SLAC-PUB-7146April 1996THE X-BAND KLYSTRON PROGRAM AT SLAC*George CaryotakisStanford Linear Accelerator CenterStanford University, Stanford, CA 94309The X-band rf source development at SLAC can be considered a qualified success. Atotal of twelve klystrons were built. Six of them are still in use. The latest tube, XL4, produced75 MW at an efficiency of 47.5 percent.However, victory cannot be declared as yet, since an NLC prototype has not been fullydesigned and the decision between permanent magnet focusing and a super-conducting solenoidhas not been formally made. Daryl Sprehn�s paper will present the status of the PPM klystrondevelopment. We believe that a PPM X-band source will work, at 50 as well as at 75 megawatts.But we are prepared to adapt the XL4 design to a super-conducting solenoid, should the P P M klystron develop unexpected problems.The SLAC program is now in its seventh year. It may well be the longest and mostexpensive microwave tube development on record, in a government laboratory or in industry.Direct and related costs for the total effort are probably of the order of $10 million. In thesecircumstances it is perhaps not surprising that it has been possible to produce a klystron withthe performance of XL4. At the same time, it must be said that the necessary leap in technologyfrom the SLAC 60-megawatt S-band production klystrons to a klystron of comparableperformance at four times the frequency could not be realized without some very carefulexperimentation and, most importantly, without the infrastructure for tube fabrication and testingavailable at SLAC.The design of an 11.4 GHz 50-100 MW klystron, with microsecond pulses and a pulserepetition frequency of 180 Hz presents a number of technical challenges which will be listedbelow, not necessarily in order of importance, since each one is a potential show-stopper.• Beam optics: The energy density in the klystron beam is of the order of 200 joules per cm2.Any measurable beam interception in a drift tube is likely to result in intra-pulse melting ofthe drift tube wall. Near-perfect electron gun optics are necessary. This is particularlydifficult because of the high beam convergence made necessary by cathode emissionlimitations. • Output windows: The rf power density at 11.4 GHz results in serious stresses at thesurface of the window ceramic. All windows must be coated to guard against multipactor, aswell as surface charge accumulation. The ceramic-to-metal seal at the window periphery is

* Work supported by the Department of Energy, contract DE-AC03-765F00515. Presented at the 3rd InternationalWorkshop on RF Pulsed Power Sources for Linear Colliders (RF96), Hayama, Japan, April 8-12, 1996.

particularly vulnerable to high rf currents. Window arcs have been observed to originate atthe ceramic-metal interface, spreading from there to the window surface.• Output circuit design: The output circuit rf gradient is the ultimate and most seriouslimitation to the power capability of the klystron. The voltage developed at the outputcircuit slows down the beam and extracts energy from it. To avoid a high gradient thatvoltage must be distributed over a long gap, longer than is possible with a single cavity,without producing negative beam loading and hence regeneration. Special, extendedinteraction circuits must be developed.• Vacuum: A very hard vacuum is an absolute must. A poor vacuum can affect cathodeactivity and electron optics. It will also trigger breakdown at the gun, the window and theoutput circuit. Furthermore the tube must not only be properly baked and pumped beforepinch-off; it must also incorporate adequate electronic pumping with good conductancepaths to protect against potential sources of gas as a result of operation, particularly at thegun.Figure 1

The 11.4 GHz program at SLAC began with the XC family of klystrons, which weredesigned for 100 megawatts. They were intended to be powered by the modulators used in S-band (5045) klystron production. The X-band klystron perveance was selected to be the same asthat of the 5045 (1.8x10-6) in order to reach the desired power within the 440 kV rating of themodulator.The very first tube in this series, XC1, produced 65 MW, 6 years before XL4.Unfortunately, it did so only as long as the pulse length was below 50 ns. At 200 ns, only 30MW could be sustained without the single-gap output cavity breaking down. At 1 ms, only 20MW could be extracted. This can be seen in Fig. 1 where the performance of four of the eight XCklystrons is shown, in terms of the power attained at different pulsewidths. XC2 and XC3employed coupled cavity output circuits, operating in the 2p-mode. Both have survived, afternumerous rebuilds, to repair window failures. XC2 now provides power for the SLAC resonantring and is operated below 30 MW. It can be run as high as 70 MW for short pulses.Because of the lack of circular symmetry in their output circuits, the XC2 and XC3klystrons could not be simulated by the CONDOR 2 1/2 D program. Design was largelyempirical. These tubes would fail in test with broken windows, partly because of the poorvacuum resulting from breakdown in the output circuit and because of the inherent weaknesses inthe early TE11 windows. To test the capability of the output circuit itself, and to detect thesource of rf breakdown, the XC4 klystron was built without windows, but with a built-inwaterload instead. This klystron was pushed to about 60 MW and failed because the outputcircuit destroyed itself. The gradient in the coupling iris was obviously excessive, but this wasnot known in detail from simulation.At this point, during 1992, several lessons had been learned about the design of multi-megawatt klystrons at X-band. First, a window solution was needed. It was clear that evenmultiple windows with thin alumina disks were not practical. Secondly, beam optics were notsatisfactory and were suspected of contributing to gassing problems at the output. The electronbeam used in the early XC klystrons employed a combination of electrostatic followed bymagnetic compression in order to achieve the convergence necessary. A new gun with a higherelectrostatic convergence was needed, although the cathode current density would remainrelatively high. Third, the XC2-XC4 output circuits were not symmetrical and, in addition to thesimulation difficulty, there were concerns that dipole modes in the output cavities might besteering the beam. Reentrant cavities were not attractive, although one more klystron, XC6 wasconstructed with two, uncoupled, reentrant cavities in tandem, each with two output waveguidesand windows. XC6 produced almost 90 MW at 200 ns, but developed gun arcing problems atlonger pulses and was set aside. Gun arcing was the fourth concern. Entirely too much time wasnecessary to age the guns of these tubes. If that process was rushed, irretrievable damageoccurred.CONDOR predictions and the actual experiments suggested that efficiency for the XCseries of klystrons, at their perveance of 1.8x10-6, was going to fall well short of the NLCrequirements. Furthermore, the cathode loading of these tubes (over 20 A/cm2 at the cathodeedge) raised questions about tube life in service. It was decided to lower the perveance to1.2x10-6 and to initially design for a 50-MW output at 440 kV. A 600 kV modulator would beconstructed for second-generation 100-MW klystrons. It was also decided to use disc-loaded structures as output circuits, in either a standing-wave or a traveling-wave mode. While a newlower perveance gun was being designed and fabricated, three more XC klystrons would be builtwith traveling and standing-wave output circuits.The standing-wave, �extended-interaction�, output circuit had been extensively studied inindustry for klystron applications requiring either very high output circuit efficiency (very highCW power), or a wide bandwidth. In this case neither requirement is present. The principalobjective is to gradually slow down the klystron beam, while keeping rf gradients to a minimum.It was decided to operate in the p mode. The design method is to construct a cavity consisting oftwo or more sections and resonating at 11.4 GHz at its p-mode. The R/Q is measured and anappropriate Qex is selected by requiring the product to approximately equal the beam impedance.Simulation through CONDOR is made possible by approximating waveguide coupling by a radialtransmission line.In the case of the traveling wave output circuit, the design method devised is morecomplex, requiring a tapering of the structure in both phase velocity and impedance and a finalmatch to the waveguide output involving interactive simulation and cold test. The traveling-wavecircuits require more sections and employ thinner irises than the standing-wave types. Unlikecoupled-cavity circuits, they are too short to have significant gain and do not require loss, or areverse termination, for stability. In some respects they are designed as more heavily loadedstanding-wave circuits, but are better matched to the beam velocity and current. They operate inthe p/2-mode.The two traveling-wave klystrons, XC5 and XC7, were the first tubes to produce 50MW at a full microsecond. Their efficiency, however, was only of the order of 30%. Both tubeswere lost with broken windows and both also suffered from gun arcs. The klystron with thestanding-wave output circuit, XC8, was unstable. Its output circuit was a four-cell, p-modestructure which, in its 0-mode had a negative beam loading impedance. This fact was ascertainedat test and through subsequent calculations. Subsequent standing-wave output circuit klystrons,(as well as XL4) incorporated a stainless steel resonant cavity in series with the outputwaveguide, located in such a way as to load the 0-mode at the output circuit.The XC series was terminated with XC8, but the lessons learned and much of the disc-loaded waveguide output circuit designs were directly applicable to the XL klystrons, whichoperate at the same voltage (440 kV) and employ the same size drift tube (approximately 1 cm).The XL series consists of four klystrons, the first two with 3-section standing-waveoutputs and the rest with four-section traveling-wave circuits. We lost almost all of the XCklystrons, at least once, because of broken windows, and there was an urgent need for a newapproach. In the NLC, TE01 circular waveguides are necessary for both power transmission andpulse compression, and a compact (flower-petal) transition was developed for use between thecircular and rectangular waveguides. It was decided to use that transition as part of the klystronvacuum envelope and provide the tube with a circular waveguide output, with a circular TE01window built into it, in a �pillbox� configuration. All XL klystrons were equipped withwindows of this type. There have been no window failures in klystrons since that change wasmade, even though a single window was used in all four tubes.There was one gun ceramic failure in XL1. An autopsy of the tube showed that there hadbeen a deposit on the ceramic of what appeared to be cathode or heater material. We concluded that, with the vacion pumps attached to the collector end of the tube, and relying on either theinput waveguide or the drift tubes to access the window enclosure, there was not adequatepumping speed at the gun to clear gasses from the heater or from the minor discharges that arepart of gun processing. When XL1 was repaired, a vacion pump was attached directly on the guntubulation at the high voltage end of the gun ceramic. It requires a small floating supply, but thisis a minor complication, considering that gun processing is speeded up considerably in thismanner. All XL klystrons have this feature and there have been no more gun failures.L a y e r 1

Tech Pub 2:Illustrations 7400-7700:7600P2:7699:7699A04.psTech Pub 2:Illustrations 7400-7700:7600P2:7699:7699A03.psTech Pub 2:Illustrations 7400-7700:7600P2:7699:7699A05.ps

Figure 4(Top to Bottom XL1, XL4 & X5011)CONDOR simulations of XL1 and XL3 are shown in Fig. 4. The y-axis is exaggerated toprovide more detail, but it is clear that the traveling-wave structure has thinner irises which taperinto a larger entrance to the collector, a useful, if fortuitous feature, which allows more room forthe beam to expand as it exits the interaction space. All XL klystrons, except XL4, suffered frominstabilities at higher frequencies. These had several sources, but originated in the bunchingcavity section of the tubes. To avoid them, the klystron beam had to be compressed, or the pulse width had to be narrowed, or the drive power had to be reduced. As a result, stableoperation of the tube did not always coincide with the best efficiency. XL1, XL2 and XL3 allproduced the specified 50 MW at 1.5 ms. XL1 attained a power of 58 MW, and XL3 67 MW,both for short pulses of the order of 200 ns. Fig. 4 also shows the simulation for the PPMklystron which will be tested at SLAC next month. There is a marked difference in the shape ofthe bunches which, in the case of the solenoid-focused tubes remain more or less the same indiameter. For the PPM case they expand and stay fairly close to the circuit. This maycontribute to higher efficiency, but it may also lead to interception. Fortunately, the circuitexpands also, as its impedance is tapered.A number of design changes were introduced with the last of the XL klystrons:• The spacing and tuning of the bunching cavities was adjusted, by CONDORsimulation for increased rf current at the output.• The output circuit was scaled to a slightly lower frequency. XL3 was not properlycentered.• The last three drift tubes, ahead of the output circuit, were fabricated from stainlesssteel to dampen oscillations which were determined to be located there.• The output circuit was coated with the same titanium nitride compound used atSLAC to coat windows. The objective was to discourage rf breakdown. Pulsebreakup was present in the first three XL klystrons. This required considerableprocessing time, before a tube could be operated at rated peak power and pulse length.The results of these changes were impressive. The klystron produced with the specified50 megawatts at only 400 kV, with 1.5 ms pulses at 120 pps. It was then operated at 75 MWand 1.1 ms, which is the current klystron specification for the 1 TeV NLC. This required 450kV. Oscilloscope traces are shown in Fig. 5.In addition to the improved efficiency and the absence of oscillations, XL4 is essentiallyfree from the pulse-shortening or missing pulse phenomena in all previous XC and XL klystrons.The tube was not run beyond 450 kV partly because of modulator limitations, but principallybecause the waterloads employed were beginning to exhibit what appeared to be cavitationboiling behind the ceramic window. Other load arrangements involving a 3-db water-cooledattenuator produced gas at higher peak or average power. We cannot stress enough the need foran excellent vacuum at these pulse energy levels, both in the klystron as well as in the waveguidesand transitions leading to the load. These klystrons are pinched-off the pumps in the 10-10 Torrscale. We try to operate them at the 10-8 scale or better while they are being processed, on bothsides of the output window.XL4 is the last experimental tube in the solenoid-focused XL series. We plan to producefive more identical klystrons for use in SLAC and KEK experiments. X5011 will be the PPMklystron described in the next talk. However, research at SLAC will continue on two importantgeneral topics.

The first topic is a better understanding of rf breakdown and a search for practicalmethods of suppressing it. This work has been in progress for a year or more and is acontinuation of earlier work at SLAC by Wang and Loew1.

processing oxide cathodes will make possible several times the current densities currentlyavailable in electron guns, at much lower temperature and hence with good life and low cost.ACKNOWLEDGEMENTThe development of these klystrons was a team effort on the part of many people for thelast seven years. They are listed below:Rich CallinKen EppleyKaren FantRandy FowkesSaul GoldRon KoontzTerry LeeErling LienGeorge MiramChris PearsonBob PhillipsSami TantawiArnie VlieksEd WrightThis work was funded by Department of Energy contract DE-AC03-765F00515, and throughcontinued support from KEK, Japan.