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A free-standing wire scattering technique to monitor calibration
variations of the DIII-D density profile reflectometer

L. Zeng,? G. Wang, T. L. Rhodes, W. A. Peebles, C. Sung, and R. Lantsov
Physics and Astronomy Department, University of California, Los Angeles, California 90095, USA

(Presented 17 April 2018; received 17 April 2018; accepted 11 June 2018;
published online 31 August 2018)

Real-time phase calibration of the ITER profile reflectometer is essential due to the long plasma dura-
tion and expected waveguide path length changes during a discharge. Progress has been recently made
in addressing this issue by employing a phase calibration technique on DIII-D that monitors calibration
variations that occur during each plasma discharge. By installing a thin free-standing metallic wire
(1 mm diameter) near the end of the overmoded waveguide transmission system (oriented perpendicu-
lar to the waveguide axis), the round-trip phase shift from the wire is detected simultaneously with the
plasma phase shifts. Variations in the reflectometer round trip path length (~26 m) are then calculated
after each DIII-D plasma discharge, allowing the calibration phase to be accurately monitored and
updated. The round-trip reflectometer path length is observed to vary by ~3 mm (root mean square
value) during a typical DIII-D discharge. Using the variations in calibration phase, the density profile
measurement accuracy can be improved. Since the wire retro-reflected power is ~0.01 of the plasma
signal, minimal effect is observed on the reflected signal from the plasma. Importantly, through a
suitable choice in wire diameter, the calibration signal can be made approximately independent of
the V-band reflectometer launch polarization. This is particularly important on DIII-D since orthog-
onal X- and O-mode polarized beams are coupled into the same transmission waveguide and launch
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I. INTRODUCTION

Broadband frequency-modulated reflectometry has been
widely used for electron density profile measurement! due to
the demonstrated high spatial and temporal resolution. As a
short-distance radar-like technique, the diagnostic measures
the round-trip phase or time delay of a millimeter-wave probe
beam after reflection from plasma cutoff layers. The density
profile is inverted using the plasma phase shift (from plasma
edge to cutoff layers) after taking account of the transmission
line phase shift to a known location close to the plasma. Typi-
cally the transmission line phase shift calibration is performed
before or after the plasma discharge. However, for the ITER
low field side reflectometry system (LFSR, is under devel-
opment),” the length variation of its very long transmission
line (~39 m one way) due to waveguide and vessel thermal
expansion will be significant during the long duration plasma
discharges. Therefore, phase calibration that monitors these
path length changes will be essential for the ITER profile
reflectometry system.

To address this issue, recent progress has been made by
employing a new phase calibration technique on the DIII-D
profile reflectometer system, with a capability of monitoring
the path length variations during every discharge. The diag-
nostic system schematic is illustrated in Fig. 1. This diagnostic
includes both Q-band (33-50 GHz) and V-band (49-75 GHz)
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reflectometers with both bands simultaneously operating in
both X- and O-mode polarizations. Each full frequency band
is swept in 25 us. The system utilizes two waveguides, one for
Q-band and the other for V-band, and a monostatic antenna
configuration.’ The waveguides are low loss, overmoded
(89 mm inside diameter), circular corrugated transmission
lines [shown as a yellow line in Fig. 1(a)]. A thin free-standing
wire (I mm diameter) is installed near the end of the trans-
mission line of the system, as indicated in the schematic
in Fig. 1(b). The wire is perpendicular to the reflectome-
ter microwave propagation direction. When the reflectometer
probe beam is launched into the plasma, a small retro-reflected
signal scattered from the wire is simultaneously generated
along with the main reflected signal from plasma cutoff lay-
ers. The plasma phase shift can then be calibrated using
the measured path length variations from the wire reflected
signal.

On DIII-D, a small variation (root mean square value,
RMS, ~3 mm) of the round-trip reflectometer calibration path
length is measured during a typical DIII-D discharge. Using
this in situ correction, the accuracy of the electron density
profile measurement is shown to be improved. Since the wire
retro-reflected signal is much smaller (power ratio ~0.01) than
the plasma signal, no significant effect is observed on the
reflected signal from the plasma. Moreover, the wire calibra-
tion signal is approximately independent of the reflectometer
launch polarization. This is particularly important on DIII-D
since orthogonal X- and O-mode polarized beams are coupled
into the same transmission waveguide and launch antenna. It
also allows the launch polarizations to be modified without
changing the wire orientation.

Published by AIP Publishing.
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FIG. 1. Tllustration of the profile reflectometer system in DIII-D (a). The
front-end shaded area in (a) is expanded in (b), where the installed calibration
thin wire is shown as a red line.

In this paper, we describe the free-standing wire cal-
ibration technique and development. Density profile anal-
ysis using the time-dependent phase correction will also
be presented. The article is structured as follows: the free-
standing wire scattering technique to monitor phase cali-
bration variation is described in Sec. II. Investigation of
the reflected power dependence on the wire diameter and
reflectometer polarization is presented in Sec. III. Elec-
tron density profile analysis using the new phase calibration
is described in Sec. IV. Finally, future work is presented
in Sec. V.

Il. FREE-STANDING WIRE SCATTERING TECHNIQUE
TO MONITOR PHASE CALIBRATION VARIATION

As mentioned above, profile reflectometry is aradar-based
technique* that measures the line integral phase shifts ¢ in
propagating from the plasma edge (located at radius Ry) to the
cutoff layer [at radius R.(f)] and back, which is determined by
the formula

daf [P

¢plasma =
Rc

H(R.f)dR, ey

where u is the refraction index for the plasma and polariza-
tion utilized. The plasma phases are obtained from the total
phase shifts and subtracting the phase shift in the non-plasma
path length (mainly in the transmission line). This non-plasma
phase shift is obtained by measuring the phase from the source
to aknown reference location. Because the dispersion of reflec-
tometer mm-waves is negligible when propagating along the
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large aperture corrugated transmission waveguide,® the path
length phase shift is approximately equal to the vacuum phase,
ie.,

4nfR

¢pathlen gth ~ T s (2)

where R is the path length and f is the reflectometer fre-
quency. The electron density profile is inverted using the
determined plasma phase as a function of reflectometer
launch frequency.! However, the above equation clearly shows
that any variation in the transmission line length during a
plasma discharge will induce errors in the calculated plasma
phase shift and therefore in the resulting density profile
reconstruction.

To address this, a 1 mm diameter metallic wire is installed
at the end of the overmoded corrugated transmission waveg-
uide, shown in Fig. 1(b) as the red line. Because it is perpendic-
ular to the propagating probe beam, a maximum reflection will
be generated and coupled back into the transmission line. The
wire was designed to be rigidly translatable along the waveg-
uide over a distance of 18 mm. This allows us to examine the
sensitivity of the phase calibration. In Fig. 2, the variation in
the path length of the V-band system is shown in red during
reflection from the wire as it is manually moved 18 mm back
and forth multiple times during a 5-s period. The manual move-
ment results in a somewhat irregular, oscillating set of curves.
By contrast, the black curve shows the variation in path length
for a stationary wire. The RMS distance variation for the static
wire is ~1 mm, and this sets the noise floor of the measurement.
Moving the wire produced a variation in the reflectometer mea-
sured phase that was then converted to distance via Eq. (2)
(Fig. 2). The reflectometer measured wire movement distance
variation is seen to be consistent with the lab measurement
of 18 mm.

During a plasma discharge, the wire position is static and
not moved. In Fig. 3, a frequency spectrum of full band sweep
data from an H-mode plasma is presented. It shows the inter-
mediate frequency peak of the signal reflected from the plasma
cutoff, the frequency generated by scattering from the wire,
and a small frequency peak reflected from the port window.
Although the port window is tilted at a 6° angle [as indicated in
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FIG. 2. When the calibration wire is moved manually back and forth a
range of 18 mm axially for more than 17 circles in 5 s period, the varia-
tions of the measured wire location are shown as the red curve. By con-
trast, the RMS distance variation ~1 mm for the static wire is shown as
the black curve. The green dashed line indicates 18 mm of the moving
distance.
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FIG. 3. Frequency spectrum of V-band X-mode data, i.e., the electric field
magnitude vs. IF frequency, where the X-mode cutoff signal is reflected from
the edge density pedestal regime.

Fig. 1(b)], a tiny reflection can still be detected by the reflec-
tometer mixer. It is difficult to use the window reflection to
perform phase calibration since the location of the window
is poorly defined due to the window thickness (~1 cm). By
contrast, the location of the reflection from the wire is very
accurate (1 mm). Note that the frequency peaks from both the
wire and window are well separated from the plasma reflection
intermediate frequency range (<23 MHz for V-band X-mode
data). The amplitude of the plasma signal (E-field) is one
order of magnitude higher than the signal scattered from the
wire.

It is interesting to see how much the vacuum path length
changes during a plasma discharge, as determined by the scat-
tered signal from the wire. In Fig. 4, the beat frequency of the
calibration wire signal (still using the V-band X-mode), the
calculated vacuum path length change, and the DIII-D plasma
current are displayed. As can be seen, the beat frequency vari-
ation during the plasma duration is significantly larger than the
value obtained after the discharge ends, indicating a non-zero
path length change during the plasma discharge. As displayed
in Fig. 4(a), the path length change OR can vary up to ~5 mm,
with ~3 mm RMS value during the discharge. It is also
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FIG. 4. During a DIII-D discharge, the variation of the IF signals from the
calibration wire and the responding vacuum path length variation in (a). The
plasma current is shown in (b).
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observed that there is a larger change in the vacuum path length
seen near the beginning of the plasma discharge. Since the
transmission line system contains two long corrugated waveg-
uide sections separated by a small gap (to filter high order
modes), a small vibration along the axis of the waveguide is
likely generated during plasma discharge. This is the likely
source of the observed variation. These results suggest that
the reflectometer path length phase needs to be calibrated as a
function of time during plasma discharges in order to obtain
a more precise profile measurement. We will return to this
subject in Sec. I'V.

lil. REFLECTED POWER DEPENDENCE ON THE WIRE
DIAMETER AND INCIDENT E-FIELD ORIENTATION

Next are presented the results regarding the dependence
of reflected power on the wire diameter and the wire angle
with respect to the probe beam polarization. The experimen-
tal setup consisted of 70 GHz radiation coupled to a long
overmoded corrugated waveguide. Wires of various diame-
ters were mounted at the end of and perpendicular to the axis
of the waveguide, thus reflecting some power back into the
waveguide and into a detector. The wire is rotatable by 90°
so as to be either parallel or perpendicular to the coupled
electric field. By scanning the size of wire, the return elec-
tric field was then measured as a function of the normalized
wire diameter, i.e. d/\, where d is the wire diameter and A is the
incident wavelength, for both polarization orientations relative
to the wire in Fig. 5(a). It is found that the return electric field
increases for both orthogonal polarizations as the wire diame-
ter is increased. The ratio of the reflected powers (p, /p) for
the orthogonal polarizations is also plotted as a function of d/A
inFig. 5(b). Whend/A <« 1, p, is much smaller than p|;. As d/A
increases, p, /p| increases dramatically until the normalized
diameter d/A ~ 0.2, where the ratio p, /p) is close to unity. A
similar dependence has been obtained for different mm-wave
frequencies. According to calculations of plane electromag-
netic wave scattering from a free-standing wire,° the scattering
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FIG. 5. By scanning different size of wires, the free-standing wire reflected
e-field for the perpendicular and parallel polarizations of incident 70 GHz
millimeter-wave versus the normalized diameter wires (d/A) in (a), and the
orthogonal power ratio vs. d/A in (b).
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cross sections for both orthogonal directions depend on ka,
where a is the wire radius and & is the wave number of the
incident wave. Only when ka > 1, are both directional scatter-
ing cross sections predicted to come close to each other, i.e.,
o, = o|. The theory explains why p, becomes close to p|| as
the value of ka (equivalent to d/A) increases. Moreover, the
scattering cross section becomes larger as the wire diameter is
increased. This suggests that a sufficiently large diameter wire
(~d/h > 0.2) is necessary in order to obtain retro-reflected
signals from the wire that are approximately independent of
polarization. According to our Fig. 5(b) laboratory experimen-
tal result, it is found that only when d/A > 0.2 (equivalent to
ka ~ 0.6), o, = o is achieved.

The retro-reflected power dependence of the incident
millimeter-wave electric-field orientation relative to the wire
direction was also investigated directly using the profile reflec-
tometer system. The results are shown in Fig. 6, where the
power in the V-band frequency range of 62-70 GHz is plot-
ted as a function of the angle of wire to the incident beam
polarization (i.e., electric-field orientation) for both 0.5 mm
(black symbols) and 1 mm (red symbols) wire diameters. The
angle scan is achieved by either rotating the incident beam
polarization or by rotating the wire direction. Note that the
angle of 0° means the wire is parallel to the incident beam
polarization direction. It is found that the reflected power is
roughly constant and independent of the reflectometer polar-
ization for the 1 mm wire diameter (d/A ~ 0.22). By contrast,
the detected power was strongly dependent on the polariza-
tion angle for the thinner 0.5 mm diameter wire. Note that
the maximum reflected power was obtained when the 0.5 mm
diameter wire was parallel to the incident beam polarization,
while the power was almost close to zero when the wire was
oriented perpendicularly to the incoming electric-field. This
result is consistent with the laboratory data shown in Fig. 5
and implies that as the wire diameter increases the retro-
reflected power becomes polarization dependent, i.e., the ratio

® 1.0 mm diameter ® 0.5 mm diameter
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FIG. 6. Free-standing wire reflection power as a function of the angle
of the wire direction to the incident beam polarization for 0.5 mm (as
black squares) and 1 mm (as red circles) diameter wires. Note that
0° means the wire is parallel to the incident microwave electric field
orientation.
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of the retro-reflected power from perpendicular polarization to
that from parallel polarization increases with the wire diam-
eter, until it reaches unity. Considering that the average RF
frequency was 66 GHz (range 62—70 GHz), used in Fig. 6,
d/h = 0.22 for the 1 mm diameter and d/A =~ 0.11 for the 0.5 mm
diameter. From Fig. 5(b), the ratio of p, /p) is about 1 for the
normalized diameter ~0.22, while p, /p) ~ 0.1 for d/A = 0.11,
one order lower than the 1 mm case. Thus, the measure-
ment results in both figures are consistent. Since the profile
reflectometer is running in a dual mode configuration,! phase
calibrations are necessary for both orthogonal polarizations.
The polarization independence of the calibration wire is impor-
tant for the DIII-D reflectometer. Nevertheless, the wire size
should not be too large; the wire reflected signal should be kept
significantly smaller than the plasma signal. Consequently, the
1-mm diameter (d/A =~ 0.2) wire was determined optimum for
the V-band system and was utilized during plasma tests. Fur-
thermore, the wire would not require re-orientation, when the
launch polarization is varied to match the plasma pitch angle
in a given DIII-D experiment.

IV. EXAMPLE OF n. PROFILE ANALYSIS USING
THE FREE-STANDING WIRE PHASE CALIBRATION

Although the typical vacuum path length variation is
quite small during DIII-D discharges, we found that a time-
dependent phase calibration can still improve the profile anal-
ysis. Data were analyzed for ELMy H-mode discharges with
Br=2.1T,I,=1MA, and a line average ne =4.8 x 10! m=3.
Phase data from both plasma X-mode and O-mode cutoffs
were obtained while simultaneously acquiring the calibra-
tion wire data. For V-band X-mode data over an RF range of
58-68 GHz, a time trace of the variation in intermediate fre-
quency from the calibration wire is illustrated by the black
curve in Fig. 7(b), while the intermediate frequency from
the plasma edge pedestal is displayed in Fig. 7(c). The red

D, (au) (a) 4
4
2
00 L o B e e e e o B B e
L IF Frequency (MHz) 1
30.21 Calibration Wire
30+ —
l v o 1y by by by s by 1y .(b.)
e e e e e
L IF Frequency (MHz) X-mode cutoffs
20
19.81 .
l s v by b by by by by .(c.)
3600 4000 4400 4300
Time (ms)

FIG. 7. For the ELMy H-mode discharge, a D, signal in (a), while intermedi-
ate frequencies of V-band X-mode signals, reflected from the calibration wire
in (b), and reflected from X-mode cutoffs in (c).
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frequency curve shows many spikes which correspond to type-
I edge localized mode (ELM) events revealed by a D, signal
shown in Fig. 7(a). The frequency downward spikes mean that
the time delay almost instantly increases during each ELM,
indicating the edge pedestal density crash during an ELM (note
that for the IF frequency setup used here, decreasing frequency
corresponds to increasing time delay). In addition to the spikes,
it is clearly seen that there are slow periodic-like variations in
both frequency time traces. These slow variations are also seen
in other reflectometer data, i.e., V-band O-mode, and Q-band
X-mode and O-mode data. Since these variations also appear
in the calibration wire signal, they are apparently not caused
by the plasma itself but are due to small vacuum path length
changes during the plasma discharge. Due to this, the reflec-
tometer data would benefit from the wire calibration technique
describe here.

After the wire calibration correction is applied (to both
O-mode and X-mode Q-band and V-band data), the reflec-
tometer density profiles are reconstructed, as shown in Fig. 8.
There the calibrated n, profile averaged from 4260 to 4300 ms
is plotted in red with the standard deviation shown as error-bars
(cross symbols). The density profile without time-dependent
calibration is displayed as a blue line. For reference, the
Thomson scattering density profile is shown as green triangu-
lar symbols. There are no ELMs during this time window, so
the n. profile shown in the figure is between ELM H-mode n,
profiles. In the pedestal region, it can be seen that the wire cali-
brated profile is shifted ~3 mm compared to the standard phase

6’* T T T T T _E

= T3 (a) ;
s F Ty
4_ n_ (10" m?) _
st
0 ) Separatrix location > £x&

1.9 ) : 22 2.

Separatrix location

22 2.25 23
Major Radius (m)

FIG. 8. Reflectometer density profiles with error-bars over the time period
= 4280 + 20 ms. The blue line indications are reconstructions per-
formed with the conventional phase calibration. The time-dependent phase
calibration profiles are shown in red. An expanded pedestal view is
shown in (b).
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calibrated one [see Fig. 8(b)]. Although the position correction
is quite small and the two measurements (Thomson scattering
and reflectometer) remain in agreement within error bars, the
wire calibrated reflectometer profile in the pedestal region is
in slightly better agreement with the Thomson scattering n,
data. The wire calibration method will continue to be used on
DIII-D as a calibration method.

V. FUTURE WORK

In the future, we plan to employ this free-standing
wire calibration into profile analysis routinely. For the ITER
low field side profile reflectometer where the path length
and plasma durations are much longer and the environ-
ment is more hazardous, it is expected that the path length
changes will be much larger than on DIII-D. The results
presented here indicate that the free-standing wire technique
may be useful for reflectometer profile measurements on
other machines as well as being a suitable research path for
ITER.
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