SLAC—PUB—95—6676July 1995D e s i g n o f a 5 0 M W K l y s t r o n a t X - B a n d *E. Wright, R. Callin, G. Caryotakis, K. Eppley, K. Fant, R. Fowkes,S. Gold, R. Koontz, R. Miller, C. Pearson, R. Phillips,S. Tantawi, and A. VlieksStanford Linear Accelerator CenterStanford University, Stanford, California, 94309ABSTRACTThis paper describes the design and performance of the XL-1 klystron; a50˚MW klystron operating at a frequency of 11.424 GHz for use on the SLACNext Linear Collider Test Accelerator (NLCTA). Problems associated with thedevelopment of high-power rf sources for NLC, and the solutions implemented onXL-1 are discussed.Presented at the Pulsed RF Sources for Linear Colliders Conference Montauk, New York, October 2—7, 1994

*Work Supported by Department of Energy contract DE—AC03—76SF00515.

2BackgroundEight Next Linear Collider (NLC) prototype klystrons, known as the XC-seriesklystrons, have been evaluated at SLAC with a goal of 100-MW rf output power atX-band. It was found during the development of the 100˚MW tubes that conventionalsingle-gap output circuits and pillbox rf windows could not operate at the required powerlevels. A number of extended interaction output circuits of different varieties, and TE11pillbox rf windows, were evaluated to determine their energy handling capabilities˚[1].The best performance results were 87˚MW at 300˚ns rf pulse width for the XC-6klystron˚[2] and 50˚MW at 1.0˚ms rf pulse width for the XC-5 klystron, both limited byklystron saturation. The highest power transmitted through TE11 pillbox windows was25˚MW, at 1˚ms rf pulse width through the two windows of the XC-5 klystron. Higherlevels were obtained with windows tested in our X-band Traveling-Wave Resonator(TWR) [8].About half way through the project, the confined-flow focusing system waschanged. Klystrons XC-1 through 3 had an electron gun with an electrostatic Beam AreaCompression (BAC) of 36:1, and subsequent adiabatic compression to a final BAC of200:1. Klystrons XC-4 through 8 had a fully electrostatic electron gun [3] with a BACof˚110:1. Several of these later tubes experienced gun arcs in areas of high electrodegradients, causing irrecoverable damage to the electrodes.

3The rf power requirement for the NLCTAklystron is initially 50˚MW, with an eventualupgrade to 100-MW tubes. Because of this,effort has shifted to the development of areliable 50˚MW klystron for the NLCTA. Thispaper describes the successful test of the firsttube in this series, the XL-1 klystron.The XL-Series KlystronDesign parameters for the XL-seriesklystron can be seen in Table˚1. The beamvoltage of 440 kV is unchanged from its XC-series predecessor, while the beam currenthas been reduced to 350˚A. These parameters require a minimum rf efficiency of 32.5%to meet the 50˚MW goal, a value thought readily achievable based on past experience.The reduced microperveance of the gun allows lower surface gradients on the gunelectrodes, diminishing the likelihood of fatally damaging arcs.The first klystron of this series, XL-1, can be seen in Figure˚1. This klystron isconfined-flow focused with a magnetic field of 0.47˚T. The XL-1 is a seven-cavityklystron, with a waveguide-coupled input cavity, two gain cavities, three inductivelytuned nose-cone removed pillbox cavities [5], and a three-cell standing-wave disk-loadedoutput circuit. The output power is symmetrically extracted from the third cell of theTABLE 1.˚ XL-1 klystron specificationBeam voltage440˚kVBeam current350˚AMicroperveance1.2˚A/V3/2Frequency11.424˚GHzPeak output power50˚MWAverage power13.5˚kWGain>50˚dBrf pulse width1.5˚msPRF180˚ppsTunnel diameter9.525˚mmBeam diameter6.35˚mmCathode diameter71.4˚mmBeam area compression125:1Cathode loading (max)12.8˚A/cm2Magnetic field0.47˚T˚

4output curcuit, and˚combined in the vacuumenvelope using a tee, with a single waveguideexiting the magnet. An ultra-compact TE10-to-TE01 mode transducer [6,7] is used toconvert the˚output to circular waveguide. Theceramic rf window is a half-wave disk of99.5% purity alumina.Three design improvements are respons-ible for the successful operation of the XL-1klystron. These improvements were to theelectron gun, the klystron buncher and output circuit, and the TE10-to-TE01 modetransducer and window assembly.The Electron GunThe electron gun optics weredesigned using EGUN [4]. The gunhas an electro-static BAC of 125:1. A magnetic field was designed with the aid ofPOISSON [9] to˚match the electron trajectories in the gun region. The lowermicroperveance of the XL-series klystrons allowed for greater electrode spacing andhence lower surface fields on the electrodes. The electrode gradients of the X-band tubesbuilt to date are compared in Table˚2. The˚electrode gradients for the XL-series klystronFIGURE 1. XL-1 Klystron after bake.TABLE 2.˚ X-band klystron gun electrode gradients.KlystronAnode gradient(kV/cm)Focus gradient(kV/cm)XC-1 through 3255308XC-4 through 8420300XL-series250230

5are the lowest for X-band development tubes, with a substantial reduction in the focuselectrode gradient.During the development of the XC-series of klystrons, none of the first threeklystrons were returned to the tube shop for repair because of gun voltage breakdowndamage. However, two of the subsequent five klystrons with fully electrostatic electronguns were damaged. This damage was due to the high anode gradient.Klystron Buncher and Output CircuitThe first three cavities are of the standard re-entrant pillbox variety, which providethe bulk of the klystron gain. Unlike the 5045 and other S-band klystrons that havea˚single inductively tuned penultimate cavity, the XL-series uses three such cavities. Onsome of the previous XC-series klystrons, erosion of the penultimate cavity due torf˚breakdown was observed. Using three cavities allows equal distribution of the˚gradient,while maintaining a high rf current. All six of these cavities are one-time tunable.The output circuit is a three-cell, standing-wave, disk-loaded waveguide. The thirdcell in the output circuit is symmetrically coupled to two reduced-height waveguides.A˚quarter-wave step transformer is used to match the two reduced-height waveguideoutputs to a full height WR90 waveguide. Two mitered bends per output are used inconjunction with a waveguide tee to combine the power in the vacuum envelope. Thisallows a single waveguide to exit the magnet. Circuits tested in the XC-series klystronsthat were asymmetrically coupled showed signs of asymmetric beam erosion in the drift

6tunnel downstream of the cavity. Thisphenomenon has not been observed intubes with symmetric coupling.The number of resonant modes in any given passband is equal to the number ofcavities in the structure in disk-loaded output circuits. The likelihood increases ofmonotron oscillation caused by negative beam loading in one or more of the unwantedmodes as these circuits become longer. The XL-1 klystron has negative beam loading inboth the 0 and p/2 mode. Minimum beam-loaded Q�s (Qb) are —1500 at approximately80˚kV and —850 at approximately 170 kV. Either of these modes can oscillate if theexternal Q (Qe) for that particular mode is larger than the minimum Qb. The XC-8klystron (which had a four-cell, standing-wave, disk-loaded waveguide) oscillated in the0˚mode because the Qe for that mode was larger than Qb˚[1]. The XL-1 klystron has Qe�ssufficiently low in both modes to prevent oscillation.Klystron interaction was simulated and optimized using the 2.5˚D particle-in-cellcode CONDOR [10]. Results of the simulation can be seen in Table 3. The saturated gainfor both of these cases is approximately 61˚dB. Figures˚2 and 3 show the klystron outputpower and cavity surface field gradients, respectively, as a function of drive power.TE10 to TE01 Mode Transducer and Window AssemblyThe use of the compact-mode transducer serves two purposes. First, it allows us touse a TE01 window, to be described in a paper not yet published. The˚NLCTA will use anTABLE 3.˚ Best simulation results for XL-1.Beam voltage (kV)Beam current(A)Saturated outputpower (MW)4403507041533262.5

7over-moded TE01 circular wave-guide for transport of rf to the ac-celerator. The use of the compact-mode transducer on the klystrontransforms the rf power into thismode as soon as possible, mini-mizing wall losses.Second, it is desirable tohave the rf window orientedvertically, which offers someprotection against foreign matteraccumulating on window surfac-es and contributing to break-down. The mode transducer andwindow assembly accomplishes this.Because of the unreliability of conventional TE11 circular pillbox windows for thisapplication, a different approach was necessary. The primary factor limiting the power-handling capability of this window is that, for the TE11 circular mode, the electric fieldlines terminate at the window braze joint. Most of the activity associated with windowbreakdown originates at the location along the metalization where the electric field is