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Abstract: This work demonstrates local control of H-Mode density peaking with electron cyclotron heating
and develops a quantitative understanding of the underlying mechanisms. Density gradient driven trapped
electron modes are shown to dominate transport in the inner core of (quiescent) H-Mode plasmas with
moderately peaked density profiles. The critical density gradient for onset of trapped electron mode (TEM)
turbulence, the turbulence intensity, and transport are strongly sensitive to electron temperature. In DIII-D, we
have demonstrated local control of H-mode density peaking with modulated electron cyclotron heating (ECH),
and similarly in Alcator C-Mod with modulated minority ion cyclotron frequency heating. As particle and
electron thermal transport increase in DIII-D QH-modes, newly observed coherent fluctuations in the inner
core intensify near the heating location. Their wavenumbers are consistent with density gradient driven TEMs.
Using a new synthetic diagnostic, nonlinear GYRO simulations closely reproduce the frequency spectrum of
density fluctuations from Doppler backscattering when TEMs are dominant. Simultaneously, the GYRO
simulations match the inferred particle and energy fluxes during intense core electron heating in DIII-D, and
GS2 simulations match them in Alcator C-Mod. In addition, the critical density gradient for onset of TEM
turbulent transport exhibits a nonlinear upshift, associated with zonal flow dominated states near threshold, as
shown in GS2 simulations. This upshift increases strongly with collisionality and limits the density gradient
in C-Mod H-mode experiments. In DIII-D, GYRO simulations show that ECH destabilizes density gradient
driven TEMs by increasing T./T;. As T, approaches T; and rotation is reduced, the density gradient driven TEM
dominates transport in the inner core. In addition, shear in the parallel flow strongly drives the core instability
prior to ECH. Toroidal rotation slows with ECH, reducing this drive. The results suggest a new mechanism for
self-regulation of fusion power in self-heated plasmas.

1. Introduction

Density peaking in H-mode is frequently observed and would, if realized, impact fusion gain
significantly. It is not clear whether H-mode density peaking will persist under reactor-
relevant conditions. External electron heating appears to not only increase H-mode electron
thermal transport, but also particle transport and momentum transport. The increased particle
transport during certain forms of RF heating, particularly electron heating, is often
characterized as “density pumpout,” which may be partly a pedestal effect propagated to the
core by profile stiffness. The controlled experiments presented here instead demonstrate a
local core effect on particle transport associated with electron heating. We make use of
steady edge localized mode (ELM)-free regimes on both Alcator C-Mod and DIII-D to study
the transport and fluctuations in the inner core, where nearly all fusion power is produced.
Nonlinear gyrokinetic simulations are used to develop a quantitative understanding of the
mechanisms, shown to become increasingly important as the electron temperature
approaches the ion temperature, and at low collisionality and torque.

The DIII-D experiments, conducted during the first National Fusion Science Campaign,
demonstrate that H-mode core particle transport and density peaking can be locally
controlled by modulated ECH. Even in H-modes with moderately peaked density profiles,
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GS2 [1] and GYRO [2] simulations reveal that density gradient driven trapped electron
modes (TEM) are the dominant drift modes in the inner half-radius, where the density
profile responds to electron heating. Unlike temperature gradient driven TEMs, density
gradient driven TEMs produce larger, ion scale fluctuations, similar to ion temperature
gradient driven modes, and zonal flows play an important role [3].

- Nonlinear GS2 /‘T"’-—J‘

Linear GS2

02 04 06 08 1.0
VRl C-Mod EDA

New nonlinear gyrokinetic simulations using TEM Critical Density Gradient (vT=0)
GS2 reveal that the effective critical density 8 . . . .
gradient, above which TEM turbulent transport 7
becomes stiff, lies well above the linear threshold 6
for instability at high collisionality. This non- T« 5t
linear upshift in the TEM critical density £ 41
gradient R/ Lt = —(R/a)[d ln(n)/dp:” ~[4] 1s 34
associated with zonal flow dominaféd states 2f |
[5,6], and increases strongly with collisionality, Th
as shown in Fig. 1, with zero temperature 00_0
gradient. With realistic ion temperature DIII-D QH
gradients, the linear threshold increases (not  (thisexp)

shown), so that the nonlinear upshift exceeds the

Collisionality

Fig. 1. Nonlinear upshift of TEM critical

linear thresholld by a smaller faf:tor of 2‘—3. The density gradient from 220 GS2 nonlinear
C-Mod experiments are consistent with this simulations increases strongly  with
prediction — the density gradient is effectively collisionality (Cyclone case, R/L1=0).

limited by the TEM non-linear critical density

gradient during on-axis heating, which arrests density peaking as it increases with time. The
DIII-D experiments explore the role of TEM turbulence at an order of magnitude lower

collisionality (as indicated in Fig. 1).

2. Controlling H-mode Density Peaking in Alcator
C-Mod with Electron Heating

In Alcator C-Mod, steady ELM-free H-mode plasmas (so
called Enhanced D, or EDA H-modes) heated with off-
axis minority ion cyclotron resonance heating (ICRH)
develop peaked density profiles following a relatively
rapid transition to H-mode [7-10]. In the H-mode phase,
the central density slowly rises over ~30 energy confine-
ment times. Strong impurity accumulation leads to
radiative collapse unless the density rise is arrested with
on-axis minority ICRH [11]. The density can be main-
tained in steady state using on-axis ICRH where increasing
the on-axis ICRH power flattens the density profile. The
steep density gradient region in the EDA H-Mode inner
core has historically been referred to as an internal
transport barrier (ITB). Its formation exhibits a threshold
in power and off-axis minority ICRH resonance location,
but it does not rely on reversed magnetic shear or external
torques, and does not exhibit rapid transitions charac-
teristic of ITBs on other machines. We have previously
shown that density gradient driven TEMs are dominant in
the region shown in Fig. 2, and that nonlinear GS2
simulations match the inferred energy and particle fluxes
[4,12] from TRANSP [13] analysis. The shape of the
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Fig. 2. Density and temperature
profiles in Alcator C-Mod EDA
H-mode plasma (T=T.). The
density gradient driven TEM is
the sole instability in the steep
density gradient “ITB” region
(yellow band).
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wavenumber spectrum from the 32 channel vertically line-integrated Phase Contrast
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Imaging (PCI) system was closely reproduced using
the GS2 nonlinear simulations with a synthetic
diagnostic [5], during on-axis electron heating, when
TEMs were dominant. We have revisited these
experiments with significantly improved diagnostics
[electron cyclotron emission (ECE) temperature
profiles, improved Thomson scattering, absolutely
calibrated PCI, HIREX Sr. argon x-ray spectroscopic
measurements of ion temperature and rotation
profiles, and a full suite of edge fluctuation measure-
ments]. On-axis heating was modulated to separate
the core and edge fluctuation response in the line-
integrated PCI signal (Fig. 3). The density
fluctuation intensity closely tracks the local on-axis
electron temperature through individual sawteeth,
while approximately doubling on average during the
two during the on-axis heating pulses. At the same
time, data from the magnetics (shown), the gas-puff
imaging (not shown), and reflectometry (not shown)
indicate strongly diminishing edge fluctuations
during the on-axis heating pulses. This decrease in
edge density and magnetic fluctuation levels con-
trasts with the increased density fluctuation level i
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Fig. 3. Inner core density fluctuations
intensify during on-axis minority ICRF
electron heating of Alcator C-Mod ITB.

from the PCI system, indicating that the PCI signal is dominated by the core fluctuations
during on-axis heating. We have developed a new PCI synthetic diagnostic for GS2,
mapping to an annulus in Cartesian coordinates (R,Z). Preliminary comparisons with
absolutely calibrated PCI measurements match the PCI fluctuation level when the density
gradient is increased to the top of its uncertainty range.

The strong increase in particle transport during on-axis heating is demonstrated in Fig. 4.
The trajectory of the steep density gradient radius (r/a= 0.35) is shown as it evolves in time
through a contour map of the maximum linear growth rate from GS2, as a function of

density and temperature gradients. The density
slowly peaks until being arrested by an on-axis
heating pulse at 1.200 s. During on-axis heating,
1.200 to 1.227 s, the density gradient a/L, is
limited at a/L, = 2.3-2.5, consistent with the
nonlinear TEM critical density gradient in Fig. 1,
well above the linear threshold (a/L,=1.4).
During heating, the collisionality is reduced,
reducing the predicted nonlinear critical density
gradient roughly 10%.

Figure 5 shows a comparison of nonlinear
GS2 simulations with TRANSP [13] transport
analysis, during the on-axis heating at r/a=0.35,
at the top of the trajectory shown in Fig. 4. The
total heat flux from TRANSP is well-reproduced
by the GS2 simulations [Fig. 5(a)]. Only the total
heat flux is compared due to uncertainty in the
ion-electron energy exchange when Ti=T..

The GS2 simulations are shown as a
function of density gradient, which is both the
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Fig. 4. Trajectory of the r/a=0.35 radius
through a stability diagram created from
1200 GS2 simulations, spanning k.p; = 0-4.
The density peaking is arrested during on-
axis heating, when the density gradient is
limited by the effective nonlinear TEM

critical density gradient.
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main driving factor for the most-unstable mode (TEM), GS2 Fluxes, During On-axis Heating (1.210's)
: i indi o 200 Total @
and the main source of uncertainty [indicated by the < 52—
horizontal error bar in Fig. 5(c)]. Figure 5(b) shows that = 100r TRANSP
the transport by density gradient driven TEM turbulence 0 . e

lon &

dominates for a/L,>2.2, with the electron channel flux q¢ ¢ Eloct
é 50| ectron

accounting for most of the heat flux q¢t+q;. Finally,
Fig. 5(c) shows that the GS2 particle flux is minimized 0 LN
between the ion temperature gradient (ITG) and TEM . os} Particle  (c)
dominated regimes, and balances the Ware pinch within ﬁj g:g: ansrt Ware Flux o
uncertainty. However, at the nominal density gradient at > 00—t
which the energy flux matches experiment, the GS2 ally
particle ﬂux exceeds the Ware pinch to produce a finite Fig. 5. (a) GS2 nonlinear TEM
net flux in the absence of sources, suggesting the GS2  gimulations at r/a=0.35 match the
simulation may overestimate the particle flux. TRANSP energy flux at the nominal
ITB density gradient, (b) the TEM
3. Controlling QH-mode Density Peaking in DIII-D  energy flux is dominated by the

B . electron channel, and (c) the particle
with Electron Heating flux balances the Ware flux for

TRANSP
g.t+q; @

Dedicated experiments utilizing the quiescent H-mode  &Lw~2.2, within uncertainty.

regime [14-16] allow us to study the effect of ECH on

inner core transport under controlled conditions, without ELMs or sawteeth (qmin>1.4).
Density profiles are measured by reflectometry, with full profile coverage for p>0.1, while
density fluctuations are measured locally by Doppler backscattering (DBS) [17], with
selectable radius and wavenumber.

To avoid large fast ion densities, which make comparison with gyrokinetic simulations
more difficult [18,19], we transition from counter-current dominated neutral beam torque to
a near-balanced torque phase to raise the density. The central density was then reduced, by
adding counter torque, to 5.5x10" m™ for improved mm-wave diagnostic coverage and to
avoid ELMs during ECH. The fast ion density in these cases from ONETWO [20]/
NUBEAM [21] and TRANSP [13] is <12% of the electron density. After transitioning to the
low counter-current torque phase at 2.5 s, conditions were held steady from 3.0 to 5.0 s,
during which ECH was 6[ Density (a) Carbon Toroidal Rotation ()
applied, maintaining
the beam power at

N W A o
T T

5.5 MW. Pro-files with 35 E 2

and without ECH are <=, e |

h in Fig. 6, at = — ST

shown 1n 12. 0, a 2980 ms (no ECH) =2
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Electron Temperature (c) 8 lon Temperature (d)
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Q
B

. i
— D 6~
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pulse. The effect of =4 - R =4
ECH, injected at N con T S i_y B
. . C ower ey A o
p=0.22, is to raise the - /Xvienpsity Tl S [ 155161
electron  temperature T ST LR E S S E
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

by 50%, locally flatten
the density profile for

p P

p<0.4, slow the toroi- Fig. .6. Adding .3.6 MW ECH. at pf0.22 (red) locally controls density
dal . h peaking in the inner core by increasing T. and T/T;. (a) Reflectometer

al rotation OV‘er the density profiles, (b) charge exchange recombination (CER) toroidal velocity
whole profile includ-  profiles, (c) ECE and Thomson scattering clectron temperature, and (d) CER
ing the pedestal, and  ion temperature. Uncertainty ranges shown in green.
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modestly reduce the ion temperature. The QH-

o

’ . 5F ' 155157 " {(a)d0.00
mode pedestal is regulated by edge harmonic _. WOJO
oscillations (EHO), driven in part by rotation. & A e AR 852@
The EHO drive is reduced during ECH, so that % < S ——— Nt [ L]
the ECH duration is limited by ELM onset. =2 ' 3

Focusing on the particle transport, Fig. 7 < 1}
shows the evolution of the density at fixed radial 0t 1.05
locations across the plasma. The density 19 alL, (averaged p =0.3-0.4)  (b)

responds to modulated ECH locally in the inner
half-radius, while responding weakly in the 10
outer half-radius. The density gradient driven
TEM is dominant in this region during ECH, 03
and would be expected to drive strong particle

(and impurity) transport. The driving factor for 0.0 30 35 40 45
TEM, a/L,, decreases during ECH pulses, as Time (s)

would be expected if the TEM transport
increases during ECH [Fig. 7(b)].

The mechanism leading to the increased
particle transport with ECH is the following:
ECH increases Te by 50%, leading to T.=T; in
the inner core, which reduces the TEM linear
critical density gradient by half This is shown in
Fig. 8(a), which compares the inverse density gradient
scale length a/L,=-(1/n)dn/dp, from the profile
reflectometer, with the critical gradient a/L,"" from
GYRO eigensolver calculations (shown without parallel
flow). This significantly increases the net effective TEM
growth rate ynet = Y - agye [Fig. 8(b)] in the inner core,
where y is the TEM growth rate including parallel flow.
Here the parallel flow is given by Ma=QR¢/cs and its
shear, yp, where Qo(p)=E/RB, is approximately the ol s
toroidal angular velocity, yg = 1/q d/dr(E/RB,) is the ExB w
shear rate, and yp=qRo/r yg. The growth rates are plotted % 301 GYRO
at kyps= 0.5 (the wavenumber selected by DBS), using <20t 1"%;;?;151 o

ECH Power ——>»

Fig. 7. (a) Density measured by the profile
reflectometer with 2-4 mm radial resolu-
tion, at 0.4 ms intervals, responds to modu-
lated ECH only in the inner core, where the
density gradient driven TEM dominates.
(b) The TEM driving factor a/L, is
modulated by ECH.

2 (@)

crit

=z g/ (TEM)

o

0 02 04 06 08 1.0

Net Effective Growth Rate with Flow (b)

the shear factor ag=0.68, discussed below. Importantly, 10} ECH
using the GYRO eigenmode solver shows the 0 , , e FCH
00 01 02 03 04 05

destabilizing effect of parallel flow shear in the no ECH
case overcomes the stabilizing effect of finite Mach
number, to more than double the growth rate over the
entire TEM range of wavenumbers. Without sheared
parallel flow, the inner core would be stabilized entirely
by ExB shear and exhibit no transport without ECH.
During ECH, the effect of sheared parallel flow drive is
seen only at shorter wavelengths. The nonlinear GYRO
simulations of TEM turbulence in the ECH case show

P

Fig. 8. (a) Measured density
gradient a/L, compared with TEM
linear critical density gradient
a/LT™ from GYRO. (b) Net effect-
tive growth rate for ECH and no
ECH case including ExB shear and
parallel flow shear. The net growth
rate is much higher with ECH.

that the effect of ExB shear on the energy and particle fluxes closely matches a scaling [22]
for the linear quench rule, ag(k,e) = 0.71(k/1.5)(Ro/3a)"" = 0.68 from simulations of ITG

turbulence, which reduces fluxes by the factor 0.4.

Detailed transport and profile analysis was carried out using three iterations of
ONETWO, NUBEAM, and kinetic EFIT [23] constrained by E,-corrected MSE g-profiles,
and with TRANSP. Charge exchange spectroscopy data for carbon was analyzed with
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CERFIT and corrected for the cross-section energy
dependence. Electron temperature profiles from ECE
were used in the core, with Thomson scattering for the
pedestal. Density profiles were calculated directly
from profile reflectometer phase data, without fitting,
smoothing, or other processing for p>0.1, preserving
their 24 mm radial accuracy and 10% uncertainty in
a/L,. Comparing the two times 2.98 s and 3.08 s for
shot 155161, at p=0.30, the TRANSP and ONETWO
analysis shows that the addition of 3.4 MW of ECH
centered at p=0.22 increases the electron heat flux by
an order of magnitude to 3.3 MW, doubles the ion heat
flux to 0.8 MW, and does not change the particle flux.
Consistent with the factor of 2 reduction in density
gradient, TRANSP shows the effective total particle
diffusivity doubles with ECH. GYRO nonlinear
simulations of the same ECH case (155161 at 3.08 s,
p=0.30), including finite toroidal Mach number and
sheared parallel flow, are in close agreement with the
particle and thermal fluxes inferred from transport
analysis, as shown in Fig. 9. The increase of the fluxes
with the TEM driving factor a/L,, above the linear
threshold a/L§i", is consistent with dominant density
gradient driven TEM turbulent transport. Similar to the
GS2 results for Alcator C-Mod, GYRO matches the
particle flux for a lower value of than a/L, than for the
heat fluxes. Zonal flows are dominant over the TEMs
for a/L, < 0.6, which, together with the break in slope

D.R. Ernst, et al.
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Fig. 9. Nonlinear GYRO gyrokinetic
simulations during ECH, for shot
155161 at p=0.30. (a) Particle flux, (b)
electron heat flux, (c) ion heat flux.

of the flux curves, suggests an effective nonlinear TEM critical density gradient
a/ L5 =0.65, ~36% above the linear threshold, following the qualitative trend in Fig. 1.

4. New Coherent Modes at TEM Wavelengths and Fluctuation Spectrum Comparison

with GYRO/Synthetic DBS

Doppler backscattering measurements for these
experiments have revealed new coherent density
fluctuations (or discrete “modes”) accompanied by
broadband turbulence, as shown in Fig. 10 (155161,
p=0.28). Positive frequencies correspond to the
electron diamagnetic direction in the laboratory
frame. The new coherent modes have wavenumbers
kyps = 0.5 in the TEM range. These density
fluctuations intensify during ECH, together with the
broadband turbulence, shown in Fig. 11(a).

Low frequency EHO harmonics are also
observed at frequencies up to 70 kHz on DBS,
magnetics, and the CO, laser interferometer, but
their frequencies do not follow the core toroidal
rotation, and their interval is much smaller than the
30 kHz interval seen at higher frequencies. Slightly
farther out in radius, near p=0.43, a strong increase

Linear
scale

Time (s)

Fig. 10. Frequency spectrum of inner
core density fluctuations from DBS
reveals high frequency quasi-coherent
modes prior to ECH, with stronger
broadband turbulence at TEM wave-
numbers during ECH. Toroidal rotation
slows during ECH, reducing Doppler
broadening.

in spectral power is seen at shorter wavelengths, kyp=3.5 [Fig. 11(b)], also in the electron
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diamagnetic direction in the lab K Py 05, p=028 K Pg-35,p =043
frame. ETG modes become 8a) - o) DBS
increasingly unstable beyond ECH
. . 6L
0>0.35 during ECH in GYRO __ "[3012ms
simulations (not shown). 8 ,phoECH
The DBS measurements are f:
most sensitive to a binormal 2[
(~p01_(;d1a1) wavengmber kyz A —
Iem”, with a negligible radial 6™ 40 5065200 a0 w0 "% Ters B iz 3
component. Full-wave simula- Lab Frame Frequency (kHz) Lab Frame Frequency (kHz)

tions _m 2D [24] SUggeSt a Fig. 11. (a) Density fluctuation power spectral density from DBS,
Gaussian response function for  near the radius and wavenumber of maximum TEM growth rate.
power spectral density, with  (b) DBS density fluctuations at k.p~3.5 also increase in intensity
estimated half-width Ak~  during ECH farther out in radius (p=0.43), where ETG modes are

094 cm™. DBS is therefore ‘oundtobeunstable.
sensitive to a band of toroidal mode numbers n determined by k,=nq(p,0)/rcyi(p,0), where
q(p,0) is the “local” poloidally varying safety factor with average value q(p), and rcyi(p,0) is
the local cylindrical minor radius at the DBS cutoff location, with response R(n) =
exp[-(n-ng)*/(An)*], where ng=19 and An~18 at 2.98 s.

Prior to ECH at 3.0 s, the frequencies of the coherent modes are separated by a nearly
constant interval 30 kHz in the lab frame. In this case, CER measurements indicate that E, =
V< By, where VS is the carbon toroidal velocity and B, is the poloidal magnetic field, so
that the Doppler shift is given by kyvp=nQ,, where Q¢= V< /R. The frequencies from GYRO
are small relative to the Doppler shift, on with adjacent toroidal mode numbers separated by
0.6 kHz. If the coherent modes have adjacent toroidal mode numbers, their lab frame
frequency interval would be Q¢/2n=14-20 kHz from the CER Doppler shift alone.

Here we present the first direct comparison of the frequency spectrum from nonlinear
GYRO simulations with DBS in DIII-D. We have developed a new GYRO synthetic diag-
nostic for DBS that accurately accounts for flux surface shaping, and extends previous work
[25] to allow detailed comparison with measured frequency spectra, with results shown in
Fig. 12. The DBS data shown in Fig. 12(a) were taken from Fig. 10 at the time shown and
binned in frequency to compare directly with the initial GYRO results, which are also
binned in frequency. The frequency spectrum from nonlinear GYRO simulations, during
ECH (155161, p=0.30, 3080 ms), closely reproduces the shape of the DBS frequency
spectrum. Note that initial GYRO simulations for the no ECH case (with strong shear in
parallel flow) present numerical challenges that are currently being resolved, and are not
shown. Because DBS is not absolutely calibrated, we have normalized it to match the
spectral peak from GYRO. The shape of the DBS frequency spectrum prior to ECH, at
2.98 s is much broader and attains roughly half the power spectral density as the ECH case.
This trend is reproduced by the net GYRO linear growth rate (details discussed above)
including parallel flow. In Fig. 12(b), the net growth rate has been weighted by the DBS
wavenumber response. Nonlinearly the GYRO spectrum peaks at k,p~0.3 at 3.08 s
(corresponding to a Doppler shifted frequency 153 kHz), which is downshifted from the
wavenumber of maximum linear growth rate, k,p=0.85. Finally, GYRO matches the shape
of the DBS spectrum over four orders of magnitude on a log scale (not shown). However, as
remarked above, the simulated frequency spectrum, which relies on the Doppler shift
computed from the CER measured toroidal rotation, appears to be downshifted in frequency
relative to the DBS spectrum. Taking the Doppler shift from the frequency interval between
the coherent modes would shift the GYRO spectrum upward in frequency by ~75 kHz to
more closely reproduce the measured DBS spectrum.
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5. Summary

Density gradient driven trapped electron modes are found to dominate inner core transport in
moderately peaked H-mode plasmas in both C-Mod and DIII-D, allowing local control of
density peaking with electron heating. Gyrokinetic simulations reproduce the particle,
electron thermal, and ion thermal energy fluxes in the experiments within measurement
uncertainty. New coherent core density fluctuations in DIII-D intensify during ECH and
appear consistent with density gradient driven trapped electron modes. Nonlinear gyro-
kinetic simulations, using a synthetic DBS diagnostic in DIII-D, closely reproduce the
measured frequency spectrum of broadband density fluctuations with ECH. A new nonlinear
upshift in the TEM critical density gradient is confirmed. This work illustrates a potential
mechanism for the self-regulation of fusion power in self-heated fusion plasmas, and
improves quantitative predictions of transport in the inner core under the relevant conditions.
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DE-FG02-99ER54531, DE-FG02-89ER53296, DE-FG02-08ER54999, and DE-AC02-
05CH11231 (NERSC). We gratefully acknowledge J. Candy (General Atomics) for
developing the GYRO code. DRE, WG and AMD acknowledge an Advanced Leadership
Computing Challenge Award at NERSC from the Office of Advanced Scientific Computing
Research.
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