
REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 74, NUMBER 3 MARCH 2003
Application of fast reflectometer density profile measurements
to investigate plasma instabilities in DIII-D
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~Presented on 8 July 2002!

The high spatial~>2 mm depending upon plasma conditions! and temporal~10 ms! resolution
possible with the DIII-D solid state profile reflectometer system makes it possible to investigate
profile modifications associated with plasma instabilities. In order to take full advantage of this fast
sweep and high resolution capability, multiple issues had to be addressed, including fast data
acquisition, large data acquisition memory depth, improved signal to noise, accurate profile start
location, and finally fast accurate automatic data analysis. Improvements in all these areas make the
profile reflectometer ready for plasma instability studies. In a demonstration of this capability, fast,
high spatial resolution reflectometer measurements have been successfully used to investigate the
edge harmonic oscillation~EHO! in the quiescent double barrier regime, as well as the edge
localized modes~ELMs! on DIII-D. It is found that the scrape-off layer density profile is modulated
at the EHO fundamental frequency. The edge density profile evolution is also tracked during ELMs,
showing that the density profile expands to the vessel wall at the onset of Type 1 ELMs. ©2003
American Institute of Physics.@DOI: 10.1063/1.1527250#
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I. INTRODUCTION

For many years, reflectometry has been used for lo
ized electron density profile measurements in plasmas. A
short-range radar measurement, profile reflectometry m
sures the phase or time delay of electromagnetic radia
reflected from a plasma cutoff layer.1 By measuring the
phase delay for a range of probing frequencies which
reflected at different plasma radii, the plasma electron d
sity profile as a function of radius can be recovered using
inversion procedure.

Accurate profile reflectometer measurements have
ready made contributions to a range of physics studies
DIII-D. 2,3 However, previous DIII-D results focused on ‘‘av
erage’’ profiles, which were usually derived by averagi
reflectometer profiles from several full-band frequen
sweeps. In this article we report on demonstrations of
ability of the DIII-D system to track fast profile modifica
tions associated with magnetohydrodynamic~MHD! activity
and edge localized modes~ELMs!. In order to take full ad-
vantage of the fast sweep and high spatial resolution ca
bility of the DIII-D system, multiple issues had to be a
dressed. These include fast data acquisition, large
acquisition memory depth, improved signal to noise, ac
rate profile start location, and finally a fast accurate au
matic data analysis routine. In the following sections, th
several issues are described, and demonstrations of the i
bility measurements with high time and spatial resolution
shown.

a!Electronic mail: zeng@fusion.gat.com
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II. IMPLEMENTATION OF FMCW PROFILE
REFLECTOMETER WITH HIGH SPATIAL AND
TEMPORAL RESOLUTION FOR PLASMA INSTABILITY
MEASUREMENTS

Since the early 1990s the UCLA Plasma Diagnos
Group has pursued accurate reflectometer density pr
measurements over the full range of plasma conditions
countered in the DIII-D tokamak.4–9 Currently, there are two
frequency modulation of a continuous wave frequen
modulated continuous wave~FMCW! profile reflectometry
systems working on the DIII-D tokamak. The first is
V-band~48–75 GHz! system using a backward wave osc
lator source, while the other, which is utilized in this articl
is a solid-stateQ-band ~33–51 GHz! system. The polariza-
tion of each system can be independently aligned so as to
either X-mode propagation~for edge profile measurement!,
or O-mode propagation~for core profile measurement!. This
flexibility allows a greatly increased spatial coverage of t
plasma radius. Due to its solid-state source theQ-band sys-
tem is ideal for fast sweep, high time resolution studies a
that is the system that is focused upon here. TheQ-band
system uses an 8–12.5 GHz hyperabrupt varactor tuned
cillator microwave source followed by an active frequen
quadrupler to get full band operation~32–50 GHz!. With this
source full-band sweeps in as little as 10ms are possible.

In order to make the best use of the very fast swe
system, a high performance PC-based data acquisition
tem was selected.9 This system is based upon a 12 bit, 5
MHz sampling rate, dual channel PCI digitizer card with
MB on-board memory built by the GaGe company. T
‘‘real time’’ data transfer mode uses the PCI data bus~maxi-
mum data transfer rate of 100 MB/s! to transfer data directly
0 © 2003 American Institute of Physics
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1531Rev. Sci. Instrum., Vol. 74, No. 3, March 2003 Plasma diagnostics
into PC memory, and has a memory depth of 30 MB p
channel. Depending on the physics need, two typical ope
ing modes with the PC digitizer are:~1! Burst mode~non-
continuous! profile measurements during the duration of t
plasma discharge, i.e., profiles are obtained at regular in
vals throughout the discharge; or~2! continuous profile mea
surements for a more limited duration, such as 1.5 s. Us
burst mode, the maximum sampling rate 50 MHz can
used, while data can be continuously taken for 1.5 s dura
at 10 MHz sampling rate by using the continuous mode. T
data acquisition system provides both the necessary high
quency sampling rate as well as the memory depth nee
for physics studies on DIII-D.

Previous profile measurements on DIII-D typically ave
aged over multiple sweeps so as to improve the signa
noise ratio, a process which results in reduced time res
tion. Because of variable magnetic field pitch angl
undesired reflections are produced if the directions of
microwave launching and receiving horns do not appro
mately match theX-mode ~or O-mode! propagation direc-
tions. The spurious amplitude signal depends upon both
sine of the angle mismatch and the distance to the unwa
cutoff layer. Small angle mismatches~,5°! typically result
in less than a 10% spurious signal level. A large angu
mismatch can occur whenever either the plasma curren
toroidal magnetic field directions are reversed and the po
ization angle of the antennas is not changed to accoun
this. Under these conditions it was found that the signal
noise ratio was four times smaller than when polarizat
was optimized.10 Thus, it is crucial to optimize the direction
of launching and receiving horns for the probing wa
propagation, in order to realize accurate profile analysis,
pecially for the high temporal resolution measurement wh
every profile is analyzed from only one individual frequen
sweep data.

In order to simultaneously obtain both high range re
lution and high precision profiles, smoothing and range re
lution bandwidths need to be optimized in the analy
program.5,7 The range resolution filtering is applied so as
remove spurious signals originating at locations other t
the desired plasma cutoff layer. The smoothing bandwidt
applied to average the extracted phase shifts/time delay
as to increase the profile precision. However, too mu
smoothing will smear the profile, so an optimization of th
parameter is also necessary. ForX-mode edge profile analy
sis, magnetic field information is used in the profile inversi
process. Hence, accurate EFIT data, which include pla
flux to spatial coordinate mapping information, are also i
portant during reflectometer data analysis.

Analysis of thousands of profile data per discharge
DIII-D requires an accurate and fast automatic profile ana
sis program. Of major importance for automatic density p
file data analysis is a routine to automatically detect the z
density start position. This is because the zero density s
position can be determined from theX-mode propagation
reflectometer data when the probing wave first encoun
the right-hand cutoff layer in the plasma. The accurate de
mination of the radial position of the zero density start
important since the subsequent profile is reconstructed f
Downloaded 10 Jun 2003 to 128.97.88.57. Redistribution subject to AI
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that location. An inaccurate start location can lead to a ra
ally shifted profile. An improved robust method has be
developed for the automated identification of the zero d
sity start position in edge density profile measurement10

Using the technique, the standard deviation value of the
tomatically calculated frequency at the start point of refle
tion has been reduced to 0.04 GHz, corresponding to 2
standard deviation in the plasma radius. This developm
greatly reduces the uncertainties associated with autom
analysis and allows for efficient analysis of hundreds or e
thousands of profiles in a reasonable amount of time
should be noted that the positional accuracy of the meas
plasma electron density profiles is not constant, but va
depending on local plasma conditions. From the analysis
reflectometer signal reflected from a flat mirror, the stand
deviation of the measured distance is about 2 mm.10

Overall, the performance of theQ-band reflectometer
system has been improved in several ways: In hardw
high performance digitizers are employed, and the mic
wave propagation polarization has been optimized. With
gard to software analysis, an improved criterion for au
mated identification of the zero density start position h
been implemented and adaptive optimization for d
smoothing and range resolution has been improved. With
improvements, high spatial resolution reflectometer profi
are obtained from individual full-band sweeps, so that h
time resolution~10 ms! is achieved. The measurement h
the capacity to investigate MHD instabilities in DIII-D. In
the following sections two examples are presented wh
demonstrate the improved system capability.

III. SOL DENSITY PROFILE MODULATION BY EHO

Profile reflectometer measurement with high tempo
and spatial resolution can resolve the edge harmonic osc
tion ~EHO! which is a continuous magnetic and electrosta
oscillation, believed to provide the edge particle transp
necessary for the quiescent double barrier~QDB!
regime.11–13 QDB plasmas are a sustained high performan
steady state operating regime, combining internal trans
barriers with a quiescent ELM-freeH-mode edge~QH
mode!, giving rise to separate core and edge transport ba
ers. To date the nature of the EHO remains unclear.13

In order to get high resolution, accurate profile measu
ments during the EHO, several factors need to be consid
carefully. As mentioned in the previous section, it is cruc
for edge profile reflectometer measurements to optimize
directions of the launching and receiving horns in order
keep the probing wave inX-mode propagation. For QDB
plasmas, the direction of the plasma current is reversed s
to obtain counter neutral beam injection. To compensate
this we realigned the directions of launching and receiv
horns by adding a small angle-twisted wave guide in
reflectometer system to optimize itsX-mode polarization for
this experiment. Due to the ‘‘high’’ frequency range of th
EHO ~several kHz!, the full frequency-band sweep time o
the reflectometer was set to 10ms—much smaller than the
EHO harmonic periods, in order to have as high as poss
temporal resolution. The highest sampling rate, 50 MHz,
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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the PC-based digitizer was used. The density profile per
bation, measured by theQ-band profile reflectometer an
associated with the edge harmonic oscillations, is show
Fig. 1. A contour plot of the spatial location of scrape-o
layer ~SOL! density layers as a function of time is shown
Fig. 1~b! during EHO events, while a midplane magne
probe signal is shown as an EHO timing reference in F
1~a!. In the contour plot, each individual profile was an
lyzed from a single full-band frequency sweep, so that th
are 200 total profiles in 2 ms, equal to 10ms of temporal
resolution.

Due to the high magnetic field~2 T!, theX-modeQ-band
profile reflectometer only can measure a density range
0 – 4.531018 m23. Thus, what we measured is the SOL de
sity profile outside the separatrix. It is clear from Fig. 1 th
the SOL density profile is modulated at the EHO fundam
tal frequency~about 6 kHz!, corresponding well to the time
history of the magnetic probe signal associated with the E
as shown in Fig. 1~a!. Some higher frequency components
the density profile perturbation may be due to the fact t
the EHO is not a sinusoidal signal but has multiple harm
ics, just like the magnetic signal in Fig. 1~a!.

In order to test the density profile measurement qua
it is necessary to perform the same measurement durin
plasma phase without EHO, as shown in Fig. 2. Figure 2~b!
is the contour plot of the spatial location of the reflectome
density profile during a 3 mstime window during the ELM-
free H-mode phase of the same discharge shown in Fig
The absence of the EHO is indicated by the magnetic pr
data in Fig. 2~a!. The comparison data were obtained w

FIG. 1. For shot 110 899,~a! time history of the EHO signal detected by
midplane magnetic probe and~b! a contour plot of the spatial location o
SOL density layers as a function of time, as measured by theQ-band reflec-
tometer system. By a comparison of~a! and~b! it is apparent that the EHO
is modulating the position of the SOL density layers.
Downloaded 10 Jun 2003 to 128.97.88.57. Redistribution subject to AI
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the same data acquisition analysis parameters as for Fig.
Fig. 2~b!, there are no large systematic profile variations,
only small fluctuations in this quiet plasma. The amplitude
the residual fluctuations is about 2 mm, similar to the res
in L-mode plasma.10 By contrast, the profile modulation gen
erated by the EHO@Fig. 1~b!# is about 1 cm peak to peak
more than five times bigger than in the no EHO case.

IV. EDGE DENSITY PROFILE EVOLUTION DURING
ELMs

The Q-band fast sweep reflectometer has also been
ployed to investigate ELMs in DIII-D. Edge localized mode
~ELMs! are periodic relaxations of the edge pressure grad
in H mode,14,15 resulting in pulses of energy and particle
transported across the separatrix to the SOL and eventu
into the divertor. Because an ELM deposits a large amoun
energy on the target, it has been identified as a serious
cern for the divertor of large tokamaks. ELMs also have
effect of limiting the edge pressure gradient, so the to
confinement is affected by ELMs through changing the
ergy stored in the pedestal. Because of very fast profile va
tions during ELMs, profile reflectometer measurements w
high resolution during ELM events are of interest.

Due to the fact that profile variations are larger duri
ELMs as compared to the EHO case, the range resolu
filter bandwidth had to be set larger during automated an
sis, allowing a large dynamic range for the extracted pha
For these data the full band sweep rate was 100ms, with a 10
MHz sampling rate and 1.5 s data coverage. Figure 3 d
onstrates the high resolution edge density profile evolut
during ELMs over a period of 200 ms, corresponding
2000 profiles. In this plasma, the plasma current is 1.4 M
and the toroidal magnetic field is 1.78 T. The measured d

FIG. 2. For shot 110 899,~a! time history of the magnetic probe signal i
ELM-free period with no EHO, and~b! the contour plot of the spatial loca
tion of reflectometer density layers as a function of time.
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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1533Rev. Sci. Instrum., Vol. 74, No. 3, March 2003 Plasma diagnostics
sity range with theX-mode polarization reflectometer is from
0 to 931018 m23, which covers from the SOL to inside th
separatrix, whose radial location is 2.29 m. TheL-H transi-
tion occurred at 1.1 s after neutral beam injection heat
After a short ~about 50 ms! ELM-free period, the plasma
entered a type 1 ELMing phase. The repetition period of
ELMs was about 10 ms as shown by theDa signal in Fig.
3~a!. In Fig. 3, it is clear that the SOL density profile b
comes broader at the onset of every ELM. The edge pro
evolution is constant, except that the profile shifts inwa
around 2086 ms when a MHD event happens.

In order to examine the fast time response more clea
one ELM event is shown on a shorter time scale in Fig.
Unfortunately, the time resolution of theDa signal is not
very high, only 1 ms. However, from Fig. 4~a!, it is evident
that the profile becomes broader within 0.5 ms when
ELM occurs, then relaxes back to a normalH-mode edge
within 2 or 3 ms. Multiple sequential edge profiles over t
period from 2178 to 2184.5 ms are presented in Fig. 4~c!.
The arrow lines indicate the time sequence. At the onse
the ELM the density profile expands outward to the ves
wall position. During the profile relaxation, the gradient
the SOL decreases first, then the density start position mo
inwards until eventually the initial density profile is reco
ered. The pictures of the edge profile evolution during EL
as measured by the reflectometer system are clear and
sonable.

V. CONCLUSIONS

Multiple improvements to the DIII-D solid-stateQ-band
profile reflectometer system have resulted in a demonstr
ability to track localized time varying plasma instabilitie
The improvements include the use of high performance d
tizers, optimization of the microwave propagation polariz

FIG. 3. For an ELMing plasma shot 110 402,~a! time history ofDa emis-
sion signal indicating the ELM events.~b! The contour plot of the spatia
location of edge density layers as a function of time, as measured byQ-band
reflectometer. A MHD event happens around 2086 ms.
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tion, development of an improved automated criterion
detection of the plasma start position, and further optimi
tion of the adaptive data smoothing and range resolu
bandwidths. The improved capability of the system has b
demonstrated with two examples. For the QDB plasma
gime, it is observed that the density profile in the SOL
modulated by the EHO fundamental frequency. For ELMi
plasmas, the fast reflectometer profile measurement prov
high resolution profile evolution during ELMs. The SOL pro
file expands outward to the vessel wall at the onset of typ
ELMs, indicating large changes in SOL transport.
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