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* Vienna etc. series of GK workshops very productive, 
significant insights and advances from past meetings:  
Very interactive, working meetings

* Fundamental theory, but also keep in mind final 
applications:

* Need application of our codes to experiments for 
visibility, keeps us relevant and focussed on right 
things.  Big opportunities using TGYRO+GYRO or 
TRINITY+GS2/GENE

* Applications to ITER & future designs important.  
Ways to improve fusion energy concepts?

* Fundamental theory and codes applied to other 
areas (plasma astrophysics, ...). GYRO simulation, Candy & Waltz 2006

1(these slides include feedback during talk from Dorland, et al.)



Need more tests of gyrokinetic codes 
against experiments

• Some apparent discrepancies between code/expt. can be explained by stiff transport, but not 
always.  Typical breakdown somewhere near edge.

• Some recent progress explaining some disagreements, by fast ion dilution, finite beta, some 
turbulence spreading?  (Holland, NF 12 subm.)  Need to resolve remaining differences.  
Need larger boxes near edge at higher q R/LT? (Barnes et al. PRL 107, 115003 (2011))

2Figs. based on Holland TTF08, see also Holland PoP 09, A. White PoP 10 , ...



TGLF transport model compares with 
experiments fairly well in many regimes
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3. Validation of TGLF: transport modelling of
experimental profiles

The TGLF-09 model has been validated against a large profile
database of 151 L- and H-mode discharges from the DIII-D,
JET and TFTR tokamaks. Included are 25 DIII-D L-mode
discharges (DB1), 40 DIII-D H-mode discharges (DB2),
30 DIII-D hybrid discharges (DB6), 8 DIII-D ITER Demo
discharges (DB7), 28 JET H-mode discharges (DB4), 4 JET
hybrid discharges and 16 TFTR L-mode discharges (DB9). We
note that two of the DIII-D hybrid discharges have a similar
ITER shape and were included in DB6 instead of DB7. The
profile data for all JET and TFTR discharges and many of
the DIII-D discharges were obtained from the ITER Profile
Database [17, 18]. The rest of the DIII-D data were obtained
by private means. We first examine the global figures of merit
which include the average 〈RW 〉 and RMS error !RW in the
incremental stored energy (energy stored above the boundary
condition) where

〈RW 〉 = 1
N

∑

i

(Wsi/Wxi ) (1)

and

!RW =
√

1
N

∑

i

(Wsi/Wxi − 1)2. (2)

Here, i is the discharge index, N is the total number of
discharges and Ws,x refer to the simulation and experimental
incremental stored energies, respectively. The incremental
stored energy Winc is given as

Winc =
ρ̂BC∑

ρ̂=0

[neTe + niTi] dV −
ρ̂BC∑

ρ̂=0

[
neTe,BC + niTi,BC

]
dV,

(3)
where ρ̂BC is the radius of the boundary condition and TBC is
temperature evaluated at the boundary location. For all 151
discharges, the RMS error in the incremental stored energy
Winc (energy above the boundary location) is !RW = 19% for
TGLF-09 which is lower than !RW = 32% obtained using
GLF23. The effective offset for TGLF is 〈RW 〉−1 = 1% while
GLF23 has a value of 〈RW 〉 − 1 = −17% (underpredicted).
Figure 4 shows the predicted versus experimental Winc using
the TGLF-09 model. Examination of the local figures of
merit (the RMS error σT and offset fT) shows that TGLF-09
exhibits better agreement with the temperature profiles for
all 151 discharges than GLF23. The average RMS errors
in [Ti, Te] are [13%,15%] for TGLF-09 and [21%,23%] for
GLF23. The average offsets are [0.002,0.006] for TGLF-09
and [−0.05,−0.10] for GLF23. Here, we predicted the
temperature profiles using the XPTOR transport code with the
same methodology described in [2]. The results for TGLF-
APS07 are nearly identical to the TGLF-09 results because the
change in the collision model mainly impacts the very low-k
modes which tend to be quenched by E × B shear effects in
most of discharges in the database. This is not found to be the
case in our ITER predictions.

TGLF-09 has also been validated against recent DIII-D
experiments designed to evaluate the four primary ITER
operational scenarios incorporating the same shape and aspect

∆RWinc = 19%
〈RWinc〉 -1 = -1%
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Figure 4. Predicted incremental stored energy Winc from the
TGLF-09 model versus experimental Winc for 151 DIII-D, JET, and
TFTR L-, H-mode, and hybrid discharges.

ratio as ITER [19]. Overall, we find the level of agreement
with the profiles from these ITER shaped discharges is as good
as what was obtained in the 151 discharge database study.
The one exception is discharge #133137 where TGLF-09
underpredicts both temperature profiles. Figure 5 shows the
RMS errors (defined below) in the temperature profiles for 92
DIII-D and JET H-modes and hybrids in the top panel and
11 DIII-D ITER demo discharges in the bottom panel. The
ITER demo database includes 8 discharges from DB7, two
DIII-D hybrids with a similar ITER shape from DB2, and
DIII-D ITER demo discharge #133137 which was not shown
in figure 4. The horizontal dashed lines indicate the average
RMS errors for Te,i. Here, the four ITER scenarios include
the baseline conventional edge-localized mode (ELM)y H-
mode scenario, which targets Q = 10 at a plasma current of
15 MA the hybrid scenario, which targets high neutron fluence
at a reduced current of 12.5 MA the steady-state scenario,
which seeks fully noninductive operation at 9 MA with Q ≈
5; and the advanced inductive (AI) scenario which targets
high fusion gain by optimizing high plasma current operation
with increased magnetohydrodynamic (MHD) stability limits
characteristic of hybrids.

The RMS error σT and offset fT between the predicted
and experimental temperature profile for a given discharge are
computed using the ITER Profile Database [17] definition,

σT =

√√√√ 1
N

∑

j

ε2
j

/√√√√ 1
N

∑

j

T 2
x,j

fT = 1
N

N∑

j=1

εj

/√√√√ 1
N

∑

j

T 2
x,j ,

where εj = Ts,j − Tx,j is the deviation between the j th radial
simulation point Ts,j and the corresponding experimental point
Tx,j and T is the local ion or electron temperature. The
RMS error quantifies the scatter of the simulated profile about
the experimental data normalized to an average value. The
offset provides a measure of the amount by which the overall
simulated profile needs to be shifted downwards (positive) or
upwards (negative) in order to minimize σT. Both fT and σT

4

Kinsey et al. Nucl. Fus. 2011 http://stacks.iop.org/NF/51/083001

TGLF is currently best available transport model, but needs 
improvement for some parameter regimes.  Can we do better?



TGLF: a reduced transport model 
fit to full GYRO nonlinear turbulence simulations

4Kinsey et al. Nucl. Fus. 2011 http://stacks.iop.org/NF/51/083001
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Figure 2. TGLF-09 versus GYRO (a) ion (blue) and electron (red)
energy diffusivities and (b) particle diffusivity for 191 cases with
Miller geometry.

νei(a/cs) = 0.0, Ti/Te = 1.0, κ = 1.0, sκ = (r/κ)∂rκ = 0.0,
δ = 0.0, sδ = [r/(1 − δ2)1/2]∂rδ = 0.0 and γp(a/cs) = 0.0.
Here, γp is the parallel velocity shear, νei is the electron–ion
collision frequency, ŝ = (r/q)dq/dr is the magnetic shear,
q is the local safety factor, α = −2Ro(q/Bo)

2(dp/dr) is the
normalized pressure gradient, βe = neTe/(B

2/8π) is the ratio
of the electron plasma to magnetic field pressure, B is the
toroidal magnetic field.

Figure 2 compares the energy and particle diffusivities
from TGLF-09 against those in our GYRO transport database
of 191 nonlinear simulations including the 64 recent cases
with electron–ion collisions. All of the cases used Miller
geometry and were electrostatic. The RMS errors averaged
over the 11 scans with collisions in the database for
[χi, χe, D] are [0.13, 0.16, 0.78] for TGLF-09 compared with
[0.24, 0.23, 0.98] for TGLF-APS07. While agreement with
the GYRO energy diffusivities is quite good, obtaining good
agreement with the GYRO particle diffusivities continues to
be a challenge. Many of our cases are close to a null flow
point which is especially challenging since some modes are
driving an inward flow and some an outward flow. But, we
note that updating the collision model in TGLF does lead to
improved agreement of the particle transport with GYRO with
the average RMS error in D for the 64 cases dropping from
0.98 to 0.78.

An important aspect of the TGLF model is that it is valid
for finite aspect ratio shaped geometry through the use of the
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Figure 3. TGLF (solid lines) energy diffusivities and GYRO results
(points) versus r/a for the STD case. The hollow points connected
with dashed lines indicate the GYRO infinite aspect ratio ŝ − α
results while the solid points indicate the results with Miller
geometry, κ = 1.0, sκ = 0.0 and δ = 0.

Miller equilibrium model [3]. While its predecessor, GLF23,
was successful in reproducing the profiles from a wide variety
of tokamak discharges [5], it was derived assuming infinite
aspect ratio shifted circle geometry. GYRO simulations
show that when the geometry is switched from ŝ − α to
Miller equilibrium (with κ = 1) the finite aspect ratio in the
Miller results in a significant increase in the energy transport
especially for χe. GYRO results were first reported in [15].
Recent results by Burckel, Sauter et al also found the same
effect [16]. The impact of finite aspect ratio on χe has
important consequences on the predicted fusion performance
of ITER. Figure 3 compares the time-averaged GYRO results
(points) against the TGLF-09 results (solid lines) for a scan
in r/a while holding all other parameters for the STD case
fixed. As r/a increases, the trapped particle fraction increases
and the difference between the ŝ − α and Miller diffusivities
increases. TGLF-09 is able to reproduce this effect. In
addition to finite aspect ratio effects, TGLF has also been
successful in reproducing the stabilizing effect of elongation
and elongation shear on ITG/TEM mode transport found in
GYRO simulations [2, 15]. The effect of elongation also enters
the model through the E × B shear quench rule. The quench
rule is applied locally at each eigenmode γnet = Max[(γ −
αEγE), 0]. Using a value of αE = 0.3

√
κ , a good fit to GYRO

Miller geometry simulations for elongations of κ = 1.0, 1.5
and 2.0 was found.

3

GYRO

TGLF is a reduced transport model (developed by Staebler et al.) 
based on quasilinear fluxes with saturation model that models 
zonal flow effects.  There are a few adjustable parameters in the 
model, fit to full GYRO simulations.



Improving on TGLF Transport model

5Kinsey et al. Nucl. Fus. 2011 http://stacks.iop.org/NF/51/083001

We know TGLF works less well in some regimes (such as when particular 
nonlinear effects become important):

* low R/a
* strong negative magnetic shear (doesn’t have Cowley vs. Rogers 
secondary instability transition)
* Nonlinear Dimits shift might not be accurate in some regmes?
* Essentially no microtearing 
* How accurate is ETG model?
* accuracy of momentum transport, particularly at low flow, or with 
nonlinearly-driven KH-like instabilities (Highcock, Barnes, et al.)?
* turbulence spreading?  Becomes important near plasma edge where eddy 
size ~ L?  Explains Bohm scaling in some regimes?

Can we run full transport codes with direct gyrokinetic codes (i.e., Barnes’ 
TRINITY+GS2/GENE, Candy TGYRO+GYRO) more routinely?  Better subgrid 
models to run gyrokinetic codes on coarser mesh?  Broyden’s method to 
reduce # of Jacobian calls? (first proposed by John Cary for FACETS)  Better 
parallelization to larger number of processors on smaller problems? 



Rotation, density peaking, δB⊥ 
significant for ITER transport?

6
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Figure 7. Predicted fusion power for a conventional H-mode ITER
scenario with Paux = 30 MW and a prescribed density profile with
ne0/nped = 1.1 (n̄e/nGW = 0.8) using the TGLF and GLF23 models.

and GLF23 models. The results presented in this paper are
not intended to be taken as an optimization study. The TGLF
predicted fusion power is more pessimistic than the GLF23
results primarily due to finite aspect ratio effects included
only in TGLF. Figure 7 shows the predicted fusion power
Pfus versus pedestal temperature (Tρ=0.95) at fixed pedestal
density using the TGLF and GLF23 models for an ITER
conventional H-mode scenario with a somewhat flat prescribed
density profile (ne0/nped = 1.1) and an auxiliary heating
power of Paux = 30 MW (20 MW of ICRH and 10 MW
of neutral beam injection (NBI)). The vertical dashed lines
denote the pedestal temperatures yielding a target fusion gain
of Q = Pfus/Paux = 10. Using TGLF-09, the required value
for Q = 10 is Tped = 5.1 keV corresponding to βped,N = 0.92.
The EPED model [20, 21] predicts a pedestal height under
the boundary condition specified (two half widths in from the
center of the edge barrier) in the range βped,N = 0.74–0.92,
depending on the input value of pedestal density and global β.
By optimizing over these quantities, the value of βped,N = 0.92
appears to be achievable. The ITER baseline parameters we
used are R = 6.2 m, a = 2.0 m, Ip = 15 MA, BT = 5.3 T,
κ = 1.75, Zeff = 1.7, Mi = 2.5, vφ = 0 for the toroidal
rotation, and nped = 9 × 1019 m−3 for the pedestal density.

Using infinite aspect ratio shifted circle geometry (s −α),
TGLF gives the same results as GLF23. When finite aspect
ratio Miller geometry is used in TGLF, the ITG/TEM transport
increases (mainly χe) causing the predicted Pfus to decrease
(see the TGLF-APS07 results). Changes in the TGLF collision
model also have an impact. Using the new collision model in
TGLF (TGLF-09) results in an increase in Pfus relative to the
TGLF-APS07 results but still below the GLF23 results. Above
Tped = 2 keV, the TGLF-09 results scale like T 2

ped (or β2
ped)

which is characteristic of a stiff transport model.
Stiff turbulent transport has important consequences on

the fusion performance in ITER. Due to the stiff nature of
TGLF, the temperature profiles are insensitive to changes in
the amount of Paux so that fusion Q scales like 1/P 0.8

aux for a
fixed βped as shown in figure 8. GLF23 was found to have
a slightly stronger scaling of 1/P 0.9

aux in [10]. Increasing Paux

while holding the βped fixed only slightly raises Pfus while
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Figure 8. TGLF predicted fusion Q versus auxiliary heating power
at fixed βped,N = 0.9 for the reduced physics ITER case shown in
figure 7. The dashed line denotes Q = 10.

reducing the fusion Q. Increasing the fusion power beyond the
baseline prediction with additional Paux is difficult. A positive
consequence of stiff transport is that Paux can be reduced with
little decrease in Pfus. Hence, increasing the fusion Q can be
achieved by reducing Paux while maintaining enough heating
to remain above the H-mode power threshold.

Another consequence of stiff transport is that the profiles
are relatively insensitive to changes in the auxiliary heating.
We find the TGLF results are insensitive to varying mixtures
of ICRH and NB heating while holding the total Paux constant.
For our ITER base case, we also find that the fusion projections
are insensitive to reductions in the beam energy. Above Tped =
2 keV, changing the beam energy from 1 MeV to 250 keV in
TRANSP results in only a 10% drop in the fusion power
predicted by TGLF in XPTOR. Very little change (<5%) in the
predicted density profile peaking is also observed. Hence, from
a transport perspective, this suggests that 1 MeV beams may
only be needed to achieve enough seed fusion power. Beyond
that, neutral beams with lower energy may be sufficient but
more studies are needed.

In our ITER modelling the Ti and Te profiles are predicted
taking the equilibrium, energy and particle sources and sinks
from the output of a TRANSP simulation [22]. The density,
fast ion and Zeff profiles are held fixed and the toroidal
rotation is assumed to be zero. The boundary conditions
are enforced at a normalized toroidal flux of ρ̂ = 0.95 with
Te,BC = Ti,BC. When we reference Tped we are referring to the
ρ̂ = 0.95 location. The predicted temperatures are evolved to
a steady-state solution of the transport equations using a fully
implicit Newton solver in the XPTOR transport code. The
fusion power, ohmic heating, bremsstrahlung and synchrotron
radiative losses are computed self-consistently assuming an
effective main ion mass of A = 2.5 (50–50 DT ion mixture)
and a single carbon impurity species. The effect of helium ash
accumulation was not considered.

4.1. Sensitivity to ETG modes

Recent TGLF modelling studies have shown that ETG
transport can dominate the electron energy transport in DIII-D

6

+ vφ = 5x104 m/s (M~0.06) from NBI & χφ = χi

+ predicted ne0 /nped=1.3, δB⊥

Kinsey et al. Nucl. Fus. 2011 http://stacks.iop.org/NF/51/083001 Budny recent work on rotation in ITER

If Q=5 = recirculating power, this cut cost 
of electricity in half.

Need more experimental tests, multiple 
code simulations with more complete 
physics to enhance confidence.

Need comprehensive edge simulations...



Can we find operating regimes for ITER 
that perform better?

7

Is rotation going to be more important than realized?  χφ < χi ?

MeV beams challenging: because of marginal stability, can use lower voltage 
beams that don’t penetrate as well and still get same profiles.  Beam torque/power 
actually better at lower V.  But is port space enough?  NBI current drive?

Hybrid mode with moderately reversed q to enhance confinement, but avoid beta 
limits of ITB?

Full reversed shear ITB but use ripple or RMP coils to control profiles and avoid 
beta limits?

Improved confinement can allow the plasma current to be lowered:  reduces 
disruption forces, knock-on runaway electrons, current-drive needs, reactor 
machine size.

Can turbulent transport of energetic electrons during disruptions reduce the 
generation of relativistic runaways?



Predicted  fusion  gain  Q  from  core  transport  models
vs.  assumed  temperature  at  top  of  edge  pedestal  (Tped)  

Performance  of  Tokamak  Fusion  Power  Plants  (like  ITER)
Depends Sensitively on Edge Physics

Fig.  5,  “Progress  in  ITER  Physics  Basis”,  Nucl.  Fus.  2007,  hFp://www.iop.org/EJ/abstract/0029-‐5515/47/6/S01 8
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How  much  can  lithium  improve  plasmas?

lithium  evapora>on  (mg)

NSTX  (APS  2011)  finds  more  lithium  is  s>ll  good.  Can  we  raise  edge  temperature  to  ~4  keV  
or  higher?    (NSTX  global  τE  went  up  as  pedestal  broadened  and  ELMs  were  suppressed,  but  
TSOL  didn’t  rise?    Unlike  TFTR,  where  TSOL  ~  2  keV.)

Lithium  on  wall  absorbs  hydrogen,  reduce  recycling  of  hydrogen  as  cold  neutrals  that  cool  
the  edge,  raises  edge  temperature.    Liquid  lithium  coa>ng  protects  wall,  avoid  mel>ng  
divertor  plates  by  ELMS?  avoid  mel>ng  wall  in  disup>on?    Poten>ally  drama>c  effect.

9



Can we design tokamaks or stellarators so they 
spontaneously spin at significant rates?

GYRO simulation, Candy & Waltz 2006

10

General theory of why intrinsic torques vanish in standard 
low-flow ordering in up-down symmetry:
Parra et al. PoP, 18, 062501 (2011) 

Expt. demo of driving flows by breaking up-down symmetry: 
Camenen et al., PRL 2010

Simple picture of how breaking up-down symmetry can drive 
net Reynold’s stress <vθvr> ... (show on blackboard)

Do we basically want an elongated tokamak tilted 45 
degrees?  Something fancier?

Stellarator equivalent of up-down tokamak symmetry is 
“stellarator symmetry”.  Only for convenience?  (Weitzner?)  
Do we want to make a non-stellarator-symmetric stellarator 
that has quasi-symmetry?

Useful status report on rotation:
Peeters et al. Nucl. Fusion, 51, 094027 (2011)



TCV Tokamak verified that toroidal rotation 
can be affected by up-down asymmetry

11

with r ¼ ðRmax # RminÞ=2 a flux surface label (radial co-
ordinate). The parallel momentum diffusivity !k comes
from the diagonal contribution of the momentum flux
that tends to relax the rotation gradient [4]. The Coriolis
pinch [11] is proportional to the background rotation and
usually enhances the rotation gradient. Residual stress can
arise from symmetry breaking by E% B shearing CE%B

[12], up-down asymmetric flux surfaces CFS [9], or "& ef-
fectsC"& [13,14]. As emphasized in Eq. (1), a change in the
sign of the up-down asymmetry flux CFS will change the,
experimentally observable, toroidal rotation gradient v0

#.

Experiments were performed on the Tokamak à
Configuration Variable (TCV) [15] in deuterium plasmas
with large up-down asymmetry (Fig. 1). A total of eight
magnetic configurations are considered covering all com-
binations of plasma shape sþ=#, magnetic field bþ=#, and
plasma current jþ=# directions that all change the sign of
the predicted up-down asymmetry flux. sþ is used to label
the plasma shape with positive top triangularity (left plot in
Fig. 1). The toroidal magnetic field b, plasma current j, and
toroidal rotation v# are defined positive in the clockwise
direction viewed from above. We first focus on the b#jþ

configuration and consider a change of the plasma shape
sþ=#. The asymmetric configurations are compared while
keeping the other parameters as similar as possible. The
plasma current is Ip ¼ 340( 3 kA, and the magnetic field
B ¼ 1:4( 0:02 T corresponding to a safety factor of
q95 ¼ 2:9( 0:05 at 95% of the poloidal flux. The line
averaged plasma density is maintained at !ne ¼
4:1( 0:1% 1019 m#3 and the kinetic profiles collected

over 450 ms (about 12 energy confinement times) once
stationary conditions are reached. The electron tempera-
ture and density profiles measured by using Thomson
scattering and the C6þ temperature and density profiles
from charge exchange recombination spectroscopy
(CXRS) [16] are shown in Fig. 2 as a function of the square
root of the normalized poloidal flux "c , including the
measurement error bars and a cubic spline fit with tension.
Within the experimental uncertainties, the temperature and
density profiles are the same for both magnetic configura-
tions with the exception of the carbon density, which is
)20% higher in the s# configuration. The toroidal rotation
is measured from the Doppler shift of the carbon VI (n ¼
8 ! 7, 529.1 nm) radiation resulting from collisions of
carbon impurities with hydrogen neutrals from a diagnostic
neutral beam (DNBI, E * 50 keV, I ¼ 3 A) [17]. Quasi-
perpendicular injection, low power, and high beam energy
result in a negligible DNBI induced rotation (<2 km=s),
while CXRS provides local measurements of the carbon
rotation with a radial resolution ""c < 0:06 ("r <
1:4 cm) and less than 2 km=s uncertainties including
wavelength calibration and statistical errors. Toroidal ro-
tation profiles of the C6þ impurity are shown in Fig. 1
together with examples of the DNBI induced CXRS spec-
tra. The sawtooth inversion radius, measured by using a
multiwire chamber soft x-ray camera [18] (spatial resolu-
tion ""c < 0:05 at the midplane), is also indicated by a
vertical dashed line in Figs. 1 and 2. In both configurations,
the plasma core rotates in the countercurrent direction, and
the rotation profile is strongly flattened (possibly slightly
hollow) inside the sawtooth inversion radius [19] as are the
ion and electron pressure profiles. Outside the inversion
radius, v0

# is negative and 1.5–2 times larger (in absolute
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FIG. 1 (color online). CXRS spectra measured at three radial
location (top plots) for the sþ (red) and s# (blue) configurations
(b#jþ) shown in the bottom left and right plots (poloidal flux
contours). The toroidal rotation profiles of the carbon impurity
(full line) and main ions (dashed line) are shown in the middle
bottom plot. Positive values: clockwise viewed from above.
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FIG. 2 (color online). Left: Electron temperature (top) and
density (bottom) from Thomson scattering. Right: Carbon tem-
perature (top) and density (bottom) from CXRS. The profiles are
shown for the sþ (red) and s# (blue) cases of Fig. 1. The vertical
dashed line indicates the sawtooth inversion radius.
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Camenen et al., PRL 2010Rotation of carbon (solid lines) & main ions (dashed) 



Interes>ng  work  on  magne>c  fluctua>ons  
in  ITG/TEM,  and  Micro-‐tearing

MagneUc  turbulence  maFers

GYRO  simula>on  (Gu^enfelder  et  al.)  of  microtearing  in  NSTX,  
agrees  with  experiment,  predicts  confinement  improves  with  
temperature  (NSTX-‐U  /  MAST  upgrades  be^er?)

More  from  many  others  this  week  &  next.

Can  microtearing  or  magne>c  component  of  ITG/
TEM/KBM  explain  discrepancies  between  GYRO  and  
experiments  in  some  cases,  such  as  the  outer  region  
of  colder  L-‐mode  plasmas?    



Fundamental plasma theory: fusion & beyond

Random questions about interesting recent work:

* Ben Chandran & Eliot Quataert et al.: breaking of µ invariance with sub-
cyclotron frequency fluctuations.  Heating mechanism?  How related to 
entropy cascade in gyrokinetics?

* Most astrophysics code for large scale phenomena can’t resolve 
reconnection layers.  Is it possible to develop a subgrid model for such 
applications?  Can there be a general theory of turbulence-enhanced 
reconnection?  Dynamo?  Prandtl # dependence? 
 
* Related:  Can one develop a subgrid model of magnetic fluctuations for 
fusion applications, since we often don’t resolve the c/ωpe or resistive 
scale where final field-line breaking occurs
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