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Abstract. Internal particle and thermal energy transport barriers are produced in Alcator C-Mod with
off-axis ICRF heating, with core densities exceeding 1021 m~3, without core fueling, and with little
change in the temperature profile. Applying on-axis ICRF heating controls the core density gradient and
rate of rise. The present study employs linear and nonlinear gyrokinetic simulations of trapped electron
mode (TEM) turbulence to explore mechanisms for ITB formation and control in Alcator C-Mod I1TB
experiments. Anomalous pinches are found to be negligible in our simulations; further, the collisional
Ware pinch is sufficient to account for the slow density rise, lasting many energy confinement times. The
simulations have revealed new nonlinear physics of TEM turbulence. The critical density gradient for
onset of TEM turbulent transport is nonlinearly up-shifted by zonal flows. As the density profile peaks,
during ITB formation, this nonlinear critical gradient is eventually exceeded, and the turbulent particle
diffusivity from GS2 gyrokinetic simulations matches the particle diffusivity from transport analysis,
within experimental errors. A stable equilibrium is then established when the TEM turbulent diffusion
balances the Ware pinch in the ITB. This equilibrium is sensitive to temperature through gyroBohm
scaling of the TEM turbulent transport, and the collisionality dependence of the neoclassical pinch,
providing for control of the density rate of rise with on-axis RF heating. With no core particle fueling,
and ~1 mm between density spatial channels, the C-Mod experiments provide a nearly ideal test bed for
particle transport studies. The pure TEM is the only unstable drift mode in the ITB, producing particle
transport driven by the density gradient.

1. Introduction

This paper summarizes gyrokinetic turbulence simulation work [1, 2] carried out to address ITB
formation and control in Alcator C-Mod experiments. Extensive nonlinear gyrokinetic simu-
lations of purely density gradient driven, trapped electron mode (TEM) turbulence are carried
out. The simulations have revealed a new nonlinear upshift in the critical density gradient for
the onset of TEM turbulence, similar to the Dimits shift in the critical temperature gradient
for toroidal ITG mode turbulence [3]. Mechanisms for ITB formation and control are identified
through microstability analysis, transport analysis, and nonlinear gyrokinetic turbulence simula-
tions. Trapped electron modes are found to play a key role in limiting the density gradient. The
neoclassical pinch is sufficient to form the ITB. No significant turbulence induced net particle
pinch, relevant to ITB formation, is evident. The electron particle and thermal energy transport
from nonlinear GS2 [4] simulations match experiment, in the ITB steep density gradient region,
within experimental and statistical errors.

Internal transport barriers form in Alcator C-Mod single-null enhanced Da H-Mode plasmas, in
the presence of intense off-axis minority ion-cyclotron resonant heating [5, 6, 7], immediately
following the H-mode transition. Internal barriers also form during H-Mode back-transitions
[7], and in plasmas with pure Ohmic heating [8]. Barrier formation is characterized by a slow
rise of the core density over many energy confinement times, with comparatively little change
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FIG. 1. (a) Visible brehmstraahlung emission profiles and off-axis ICRF heating profile from
TORIC (TRANSP). (b) Density evolution and applied ICRF heating power.

the temperature profile. C-Mod densities have exceeded 1022 m~23 in ITB cases. The ITB forms
with nearly equal ion and electron temperatures, and without core fueling, reversed magnetic
shear, large Shafranov shift, significant impurity content (1 < Zesf < 2 most of the time), hot
ions (the RF tail density is of order 5% or less of the electron density), or external torques.
The rate of rise of the density, and the strength of density peaking and impurity accumulation
inside the ITB foot can be controlled by applying on-axis ICRF heating power [5, 9]. Recent
results [9] include observation of a sharp threshold for ITB formation as a function of the ICRF
resonance position, on both low and high field sides. No hysteresis is observed in the threshold
magnetic field. The ITB foot position is almost linearly increasing with 1,B; or ggs. Although C-
Mod H-Mode plasmas display significant intrinsic toroidal rotation up to 80 km/s, the velocity
profile [10] is relatively flat inside the ITB after several energy confinement times. Preliminary
calculations suggest that E x B shear may play a role near the ITB foot, in the early stages of
formation [1].

The evolution of the density profiles [5], together with the applied heating power, are shown
in FIG. 1 (here Bo =4.5T, lIp = 0.8 MA). Immediately following the injection of 2 MW off-
axis hydrogen minority ICRH at 80 MHz on the high field side, the transition to EDA H-Mode
occurs (0.7-0.8 s). The electron density profiles are well resolved, up to a factor \/Zes, by
a 218 channel CCD based visible bremsstrahlung emission spectroscopy array, yielding ~ 1
mm channel spacing and sub-millisecond sampling [11]. Following the H-Mode transition, the
core density rises steadily inside the half-radius, for tens of energy confinement times, until
it is arrested by the application of 0.6 MW of on-axis ICRH. The temperature profile remains
relatively fixed while the density peaks. Transport analysis shows the ion thermal diffusivity
approaches neoclassical values inside the ITB foot [8]. In early cases, on-axis heating in excess
of 1 MW resulted in a collapse of the ITB. Recently, however, the full available source power
(2.3 MW off-axis, 1.7 MW on-axis) has been applied to maintain the ITB in steady state.

The Zeg profile can be obtained in conjunction with Thomson scattering measurements of the
electron density. The core Thomson scattering system was recently upgraded from 8 to 12
channels. Fits to this data show Z is close to unity outside the ITB and that Z¢ increases with
time inside the ITB foot. This impurity accumulation, which may result from the neoclassical
impurity pinch driven by the density gradient [12], is arrested with small amounts of on-axis
ICRH heating [5]. It is worth pointing out that our simulations show the electron thermal,
impurity particle, electron particle, and ion thermal diffusivities are ordered Xe > D; > De >
Xi- This suggests that TEM turbulence is an effective means of removing impurities without
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degrading ion thermal energy content, other than through the electron channel.

2. Gyrokinetic Stability Analysis

The temporal evolution of the maximum lin-
ear growth rate in the ITB, calculated using the
GS2 flux-tube gyrokinetic code [4, 13], aided
by automated data preparation and plotting
tools [14, 1] is shown FIG. 2. Following the
transition to H-Mode, the ITB formation phase
is characterized by a slow and steady shorten-
ing of the density gradient scale length at p =
0.4, where p = v/norm. tor. flux ~ r/a. The
temperature profile inside the half-radius is
near marginal stability with respect to toroidal
ITG modes during this early phase, which are
either weakly growing or stable within exper-
imental errors. Recent discharges have excel-
lent ECE and Thomson scattering profile data,
which should clarify the early phase microsta-
bility analysis of this older data, carried out
in some detail in Ref. [15]. The temperature
profiles for this discharge were obtained from
a few off-axis X-ray emission data points, to-
gether with an on-axis ion temperature ad-
justed to match the measured neutron rate.
The results described here, for the late phase
of the discharge, are relatively insensitive to
the temperature profile shape. Radial electric
field shear may play a role near the ITB foot
in this early phase, but insufficient profile data
exists for quantitative analysis. Late in time,
the toroidal velocity has slowed, and the pro-
file is relatively flat. The E x B shearing rate,
using a numerical neoclassical calculation of
the poloidal velocity [16], is negligible late in
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FIG. 2. (a) Growth rate and frequency
from GS2 shows TEM onset at 1.0 s, (b) In-
verse density and temperature gradient scale
lengths, (c) Temperature increasses during
on-axis ICRH, (d) Effective particle diffusiv-
ity from transport analysis.

time. As the density gradient steepens, it eventually crosses the stability threshold for trapped
electron modes. This occurs near 1.0 seconds, signified by the sudden increase in linear growth
rate, and the change in sign of the phase velocity from ion to electron direction.

Trapped electron modes drive significant particle transport relative to toroidal ITG modes,
whose density response remains close to adiabatic. The ITB formation phase ends at each
radius at the same time that the TEM become locally unstable. Simultaneously, the Ware-
corrected particle diffusivity from transport analysis stops decreasing. Similar behavior is seen
at later times, closer to the magnetic axis. There, the TEM do not get excited until on-axis heat-
ing is applied at 1.25 seconds. When the on-axis heating is applied, a corresponding increase in
temperature, TEM growth rate, and inferred particle diffusivity are apparent.
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In the absence of core particle sources, = -
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poloidal magnetic field diffusion equation, ~ ,f Gs2 = 1B - [> Flat Density
using neoclassical resistivity, constrained 0.0 0.2 0.4 0.6 0.8 1.0
to match the EFIT reconstructed separatrix p~r/a

and total plasma current, with a flat Zes FIG. 3. Linear stability analysis from GS2,
profile. The neoclassical pinch is sufficient showing a purely density gradient driven TEM
to y|e|d Deff > 0 over the p|asma Cross- inside the ITB, with off-axis and on-axis ICRH,
section, for all times. This confirms that at1.34s.

the neoclassical pinch is sufficient to account for the density rise [19]. Sawtooth heat pulse
analysis suggests the ITB consists of a narrow region of reduced transport [5], while profiles of
Desf show a broader depression centered at p = 0.4 [1].

FIG. 3 shows the radial profile of the maximum lin-
15F T — dT,dr:(dT,drw ear growth rate calculated in 50 GS2 runs, at 1.34 sec-
gl AT 1 onds, during on-axis ICRH. A strongly growing mode

appears inside the ITB foot, with a phase velocity in
the electron direction (wy < 0). Artificially turning off
the temperature gradient has little effect inside the ITB
foot, showing the mode is driven solely by the den-

sity gradient. The mode disappears when only adia-
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FIG. 4. (a) Linear growth rate the spect_rum to shorter wavelengths. The root-locus

spectrum in the ITB, (b) Root lo- Q|agram in FI_G. 4 s_hows that a class of purely grow-

cus with parameter v/b = kgpi, with ing modes exist, whu_:h cannot be resonant. The spec-

Wpe = WseLn/R. trum appears to contain both resonant [20, 21] and non-

resonant [22] TEM. The following approximate expres-

sion for the growth rate in the fluid limit can be readily

derived, starting from the kinetic ion response given in Eq. (2) of Ref. [23], and expanding
the trapped electron response of Ref. [21] for wpe/w < 1, in the local approximation, for
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ni > 1 and ni < 1, where ni = dInTi/dInn, bj = k3p?/2, ner is the trapped electron den-
sity, nj = ne =n, and T; = Te have been assumed for simplicity, and gesr = V2, /R, yielding
Y = Kepi (Geft/Ln) /2 { ([ +NeJnet /n+1i) /(1 —ner /n-+Db;) }2/2. This simplified growth rate [1]
somewhat describes relative importance of the ITG and TEM growth rates well above threshold.

We have used several hundred linear
GS2 simulations to map out the sta-
bility diagram in a/L,, vs a/Lt space,
fixing other parameters at their p =
04, t =1.20 s values. The sta-
ble and unstable regions for toroidal
ITG modes, toroidal ITG modes with
additional trapped electron drive, and
trapped electron modes are shown in
FIG. 5. For parameters characterizing
p=0.4 at 1.20 seconds, the TEM thresh-
old was fit by a line, (a/Lp)crit = 0.4+
0.83(a/Lt) for 0 < a/Lt < 1.45, and
a constant (a/Lp)crit = 1.6 for a/Lt >
1.45. Because a/Lt > 1.5 fort > 0.80
seconds, on-axis heating does not affect
the TEM linear critical density gradient.

As shown in FIG. 5, the ITB trajec-
tory follows the stability boundary for
toroidal ITG modes until the density
profile begins to peak. Just after the
H-Mode transition, the density gradient
is briefly inverted, placing the trapped
electrons in *“good curvature” The
destabilizing influence of trapped elec-
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FIG. 5. Trajectory of ITB radius through stabil-
ity diagram shows that profiles initially follow 1TB
marginal stability boundary. Density peaks with
constant temperature gradient until trajectory stag-
nates shortly after crossing TEM threshold.

trons on the toroidal ITG mode is removed, coincident with the onset of density peaking. The
ITB then follows a trajectory of constant a/Lt. Shortly after crossing the TEM stability bound-

ary, the trajectory stagnates with a/Lp, ~ 2.

3. Nonlinear Gyrokinetic Turbulence Simulations
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FIG. 6. High and low resolution simula-
tions: 11 vs. 5 poloidal modes.
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The extended poloidal wavenumber spectrum
characteristic of TEM turbulence requires more
poloidal modes than the usual spectral simu-
lations of toroidal ITG modes. Together with
eigenfunctions that extend considerable dis-
tances along magnetic field lines, this requires
an extended radial modenumber spectrum. Our
convergence studies indicate that roughly eight
times as many radial modes are required as
poloidal modes for this case. Further, at least
11 poloidal modes (kgpj values) are required.
Simulations running roughly 300 psec, with 11
poloidal and 85 radial modes, require 24 hours
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the visible Bremsstrahlung emission pro-
file. Even the longer duration simulation ®
shows large, infrequent bursts of parti- ]
cle flux occur throughout the simulation.
The lower resolution case shows there is
no long-term drift in the turbulent particle
flux, so that extremely long run times are
unnecessary for the expensive high reso-
lution case.
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FIG. 7. LEFT: Nonlinear upshift of TEM criti-
cal density gradient using ITB parameters (p =
0.4, 1.20 s). (a) Electron particle flux, (b) par-
ticle diffusivity, (c) electron thermal diffusivity.
RIGHT: Nonlinear simulations for modified Cy-
clone base case, above linear critical gradient
(R/Lh=1.44). (a) R/Lp=1.8, (b) R/Ly = 3.0,
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We have found a new nonlinear upshift
of the critical density gradient for onset
of TEM turbulence [1], shown in FIG. 7
LEFT. In this scan of a/Ly, holding all
other parameters fixed, significant trans-
port does not appear until a/L, exceeds
1.35, while the threshold for linear growth
is 1.2. We have carried out more detailed and efficient studies by modifying the DIII-D L-Mode
based “Cyclone base case” [3]. We include trapped electrons and just enough electron-ion col-
lisions vga/vij = 0.01, with corresponding ion-ion collisions, to avoid spurious results from
collisionless simulations. The temperature gradient is set to zero, and only a/Lp, is varied.

FIG. 7 RIGHT shows that a zonal-flow dominated, nonlinearly quasi-stable state exists above
the linear threshold, R/Ly = 1.44. The zonal flow potential for R/L,, = 1.8 remains above that
of the primary modes following the initial explosive burst. As the density gradient increases,
quasiperiodic, then turbulent behavior appears. All three cases fall within the nonlinearly quasi-
stable regime. This nonlinear upshift is analogous to the Dimits shift in the critical ion temper-
ature gradient for toroidal 1ITG modes [3], reconfirmed in the ITG case with non-adiabatic
electrons [24].

4. Comparison of Nonlinear Simulations with Experiment

The high resolution simulations reproduce the particle and thermal transport inferred from trans-
port analysis in the ITB, at p = 0.4 and t=1.2 s, as shown in FIG. 8. At the same time, the parti-
cle flux balances the neoclassical Ware pinch in the ITB, resulting in a stable equilibrium. The
density gradients and Z¢ gradient artificially and self-consistently scanned within range of ex-
perimental errors; a/Lne = 1.95 corresponds to a flat Zgs profile, while a/Lne = 1.3 corresponds
to Lz, = Lne. This range is based on more recent Thomson scattering data. The abscissa on
this plot is analogous to time. At early times, when ne > 2, circulating particles are observed to
flow inward as a result of a resonant effect [25]. This inflow is present in our simulations, 80%
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due to circulating particles, but has negligible
magnitude. Recent European work has empha-
sized a different thermodiffusive pinch, obtain-
able from fluid equations [26]. However, this type
of pinch is not seen in our simulations of these
relatively collisional cases.

5. Mechanism for ITB Control with On-axis
|CRF Heating

We have established that the TEM turbulent out-
flow and collisional inflow are in balance in the
ITB. We have carried out temperature scans in the
simulations to establish whether the temperature
scaling of this equilibrium could account for the
density gradient control with on-axis ICRH. FIG.
9(a) shows that the collisionality dependence of
the linear growth rate is saturated, resulting in lit-
tle temperature scaling from collisionality. Con-
sistently, FIG. 9(b) shows the electron particle
diffusivity displays essentially gyroBohm tem-
perature scaling (here p. ~ 1/200 suggests the
local limit, gyroBohm scaling[27]). Combin-
ing this with the temperature dependence of the
plasma resistivity and Ware pinch leads to
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6. Phase Contrast Imaging Fluctuation Data

Preliminary comparisons of our nonlinear simulations with line-integrated data from Phase
Contrast Imaging (PCI) [28] are shown in FIG. 10 for the discharge analyzed in this paper. The
data clearly shows a marked increase of fluctuation amplitude during on-axis ICRH, for modes
already present, as the simulations predict. The simulated frequency spectrum falls between 0
and ~60 kHz, while the PCI data is shown from 10-60 kHz, avoiding the quasi-coherent mode
near 110 KHz. The simulated poloidal wavenumber spectrum is downshifted from the linear
spectral peak, in rough agreement with PCI (for p = 0.4, PCI sees primarily poloidal wavenum-
bers), which sees a peak at kg ~ 2 cm~L. The interval of the large scale bursts is comparable
to the sawtooth period. Recently, PCI has increased the number of channels from 12 to 32, its
sample rate from 1 MHz to 10 MHz, and its time window by a factor of six.
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