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Introduction


The proposed Fermilab Proton Driver is an 8 GeV Superconducting H- injector linac [1]. It has two RF distribution systems: a 1300 MHz RF system for main linac and a 325 MHz RF system for front end linac. The front end linac consists of various RF structures: a radio frequency quadrupole (RFQ), copper cavities and 1, 2, and 3-spoke superconducting resonators. To be cost effective both 1300 MHz and 325 MHz systems adopt TESLA approach: using small number of klystrons to feed many accelerator cavities. The entire front end linac up to 110 MeV is powered by a single 3 MW klystron. RF power is carried by a single WR 2300 waveguide alongside the beam line and partially extracted by a waveguide-coax coupler at the location of each RF structure (see Figure 1).  IQ modulators are used to control phase and amplitude of the input power for each RF structure. 

Shown in Figure 2 is a schematic drawing of an integrated version of an IQ modulator consisting of a circulator, a stripline hybrid and two coaxial ferrite phase shifters. A more compact version would use stripline for all components and put them into the box to eliminate flange joints and save space. The theory and various types of these devices have been developed in RF industry for long time and each device is commercially available. But the integrated version is not commercially available especially for the specification of high peak power with full reflection for proton driver.  The time and cost for a commercial company to prototype the integrated version was a concern. So it was decided to do initial prototyping in house. The R&D plan was: (1) design and make individual circulator, hybrid, and phase shifters (2) power test them separately and modify design if needed and (3) integrate them together and power test again. This plan was changed later to purchase commercial hybrids and circulators. So the plan was stopped after completion of stage (1) and (2). This document is to report the design and power test results from these two stages.
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Figure 1:  Front end linac of Proton Driver
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Figure 2:  A Schematic of an IQ Modulator  
Hybrid


The hybrid is a quadrature branch line coupler made of stripline as shown in Figure 3. The decision to use branch line is because the center conductors of both hybrid and circulator can be made as one piece in the integrated version. The branch line is made of copper plate. The thickness of the plate is 0.125”. The space between the main branch line and ground planes is 0.5”. The width of the two branches is 1.655” and 2.465” respectively. There is a matching section at end of each arm for transition from suspended striplines to 1 5/8” coaxial line ports. The feature of this section is that it is simple (there is no tapered coax part) while still achieves good matching (return loss at each port is below -39 db).  Microwave design software HFSS was used for final design. The detail of the design can be found in mechanical drawing ME 442090 and related drawing package.  Shown in Figure 4, 5 and 6 are measured S parameters of this hybrid. These measurements show that the hybrid splits power equally (-3/ -3.2 db, including loss from type N to 1 5/8” commercial adaptor) between port # 2 and 3 (Figure 4)  with phase difference of 90 degree (Figure 5) while the isolation between input port (port #1) and output port (#4) is below -39 db (Figure 6).
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Figure 3:  Hybrid (open box without top ground plate)
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Figure 4:   Amplitude of signal at port # 2 and #3 of the hybrid
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Figure 5:  Phase difference of signal at port #2 and #3 of the hybrid 
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Figure 6: Isolation between port #1 and #4 of the hybrid

The high power test of this hybrid was carried out at APS (ANL) using its 352 MHz RF Test Stand in pulsed mode with 4 ms pulse width at repetition rate of 1 Hz. The APS 1.3 MW Klystron normally operates in CW mode. The pulsed RF power was generated by chopping the input rf drive signal using a PIN-diode rf switch [2]. Shown in Figure 7 is the test setup. Input power was extracted out of a WR2300 waveguide with a waveguide-coax coupler and fed into hybrid by a 1 5/8 heliax cable. There was a directional coupler on the WR 2300 to monitor input/reflected power to/from port # 1 of the hybrid. Each one of other three ports was connected with a 3 1/8” coaxial directional coupler to monitor power level or phase. These directional couplers were then connected to either water cooled 50 Ohm loads or phase shifters. A fiber optic arc detector was inserted into the hybrid box to monitor possible arcing inside the box. 

The power test was performed in two different conditions: (1) under matched condition: each of the three ports of the hybrid was terminated with a water cooled 6” coaxial 50 Ohm load, and (2) under reflected condition: port #2 was connected to a 1 5/8” coaxial ferrite phase shifter with shorted end, port #3 was connected to a 3 1/8 coax line with shorted end and port #4 (output port) was terminated with a 6” 50 Ohm load. Under both conditions, the rf power started at 10 kW then increased in 10 kW increments. The dwelling time at each power level was about 10 minutes. 

Under matched condition, the hybrid was tested up to input power level of 120 kW. No arcing was detected inside the hybrid box.  However, at this power level arcing occurred inside a connector of the heliax cable. After the connector was replaced, it was decided to re-start the test under reflected condition (to save time). Under the reflected condition, the phase of the phase shifter was set at several fixed values during the dwelling time at each power level. The corresponding magnitude and phase of power at output port were recorded. The test ended at input power level of 170 kW when arcing occurred in the phase shifter. This is in agreement with previous test results when only phase shifter was tested. In that test the arcing occurred at  80 - 90 kW power level. After this test, the hybrid box was opened and no sign of sparking or arcing was found.

[image: image7]
Figure 7: High power test setup of hybrid at APS (ANL)
Circulator 


The circulator is a Y-junction type circulator made of stripline and YIG disks as shown in Figure 8. The suspended stripeline and its transition to coax line are the same as those of hybrid. The space between ground plate and center conductor is 0.5”.  The width of the line is 1.30”. The diameter of the center circular piece is 4.42”. The two YIG disks are GG-55 (Gd, Al doped garnets) from Doman Company. An adjustable permanent magnet is temporarily used to generate exact magnetic field needed for circulation at325 MHz. It was planed that after the exact value of the magnetic field is determined, the bulky adjustable magnet will be replaced with much smaller fixed permanent magnets. The detail of the design can be found in mechanical drawing MD 441749 and related drawing package.  Shown in Figure 9, 10 and 11 are measured S parameters of this circulator after high power test. These measurements show that circulator is well matched (return loss from input port is -28 db, Figure 9), the insertion loss is -0.195 db (including the loss from Type N to 1 5/8” coax adapter, Figure 10) and isolation is -30 db (Figure 11). 
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Figure 8: Circulator (open box without top ground plate) 
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Figure 9: Reflection from input port of the circultor
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Figure 10: Insertion loss of the circulator 
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Figure 11: Isolation of the circulator

The circulator was tested at Fermilab HINS test facility using its 325 MHz RF 5 MW Klystron in pulsed mode with 3 ms pulse width at repetition rate of  0.2 Hz (one pulse per 5 seconds). Shown in Figure 12 is the test setup. Input power was extracted out of a WR2300 waveguide with a waveguide-coax coupler (left side of Figure 12) and fed into the circulator. There was a directional coupler on the WR 2300 to monitor input/reflected power to/from input port of the circulator. The second port was connected with a 3 1/8” coaxial directional coupler to monitor transmitted power which goes to a water cooled load. The third port was connected with a water cooled load. The power test is only conducted under the matched condition since at that time it was already decided and purchased circulators from commercial companies and those circulators were tested under similar conditions. 

During the test, the rf power started at 10 kW then increased in 10 kW increments. The dwelling time at each power level was about 10 minutes. The final power level (transmitted power) was 149 kW and dwelling time was 45 minutes. The ratio of reflected power to transmitted power (-26 db) did not change during all power levels which indicated that there was no frequency shift due to heating. After test, the circulator box was opened and no sign of sparking or arcing was found.
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Figure 12: High power test setup of circulator at HINS test facility
Conclusion

A hybrid and circulator were designed and manufactured at Fermilb. The hybrid was tested under full reflection condition up to 170 kW input power without failure. The circulator was tested under matched condition up to 149 kW without failure. These high power tests show that,  except for RFQ, the power handling capability of these devices exceed operating power level required for all other RF structures in front linac of the proposed proton driver.
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