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UCLA operates a set of millimeter-wave/microwave reflectometers on the National Spherical Torus
Experiment(NSTX) for routine measurements of electron density profiles and fluctuations. The
system has a combined frequency coverage of 12 to 50(@®Hlze bands 12—-18, 20—32, and 33-50
GHz) or a corresponding ordinary-mode cutoff range of<1®' to 3.1x 10" cm 3 to cover both

the plasma core and edge. Profile measurements via frequency-modulated continuous-wave
operation are typically made in O-mode reflectometry, with sweep times downgs 6Qer the full

band. Automated profile analysis of the reflectometry data is available with limited between-shot
analysis and full batch analysis capabilities. The reconstruction algorithm uses complex
demodulation with the short-time Fourier transform for signal processing. The unknown portion of
the edge profile below the lowest cutoff density is modeled by fitting a family of polynomial density
profiles to the experimental data. Uncertainties due to edge profile modeling and comparisons to
Thomson scattering measurements are discussed. The reconstructed profiles have documented fast
events such as L—H transitions and edge-localized modes in NSTX0@3 American Institute of
Physics. [DOI: 10.1063/1.1530391

I. INTRODUCTION of signal degradation due to plasma fluctuatibris. addi-
tion, further profile information in the form of the magnetic

Between-shot analysis with good spatial and temporafield profile for X-mode reflectometry, or the edge profile for
resolutions is increasingly becoming a requirement for mod©-mode reflectometry, is necessasgIT is available on
ern fusion plasma diagnostics. In addition, simultaneous proNSTX,> however, with the present system and magnetic field
file and fluctuation measurements are being viewed as ulticonfiguration, the portion of the profile below 12 GHz must
mately necessary for a comprehensive understanding @il be modeled, regardless of the mode polarization.
turbulence and related transport. The millimeter-wave reflec-  The control and data acquisition portions of the diagnos-
tometry systeﬁ1instal|ed at the National Spherical Torus Ex- tic have performed reliably and routine{ghot-to-shot over
periment(NSTX)” can provide either electron density profile the past year. The article describes the software development
or fluctuation measurements over a wide density range (1.§ork that has been done to provide between-shot analysis. In
X 10" to 3.1x10" cm™®) covering portions of both the addition to tackling the computational difficulties mentioned
plasma core g=r/a<0.8) and edge/>0.8) regions. Den- earlier, the code should run autonomously with little inter-
sity profile measurements are made via frequencyyention from the user. The routines that have been developed
modulated, continuous-wavéFM-CW) operation, while  are therefore computationally intensive. Currently, data is
fluctuation measurements are made via fixed-, stepped-, @halyzed as batch jobs during off-hours. For between-shot
narrow-band swept-frequency operation of the sources.  capability, multiple dedicated CPUs will be required. The

The goal of our current work is to implement millimeter- necessary computer hardware and optimum network topol-
wave FM-CW reflectometry as a standard diagnostic orygy are issues that are still being studied.
NSTX in order to provide between-shot density profiles.  The remainder of this article is structured as follows.
FM-CW reflectometry is a radar technique in which the section I provides a brief introduction to NSTX and the
phase accumulation or time delay is measured for frequencysiagnostic hardware. This is followed by a description of the
swept electromagnetic radiation reflected from a plasma Cufsrofile reconstruction algorithm in Sec. Iil. Here, the details
off layer Although the hardware implementation can beof the signal processing, edge modeling, and final inversion
relatively straightforward, the process of reconstructing proyethods are discussed. Some experimental results are pre-
files from the acquired data may be computationally chalsenteq in Sec. IV. Comparisons are made with density pro-
lenging. Extensive digital signal processing is required t0fjjes from Thomson scattering; examples of the profile evo-
analyze the large amount of data that is acquifgIMB per | tion during edge-localized modéELM)-free and ELMy
shot on NSTX. Analysis may be complicated by the effects j_nqde discharges are also shown. Section V concludes
with a summary of the present work and our outlook for
3Electronic mail: skubota@ucla.edu future work concerning the diagnostic.
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Il. PLASMA DEVICE AND DIAGNOSTIC For O-mode reflectometry, the quantityis a function
DESCRIPTIONS only of density andf, hence either Eq(1) or its Abel
. _ o inversion®®

NSTX is a low aspect ratioR/a~1.3) device with aux-
iliary heating due to neutral beam injection up to 7 MW and c(fp =(f)df
high-harmonic fast-wave injection up to 6 MW. Typical de- r(fp)=ro— 7)o (fz_—fz)l/z @)
vice parameters arR,=85 cm,a=68 cm,|,=<1.5 MA, P
Br=0.3-0.6 T, withk<2.5 and§<0.8. Further descriptions can be used to determine the profile. He(¢)=d¢,/df is
of the device are given in Refs. 2 and 6-8. the group delay andl, is a chosen plasma cutoff frequency.

The millimeter-wave FM-CW reflectometer on NSTX is For X-mode reflectometryy is also a function of the mag-
similar in design to an existing system used for electron denretic field. Reconstruction in this case requires using(Eq.
sity profile analysis on DIII-0~*! Frequency-tunable solid- The actual steps of the profile reconstruction algorithm fol-
state sources in conjunction with active frequency multiplierdow.
provide a frequency range of 12 to 50 GHz, which corre-
sponds to an O-mode cutoff range of .80 0 3.1 B, signal processing for complex demodulation
x 10' cm™3, The reflectometer is actually three similar sys- _ _
tems in the frequency bands 12—18, 20—32, and 33—50 GHz, _The accgmulated phase of the mixer IF is extracted nu-
utilizing bistatic horns mounted internal to the vacuum ves-Merically using the complex demodulatig@DM) method
sel on midplane ports. All aspects of the data acquisition(Phase accuracy ok /10).” The workhorse of our imple-
hardware control, and system triggering can be controllednentation is the short-time Fourier transfo(8TFT), which
interactively byLabview from anywhere on the Internet, A 1S defined a¥
further description of the diagnostic can be found elsewhere. o

In a typical operating scenario, the frequency sweep con-  X[n,w)= E x[n—m]w[m]e~lem 3
sists of multiple pairs of 5Qus up/down sweeps. Both a m=-
monitor of the sweep pattern as well as the mixer intermediHere X[ n,w) denotes the STFT of the time serids1] mul-
ate frequency(IF) are recorded for each system at 50tiplied by the windows sequence[m], which is a two-
MSamples/s. The mixer IF can range from 2 to 10 MHz,dimensional function of the time and frequency variabies
depending on the targétenterstack or plasmar the den-  and w. Using a series of overlapping sum-to-one windows
sity profile shape. The usual operational mode is to use th@uch as the Hamming windowa spectrogram of the IF
digitizers in burst mode818 records per shptwith each  signal is created without loss of signal content. Frequency
record sampling a single up/down sweep pair. The intervaghifting and filtering for CDM are performed in the fre-
between burst records can be varied on a shot-by-shot basigiency domain for each spectrum. Key parameters are the
to look at the entire discharge, or the evolution of fastlength and number of overlaps of the window sequence,
changes in the profile up to a maximum repetition rate of 8yhich can be adjusted for tradeoffs in computation time,
kHz. frequency resolution or time resolution.

C. Smoothing over turbulence effects

lll. PROFILE RECONSTRUCTION ALGORITHM The CDM analysis yields phase and amplitude traces

A. Basic concepts versus timeglor frequency for each sweep. It is known from
both one-dimensional and two-dimensional full-wave
b%alculationé'15 that spatial and temporal plasma perturba-
tions or turbulence can cause localized decreases and defor-
mations(or in our case, glitchesn the reflected signal am-
Azt (1o [ plitude and phase or phase-derivative cuisee Fig. 1L The
bp(f)= Tfrc(f),u(r,f)dr— 2 @) amplitude information is crucial, since it allows amplitude-
weighted smoothing of the phase or phase-derivative signals
whereu(r,f) is the refractive index of the plasmig is the g eliminate local deformations. Typically, the location of
outer radius of the plasma, amd(f) is the radius of the these deformations varies randomly from sweep to sweep,

cutoff layer for a probe frequendy Swept-frequency opera- and amplitude-weighted averaging across multiple sweeps
tion allows a series of cutoff layefsr a portion of the den-  ziso tends to eliminate deformations.

sity profile) to be probed.

Since the probe frequency is swept in time, the mixer
output has a frequencg¢/df, where ¢ is the total phase
difference between reference and probe paghsicludesd, Edge modeling errors have been studied in détdil,
as well as contributions from path differences due to wavewith the main result that errors increase for shallower gradi-
guide or cable runs, vacuum distance outside the plasma, etents, however, the position error introduced by this uncer-
A phase calibration using the reflection from a target at aainty decreases as the density increases.
known distance in the vacuum vessiel the case of NSTX, The model profiles we use is a family of polynomials of
the centerstagkis sufficient to isolatap,, . the form

The phase shifp, of the reflected electromagnetic wave
or probe wave due to propagation through the plasma can
written within the geometric optics approximationtas

D. Edge profile modeling
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FIG. 1. Degradation of the mixer output signal due to turbulence effects.

Shown are the amplitude ardip/df curves as a function of probe fre- Radius [cm]
quency. Turbulence effects are manifest as sudden drops in the amplitude ) ] . .
which correspond to glitches iig/df. FIG. 3. Comparison of reconstructed profile with Thomson scattering pro-

file. Typically both profiles track each other very well. Radial differences
between the two profiles are usually less thah-2 cm.

Ne(r)=nNgg

— alB
r—ry
1_(r0—r1) } ' (4) =0,1,2 ... n. If we assume linear density profiles between

. . . . . all successivd;, then by defining the following quantity:
wherer is the major radiust is the plasma edge, is the

radius with density.; , anda and 3 are shaping parameters. 8| (fF—17_ )32 (f7—15)3?
The advantage of using E(4) is that a solution to the inte- Aij= 3c (f—f2_,) ' (6)
gral in Eq.(1) exists in analytic form. The phase derivative ot
can then be writte!y ij=1,2,..., andi=j,

dop(f) 4m L (jmahH-(l—a Hat and by ignoring the constant term, we can rewrite @g.as

=—(ro— rl)z 5 .
df c =0 j! ZI
| bpi=— 2, Aj(rj=ri-1), (7)
Jr o T[(j+1/p] [ f)\207D0 o=
X— - = . (5) . L . .
B T[(j+1/8+1/2]\fo which can be simplified in matrix notation as
For a=1 andB=1 Eq.(4) produces monotonically increas- [ ¢1 An
ing profiles with a finite gradient at; and zero gradient a, b, Ay
(see Fig. 2 Usuallyn, is chosen at some value above the| ¢3| —ry| Az
lowest cutoff density. The portion of the overlap for experi-| : :
mental and modeled¢, /df is evaluated for goodness of fit. | 4 Ans
Having analytic formulas for both the trial edge profiles and ) o
correspondingl¢,/df greatly accelerates the fitting process. —An 0 0 e r
_ A=Az —Ax 0 e )

E. Inversion method =| Apy—Az Agz—Az,  —Agy - rs|. (8

The inversion method follows the procedure outlined in
Refs. 19 and 20. Suppose the measurements¢gf
=¢p(f)) exist on a regular frequency grid=f;, i

L An2_ Anl An3_ An2 An4_ An3

SinceA;; and therefore the matrix on the right-hand side of
Eqg. (8) is not an explicit function of , we can obtairr, by

..- -rn-

1.0 multiplying both sides by the inverse of this matrix. The
0.8 ] advantages here are that the inversion process for each pro-
n(r) 0.6 . file is reduged to a simplg matri>§ multi_plication_, and for a
T o4t B=1 standard grid of frequencies the inversion matrix need only
’ - be calculated once.
02¢ B=10 =2 ]
0.0t8 - - IV. EXPERIMENTAL RESULTS
0.0 02 04 06 08 10 Figure 3 shows a comparison of the reconstructed reflec-
rr_—rrl tometer profile with measurements from the multi-point
et Thomson scattering systeth.Typically, the two profiles
FIG. 2. Examples of the family of polynomials used to model the edgetr@Ck each other very well to within a radial separation of
profile below the lowest cutoff density (2810 cm™3). +1-2 cm. The fact that the profiles are also near the edge
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as the gradual rise of the edge pedestal height, can be distin-
guished. Figure 5 shows the time evolution of the edge gra-
dient scale length during an ELMy H-mode discharge. The
quantity L,=dn/(dn/dr) was calculated from the reflecto-

2_,,‘10 meter profile by averaging over the portion of the discharge
F pero between 210" and 1x 10" cm™3. For this shot, the time
2 interval between successive profiles was 1 ms. At this repeti-
% w10 tion rate one can see that the profiles do not quite catch all of
= the changes in the ELM profile structure.

.-:j V. SUMMARY AND FUTURE WORK

Software for automatic analysis of FM-CW reflectom-
etry data on NSTX has been developed and is being used to
analyze data. The algorithm is extremely robust and large

— ?g_ P i E data sets can be analyzed without intervention. The code is
3 1 05_ E currently run as a batch job due to the large amount of CPU
3 0'52_ E time required(~30 min per shot on a Intel PIll-1 GHz

— o‘of_,_/"'\w ] CPU). Running multiple CPUs in parallel should allow
E, 160 | Density Contours An=5x1072 om ] between-shot analysis of the data. The necessary computer
32 140 . P ‘ hardware and network topology are currently being explored.
el
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