extends the work of [1,2] to address the modelingfexpat discrepancies found there by: 1) Using
new submissions to the ITPA profile database; 2) New predictiodeling of temperature profiles using the
GLF23 and MMM95; 3) Nonlinear gyrokinetic turbulence simtins of energy, momentum, and particle
flows using GYRO [5] over extended radial regions with kioedlectrons, two kinetic ion species, and
E x B flow shear; 4) Since the maximum flow shearing rate in ITERI(ading the pedestal region) is
expected to be lower than typical values in JET and DIII-D agtérs of about 10, we scaled down the
measured flow shear by this amount to test the reliabilityirafatl extrapolations of performance to ITER;
and 5) Studies of effects of NNBI aiming in ITER Hybrid plassnadowever, as shown below, even with
these updates and extensions, substantial disagreenentseln modeling and experiment remain, and
potential reasons for this are presented.

2. Updates to the profile database and Phenomenology number of recent JET Hybrid plasmas, in-
cluding some with tritium gas puffs have been analyzed aedeady for submission to the ITPA profile
database. Several ASDEX-Upgrade Hybrid plasmas have bedyzad by TRANSP [6], and are ready
for submission. The phenomenology of Hybrid plasmas resaat well understood, and there may in
fact be a variety of Hybrid regimes. Diverse MHD phenomereadserved: benign 3/2 NTM, fishbones,
minor sawteeth, and even, on occasion, no MHD. A recent gijdf transport in JET H-mode and Hybrid
plasmas indicates that differences in their transport at@bvious, but subtle differences were noted, such
asn. andn;,,, being more peaked in Hybrid plasmas angdbeing less peaked. One speculation is that
peaking is related to the absence of sawteeth mixing in ldytdesmas. Also the ratit,omentum/TE ap-
pears lower for Hybrid plasmas, and decreases as the rdtie afverage NBI torque per particle increases.
Hybrid plasmas tend to have highy z; and thus high torque. A curious feature of some of the DIlI{p H
brid plasmas is the indication that anomalous fast ion Bbs$en appear needed in the TRANSP analysis
to reconcile the simulated and measured total energies eutlom emission rates. This may be related to
the presence of cor&lfvén modes [8].

3. Predictive ModelsHybrid plasmas appear to pose a more challenging test afgoh models than
standard H-mode plasmas because they generally have ighinement ang,,, and a wider variety of
magnetic shear, and expected stronger rolel of B and alpha stabilization. High confinement indicates
that they are in domains of reduced turbulence, increasdgilization, or a combination of the two. The
simulations reported here explore some of the sensitivitie

Various transport codes use models to predict plasma p&esreich as temperatures and toroidal rotation
profiles. These are being used to simulate measured prafite®aredict performance in ITER. In princi-
ple they need profiles of the flows of energy, torque, and tleasivhich can either be calculated internally
or input from the database, relying on the accuracy of thélesdn the database. For self-contained simu-
lations of experiments and predictions for ITER, the tramspodes will need to calculate these. Important
issues for these codes are: 1) Accuracy of the calculatibisecheating, current drive, and torques; 2)
Accuracy of numerical solutions to the typically stiff egjoas in the predictive models; 3) Effects of the
E x B shearing rate and the fact that often large neutral beancédtoroidal velocity is the dominant
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term for theE' x B shear stabilization; 4) Effects of alpha stabilization;Bsfects of neutral beam ions
including their pressure; 6) Threshold for stability; 7jmsport mechanisms in turbulence stable regions;
and 8) Potentially significant physics not included, sucfirdte p, effects and turbulence spreading.

We report on results from predictive modeling using fourespntative transport codes: 1) ASTRA [9] with
GLF23 and MMM95, 2) CRONOS [10] with GLF23, 3) TSC [11] with GR3, and 4) XPTOR [12] with
GLF23. The first three codes have varying ability to intdgnabmpute fluxes from heating and current
drive models. All four can read data from the ITPA profile datse. ASTRA and TSC can also read data
from the TRANSP runs used to generate the data for the ITPAle@matabase. All four can compute
the time evolutions of the temperature profiles assumingtbary conditions near the top of the pedestal,
typically taken near,,;,, /a = 0.8-0.9.

Three of the most studied Hybrid plasmas were chosen for adegms of predictions. Table | lists some
of the plasma parameters and gives a projected ITER Hybeigeso (also in the ITPA database) generated
with predictive TRANSP (pTRANSP) for comparison. The as@ytimes listed are during high perfor-
mance, quasi-steady state phases. The Greenwald fragetipre 7. /(I,/(7r2,,)) andHgg are given. The
JET 58323, from a JET-ASDEX Upgrade identity experimeni [izs a figure of merifisy 3, /q3; = 0.4
lasting 4s. It also had a large fast beam ion density with,,, = 0.5n4 in the core. This and the DIII-D

Hybrid hadT;/T. considerably higher than unity, a disadvantage for exteding to ITER.

Table I: Parameters of plasmas considered at quasi-stéatgytisnes

Tokamak shot time By |1, K 0 q95| Povi | On | fow | Hse
units [s] |[T]|{[MA] |elongtriang [MW]

JET 58323 12.1 |1.8/1.4 |1.6 |0.3 |4.0/15.4 |2.80.50(2.1

JET 60931 10.8@ 1.711.4 |1.8 |0.5 |4.8/16.8 |2.4/0.60(1.7

DII-D 104276 |5.0 |(1.7/]1.22 (1.8 |0.5 |5.0/6.0 |2.30.38(3.0

|PTRANSP ITER2002010(400.05.3]12 [1.8 [0.5 [4.5/33.0 [3.10.93] |

ASTRA computes the time evolutions typically starting at@®sec before the time of interest. The heating,
torque, and q profiles were read from TRANSP runs. Figure lpewes temperature predictions for JET
58323 at a time slice with measurements (mapped by TRANBR) B shear and alpha-stabilization were
used. Results using either MMM95 or GLF23 are shown. MMM&dfuts centrall; andT, lower than
their measured values by as much as 35%. GLF23 was used ffétedt assumptions to test their validity:
either including the TRANSP-computed beam density or ignpit, and either using the measureg,

or predicting it. Thew,,, profile is used for computing the x B flow shearing rate. GLF23 computes
the thermal ion density from the input.,, Z.; s, andnyeq, if provided. The predictions ignoringscam
and simulatingv;,,- are close to the measured values. ASTRA-GLF23 was also osaebdictv,,, with
and without inputtingng..., to GLF23. The result ignoring,..,, is about three times higher than the
measurement, and the result including,,,,, is about twice. Thus including...,, is bad for predictind’;,
but good forv-.

The CRONOS-GLF23 simulations input the plasma profiles ftbenITPA database and compute the evo-
lutions of the heating, current drive, and typically the gfples. Thev;,, profiles are read from the database.
Alpha stabilization is included with alpha typically calated including the fast ion pressure. Figure 2 com-
pares simulations of JET 58323 with internally-computedhput g, and with or without including fast ion
effects (ueqam and the fast pressure for the equilibrium calculation).him isual mode, CRONOS evolves
g self-consistently. For comparison, the gq evolution wasdiwhen the profile approximated the one in the
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FIG. 1: ASTRA temperature predictions for JET 58323 using GLH23 sMM95.

ITPA database profile (derived using EFIT). The predictisithout using the fast ion density and pressure
are closest to the measurements. Note the different directi the effects ofi.,,, in the ASTRA and
CRONGOS results: increasirifj in ASTRA and decreasing in CRONOS. This could be a conseguehc
changes in the stability threshold with changed

JET 58323, t=12.1s, GLF23 results
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FIG. 2: CRONOS-GLF23 simulations @f;, T, andq for JET 58323

Profiles of the computed linear ITG growth rate for JET 5832#nf the GKS code are shown in Fig 3a
with and without flow shearing suppression. The plasma idigted to be stable fat,,;, /a less that 0.35.
Predictions of the temperatures from XPTOR are shown in¥agThe predicted; including E x B shear
agrees well, but the predicted cdfeis low both with and withou x B shear.

JET 60931 was also modeled with ASTRA, CRONQOS, and XPTORs $hot hagl; close to7, and a
lower nyeqm than 58323. Greater success and less variation of resulisiiffierent modeling choices was
achieved.

Figures 4-6 compare simulations for DIII-D 104276. Figurehbws ASTRA-GLF23 results from two
TRANSP runs, one (in the database) with anomalous fast iffmsitin assumed to be 0739/.9, and the
other with none. The anomalous diffusion makes a 35% reslucif n;.,,, in the core, but did not have
a large impact in the predicted temperatures. The modelioices that worked best in Fig. 1 gave poor
results in this case.
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GKS results for linear stability

GLF23 predictions of temperatures
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FIG. 3: GKS linear stability for JET 58323; b) XPTOR-GLF23 preitos.

For the TSC-GLF23 simulations shown in Fig. 6 the heating groprofiles were taken from TRANSP
and g was calculated. The...,, was not input to GLF23, and the alpha stabilization was notet on.
Simulations with and without rotation for flow shearing stggsion are shown. Note that the resultsfor
with rotation are best, and the results Torwithout rotation are best. The full time-evolution was miede
and the evolutions of the central temperatures are alsorshdfve data shows an ITB forms i} during
the L-mode phase, but disappears when the H-mode phase. folmsGLF23 prediction failed to model
the ITB.

T T T T 4 T T T
8| «— GLF23input npegny w.o. fastion diff | GLF23 input npgam W-0. fast ion diff
GLF23 input n beam W fast ion diff
3t
6 Ti- exp Te -exp 8
&
3 ° ©
L4 < 2 N
. ) <
[= = S
[a)
[52]
1t . . a}
2] GLF23 ignore Nyaam input vigr
GLF23 ignore Npagm iNPUt iy
0 ‘ ‘ ‘ ‘ 0 : : : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Sqrt(tor. flux), normalised Sart(tor. flux), normalised

FIG. 4: ASTRA-GLF23 temperature predictions for DIlI-D 10427®&rh two TRANSP runs, one with
anomalous fast ion diffusion and one with none

As can be seen from these comparisons, in general the tramspdels do not replicate the experimental
profiles very well. Reasons for this discrepancy could idetul) Fundamental limitations of simplified
transport; 2) Model implementation in code; 3) Numericalaacy issues; 4) Other physics not captured in
transport models, e.g.. MHD/coherent mode activity, tleboe spreading, realistic flux surface geometry,
and impurities. Some of these can be addressed by the nentiakculations presented in next section.
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FIG. 5: CRONOS-GLF23 temperature predictions for DIII-D 104276
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FIG. 6: TSC-GLF23 temperature predictions for DIII-D 104276

4. Nonlinear gyrokinetic simulations Gyrokinetic codes contain physics not in the predictive aied
and offer the possibility to calculate the turbulence-ginitransport that often dominates the radial flow of
energy, angular momentum, and density in tokamak plasmasprégent the first results using GYRO for
Hybrid plasmas. In GYRO there are no relevant physicallasoeable free parameters left unspecified.
Some of these parameters can be varied for computationadexry, such as the electron to ion mass
ratios. Some of the physical processes can be turned on sudifas the Kelvin-Helmholtz drive, external
E x B flow shearing rate, collisions, and electromagnetic (EM}exdions to the electrostatic (ES) turbu-
lence in order to study their effects. There are many pammebntrolling the numerics, such as box size,
radial grid, energy grids, number of toroidal modes, timgpping, etc. The physics has to be independent
of these, so these need to be varied to check the numeriaatagc

The usual way to run GYRO is to specify measured plasma psdditel use their drive terms to calculate
the implied turbulence-driven evolution of the distrilautifunctions. The distribution functions of each of
the “kinetic” species are computed, and moments of themthiwéransport of energy, angular momentum,
and the densities of the kinetic species. Long-wave adagtiurces/sinks in GYRO keep the equilibrium
profile gradients fixed. The distribution functions are menalized at each time step by summing over pitch
angle, projecting on the longest radial wavelengths in the Bnd subtracting this result out. This has the
effects of removing temporal drifts of the plasma profilesagafrom their measured mean-values.



7 IT/P1-5

We performed the GYRO simulations over an extended radialaiio around the plasma mid-radius, treat-
ing three kinetic species: bulk ions, lumped impurities] akectrons. The input profiles are deduced from
TRANSP analysis runs at relatively steady state times. Tiiputs include profiles of energy, angular
momentum, and density transport.

Table II: Plasma parameters near the half-radius

| Tokamak Ishot  |p.  |R/Lri|R/Lre|R/Lumain| R/ Luimp| R/ Lne
JET 58323 [0.003926.29 [3.07 [1.91  [-2.75 [1.15
JET 60931 [0.003367.33 |6.67 |1.47  |-2.98 |1.07
DIlI-D 104276 |0.004415.29 |4.13 |3.59  |0.021 |2.76
|PTRANSP ITER20020000.001124.33 [3.83 [1.73  [-4.28 [1.21 |

An important input for the simulations is the beam-drivemflshearing rate. This is calculated fraf
given from force balance for carbon using the measuw¥gd pcarvon, @andu,, from NCLASS [14]. The
neutral beam-driven torque density in ITER will be about 1% in current Hybrid plasmas, so we also did
GYRO runs with the external flow shearing rate scaled downfagtr of 10 to test the scaling to plasmas
with reduced flow such as that expected in ITER. Nonlinear G¥Ens in both the ES approximation and
with EM corrections have been done for the three Hybrid stssussed in the previous section. Table Il
shows normalized scale lengths of these plasmas.

The upper panels in Fig. 7 shows the GYRO inputs for the JETridy&8323. The simulation domain
lies betweerr,,;, /a = 0.35 and 0.85, with a width of about 128 ion gyro-raglii This is sufficiently wide

to allow growth of turbulent eddies. The temperature andsidemprofiles are measured, but the g profile
was not for either of the JET Hybrids. The profile shown is fleFIT analysis, and there is considerable
uncertainty about the central values. The main kinetic jpecges is thermal deuterium and the second
kinetic species is a combination of the measured carbontgersl the calculated beam ion density, with
AcrrandZ.yr chosen to conserve local charge neutrality.

The lower panels in Fig. 7 compare the simulations and meawnts for the total (diffusive and convected)
ion energy flow and the diffusive angular momentum flow. Thadifas shown in black labeled TRANSP are
from analysis using local conservation of ion thermal epengd angular momentum. The red curves give
the simulations assuming the EFIT profile and the nomindilprof the E,. flow shearing. The inaccurately-
known q profile was scaled up or down by 10 or 20% to explore egusnces of the uncertainty. The
orange, green, and blue curves give results with the EFITofil@rscaled down by 20%. The blue curves
give the GYRO simulation (in the ES approximation) assunfiog shear given by measurementsiE..).
The simulated ion energy flow is close to the measured valubemmiddle of the radial domain. The
simulated transport tends to decrease as the q profile isai&mt towards unity, suggesting that the optimal
g is just above the sawtoothing limit. The simulated angalamentum flow is about 2.5 times the measured
value. The Kelvin-Helmholtz instability is a significantrtdbutor to the simulated flow, and simulations
with it turned off give angular momentum flows negative in gamgions indicating a pinch, not seen in the
data.

The green simulations in Fig. 7 used the assumption jas scaled up by 1.1 to explore the sensitivity
of the simulation. This is within experimental uncertadsti particularly given the fact that the assumption
that the poloidal flow is purely neoclassical may not refleatity. This simulated ion energy and angular
momentum flows are close to the measurements in the middleedbax, but low at larger radii. This
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FIG. 7. GYRO input profiles for JET 58323

variation with E/. shows an example of the high sensitivity of the simulatiansirive or damping with
plasma conditions very close to marginal.

The orange simulations in Fig. 7 assume that the externaldt@aring rate is scaled down by a factor of 10
to test the extrapolation to plasmas with reduced flow su¢haiexpected in ITER. This causes the turbu-
lent ion energy flow to increase significantly. Peaks in theutated profiles occur around low order rational
surfaces. The simulated effective electron density difftys D., defined froml', = —DeAgyr face V(12e)

is positive withinr,,;,/a = 0.66, and negative further out indicating a plasma pineh,flow up a density
gradient The simulation of the analogous main ion effectiiffusivity has the same qualitative features,
but the impurity ion effective diffusivity is positive acse the simulation domain, and the impurity density
is hollow (V (n;m, positive), so the flux is predicted to go outward.

Similar simulations of the other two Hybrid plasmas with B® approximation were not as close to mea-
surements as those shown in Fig. 7. For JET 60931 the peale abthenergy flow was too high by a
factor of 2.5. Turning on the EM corrections in GYRO gave agigant improvement, with the simulation
being high only 70% near the mid-radius, and close to medsuear the edges of the simulation region
(rmin/a ~ 0.45 and 0.75).

The simulations for the DIII-D Hybrid over the rangg,;, /a 0.12-0.83 indicate no turbulence within 0.3,
and a peak ion energy flow neay,;,,/a = 0.7 too high by a factor of 5. Turning on EM corrections
(with the assumption that the square-root of the main iorlé¢oten mass is 20 instead of close to 60 for
computational expediency) gave significant, but not sefficieductions of the flow. The nonlinear GYRO
results for another DIII-D Hybrid (118446) indicate thagrmsificant amount of transport occurs at large
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values ofkyps, suggesting TEM and/or ETG dominance. The turbulence is tmatrary to the power
balance results, but this stability depends sensitivel\f;owhich is sufficiently greater tha#, for T;/T,
drive, as well as oV (T;)| and theE x B shearing rate. Thus even the full gyrokinetic simulatioresret
replicating experiments very well, and further work is nedd

We also did a set of ES nonlinear runs to estimate the relatipertance of drive and damping terms on
the transport, and to explore whether variations of profifhin the experimental errors could account
for the discrepancies in the simulated transport. For tliscempute the changes in the energy, species,
and angular momentum transport coefficients as we variedritie/damping terms from their measured
values by+20%. Besides the usual diagonal terms, many of the off-diagterais have significant and
complicated contributions to the transport. Results ferd8T 60931 averaged over the regigi between
0.4 and 0.8 indicates that. is driven mainly byV (T},;) and V(nyu); the electron species flol, is
driven inward byV (Ty,i), V(Te), V (npur) and outward by (n.) with a net inward pinch; antl;;,,;, is
driven outward byV (T¢), V(npuk), andV (ny,), and inward byV (n.). The electron and impurity flows
have the additional complication that the contributionsmafdes with relatively low and highep, are

in opposite directions. For two of the JET hybrids, the sated energy flows are close to marginal, but
higher than the power-balance-derived flows. This reswdinslar to the previous results for JET standard
H-mode plasmas [15].

5. Implications for ITER Predictive models such as GLF23 are being used to simul&R dlasmas and
several examples have been submitted to the ITPA profilddagafor further study and use. Parameters
for one of the cases were given in Tables I-ll. Effects of NN#hing, as planned for ITER, have been
studied using pTRANSP. Significant effects on the beamedrisurrent near the plasma axis, and thus on
the central g-profile are found below-axis aiming into hgilplasmas is expected to sustain g above unity
for long (> 800s) durations. Examples of beam trajectories and theateptalues are shown in Figure 8.
The indication that NBCD can maintain g above unity mightiatesthe need for benign NTM’s to effect
the q profile, as is often the case with present hybrid plasorder alternatives such as ECCD or LHCD.
Having to rely on benign NTM’s could have other restrictiansequences such as requiring operation with
very high values ofs, and7 ..
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FIG. 8: pTRANSP simulation of NNBI steering effects into a ITER i@ plasma predicted by TSC-
GLF23.
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6. DiscussionNew Hybrid plasmas are being submitted to the profile databasd better understanding of
their transport is accumulating. Predictive models suclaB23 are being used to simulate the tempera-
tures and toroidal velocities. A special challenge of Hglpiasmas to theory-based transport models is in
describing the eigenmodes at low-q and low magnetic shdaF2&was developed using a reference case
with g=2.0 ands=1.0. There are indications that the ITG mode structureediffrom the usual structure
simulated in H-mode and L-mode plasmas by having non-zdtesaxtending over a much larger region
in ballooning angle. This extended structure creates ehgdls for the GLF23 modeling. At low-q the
modes are typically very non-Gaussian and extended indyatig angle.

Different results and different degrees of success in ptiedj experimental measurements are achieved with
differing assumptions about the treatment of the beam teneroidal velocity, and alpha stabilization.
GLF23 results can be sensitive to various modeling aspeags how the fast ions are handled) and the
same methodology needs to be employed for useful code cupsr This indicates a need for a new
initiative of predictive benchmarking with controlled setf profiles and assumptions about input settings.
Implementation of the models in different simulation coaéso show that as yet unresolved differences
in implementation of the models (input to the models andttneat of the non-linear fluxes and transport
coefficients) also need to be resolved.

Extensive nonlinear modeling of a few of the Hybrid plasnmrasfJET and DIII-D have been done with the
GYRO code. The simulated ion energy transport shown abowtlign 80% of the mid-radius measured
value. Results for other Hybrids with the ES approximatioa laigh by up to a factor of 5. Including
electromagnetic effects give significant improvementg, tbay have not been studied extensively since
they are much more CPU intensive than the electrostatictsffgpically calculated. They are expected to
reduce ion energy transport closest to the core whesdargest. Calculations to test this hypothesis using
GYRO are ongoing. The simulated angular momentum and getingiisport shows some of the qualitative
features seen in measurements, but more work is neededolue $trong sensitivities of the simulations
to input assumptions, accurate measurements would helgheetheory. Examples are accurate q dfd
profiles and fluctuations.

Noteworthy results of the simulations are: 1) Reductiorrafisport as q is lowered toward the sawtoothing
limit; 2) Significant increases in transport as the flow simgprates are reduced to values expected for
ITER; and 3) Significant contributions of off-diagonal drito the turbulent transport.
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