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Phase Contrast Imaging (PCI) has been used on DIII–D to measure turbulent density fluctua-

tions in several H-mode regimes, observing highly sheared turbulence in the Er well. Turbulence

at moderate frequencies f < 600 kHz is seen in the pedestal and extends into the Er well where

eddies are distorted by sheared flow. Turbulence at high frequencies f > 800 kHz is seen at the

center of the Er well propagating in the lab frame at the highest E×B velocity in the edge.

Background

PCI is a line-integrated scattering diagnostic which images electron density turbulence onto

Figure 1: DIII–D cross sec-
tion showing core PCI beam-
path in red and edge beam-
path as orange dashed line.

a detector array, with flat response in the range 1 < k < 25 cm−1 in

the DIII–D implementation, corresponding roughly to 0.2 < kρs <

5. [1, 2] The spectrum of broadband turbulence has a finite spread

in (kr,kθ ) space, and the PCI response selects the component of

the spectrum which is perpendicular to the roughly vertical laser

beam (see Fig. 1). Shear in the E×B velocity has the effects of,

first, decreasing the radial correlation length, hence increasing the

spectral width ∆kr = 2/Lr, and second shifting the turbulence to

finite radial wavenumber [3].

A typical spectrum in ELM-free H-mode as in Fig. 2 shows mul-

tiple turbulent modes from different locations along the beampath,

distinguished by their lab-frame phase velocities. The “medium

frequency” mode is described by 100 < f < 600 kHz and lab-

frame phase velocity 10 < vph < 20 km/s, typical E×B velocities near the top of the pedestal.

The “high frequency” mode, 800 kHz < f < 2 MHz, lies in the range 30 < vph < 80 km/s, sim-

ilar to VE×B at the center of the Er well. The two ranges of turbulence show similar behavior

across many H-mode regimes, including ELM-free, ELMy, and QH-mode. Of these, only QH-

mode discharges provide measurements in stationary or slowly-varying plasmas and are hence

most amenable to study.

45th EPS Conference on Plasma Physics P2.1094



(m−3Hz−1)
1022 1024 1026

-5 0 5 10-10

500

1000

1500

0

fr
eq
u
en
cy

(k
H
z)

1
6
9
0
1
0

kpci (cm
−1)

PCI S(k, f)

High-f
mode

mode
Med-f

Figure 2: Typical H-mode PCI spectrum
S(k, f ) showing medium and high frequency
turbulence.
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Figure 3: Outer gap scan moved PCI beam from interior
path (a) to extreme plasma edge (b), allowing determi-
nation of sheared turbulence location (c) with respect to
electron temperature pedestal and Er well.

H-mode turbulence in the medium frequency range

Studies of this turbulence using both beampaths in Fig. 1 suggest that the turbulence is driven

near the top of the pedestal and extends into the Er well. As described below, measurements

with the core beampath (red line in Fig. 1) are sensitive to sheared turbulence with kr ∼ kθ and

show a lab-frame phase velocity vph tied to the VE×B at the top of the pedestal. Measurements

with the edge beampath (orange dashed line in Fig. 1) are sensitive to highly sheared turbulence

with kr ∼ 2kθ and record turbulence localized to the Er well and sensitive to well parameters.

Scans of the plasma separatrix location in QH-mode [4] with stationary parameters moved the

turbulence through the PCI edge beampath, allowing the radial structure to be directly measured,

showing that this highly-sheared turbulence was situated in the Er well [3], in the location shown

in Fig. 3. Modeling the fluctuations as fully-developed turbulence with constant parameters

shows that the measurements represent turbulence with kr > 0 in the outer half of the Er well

and kr < 0 on the inner half, as expected from the sign of the shear.

In the core PCI beam location (red line in Fig. 1) the PCI is sensitive to turbulence less

distorted by shear, and observations of medium frequency turbulence show that the lab-frame

phase velocity is similar to VE×B at the top of the pedestal. This was seen directly during a

ramp of the injected beam torque in stationary QH-mode [5] where the counter-current torque

is decreased from 4 N·m to -1 N·m, causing the E×B velocity at 3 cm inside the separatrix near

the top of the pedestal to go from 15 km/s (e− direction) to -5 km/s as shown in Fig. 4. The

turbulence phase velocity is seen to follow this exactly, including reversing sign. This suggests

that the turbulent instability is driven near the top of the pedestal.
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Figure 4: H-mode turbulence lab-frame
phase velocity tracks E×B velocity at the
top of the pedestal.
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Figure 5: High frequency turbulence allows fast diagnosis
of Er well in limit-cycle oscillations.

High frequency instability in the center of the Er well

In various H-mode regimes the PCI observes high-frequency broadband turbulence 800 kHz<

f < 2 MHz with typical wavenumbers 1 < kpci < 4 cm−1. The turbulence propagates with a

well-defined vph with a value in the range 30 < vph < 80 km/s which is always similar to the

VE×B at the center of the Er well.

There are two timescales to Er well formation at the H-mode transition. The deep center of

the well forms on sub-ms times scales [6] and does not evolve further, while Er farther inside the

plasma and the pedestal profiles evolve for 10s or 100s of ms. The high-frequency turbulence

arises faster than 100 µs, and vph does not evolve with the pedestal parameters, indicating a

dependence on the fast-forming center of the well. The high-frequency turbulence can thus be

used as an Er well diagnostic with higher time resolution than is typically available from direct

flow measurements. For example, during Limit Cycle Oscillations (LCO) [7] the Er well forms

and collapses repeatedly with a cycle on the order of 1 ms. The PCI spectra calculated every

60 µs can resolve the portion of each LCO cycle in which the Er well has formed and thereby

determine that the well is deeper each cycle until it attains full H-mode depth and the plasma

transitions from the LCO to H-mode as seen in Fig. 5.

The high-frequency turbulence is never seen in high-torque QH-mode. It is speculated that

the well becomes too narrow to support the instability. However, at lower levels of beam torque

injection, the QH-mode transitions to wider edge profiles and a wider, less deep Er well, called

wide-pedestal QH-mode [5], where the high-frequency turbulence is observed. As the input

torque is decreased, the depth of the Er well also decreases, and the turbulence vph is seen to

track VE×B at the center of the well with a small intrinsic phase velocity.
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Conclusions

Phase Contrast Imaging observes highly-sheared turbulence in the edge of various H-mode

regimes. Medium frequency fluctuations are situated at the top of the pedestal and extend ra-

dially into the Er well where the turbulence has large kr and short correlation lengths. The

high-frequency range is driven in the center of the Er well and provides a high-time-resolution

indirect diagnosis of the evolution of the Er well.

Though the pedestal in ELMy H-modes is well predicted by current theories [8], the pedestal

in non-ELMing regimes sits away from the ELM threshold, and it is not known what role elec-

trostatic turbulent transport may play in accessing or maintaining these regimes. Modeling the

pedestal region of the plasma is an area of active research, with the steep gradients challenging

both the theory and the numerics. Linear simulations predicting the high frequency turbulence

described here are likely to produce results in the near future. Results will be validated by com-

parison with PCI observations of wavenumber and sensitivity to the shape of the Er well. The

medium frequency turbulence requires nonlinear simulations to describe the evolution of eddies

in large flow shear. Use of the PCI synthetic diagnostic [3] will account for the geometric effects

and permit comparison with the observed spatial variation of radial wavenumber.
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