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A synthesis of research in plasma turbulence, transport, and MHD stability is necessary to
develop a complete understanding and predictive capability for scenario development and
performance projections, as well as avoidance and mitigation of disruptions. The proliferation of
visualization and imaging diagnostics to new international facilities, such as KSTAR and EAST,
provides just such an opportunity. In particular, millimeter-wave imaging diagnostics such as
electron cyclotron emission imaging (ECEI) and microwave imaging reflectometry (MIR), have
revolutionized our understanding of plasma phenomena where they have been applied. It is
critical that these technologies and the scientific involvement from U.S. students, engineers, and
physicists that they foster are promoted by the DoE through international collaboration during the
coming decades.

The University of California at Davis (UC Davis), in collaboration with Princeton Plasma
Physics Laboratory (PPPL), has been engaged in developing an advanced millimeter-wave
instrument for 3-D, simultaneous imaging and visualization of electron density (ne) and electron
temperature (Te) fluctuations. The value of 2-D ECEI for T, fluctuation imaging and physics
studies was first demonstrated on TEXTOR with a proof-of-principle instrument; since then it
has produced highly visible and widely cited physics results while being continuously improved
and implemented anew on ASDEX-Upgrade, DIII-D, KSTAR, and most recently the EAST
tokamak. While the unique experimental capabilities of each of these machines have been
exploited in different ways, ECEI has at each step proven to be a truly unique and revolutionary
diagnostic that allows the researcher to visualize plasma physics in a way no other tool can.
These millimeter-wave cameras provide 2D, and even 3D data from localized measurements,
with exceptional spatial and temporal resolution, as well as wide radial, vertical, and even
toroidal coverage. MIR will provide an analogous 2D measurement of density fluctuations.

Because millimeter-wave imaging systems are well suited to diagnosing fluctuations over
disparate spatial (and temporal) scales, they are uniquely well poised to contribute to scenario
development and disruption avoidance. New superconducting tokamak facilities, with ample
resources for non-inductive current drive and long pulse durations, are ideal for conducting
experiments aimed at understanding how complex interactions between plasma turbulance,
transport, and MHD stability lead to improved performance, or conversely, plasma disruption.
For this reason it is natural that the capabilities be combined, and fortuitous that the U.S. is a
world-leader in this diagnostic technology.

Currently, a five-institution collaboration exists between UC Davis, PPPL, POSTECH in
Korea, the FOM Institute in the Netherlands, and the University of Science & Technology of
China. Interest has also been expressed by a number of other major fusion programs, so this list
of devices and participating institutions is expected to continue growing over time. The number
of theory and modeling projects that directly benefit from this work is growing almost daily.
Recent high profile examples include the contributions of ECEI to code benchmarking among the
members of the SCIDAC Center for Gyrokinetic Simulation of Energetic Particle Turbulence and
Transport (GSEP). The ability of millimeter-wave diagnostics to provide unambiguous validation
of theory with respect to energetic particle driven instabilities is but one example of the need for
these tools in the scientific community.

The high resolution plasma visualization data obtained with these diagnostics (examples
provided in Figs. 1 and 2), as well as the continued development activities which strive to keep
expanding the quality and quantity of plasma fluctuation data that can be obtained with these
diagnostics, has already proven to be a means to foster international research collaborations



between US scientists and their counterparts on KSTAR, ASDEX-Upgrade and now EAST.
Continued US leadership in diagnostic development is essential to maintaining and expanding
these international collaborations. Data collected on these devices, as well as others for which
similar diagnostic tools may be developed over the next 5-10 years, can serve to provide a wealth
of information for plasma theorists and modelers outside of the diagnostic development
community. lllustrative of the strength of these collaborations are the quantity and quality of
refereed publications over the past five years on advanced in ECEI technology or physics-based
papers based largely on ECEI data, as listed in Appendix |.
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Fig. 1. (a) KSTAR ECEI system. (b) An example of simultaneous high- and low- field side (HFS
and LFS, respectively) measurements (shot# 4362, t = 1.741863s). The HFS image shows an
internal kink mode in the central region while the LFS image shows ELM filaments in the edge.
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Fig. 2. ECEI data from an ASDEX-Upgrade study of the transition from Type | to Type Il ELMs.
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International Conference on Infrared and Millimetre Waves, and 15th International Conference on
Terahertz Electronics, Cardiff, UK, September 3-7, 2007, Vol. 1, pp. 8-11. Plenary Paper.
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Hyeon K. Park, “Visualization Technique for MHD and Transport Physics in Tokamaks,” Invited
Talk presented at the 19th International Toki Conference on Advanced Physics in Plasma and
Fusion Research, Toki-City, Japan, December 8-11, 2009.

N.C. Luhmann, Jr., “Recent developments in microwave plasma imaging”, Invited Talk presented



at the International Workshop on Microwave Devices, Systems, and their Applications 2010,
KASTEC, Kyushu University, March 16-17, 2010.
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Tokamaks,” Invited Talk presented at the 16th joint workshop on ECE and ECRH, Sanya, China,
April 12-15, 2010.

[8] A.J.H. Donné, “Imaging Techniques for Microwaves Diagnostics,” Invited Talk at the
International Conference on Plasma Diagnostics, Pont-a-Mousson, France, April 12-16, 2010.
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N.C. Luhmann, Jr., HK. Park, ASDEX Upgrade Team, “2D Electron Cyclotron Emission Imaging
at ASDEX Upgrade,” Invited Talk presented at the 18" Topical Conference on High-Temperature
Plasma Diagnostics, Wildwood, NJ, May 16-20, 2010.
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5-10, 2010.

[11] B. Tobias, “Electron Cyclotron Emission Imaging of MHD Activity on the DIII-D, TEXTOR,
ASDEX-U, and KSTAR Tokamaks (Invited),” 52nd Annual Meeting of the APS Division of Plasma
Physics, Chicago, lllinois, Nov. 8-12, 2010, Paper G12.2 (2010).

[12] N.C. Luhmann, Jr., “The Next Twenty Years in Plasma and Fusion Science (Plenary),” 20"
International Toki Conference (ITC-20), Toki-City, Japan, Dec. 7-10, 2010, Paper PL-4.

[13] L.G.J. Classen, “Investigation on fast particle driven instabilities by 2D electron cyclotron emission
imaging on ASDEX Upgrade and DIII-D (Invited),” 38™ European Physical Society Conference on
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Resolution 2-D Images of T, Fluctuations,” Plasma and Fusion Research 2, S1002 (2007).
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Appendix I1: Background

Electron cyclotron emission
(ECE) occurs at harmonics of the
cyclotron frequency, wce, Which in a
tokamak depends on its major
radius R and leads to a 1:1 mapping
between me and R. In plasmas with
sufficiently  high  density and
temperature, the ECE intensity is
proportional to the local Te value.
ECEI images this emission onto a
vertically aligned mixer array,
allowing each array element to
collect wide bandwidth radiation
that is subsequently resolved into
frequency bands. This, in essence,
attaches a multi-channel radiometer
to each array element and generates
2-D time-resolved T, profile and
fluctuation images (see Fig. 3).

Microwave reflectometry is a
radar technique employed to infer
the electron density characteristics
by probing the density-dependent
cutoff layer. The fundamental issue
confronting reflectometry of density
fluctuations concerns the
interpretation of the measured
amplitude and phase of the reflected
waves. Unless the fluctuation level
is extremely low and/or the
fluctuation wavelength at the cutoff
layer is very long, conventional
reflectometry methods face a
challenge in interpreting the
measured amplitude and phase
except for measurements near the
plasma edge. MIR is a technique in
which large aperture optics at the
plasma edge are used to collect as
much of the scattered wavefront as
possible and optically focus an
image of the cutoff surface onto an
array of detectors (see Fig. 4), thus
restoring the integrity of the phase
measurement.
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Fig. 3. Schematic diagram of the physical principles
governing ECE (top) and ECEI (bottom) systems.

Illumination

\\\

magnetic \
surface .
\ 7N,

/
/

y
\.

2

4‘ |

\
cutoff p S
surfac\c\ /

microwave
source
Detection
magnetic
surface —-\
7 ™
cutoff e
surface
image
plane

Fig. 4. Schematic illustration of the physical principles
governing MIR systems.



