






Appendix I

Measuring conductivity of HTS materials at room temperature at mm-waves

Final report prepared by Boris Kapilevich and Boris Litvak

 January 24, 2005, FEL Lab, Ariel

Introduction: For efficient sintering of HTS materials we need to know their complex dielectric permittivity at the operating frequency. This knowledge will permit to estimate how much RF energy is required for sintering processing in practice. Since this processing will be carried out at very high temperature, about 1000-1100 deg./C, the RF characterization of HTS materials must be done also on the same temperature. In this report the results of measurements of conductivity are presented at the room and higher temperatures. To perform high temperature material characterization we have designed a special wave guiding system that will be able to work at the very high temperature up to 1100 deg/C. The part of guide placed inside the oven  is fabricated from the special high temperature alloy (INVAR) providing minimum thermal extension and its output is equipped by water cooling system. The detailed drawing of such guide with water cooling system has been already completed and faricated at Weizman Institute Workshop.

The measured method: When HTS materials are characterized at mm-wave range, the only available measured information is a reflection coefficient. So that, we need to develop the model linked a reflection coefficient with complex permittivity of HTS material. Consider the rectangular guide with characteristic impedance Zg terminated by HTS sample having the characteristic impedance  ZHTS  as shown in Fig.1[1]
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Fig.1 The model used in measurements of HTS conductivity.

The field reflection coefficient R can be calculated using well known expression:

R = (Z​HTS  - Zg) /(Z​HTS + Zg)                                                                     (1)
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The impedance of HTS material is [1]:
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Where ε is a real part of the relative dielectric constant, σ is a conductivity, ε0 = 8.85*10-12

Since the condition ε` << ε`` is valid for HTS material, the equation (2) is transformed into the following formula:
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Substituting (2) and (3) into (1) and doing standard algebraically transformation we can find a power reflection coefficient Rp
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Where Q =  ± (σ/ωε0)1/2

Both signs in Q need to be investigated before a reconstructing procedure. The Fig. 2 shows a behavior of Rp as a function of Q for Zg/120 π  =  1.482 that corresponds to the normalized impedance of standard WR10 rectangular waveguide at frequency 80 GHz.
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Fig.2 The plot of Rp as a function of Q

We can see that only positive sign of Q corresponds to value of Rp < 1 while the negative one demonstrates the opposite feature, Rp > 1. So that, we must employ the condition Q > 0 in reconstructing of conductivity from measured date using expression (4). 

Experimental setup: Most important element of the experimental setup is the section of short circuited waveguide which is able to operate at temperature 1000 Co  and more. We have designed a section of such guide from special alloy – INVAR having minimum thermal expansion. Since this alloy has low conductivity the gold-plating was done with thickness 3 um. Another designed component is the water-cooling system needed to save calibration conditions of the reflectometer at room temperature to avoid its damage at high temperatures. The general view of the cooling system connecting with INVAR guide is shown in Figure 3. INVAR W-band guide with cooling system connected with oven and HP-8757D reflectometer equipped   by  detector heads are depicted in Figure 4 and general view of experimental setup is shown in Figure 5.
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Fig.3 INVAR W-band guide with cooling system
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Fig.4 INVAR W-band guide with cooling system connected with oven and HP-8757D reflectometer equipped   by  detector heads.
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Fig.5  General view of experimental setup with HP-8757D Network Analyzer

Calibration procedure.  The testing of the INVAR guide section has been done in frequency range 75-110 GHz. It was installed into the oven as shown in Figure 6. The measured insertion loss is about 8-10dB. It is unacceptably high value for doing accurate measurements. Detailed investigation has revealed that the major factor leading to drastically increased loss is surface roughness of the guide itself as a result of manufacturing process limits . There are need to use special mechanical tools permitting to reach higher quality polishing of inner guide surfaces. Since we are not able to realize such a process immediately, the bronze guide with the same configuration was used in experiments. However, due to lower operating temperature range of bronze, we have reduced the measured temperature range, namely 20 ( 400Co. The bronze guide has demonstrated 3-4 times less losses in comparison with INVAR guide. As a result we were able to provide more accurate calibration of the initial state of the experimental setup. Figure 7 depicts the measured calibration curve at frequency 92.5 GHz. The variation of this parameter as a function of frequency is negligible. 
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Fig.6 The short-circuited W-band guide placed in oven for calibration purpose.
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Fig. 7 Calibration curve of bronze W-band guide

Measured results: There were three HTS samples specially treated for reflectivity measurements. The reflecting surfaces were polishing to avoid roughness effects. All measurements have been done using HP 8757D Network Analyzer into N2 atmosphere to prevent interaction samples with air humidity. 

Room temperature:  At first, the measurements have done at room temperature with minimum length of connecting waveguide. Typical reflectivity measurements (Return loss in dB) at 80 – 100 GHz are shown in Fig. 8-10. Due to multiple reflections caused by experimental set up imperfections there is a variation of measured reflectivity (see blue lines). After standard smoothing (red lines) the only long range variation is observed. It is caused by “classical” interference phenomenon. Impedances of rectangular guide was calculated  [2]:


Where a = 2.54mm and b = 1.27 mm are dimensions of rectangular waveguide,  λ – free space wavelength.        

Measured values of conductivity reconstructed from (4) for all tested samples are collected at the Table 1. 

Fig.8 Measured and smoothed reflectivity for the HTS sample PGP3.
Fig.9  Measured and smoothed reflectivity for the HTS sample PGP0

.
Fig.10 Measured and smoothed reflectivity for the HTS sample PGR5.

Table 1. The measured values of the conductivity of 3 tested samples

	Frequency

GHz
	         HTS – PGP3

   RL, dB             σ, S/m
	          HTS – PGP0

   RL, dB             σ, S/m
	          HTS – PGR5

    RL, dB             σ, S/m

	80
	- 1.15
	76.1
	-0.25
	1278
	-0.27
	1131

	90
	-0.67
	289.6
	-0.438
	642.2
	-0.33
	1088

	100
	-0.93
	199.2
	-0.6
	446.4
	-0.37
	1108


Approximately, we can state that at the center of measured range the following conductivity  

can be accepted as reference data: 

PGP3, σ = 290, S/m

PGP0, σ = 640, S/m

PGR5, σ = 1100, S/m

Higher temperature measurements have been done using the oven with the measured sample inside as shown in Figure 11. 

[image: image6.jpg]



Fig. 11 High temperature oven with measured sample inside.

Typical reflectivity measurements (Return loss in dB) at 80 – 100 GHz are shown in Figures. 12-14. Since we need to add rather long connecting line to deliver RF power toward the sample measured, the source of additional error is inevitable. As a result, the measured return loss at the room temperature is not the same like we obtain in the experiments with short connecting waveguide. However, general tendencies in temperature dependence of conductivity can be observed even so not perfect conditions for reflectivity measurement have been realized. 

Fig.12 Measured and smoothed reflectivity for the HTS sample PGR0

Red line – 20 Co, Blue line -200 Co ,Green line - 400 Co
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Fig.13 Measured and smoothed reflectivity for the HTS sample PGP3

Red line – 20 Co, Blue line -200 Co ,Green line - 400 Co

Fig.14 Measured and smoothed reflectivity for the HTS sample PGP5

Red line – 20 Co, Blue line -200 Co , Green line - 400 Co
Figures 12-14 show that variations of return loss with temperature lie within ±0.2dB. This value is closed to measurement error of HP 8757D. So that, a temperature dependences of conductivity materials investigated is negligible.

          Conclusion:

We have developed here a technique applicable for measurement of conductivity of the samples of HTS materials before sintering process. Since the sintering process is performed at very high temperature, the special measures must be undertaken for cooling waveguide and directional couplers with detectors used for reflectivity measurements. The modified configuration of the experimental has been already designed to meet that strong requirement. However, since the only measured parameter – reflectivity is available in principle, we plan to employ the above approach for characterization of HTS materials under high temperature condition of their sintering. So that the above results should be considered as a verification of the method developed. In the measured temperature range 20 – 400 Co change of conductivity for all measured HTS materials is negligible. 
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