DEVELOPMENT OF HIGH POWER X-BAND SEMICONDUCTOR RF SWITCH FOR PULSE COMPRESSION SYSTEMS OF FUTURE LINEAR COLLIDERS

Fumihiko Tamura^* and Sami G. Tantawi^{**} Stanford Linear Accelerator Center, Stanford University 2575 Sand Hill Rd. Menlo Park, CA 94025, USA

* Also with Department of Physics, Faculty of Science, University of Tokyo, Tokyo, Japan. F. Tamura is a JSPS Research Fellow. ** Also with Electrical Communications and Electronics Department, Cairo University, Giza, Egypt.

Abstract

We describe development of semiconductor X-band high-power RF switches. The target applications are high-power RF pulse compression systems for future linear colliders. We describe the design methodology of the architecture of the whole switch systems. We present the scaling law that governs the relation between power handling capability and number of elements. We designed and built several active waveguide windows for the active element. The waveguide window is a silicon wafer with an array of four hundred PIN/NIP diodes covering the surface of the window. This waveguide window is located in an over-moded TE_{01} circular waveguide. The results of high power RF measurements of the active waveguide window are presented. The experiment is performed at power levels of a few megawatts at X-band.

1 INTRODUCTION

High power pulse compression systems are one of the important subsystems in the future linear colliders [1,2] to achieve high gradient acceleration in the main linac. Pulse compression systems have to have high efficiency and have to have reasonably compact size. Several schemes of pulse compression systems [3] have been developed. The active pulse compression systems, which use high power RF switches, are an alternative scheme [3]. Theoretical studies [4] and [5] have explored possibilities of active RF pulse compression systems. These studies showed that active pulse compression systems have higher efficiency and less system size than passive systems.

In this presentation, we describe the theory for designing high power RF switches, and show experimental results of PIN/NIP diode array active window, which is the key element of the active RF switches.

2 SYNTHESIS OF RF SWITCHES

The SPDT (Single Pole Double Throw) switches described here have two designs. Both designs consist of two 3dB hybrids and active modules. In the first design, the active module is array of SPST (Single Pole Single Throw) switches. In the second design, the module is composed of cascaded phase shifters (see Figure 1).

Array of SPST switches Cascaded Phase Shifter

2

4 3

1 Active module

Symmetrical Tee Junction Element

Active window (PIN diode )

1 2

3 Short

Figure 1: Synthesis of high power RF switches

Each cascaded element of the phase shifter and SPST switch have similar design. The active element consists of a symmetrical three-port tee-junction and an active waveguide window (PIN/NIP diode array window) placed in the third arm of the symmetrical tee-junction. The S-matrix of the elements is given by [6]

− − − − = ++ ++

++ ++

α ϕζ α ϕζ α ϕζ α ϕζ

ϕ ζ ϕ ζ ϕ ζ ϕ ζ 2 2

2 2

2 cos 2 sin 2 sin 2 cos j j j j

e e j e j e S where θ, ϕ, and α are parameters which characterizes the tee junction and ζ is the parameter which changes as a function of the change of status of the active windows.

2.1 SPST arrays

For SPST switches, ζ = ϕ and ζ = ϕ + π is the perfectreflector and match conditions, respectively. With this configuration, input is port 1 and output is port 3 and 4 (in Figure 1) for reverse and forward bias, respectively.

Normalized voltage at the active window is given by

(with similar procedure to that presented in [6]) 2 sin sin 2 cos cos cos 2 1 2^{21} 2 2 Ψ−Ψ + − = θ θ ϕ θ n V , where θ is a parameter which characterizes the tee junction, Ψ^1− Ψ^2 is reflection phase difference in the third arm between forward and reverse bias status, and n is the number of the tee junction elements.

2.2 Cascaded phase shifters

In case of the cascaded phase shifter, the tee junction is designed [6] so that total phase shift of the whole cascade structure is π/2 when each element is matched by itself (ζ = ϕ + π). When the PIN/NIP diode is forward biased, each element is not matched by itself but the whole cascaded structure is matched, and the total phase shift is 0 and π for upper and lower structure respectively. ζ is chosen for forward biased status as [3] ; cos cos sin arctan 2 1 − − = n n M n π π π ϕ ζ

4 4 + = m M , (total phase shift 0) 2 4 + = m M , (total phase shift π) where m is integer and n is number of cascaded elements. With this configuration, input is port 1 and output is port 2 and 4 (in Fig. 1) for reverse and forward bias, respectively. Normalized voltage at the active window is given by [6] 2 sin sin2 cos cos cos 2 1^{21} 2 2 Ψ−Ψ + − = θ θ ϕ θ V , where θ is parameter which characterizes the tee junction, and Ψ^1− Ψ^2 is the reflection phase difference in the third arm between forward and reverse bias status.

With large number of elements, Ψ^1− Ψ^2 become smaller, because the phase shift of each element is small. Then the maximum voltage V is reduced.

3 SCALING LAW

We derive the normalized maximum field at active

RF window in the third arm with some approximations.

It is given by AG nL R C E_s 1 0 max = , where C is a constant, π for cascaded phase shifter, and

2 for SPST switch array. This means that the case of the

SPST array is better than that of the cascaded phase shifter. In the above Equation, R^s is the surface resistivity, L^0 is the allowable loss, n is the total number of active elements, A is the cross sectional area of the waveguide, and G is a geometrical factor that dependes on the mode and the shape of the waveguide. This scaling law is quite general; it can be used for not only

PIN/NIP diode switches but also for laser-driven switches [4] or other kind of active switches.

Examples

We assume the maximum field limit on the silicon window to be 10MV/m. Also, we assume that the acceptable loss L^0 ≅2%. With forward bias, the surface resistivity obtained by a maximum carrier density of

10_{17} cm_{-3} is R^s = 4.9 ohm. Input power is assumed to be

100MW.

With TE^{10} mode active windows in WR90 rectangular waveguides, 24 and 58 elements are needed for SPST array and cascaded phase shifter, respectively. Also, with TE^{01} mode active windows in 1.3 inch diameter circular waveguides, 21 and 51 elements are needed for

SPST array and cascaded phase shifter, respectively.

The process of building the PIN/NIP diode array window is based on common IC processing.

5 LOW POWER MEASUREMENT

In the low power measurement, waveforms of reflected and transmitted signal from the active window are measured by peak power meter. Current through the active window is measured by current transformer.

We summarize low power measurement results here. • Total reflection is 2.41 dB and 0.6 dB, and total transmission is 4.16 dB and 22 dB, with reverse and forward bias, respectively.

• Loss dissipated into the active window is 3% and 11.5% with reverse and forward bias, respectively. Loss of TE_{01} mode converters and the support structure is 1.3%.

• Resultant carrier density in I region is ^{14}107× cm^{-3} under forward bias, assuming uniform carrier distribution.

• Switching speed of forward to reverse bias is 2μsec. Natural recovery time is more than 10μsec. Switching speed is so far limited by external circuit of reverse bias.

High power klystron

Dummy load

Active window

RF structure

TE_{01} Mode converter

detector1 (reflection ) detector2 (Input power ) detector3 (transmission )

SLED II pulse compression system

Figure 3: Schematic diagram of high power experiment

6 HIGH POWER EXPERIMENT

The schematic diagram of high power experiment is shown in Figure 3. With this setup, up to 15MW of power with 150 nsec pulsewidth at 11.424GHz is feed to the active window. The purpose of this experiment is following:

first, to investigate failure mode of the active window with increasing peak electric field, second, to demonstrate switching capabilities at the power levels of megawatt order.

Avalanche breakdown in the silicon did not occur at 12MW input power (with 3MW of transmitted power). However, arcing between aluminium lines on the diode structure occurred at about 5MW input power. Once arc occurred, the threshold of arcing went down because the surfaces of the aluminium lines were damaged by arcing. This arcing limited the high power operation.

With forward bias, reflected power is 1.7MW and transmitted power is 61kW at the 1.84MW of input power. Transmission modulation is 10dB.

7 DISCUSSIONS

We emphasize that high-purity silicon window can handle high power at the level of multi-megawatt. So far, arcing between aluminium lines limited high power operation. One possibility to prevent this arcing is to embed the aluminium lines inside a layer of Silicon. We also are investigating biasing circuit to improve switching speed.

REFERENCES

[1] �Zeroth-Order Design Report for the Next Linear Collider�, SLAC Report 474, 1996 [2] JLC Design Study Group: �JLC Design Study�, KEK-Report 97-1, 1997 [3] Sami G. Tantawi et al: �A Comparison between Pulse Compression Options for NLC�, Proc. of PAC99, New York, 1999 [4] Sami G. Tantawi et al: �Active Radio Frequency Compression using Switched Resonant Delay Lines�, Nuclear Instruments and Methods, Sec. A, Vol. 370, No 2-3, pp. 297, Feb, 1996 [5] Sami G. Tantawi et al: �Active High-Power RF Pulse Compression Using Optically Switched Resonant Delay Lines�, IEEE Trans. on Microwave Theory and Techniques, Vol. 45, No 8, pp. 1486, August, 1997 [6] Sami G. Tantawi and Mikhail I. Petelin: �The Design and Analysis and Multi-Megawatt Distributed Single Pole Double Throw (SPDT) Microwave Switches�, IEEE MTT-S Digest, p1153-1156, 1998 [7] Sami G. Tantawi et al: �The Generation of 400MW X-band Pulses at X-band Using Resonant Delay Lines�, IEEE Trans. on Microwave Theory and Techniques, Vol. 47, No. 12, pp. 2359-2546, December, 1999 [8] J. F. White: �Microwave Semiconductor Engineering�, pp. 376, Van Nostrand Reinhold Company, 1982 [9] K. E. Mortenson et al: �Microwave Silicon Windows for High-Power Broad-Band Switching Applications�, IEEE Journal of Solid-State Circuits, pp.413, SC-4, No.6, December, 1969

0� 0.2�

0.4�

0.6�

0.8� 1� 1.2�

1.4�

1.6�

1.8�

0� 0.2� 0.4� 0.6� 0.8� 1� 1.2� 1.4�

Power (MW)�

Time (micro second)�

reflection (no bias )� transmission (no bias )� reflection (130V bias )� transmission (130V bias )�

Figure 4: Waveform with zero and forward bias

Forward bias (130V)

No bias