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Progresstoward a practical magnetic field diagnostic for low-field fusion plasmas
based on dual mode correlation reflectometry
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Previoudly, the proof of principle of measurement of magnetic field strength, B0, internal to a plasma by
crosscorrelation of ordinary (O) and extraordinary (X) mode fluctuation refledometer signals has been
demonstrated in a linea plasma device It was found that dua mode (O-X) reflectometry data could be
interpreted by a one dimensional (1D) numericd model to determine CBO in the vicinity of the reflectometer
cutoff positions. Radia correlation properties of turbulence ae dso measured simultaneously with (B[
This tedhnique is potentially well suited to measurement of B[l in low-field fusion devices (e.g. B < 0.6 T)
where standard magnetic field diagnostics are expected to be difficult to implement. However, transfer of this
method to toroidal magnetic fusion devices presents a number of potential difficulties such as the effects of
magnetic shea, stegp density gradients, and limited time for cross-correlations. In addition, recent
simulations suggest that 2D modeling may be required to interpret experimental data when density
fluctuation levels are high. Dual mode rrelation refledometry experiments on the National Sphericd
Torus Experiment (NSTX) are presented, and progress toward the implementation of this technique & a

pradica diagnostic is discussed.

[.INTRODUCTION

Accurate knowledge of the magnetic field in magnetic
confinement fusion devices is important for such critical
issues as asesanent of magnetohydrodynamic (MHD)
equili brium and stability, and suppresson of microturbulence
by ExB flow shea. However, in the emerging classof low-
field magnetic confinement devices, such as the Nationa
Sphericad Torus Experiment (NSTX)' direa transfer of
existing magnetic field dagnostics sich as motional Stark
effect (MSE)?, multichord pdarimetry®, and simultaneous O-
and X-mode profile refledometery® will be difficult due to
the low field and restricted pat access

An dternate gproach to magnetic field measurement
internal to the plasma, based on crosscorrelation of O- and
X-mode fluctuation reflectometer channels has been
previously demonstrated in the linea LArge Plasma Device
(LAPD).>® This technique relies on finding the O- and X-
mode frequency pair (f, , f\) where aosscorrelation of
signals originating from naturally occurring turbulence is
maximum. It was found that the experimental data wuld be
interpreted via aone dimensiona (1D) full wave model to
determine OBO in the vicinity of the autoffs. Simultaneous
to OB, correlation properties of turbulence such as radia
correlation length, coherency, and power spedra ae dso
measured.

While the proof of principle experiments established this
technique & plausible, anumber of potential difficulties exist

with transferring the measurement to a toroidal magnetic
confinement fusion devices, including the dfeds of magnetic
shea, extremely steg density gradients, and limited time for
crosscorrelations. In order to establish the feasibili ty of this
diagnostic in such devices, experiments have been caried
out on NSTX using a two channel 20-30 GHz correlation
refledometer operated in a dua mode nfiguration. O-X
correlation measurements were made in the outer core
plasma (r/a = 0.85-0.95, where r is the minor radius cutoff
position, and a is the last closed flux surfaceradius) under a
variety of conditions, including ohmicdly heded, neutra
bean (NBI) heaed, and radio frequency (RF) heated L-mode
and H-mode plasmas. It was found that O-X correlation
refledometry in NSTX performed basicdly as expeded from
the proof of principle eperiments. Locd values (B[
determined from O-X refledometry were in good agreement
with [BO found from plasma eguilibrium reconstructions
using the EFIT code” O X mode mnversion did not
appea to pose aserious problem for the measurements in
spite of the relatively high magnetic shea in NSTX. The
diagnostic gppeaed to function well under most plasma
conditions, the exception being plasmas with very stee
density gradients relative to the radia turbulent correlation
length, where ow decorrelation of the two channels made
determination of the pedak cross-correlation frequency pair
(fo, fx) proneto error.
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1. PRINCIPLE OF THE DIAGNOSTIC

If O- and X-mode fluctuation refledometer signals
originating from naturally occurring density fluctuations are
crosscorrelated, the arrelation would be expeded to
maximize when the O- and X-mode cutoff layers overlap
spatialy, assuming the relfedometer signals originate from
the attoffs. The O-mode cutoff frequency occurs at o = fp,

whil e the X-mode auitoff (upper branch) isgiven by fy = fr=

@fc+1/fcz+4f§ @/2, where f, and fr are the dedron

plasma and righthand cutoff freguencies respedively.
Therefore, when the O- and X-mode cutoffs overlap

spatialy, fx can be written

1
fxzzﬁfch/ffwfozﬁ. (1)
Here pr\/nezlsom/Zn, fc = eB/m is the dedron

cyclotron freguency, €o is the permittivity of free space and
n, m and e ae the dedron density, mass, and charge
respedively. In principle, then, OB at the cutoff paosition
can be determined using egn. (1) from the frequency pair (fo,
fy) where aoss-correlation is maximum.

In the proof of principle experiments, however, it was
found that cross-correlation between O- and X-mode
channels maximized at an X-mode frequency dightly lower
than fr. This indicaes that the refledometer signals
originate from somewhat in front of the cutoff layers,
consistent with momentum conservation gven by the Bragg
scatering conditi on® The X-mode frequency of pe&k cross-
correlation, fxpk, could be acarately predicted by a 1D
numericad model, given the density gradient scde length, Lp,
at cutoff, and the radial wavenumber spedra width, Ak, of
the turbulence. Therefore, given the measured frequency
pair (f,, fy) where aoss-correlation is maximum, the
experimental data oould be interpreted by the numericd
model, run iteratively, to determine the locd (B[O nea
cutoff.

Subsequent 1D and 2D modeling by Kramer et al®
showed a deaease in the maximum cross-correlation value
with increasing B0 as density fluctuation levels, n/n,
increased, consistent with experi ments® In additi on, it was
found that fy pk shifted further below fr as n/n increased.9
Therefore, it was suggested that an estimate of n/n was

required along with L, and Ak in order to interpret the
experimental data, and that 2D modeling might be required if
n/n wastoo high.

1. EXPERIMENTAL SETUP

A simplified schematic of the homodyne 20-30 GHz dua
mode crrelation reflectometer is $own in Fig. 1. The two

channel system operates by fixing one frequency, f1, and
dowly sweeping the seaond frequency, fo. f1 and fo sources
are highly frequency stabile Y1G tuned oscill ators which are
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FIG. 1. 20-30 GHz dual mode correlation reflectometer circuit diagram
(simplified).
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FIG. 2. O-X crosscorrelation in swept O-mode configuration. fx = 30 GHz,

fo swept 20-30 GHz as down. Shot 106387. Dashed line: fg, solid line:
Gausdan fit to data
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FIG. 3. O-X crosscorrelation in swept X-mode configuration. fo =20 GHz,

fx swept 20-30 GHz as down. Shot 108250. Dashed line: fy, solid line:
Gausdan fit to data.



TABLE 1. Example comparisons of (B measured by O-X correlation reflectometry with values from EFIT reconstructions under various conditionsin

NSTX.
Shot Time Range Condition Biorsida ON Reflecto-meter Ln (cm) [BOat cutoff Swept [BOat cutoff fron
(ms) axis(T) Cutoff Major from EFIT (T) Channel  O-X Reflectomete
Radius (cm) (O/X) (M
106360 170-220 ohmic 0.45 121 27 0.39 @) 0.38+ 0.015
106387 170-220 NBI, L-mode 0.40 147 5 0.24 (@) 0.25+0.015
108250 250-300 NBI+RF, 0.35 151 10 0.30 X 0.30+0.014
L-mode
108270 250-300 NBI+RF, 45 151 8 0.32 X 0.31+0.015
L-mode
108723 475-550 NBI, L-mode 425 146 6 0.35 X 0.35+0.017
108727 300-350 NBI, L-mode 5.0 147 8 0.39 X 0.39+0.012
108727 375-450 H-mode 50 149 5 0.37 X 0.38+0.015
108728 225-300 H-mode 55 147 3 0.37 X 0.37+0.015

magnetically shielded. O- and X-polarized radiation is
combined into circular waveguide by an ortho mode
transducer (OMT) and launched via a ércular horn antenna
located inside the vaauum vessl on the NSTX outboard
midplane. The drcular waveguide mntains arotating joint to
allow arbitrary alignment of the launched polarizations. The
bulk of the drcuit is constructed from high frequency coaxial
cable and devices, with transitions to waveguide & the
OMTs.

After digitizing at 1 Msample/s, the two intermediate
frequencies, 11, lp, were aoss-correlated. In these
experiments, f was typicdly swept full band (20-30 GHz) in
50-100 ms. Cross-correlation 1,120 was generally
performed over 50 — 1B pstime windows. The length of the
fo channel delay line — which is smply 580 cm of high
frequency coaxial cable - was chosen to space the
“correlation fringas”10 roughly 200 MHz gpart, allowing =
20 crosscorrelations per fringe to be cdculated typicdly.

IV.EXPERIMENTAL RESULTSAND
INTERPRETATION

The dua polarizaion refledometer was operated in two
modes: 1. with fixed O-mode freguency, fo, and swept X-
mode frequency, fx, and 2 with fixed fx and swept fo.
Figures 2 and 3 show typical crosscorrelation results in the
swept O-mode and X-mode anfigurations respedively from
NBI heaed L-mode discharges. For clarity, only the values
of crosscorrelation at the correlation fringe peaks are shown.
The figures also show least mean squared error Gausdan fits
to the data. In the cae of Fig. 2, fx was fixed at 30 GHz,
while the fo was swept over 20-30 GHz in 50 ms. Cross
correlation in this case was found from the Gaussian fit to
pek at fo = 26.4 £ 0.15 GHz. Thisfrequency corresponds to

an O-mode autoff paosition at major radiusR = 147+ 0.5 cm,
as determined from an interpolated fit to the dedron density
profile & 193 ms from multi point Thomson scatering
(MPTS) measurements,™* In the Fig. 3 case, fo was fixed at
20 GHz while the fx was swept 20-30 GHz, and cross
correlation was found to pesk at fy =241+ 0.14GHz a R =
151+ 0.5cm.

To derive the magnetic field strength in the cae shown in
Fig. 2, the 1D full wave refledometry model® was run
iteratively to yield (BO=0.25+ 0.015T at R=147cm. The
parameters L, = {(]Jn)dn/dR}'1 = 5.4 cm (from MPTS) and

Ak = 2\/§/Ar =16 cm'l, where Ar is the Gausdan 1/e radial

correlation Iength6 (derived from the 1/e width of the aoss
correlation shown in Fig. 2) were used in the simulations.
The eror on OB, + 6%, was taken as the range of magnetic
field strengths that could produce ape&k crosscorrelation at
fo = 26.4 £ 0.15 GHz, accounting for statisticd error in the

simulation,6 and errorsin cutoff radius (147 cm), L, and Ar.
A detailed description of the eror analysisis given in ref. 6.
It was found that statisticd error in the experiment and
simulation strongly dominated over errors in the density
profile.

No other measurement of [BO in the plasma was
available. However, comparisons with the magnetic field
from equilibrium reconstructions from EFIT using externa
magnetics data were made. In this case, the crresponding
value of (BOfrom EFIT at thisradiusat 193mswas 0.24T.

Similar performance was found under other plasma
conditions and in the swept X-mode configuration on 4 days
of operation. A sample of results is shown in Table 1. In
genera, the diagnostic yielded values of (B[ in agreement
with EFIT reconstructed values within the aror bars, as can
be seen in the table. One condition in which this system



failed to perform adequately, however, were cases of plasmas
that had a particularly stegp edge dedron density gradients
relative to the turbulent radial correlation length. In these
cases, the refledometer channels gill showed high
correlation even at a frequency separation of 10 GHz. It was
therefore impossible to perform a Gauasdan fit to the
correlation envelope that had sufficiently small error to
derive a meaningful value of B[O This falure to
decorrelate posed less of a problem in H-mode discharges,
where dthough very stegp density gradients occur in the
edge, measured radial correlation lengths are typicdly
shorter.

An anticipated dfficulty with O-X refledometry in
NSTX was O~ X mode mnversion due to the relatively high
(and time varying) magnetic shea in the sphericd torus (ST)
geometry.” ™ However, O~ X conversion did not appea to
pose a serious problem in these measurements. In the
experiments, the launched pdarization was aligned to the
anticipated steady state magnetic field pitch angle & the
plasma elge, approximately +50° from horizontal, and no
further compensation was made. Although the pitch angle
varies grongly in the ST as the plasma current ramps up, it is
relatively constant during the current flattop pation of the
discharge, alowing O-X correlation measurements to be
made during these times.

There was, though, some evidence of single mode
correlation (e.g. X-X) in the data. For example, in Fig. 2 at
times 216220 ms, an increase in cross-correlation can be
seen. This could be due to the presence of some X-polarized
power in channel 2 which then correlated with channel 1 at
30 GHz. The presence of this X-mode power could be due to
misalignment of the launched pdarization at the plasma elge
(most likely) or O— X mode mnversion. On the assumption
that this was X-polarized power in channel 2, a second
Gaussian centered at f, = 30 GHz was subtraded. Cases
where these two correlation functions overlapped more
direaly would be more problematic, of course, but even if
the X-X correlation was not acounted for, the aror on a
derived (B[O would be small.

Maximum values of cross-correlation (e.g. the pek value
of about 0.7 at 200 ms in Fig. 2) fell in the range 0.6 — 0.8
under the range of plasma onditions iown in Table 1.
Since this refledometer is homodyne, it was not possble to
investigate @solute density fluctuation levels, and no cther
diagnostic of n/n was available. However, given the dose
agreement with (B[O from EFIT reconstructions, it appeas
that high fluctuation levels do not pose apradicd difficulty,
and that interpretation of data via the 1D model is sufficient.
On the other hand, CB(R)0 was dowly varying at these elge
radii, so error in determining the spatial position where O-X
crosscorrelation was maximum may have resulted in very
small error in OB, This issue will continue to be examined
as the database of experiments grows.

V. SUMMARY

Dua mode arrelation refledometry experiments conducted
in NSTX to determine B interna to the plasma have been

presented. The goal of these experiments was to establish
the feasibili ty of transferring this technique — which had been
proven previoudly in alinea device—to alow field toroidal
magnetic confinement fusion plasma. It was found that this
technique behaved as expeded from the proof of principle
experiments. By finding the frequency pair (fo,fx) where O-
X crosscorrelation maximized, (B nea cutoff could be
determined from a 1D numericd model, given values of Lp
at cutoff and the radial turbulent wavenumber spedral width,
Ak. The diagnostic gppeaed to function under a variety of
discharge conditions. However, in plasmas with very steep
eledron density gradients relative to the radia correlation
lenght, the O- and X-channels failed to decorrelate
significantly over the 10 GHz bandwidth making
determination of the frequency of ped cross-correlation
proneto large eror. In most cases gudied, though, magnetic
field strengths were found to be in agreement with B0
given by EFIT reonstructions, within the eror bars. Typicd
error in (B[ was + 6%, and was dominated by statisticd
error.

There ae two clea shortcomings of this experimental
system. First is the relatively large level of statisticd error
which leals to the +6% error (typicdly) in OIBO. Seoond is
the poar time resolution of these measurements (sweg time
> 50 ms), espedaly compared to the relatively short
dischargesin NSTX (300-800ms, typ.). Sweeping channel 2
faster would improve time resolution, but add statistica error
since there would be lesstime over which to crosscorrelate.
An obvious lution is to add more channels, ead of which
is swept over a smaller frequency range, thereby allowing
more time for correlation at a given frequency interval. An
optimzed pradicd system would trade off number of
channels, time resolution, and level of statisticd error.

From the data and observations on NSTX presented here,
we mnclude that a magnetic field strength diagnostic for low
field magnetic fusion plasmas based on dua mode
correlation refledometry is feasible. While the acaracy of
such a (B[0 measurement would likely be limited to a few
percent, it could till be arelatively low cost method for
determining field strength to this level in strongly
diamagnetic or paramagnetic plasmas where OBO is much
different from vacuum values. In addition, no neutral beam
isrequired (as for MSE), so it could be useful for RF heaed
plasmasif no dagnostic beam is avail able.
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