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Real-time phase calibration of the ITER profile reflectometer is essential due to the long plasma duration and path length changes during a discharge. Progress has been recently made in addressing this issue by employing real-time phase calibration on the DIII-D profile reflectometer system. By installing a thin free-standing wire which is perpendicular to the incident microwave propagation and near the end of the waveguide transmission system, 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) can then be determined during each DIII-D plasma discharge, allowing the variation in the phase due to this movement to be accounted for. The round-trip reflectometer path length is observed to vary by ~3 mm (RMS value) during a DIII-D discharge. With the real-time correction, the measurement accuracy is improved. Since the wire retro-reflected signal is ~1/10 of the plasma signal, no effect is observed on the density profile measurement.  Importantly, the wire calibration signal is approximately independent of the V-band reflectometer launch polarization, removing the requirement to change the wire orientation due to changes in the reflectometer launch polarization.

		



I. Introduction
Broadband frequency-modulated reflectometry has been widely used for electron density profile measurement1 due to the capability of high spatial and temporal resolution. As a short-distance radar-like technique, the diagnostic measures the round-trip phase or time delay of the millimeter-wave probe beam after reflection from plasma cutoff layers. The density profile is directly inverted using the plasma phase shift (from plasma edge to cutoff layers) after taking account of the transmission line vacuum phase shift. Typically 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 development)2, the length variation of its very long transmission line (~39 m one way) due to waveguide and vessel thermal expansion will be significant. Therefore, real-time phase shift or phase calibration for the ITER profile reflectometry system is essential.  
To address this issue, a real-time phase shift calibration has been tested and developed on the profile reflectometer system in DIII-D. The schematic is illustrated in Fig.1. This diagnostic includes both Q-band (33-50 GHz) and V-band (49-75 GHz) reflectometers with both bands simultaneously operating in both X and O-mode polarization. It utilizes a long (~26 m double-pass) low power loss circular corrugated transmission line (shown as a yellow line in Fig.1(a)) for each frequency band, as well as a monostatic antenna configuration3. A thin free-standing wire (1 mm diameter) is installed at the end of the transmission line of the system, as indicated in the schematic in Fig. 1(b). The wire is perpendicular to the reflectometer microwave propagation direction. When the reflectometer probe beam is launched into the plasma, a small retro-reflected signal from the wire is simultaneously generated along with the main reflected signal from plasma cutoff layers.  The plasma phase shift can then be calibrated in real-time using the signal reflected from the wire. 
A small variation of round-trip reflectometer calibration path length is measured (RMS value of ~3 mm) during a typical DIII-D discharge. Using the real-time correction, the accuracy of electron density measurement is improved. Since the wire retro-reflected signal is ~1/10 smaller than the plasma signal, no effect is observed on the plasma density measurement.  Importantly, the wire calibration signal is approximately independent of the reflectometer launch polarization, allowing this polarization to be changed to match the plasma pitch angle.  
In this paper, we describe the real-time calibration technique and development. The profile analysis with this real-time correction will be also presented. The remainder of this article is structured as follows: The technique of real-time phase calibration using a free-standing wire is described in Sect. II. Investigation of the reflected power dependence on wire diameter and reflectometer polarization is presented in Sect. III. Electron density profile analysis using the real-time calibration is described in Sect. IV. Finally, conclusions and future work are presented in Sect. V.

II. The technique of real-time phase calibration by free-standing wire
As mentioned above, profile reflectometry is a radar-based technique4 that measures the line integral phase shifts  or equivalently, the time delay, =(d/df)/2, of electromagnetic radiation reflected from plasma cutoff layers as a function of the probing frequency f. The plasma phase shift in propagating from the plasma edge located at radius R0 to the cutoff layer at radius Rc(f) and back is determined by the formula, 
			(1)
where  is the refraction index for the plasma and polarization utilized. The plasma phases are obtained by the total phase shifts, which are measured by the reflectometer, subtracting the vacuum phase shift in the path length (mainly in the transmission line),
[image: ]       			(2)
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FIG. 1. Illustration of 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. 
profile is inverted using the determined plasma phase as a function of launch frequency1. However, the above equation clearly shows that any variation in the transmission line length during a plasma discharge will induce errors in calculated plasma phase shift and in the resulting density profile reconstruction. 
 To address this, a stainless steel thin wire with 1 mm diameter is installed in the front-end of corrugated waveguide, as displayed in Fig. 1(b) as the red line. Because it is perpendicular to the probe beam, the maximum reflection will be generated and coupled back into the transmission line. The wire is movable manually along the axis of the waveguide over a distance of 18 mm. This allows us to examine the sensitivity of the phase calibration. In Fig 2(a), the intermediate frequency of the V-band signal is shown in red during reflection from the wire as it is manually moved 18 mm over a 5-second period. In contrast, the black curve shows the spectrum for a static wire.  It is clearly seen that the signal beat frequency varies by approximately 150 kHz as the vacuum path length is varied by 18mm. Because the movement is by hand, the red curve is irregular in shape. Actually according to the reflectometer intermediate frequency change, the variation of the wire location, i.e. vacuum path length difference can be determined by,
					(3)       
, where fwire is the change of intermediate frequency of signal and df/dt is reflectometer RF frequency sweep rate. The responding result of R is illustrated in Fig 2(b). As can be seen the determined range variation of the wire is also ~18 mm, consistent with the actual moving range. This indicates the diagnostic calibration has excellent range resolution. 

[image: ]
FIG. 2. When calibration wire is moved manually 18 mm axially, the variations of V-band reflectometer signal intermediate frequency in (a) and the responding measured wire location in (b) are shown as red curves. In contrast the static wire frequency and distance are shown as black curves.
During a plasma discharge, the wire position is static and not moved. When the reflectometer microwave beam (e.g. V-band X-mode) is launched into a H-mode plasma, the primary received signal reflects from the steep edge density pedestal. In Fig. 3, a frequency spectrum of full band sweep data is presented. It shows the intermediate frequency peak of signal reflected from plasma cutoffs, 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 60 angle (as indicated in Fig. 1(b)), a tiny reflection can still be detected by the reflectometer mixer. Note that the frequency peaks from both the wire and window are well separated from plasma reflection intermediate frequency range (< 23 MHz for V-band X-mode data). Also, the amplitude of plasma signal is one order higher of magnitude larger than the signal scattered from the wire, so installing the wire doesn't interfere with plasma density measurement. In the next section, you will see the power of the scattered wire signal increases with wire diameter. The optimization of the wire diameter is necessary dependent on the frequency range.
It is interesting to see how large the path length changes during a plasma discharge. In Fig. 4, the beat frequency of the calibration wire signal (still using 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 variation during the plasma duration is significantly larger than the value after the discharge ends. This indicates that reflectometer path length changes during the plasma discharge. As displayed in Fig. 4(b), the path length change R can vary up to 5 mm, with ~3 mm RMS value during plasma discharge. It is also observed that there is a larger change in vacuum path length seen near the beginning of the plasma discharge. It is unlikely the path length change due to the thermal expansion of waveguide on DIII-D. Since the transmission line system contains two long corrugated waveguide pieces which are both mounted underneath the wood floor and there is a small gap in between, a small vibration along the axis of waveguide is likely generated during plasma discharge. Therefore, the vibration may cause the variation of vacuum path length. These results suggest that reflectometer path length possibly needs to be calibrated in real-time during discharge, in order to get a more precise profile measurement. We will present this result in Sect. IV.
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FIG. 3. Frequency spectrum of V-band X-mode data, reflected from the edge density pedestal regime 
[image: ]
FIG. 4. During a DIII-D discharge, the variation of the IF signals from the calibration wire is shown in (a), the vacuum path length variation in (b), The plasma current is shown in (c).

III. Reflected power dependence on wire diameter and incident electric-field orientation
In order to optimize this calibration tool, it is necessary to study the dependence of reflected power on the free-standing wire diameter and the wire angle to the incident probe beam polarization. In our first lab investigation for this, 70 GHz millimeter-wave radiation is coupled to an 8 ft. long overmoded corrugated guide followed by a miter bend and an additional ~8ft. section of corrugated waveguide. Wires of various diameters are alternately mounted perpendicular to the axis of the waveguide and the scattered power coupled back into the waveguide. The wire can also be rotated by 90 degrees so that it is either parallel or perpendicular to the coupled electric field. The return power is then measured as a function of wire diameter for both polarization orientations relative to the wire. The ratio of the powers () for the orthogonal polarizations is plotted as a function of the normalized wire diameter, i.e. d/, where d is wire diameter and  is the incident wavelength. The results are illustrated in Fig. 5. When d,  is much smaller than . As d/ increases,  increases dramatically until the normalized diameter d/≈ 0.2, where the ratio  is close to about unity. A similar dependence has been obtained for different millimeter-wave frequencies.  According to calculations of plane electromagnetic wave scattering from a free-standing wire5, the scattering cross sections for both orthogonal directions depend on ka, where a is the wire radius and k is wave number of incident wave. Only when , do both directional scattering cross sections become close to each other, i.e., .  The simulations explain why  becomes close to  as the value of ka (equivalent to d/) increases. Moreover, the scattering cross section becomes larger as the wire diameter is increased. This suggests that a sufficiently large diameter wire (~ d/ > 0.2) is necessary in order to obtain retro-reflected signals from the wire that are approximately independent of polarization. Otherwise, the wire signal would be too small to be detected. According to our Fig. 5 laboratory experimental result, it is found that only d/equivalent to ka ~ 0.6)  to achieve  already. This may be related to how effective the radiation scattered from the wire couples to the dominant HE11 mode required for efficient propagation along the corrugated waveguide
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FIG. 5. The free-standing wire reflection power ratio for the perpendicular polarization to the parallel polarization of incident 70 GHz millimeter-wave versus the normalized diameter wires (d/), by scanning different size of wires.
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 reflectometer system6. The results are shown in Fig. 6, where power in the V-band frequency range of 62-70 GHz is plotted 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 00 means wire is parallel to the incident beam polarization direction.  It is found that the reflected power is roughly constant and independent of the reflectometer polarization for the 1mm wire diameter (d/ ~0.22).  In contrast, the detected power was strongly dependent on polarization angle for the thinner wire with 0.5 mm diameter. 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  perpendicular to the incoming electric-field. This result is consistent with the laboratory data shown in Fig. 5 and implies that as wire diameter increases the retro-reflected power  becomes polarization dependent, i.e. the ratio of the retro-reflected power from perpendicular polarization (electric field perpendicular to the wire) to that from parallel polarization (electric field parallel to the wire) increases with wire diameter, until it reaches unity. Considering that the average RF frequency was 66 GHz (range 62-70 GHz) used in Figure 6, d/ for the 1 mm diameter and d/ for the 0.5 mm diameter. From Fig. 5, the ratio of  is about 1 for the normalized diameter ~0.22, while for d/one order lower than 1 mm case. Thus, the measurement results in both figures are consistent. Since the profile reflectometer is running in dual mode configuration1, phase calibrations are necessary for both orthogonal polarizations. Consequently, 1 mm diameter wire was optimum for V-band system and was utilized during plasma tests. Furthermore, the thicker wire calibration signal is approximately independent of the V-band reflectometer launch polarization so that the wire would not need to be re-oriented, as the launch polarization is varied in order to match the plasma pitch angle in DIII-D experiment. For the Q-band reflectometer, 1 mm diameter wire is also used currently. It is observed for a full band sweep. The relation of power ratio vs. the average d/ is also consistent with the lab investigation result in Fig. 5. Although this is not optimum yet, the reflected signal is still fine for the calibration.
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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 the 0 degree means wire is parallel to the incident microwave electric field orientation
IV. Example of density profile analysis with real-time phase calibration
Although the typical vacuum path length variation is quite small during DIII-D discharges, real-time phase calibration can still improve profile analysis. Data has been analyzed for an ELMing H-mode discharges with BT=2.1 T, Ip=1 MA and a line average ne = 4.8x1019 m-3. Phase data from both plasma cutoffs were obtained while simultaneously acquiring the calibration wire data. For V-band X-mode data over an RF range of 58-68 GHz, a time trace of the variation in intermediate frequency 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 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 edge pedestal density crash during the ELM. In addition to the spikes, it is clearly seen that there are slow periodic-like variations in both frequency time traces. In addition to it being seen in the V band X-mode plasma data, the 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. To eliminate these features from the plasma data the reflectometer data have to be calibrated as a function of time. 
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FIG. 7. For and ELMy H-mode discharge, a D signal in (a), while intermediate frequencies of V-band X-mode signal, reflected from the calibration wire in (b), and reflected from X-mode cutoffs in (c)

After this correction is applied to O and X-mode data for both the Q-band and V-band systems, the reflectometer density profiles are reconstructed as shown in Fig.8. As illustrated, the calibrated ne 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 real-time calibration is displayed as a blue line. In addition, the Thomson scattering density profile is also shown as green triangular symbols. There are no ELMs during this time window, so the ne profile shown in the figure is a typical H-mode ne profile. In the pedestal region, it can be seen that the wire calibrated profile is shifted ~ 3 mm compared to the standard phase 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 ne data. The wire calibration method will continue to be used on DIII-D as a backup calibration method.


V. Conclusions and future work
In this paper, we describe a new free-standing wire technique providing a real-time profile reflectometer phase calibration capability during plasma discharges on DIII-D. The thin wire is installed near the end of the reflectometer transmission line, perpendicular to the reflectometer microwave propagation direction. Any reflectometer vacuum path length deviation during discharge is then simultaneously monitored via the retro-reflected signal from the wire. So, the plasma phase shift can be calibrated in real-time. It is found that the wire reflection signal is roughly constant when the normalized diameter is bigger than 0.2. Thereby, The diameter of wire has been optimized in the V-band system so that the in situ calibration is approximately independent of the probe beam polarization without interfering with the density profile measurement. For the long path length (~26 m) on DIII-D, the length deviation during plasma discharge is measured to be about 3 mm. With the real-time phase calibration, the reflectometer measurement accuracy is improved. In the future, we plan to employ this real-time 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 environment more hazardous, it is expected that the path length changes could be much larger than on DIII-D. The technique described in this paper may be suitable for ITER and our demonstration on DIII-D may provide guidance for a similar approach on ITER.


[image: ]
FIG. 8.  Reflectometer density profiles with error-bars over the time period =4280±20 ms. The blue line indications reconstructions performed without real-time phase calibration. The real-time phase calibration profiles are shown in red. An expanded pedestal view is shown in (b)   
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