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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 @odial 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 dyuisgj-steady state phases. Modeling and sim-
ulation results are compared to experimental measurematttdimited 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 thefile 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 susthgtationary higls,,, high confinement, and re-
duced inductive current relative to standard H-mode plasmhaquivalent fusion performance. Some of the
issues that need to be addressed for confidence in the dbilitgate Hybrid plasmas in ITER are: 1) Can
high values for the produect;n; be maintained wher&; is high? 2) Can high confinement (e.g,) be
achieved and sustained? 3) Is a large external torque eebfgrg., to create sufficient flow shearing rates)?
4) Can an appropriate g profile be achieved and maintained8 &high edge pedestal required? Cred-
ible predictions of ITER hybrid performance depends on thezassful validation of simulation codes on
existing experiments. Since large extrapolations fromd@t@mns in present plasmas to burning plasmas are
needed, it is also important to base the predictions ongigocalculations such as those using gyrokinetic
codes as much as possible.

Previous studies of hybrid plasmas in the ITPA databasd {és?ed 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, and linear simulations foungiages of stability (linear growth rates below
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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) within this region.
This paper extends the work of [1,2] to address the expetimeadeling/experiment discrepancies found
there by: 1) Using new submissions to the ITPA profile datejpd} Predictive modeling of temperature
profiles using the GLF23 and MMM95; 3) Comparisons of nordinand linear gyrokinetic results; 4)
Nonlinear gyrokinetic turbulence simulations of energymentum, and particle flows using GYRO [5]
over extended radial regions with kinetic electrons, twaekic ion species, anl x B flow shear; 5) Since
the maximum flow shearing rate in ITER (excluding the pedestpon) is expected to be lower than typical
values in JET and DIII-D by factors of about 10, we scaled dtwenmeasured flow shear by this amount
to test the reliability of direct extrapolations of perfante to ITER. 6) Studies of effects of NNBI aiming
in ITER Hybrid plasmas. However, as shown below, even wids¢hupdates and extensions, substantial
disagreements between modeling and experiment remairpaadtial 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. Recently several ASDEX-Upgrade Hybrid plasraase heen analyzed by TRANSP, and are
ready for submission. The phenomenology of Hybrid plasmasins not well understood, and there may
in fact be a variety of Hybrid regimes. Diverse MHD phenomareobserved: benign 3/2 NTM, fishbones,
minor sawteeth, and even, on occasion, no MHD. A recent g&jdyf transport in JET H-mode and Hybrid
plasmas indicates that differences in their transport ar®lovious, but subtle differences were noted, such
asn, andn;,, being more peaked in Hybrid plasmas angbeing less peaked. One speculation is that
peaking ofn. is related to the absence of sawteeth mixing in Hybrid plasrméso the ratior,,omentum /TE
appears lower for Hybrid plasmas, and decreases as theofafi@ average NBI torque per particle in-
creases. Hybrid plasmas tend to have highs; and thus high torque. A curious feature of some of the
DIII-D Hybrid plasmas is the indication that anomalous fastlosses often appear needed in the TRANSP
analysis to reconcile the simulated and measured totagieseand neutron emission rates. This may be
related to the presence of cokéfvén modes [7].

3. Predictive ModelsHybrid plasmas appear to pose a more challenging test ofythesed turbulence
transport models than standard H-mode plasmas becausgeheyally have higher confinement afigl
and a wider variety of magnetic shear, and expected straontgs of £ x B and alpha stabilization. High
confinement indicates that they are in domains of reducecergauivth, increased stabilization, or a com-
bination of the two. The simulations reported here exploraes of the sensitivities.

Various transport codes use models to predict plasma p&eesrsich as temperatures and toroidal rotation
profiles. Important issues for these codes are: 1) Accurdeymerical solutions to the typically stiff
equations in the predictive models, 2) Effects of i@ B shearing rate and the fact that often large neutral
beam-induced toroidal velocity is the dominant term for hex B shear stabilization, 3) Effects of alpha
stabilization, 4) Effects of neutral beam ions and theispuee, 5) Threshold for stability, 6) Transport in
ITG/TEM stable regions, and 7) Potentially significant ghgshot included, such as finije. effects and
turbulence spreading.

We report on results from predictive modeling using fouresentative codes: 1) ASTRA [8] with GLF23
and MMMO95, 2) CRONOS [9] with GLF23, 3) TSC [10] with GLF23,&#d) XPTOR [11] with GLF23.

The first three codes have varying ability to compute fluxesrivally from heating and current drive models.
All four can read data from the ITPA profile database. ASTRA d&i5C can also read data from the
TRANSP runs used to generate the data for the ITPA profilebdata All four can compute the time
evolutions of the temperature profiles assuming boundamgitons near the top of the pedestal, typically
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nearr,;,/a = 0.8-0.9.

Three of the most studied Hybrid plasmas were chosen for adegms of predictions. Table 1 lists some
of the shot parameters and gives a model-projected ITERitigbenario from the ITPA database for com-
parison. The analysis times listed are during high perfaceaquasi-steady state phases. The Greenwald
fraction faw = 7m./(I,/(772,,)) and Hgg are given. The JET 58323, from a JET-ASDEX Upgrade iden-
tity experiment [12] has a figure of metfgy/3,/q3; = 0.4 lasting 4s. It also had a large fast beam ion
density withnpeq,, = 0.5np in the core. This and the DIII-D Hybrid h&t} /T, considerably higher than
unity, a disadvantage for extrapolating to ITER.

Table I: Parameters of plasmas considered at quasi stestdytisies

Tokamakshot time By |1, K ) qo5 | Pubi | On | fow | Hso
units [s] |[T]|[MA] |elongtriang [MW]
ITER |2002010(0400.05.3]12 |1.8 |0.5 |4.533.0 [3.1/0.93
JET 58323 ||12.1 |1.8]1.4 |1.6 |0.3 |4.0/15.4 |2.8/0.50|2.1
JET 60931 10.8j 17114 |1.8 |0.5 |5.1/16.8 |2.4/0.60|1.7
DII-D |104276 ||5.0 |1.7/)1.22 |1.8 |0.5 |5.4/6.0 |2.3/0.38|3.0

ASTRA computes the time evolutions typically starting ati®dsec before the time of interest. The heating,
torque, and q profiles were read from TRANSP runs. Figure lpzwes temperature predictions for JET
58323 at a time slice with measurements (mapped by TRANSIPhaAstabilization was used. Results
using either MMMO95 or GLF23 are shown. MMM95 predidisand, lower than their measured values
by as much as 35%. GLF23 was used with different assumptmtest their validity: either including the
TRANSP-computed beam density or ignoring it, and eithengishe measured,,,. or predicting it. The
vtor Profile is used for computing thE x B flow shearing rate. GLF23 computes the thermal ion density
from the inputn., Z.;;, andnpeq.n, if provided. The predictions ignoring..,, and simulatingv;,, are
close to the measured values. ASTRA-GLF23 also predictgdwith and withoutnyeqs. The result
ignoring npeams 1S @about three times higher than the measurement, and thié iretuding npeqms 1S about
twice. Thus includingpeqms is good forT;, bad forvg,,.
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FIG. 1: ASTRA temperature predictions for JET 58323 using GLR28 sIMM95.

The CRONOS-GLF23 simulations input the plasma profiles ftoenITPA database and compute the evo-
lutions of the heating, current drive, and typically the qfffe. Alpha stabilization is included with alpha
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typically calculated including the fast ion pressure. &g compares simulations of JET 58323 with in-
ternal or input g, with and without flow shearing suppressiamd with and without fast ion effects. In

the usual mode, CRONOS evolves g self-consistently. Fopemison, the q evolution was fixed when the
profile approximated the one in the ITPA database profileN@drusing EFIT). The predictions using the
fast ion density and pressure are close to the measureniéots.the different direction of the effects of

Npeam IN the ASTRA and CRONOS results: increasifigin ASTRA and decreasing in CRONOS. This
could be a consequence of changes in the stability threstiticchanged, g

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 58328nf the GKS code are shown in Fig 3a
with and without flow shearing suppression. The plasma idigied to be stable far,,;, /a less that 0.35.
Predictions of the temperatures from XPTOR are shown in 3hg.
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FIG. 3: GKS linear stability for JET 58323; b) XPTOR-GLF23 preitios.

JET 60931 was also modeled with ASTRA, CRONOS, and XPTORs $hot hadl; close to7, and a
lower nyeqm than 58323. Greater success and less variation of resulisiiffierent modeling choices was
achieved. Figures 4-6 show simulation results for DIII-D4206. For the TSC-GLF23 simulations for
the DIII-D 104276 are shown in Fig. 6, the heating power pesfivere taken from TRANSP and q was
calculated. The...,, was not input to GLF23, and the alpha stabilization was notetd on. Simulations
with and without flow shearing suppression are shown. Natettte results fof; with rotation are best and
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the results forT, without rotation are best. The full time-evolution was miede The data shows an ITB
in T; forms in the L-mode phase and disappears when the H-mode fdrass. GLF23 failed to model the

ITB.
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FIG. 4: ASTRA-GLF23 temperature predictions for DIII-D 104276
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FIG. 5: CRONOS-GLF23 temperature predictions for DIII-D 104276

As can be seen from the above comparisons, in general trepodmodels do not replicate the experimen-
tal profiles very well. Reasons for this discrepancy coutdude: 1) Fundamental limitations of simplified
transport; 2) Model implementation in code; 3) Numericawaacy issues; 4) Other physics not captured in
transport models, i.e. MHD/coherent mode activity, tugngle spreading, realistic flux surface geometry,
and impurities. Some of these can be addressed by the nentakculations presented in next section.

4. Nonlinear gyrokinetic simulations Gyrokinetic codes contain physics not in the transport rnsydend
offer the possibility to calculate the turbulence-driveamsport that often dominates the transport of energy,
angular momentum, and density in tokamak plasmas. We greeefirst results using GYRO for Hybrid
plasmas. In GYRO there are no relevant physically-measuriabe parameters left unspecified. Some
of these parameters can be varied for computational expgdisuch as the electron to ion mass ratios.
Some of the physical processes can be turned on or off in GYIR® as the Kelvin-Helmholtz drive,
external £ x B shearing rate, collisions, and electromagnetic (EM) abiwas to the electrostatic (ES)
turbulence to study their effects. There are many parasietmtrolling the numerics, such as box size,
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FIG. 6: TSC-GLF23 temperature predictions for DIII-D 104276

radial grid, energy grids, number of toroidal modes, timgpping, etc. The physics has to be independent
of these, so these are varied to check the numerical accufdm®yusual way to run GYRO is to specify
measured plasma profiles and use their drive terms to ctdcilla implied turbulence-driven evolution of
the distribution functions. The distribution functions edich of the “kinetic” species are computed, and
moments of them give the transport of energy, angular mamenrand the densities of the kinetic species.
Long-wave adaptive sources/sinks in GYRO keep the equilibprofile gradients fixed. The distribution
functions are renormalized at each time step by summingit@r angle, projecting on the longest radial
wavelengths in the box, and subtracting this result outs hiais the effects of removing temporal drifts of
the plasma profiles away from their measured mean-values.

We performed the GYRO simulations over an extended radialaiio around the plasma mid-radius, treat-
ing three kinetic species: bulk ions, lumped impuritieg] atectrons. The input profiles are deduced from
TRANSP analysis runs at relatively steady state times. Titeuts include profiles of energy, angular mo-
mentum, and density transport. An important input for thewations is the beam-driven flow shear rate.
This is given byFE,. calculated from force balance for carbon using the measuge qrbon, anduv,, from
NCLASS [13]. The neutral beam-driven torque density in IT&EIR be about 10% that in current Hybrid
plasmas, so we also did GYRO runs with the external flow shgagte scaled down by a factor of 10 to
test the scaling to plasmas with reduced flow such as thatege ITER.

Nonlinear GYRO runs in both the ES approximation and with EWections have been done for the three
Hybrid shots discussed in the previous section. Table 2 simsmalized scale lengths of these plasmas.

Table II: Plasma parameters near the half-radius
Tokamak| shot Px R/LTZ‘ R/LTe R/anain R/mep R/Lne

ITER 20020000.001124.33 |3.83 |1.73 -4.28 1.21
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

DIII-D  ||104276 |0.004415.29 |4.13 |3.59 0.021 |2.76

Figure 7 shows the GYRO inputs for the JET Hybrid 58323. Theutation domain lies between,;,, /a
= 0.35 and 0.85, with a width of about 128. The main kinetic ion species is thermal deuterium and the
second kinetic species is a combination of the measuredcaidnsity and the calculated beam ion density,
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with A.r¢ and Z. ;s chosen to conserve local charge neutrality. The lower ganeFig. 7 compare the
simulations and measurements for the total (diffusive amvected) ion energy and the diffusive angular
momentum flows. The measured profiles are taken from TRANB&blue curves give the GYRO simu-
lation (in the ES approximation) assuming flow shear givemriaz;asurementsl(OE;). The simulated ion
energy flow is 80% higher than measured in the middle of therddmain. The angular momentum flow
is close to the measured value only negy,, /a=0.45, and swings negative further out corresponding an
inward pinch, not seen in the measurements. The magentdasioms in Fig. 7 used the assumption that
ET is scaled up by 1.1 to explore if 10% extra flow shear couldmeit® some of the difference between the
simulated and measured flows. This is within experimentaéttainties, particularly given the fact that the
assumption that the poloidal flow is purely neoclassical matyreflect reality. This simulated ion energy
flow is below the measurement in the middle of the box, and tgeilar momentum flow deviates even
more. This illustrates the extreme sensitivity of the sitiohs to drive or damping with plasma conditions
very close to marginal.
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FIG. 7. GYRO input profiles for JET 58323

The green simulations in Fig. 7 assume that the external fi@aring rate is scaled down by a factor of 10 to
test the extrapolation to plasmas with reduced flow suchasttpected in ITER. This causes the turbulent
ion energy flow to increase significantly. Peaks in the sitedlgrofiles occur around low order rational
surfaces such as at,;,,/a=0.53 and 0.64. The simulation fgt. for JET 58323 is close to that measured
near the mid-radius, and lower by as much as 35% near the dritie cadial domain. The simulated
effective electron density diffusivity., defined froml’. = —D.Agyr face V(ne) is positive withinr,,,;, /a
=0.66, and negative further out indicating a plasma pineh fiow up a density gradient The simulation of
the analogous main ion effective diffusivity has the samalitative features, but the impurity ion effective
diffusivity is positive across the simulation domain, ahd tmpurity density is hollowV (7, positive),
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so the flux is predicted to go outward.

Similar simulations of the other two Hybrid plasmas with 88 approximation did not give agreement
as close as those shown in Fig. 7. For JET 60931 the peak obtheriergy flow was too high by a
factor of 2.5. Turning on the EM corrections in GYRO gave angigant 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 too high by a factor of 10. Turning dhd®rrections (with the assumption
that the square-root of the main ion to electron mass is 28adsof 60 for computational expediency) gave
significant, but not sufficient reductions of the flow.

We also did a set of ES nonlinear runs to saturation to estithatrelative importance of drive and damping
terms on the transport, and to explore whether variatiorafiles within the experimental errors could
account for the large discrepancies in the simulated tatsg-or this we compute the changes in the
energy, species, and angular momentum transport coefBcasnwe varied the drive/damping terms from
their measured values h¥20%. Besides the usual diagonal terms, many of the off-diagterats have
significant and complicated contributions to the transpétesults for the JET 60931 averaged over the
regionr/a between 0.4 and 0.8 indicates thatis driven mainly byV (Ty,;x) andV (nyx); the electron
species flowl, is driven inward byV (Tpux), V(Te), V(npur) and outward by (n.) with a net inward
pinch; andl;,,,, is driven outward bW (T¢), V (npuik), andV (nimp), and inward byV (n.). The electron
and impurity flows have the additional complication that¢batributions of modes with relatively low and
higherkyp; are in opposite directions. For two of the JET hybrids, tmeusated energy flows are close to
marginal, but higher than the power-balance-derived flokinés result is similar to the previous results for
JET standard H-mode plasmas [14].

There are indications that the ITG mode structure diffesafthe usual structure simulated in H-mode and
L-mode plasmas by having non-zero values extending overchitanger region in ballooning angle. This
extended structure creates challenges for the GLF23 nmgdelihe nonlinear GYRO results for another
DIII-D Hybrid (118446) indicate that significant amount o&msport occurs at large valuesigfps, sug-
gesting TEM and/or ETG dominance. The turbulence is lowtrapp to the power balance results, but this
stability depends sensitively @n which is sufficiently greater thaf,. for 7;/T. drive, as well as ofV (T;)|

and theE x B shearing rate. Thus even the full gyrokinetic simulatiores r@ot replicating experiments
very well, and further work is needed.

5. Implications for ITER Predictive models such as GLF23 are being used to simul&R flasmas and
several examples have been submitted to the ITPA profilddagafor further study and use. Parameters
for one of the cases were given in Tables 1-2. Effects of NNBIireg, as planned for ITER, have been
studied using TRANSP. Significant effects on the beam-drimarrent near the plasma axis, and thus on
the central g-profile are found below-axis aiming into hgilplasmas is expected to sustain q above unity
for long (> 500s) 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 g profile, as is the typical case with present hybrid ptsrar for alternatives such as ECCD or LHCD.
Having to rely on benign NTM’s could have other restrictiamsequences such as requiring operation with
extremes,, andT.q.

6. DiscussionNew Hybrid plasmas are being submitted to the profile datalaasl better understanding
of their transport is accumulating. Predictive models saslGLF23 are being used to simulate the tem-
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FIG. 8: TRANSP simulation of NNBI steering effects into a ITER Higlplasma predicted by TSC-GLF23.

peratures and toroidal velocities. A special challenge ybridl plasmas to theory-based transport models
is in describing the eigenmodes at low-q and low magnetiarsh&t low-gq the modes are typically very
non-Gaussian and extended in ballooning angle. GLF23 wasafged using a reference case with q=2.0
and $=1.0. Different results and different degrees of succesgradicting experimental measurements
are achieved with differing assumptions about the treatrobthe beam density and the toroidal velocity.
GLF23 results can be sensitive to various modeling aspeags fiow the fast ions are handled) and the
same methodology needs to be employed for useful code c@upar 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 codéso 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 plasntagfJET 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 lasigh by up to a factor of 10. 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 geinaitsport shows some of the gqualitative
features seen in measurements, but more work is needed.
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