SLAC—PUB—6557June 1994(A)InvitedNew Developments in RF Power Sources*Roger H. MillerStanford Linear Accelerator Center, Stanford University, Stanford, CA 94309AbstractThe most challenging rf source requirements for high-energy accelerators presently being studied or designedcome from the various electron-positron linear colliderstudies. All of these studies except TESLA (thesuperconducting entry in the field) have specified rfsources with much higher peak powers than any existingtubes at comparable high frequencies. While circularmachines do not, in general, require high peak power, thevery high luminosity electron-positron rings presently beingdesigned as B factories require prodigious total average rfpower. In this age of energy conservation, this puts a highpriority on high efficiency for the rf sources. Bothmodulating anodes and depressed collectors are beinginvestigated in the quest for high efficiency at varyingoutput powers.1. INTRODUCTIONRecent progress in radiofrequency (rf) sources has beenevolutionary rather than revolutionary. There have been nogreat breakthroughs, no startling innovations, nothingcomparable to the discovery of strong focusing or theinvention of the FEL, that I am aware of. Rather, theperiod has been characterized by steady progress towardshigher powers and higher efficiencies. UHF klystrons [1] forstorage rings are now available with 1.3 MW of CW powerand an efficiency of 65%. Almost all tubes are designedwith the aid of two- and/or three-dimensional PIC codessuch as MASK, CONDOR, MAGIC, or FCI [2]. Klystronsintended for linear colliders have achieved peak powers onthe order of 100 MW for short pulses at X-band and above.

*Work supported by Department of Energy contract DE—AC03—76SF00515.A microwave FEL has achieved 1 gigawatt at a 1 cmwavelength (quite a number of years ago). There is a lot ofresearch activity at a number of universities andlaboratories on various �gyro� devices producing tens ofmegawatts at a number of frequencies above 10 GHz. Iwon’t discuss a number of ultra high power, high frequencyrf sources like the vircator and the phase-locked relativisticmagnetrons, which I view as having little or no chance ofgenerating what I would call �accelerator grade rf.� I hopethis will not offend anyone.2. CW AND LONG PULSE AMPLIFIERSThe 1.3 MW, 352 MHz, CW klystron for LEP II is aPhilips YK 1353. It has a modulating anode to control thecurrent and was designed to avoid beam interception allthe way from 2 amps to a maximum design current of 22.4amps. It has greater than 60% efficiency when operatingbetween .7 MW and 1.3 MW. One of the interestingfeatures of this tube, I think, is that it was designed byPhilips HFPT in Hamburg, Germany, using the gun designprogram EGUN written by Herrmannsfeldt at SLAC, andusing the code FCI written by Shintake at KEK to studythe interaction between the beam and the microwavefields.For CW and high duty factor high power amplifiersefficiency is an important issue. Most UHF klystrons usedin storage rings achieve efficiencies between 60 and 70%when run at saturation. When it is necessary to run themwell into the linear region in order to have some headroomfor a feedback system, the efficiency suffers. This is thecase for the klystrons for the high luminosity B factoriespresently being designed. One possible way to regain someof the lost efficiency in this operating mode is thedepressed collector: an old idea whose time may be

2coming soon. Depressed collectors got a bad reputationbecause they had a nasty tendency to cause oscillations byreflecting electrons back toward the input cavities.However, with modern PIC code running on fast computersit is possible to design multistage depressed collectorswhich return no electrons over a wide range of operatingconditions. E. W. McCune of Varian Associates hasreported on one of these designs [3].3. LINEAR COLLIDERSThe greatest motivator for R&D in rf power sources inrecent years has been the linear collider. This is because ofthe very challenging requirements for the rf for linearcolliders and the expectation that the rf system willdominate the cost of TeV linear colliders. As is wellknown, for a given gradient, the stored energy in theaccelerator structure scales as the rf wavelength l squared.This has pushed a number of the designs toward higherfrequency: 10 to 30 GHz. This is not the only reasonablestrategy. If one scales the length of the collider as l1/2, thepeak rf power required becomes independent of l, and thestored energy varies as l3/2, as does the filling time. If thebeam pulse train length is also scaled as l3/2, and theaverage beam current during the beam pulse train isindependent of wavelength, then the rf to beam efficiencyis independent of wavelength. To keep the average powerconstant, one would like to scale the pulse repetition rateas l—3/2, but repetition rates below 50 or 100 pps, make ithard to correct for seismic motion (unless the pulse is solong that the correction can be done within the pulse, as inthe case of TESLA’s 1 msec pulse). The result is that theparameter sets for collider studies with lower frequency rftend to have higher beam power, which allows larger beamspots at the collision point, and eases tolerances in thefinal focus and emittance.This is certainly not intended to cover the verycomplicated subject of linear collider scaling, but rather topoint out that reasonable rf system parameters can bechosen for linear colliders operating over a wide range offrequencies. Indeed, there are major linear collider studiesat frequencies all the way from 1.3 GHz (TESLA, thesuperconducting entry) to 30 GHz (CLIC, the two beamcollider proposal at CERN). The AC power requirementsfor these proposed colliders span just slightly more than afactor of 2.A second very basic choice which must be made aboutthe rf system is whether to use discrete rf sources, eachpowering a few meters of accelerator, or to build a TwoBeam Accelerator in which a high-current bunchedrelativistic rf drive beam travels parallel to the maincollider beam. The advantage of the discrete sources isthat they make possible a drive system which iscompletely modular and which can be meaningfully testedby testing a few modules. While the Two-Beam-Accelerator may have modular components, for examplethe power extraction structures and the reaccelerationmodules, the drive beam dynamics are not modular, butrather cumulative. It is a long extrapolation from a fewmeters to about 10 kilometers.At 3 GHz and below the choice is easy: klystronsadequate for the presently contemplated next step afterSLC look quite straight forward. An R&D klystron for SLCproduced 150 MW at 2856 MHz [4], the peak powerrequired for the proposed DESY S-band linear collider, inthe mid 1980s. Their pulse length was only 1 msec, but it isa small extrapolation to the 150 MW, 2.8 msec pulserequired for the DESY proposal. The standard SLC klystronruns well at 100 MW for 1 msec pulses. On the other hand,the rf source requirements for the linear collider proposalsabove 10 GHz are daunting.Of the six major linear collider design studies (VLEPPin Russia; CLIC at CERN; TESLA, the SuperconductingLinear Collider; NLC at SLAC, JLC in Japan, and theDESY S-Band Collider), five have selected klystrons asthe rf source. The single exception, CLIC, is a two beamaccelerator in which the rf drive system may reasonably bedescribed as an ultra-relativistic klystron with travelingwave output structures. One might attribute this dominanceby the klystron to the natural conservatism of theestablished large accelerator laboratories conducting thesedesign studies. While conservatism may play a role, Iwould suggest that the choice of klystrons is reasonable forthe next generation linear collider. Klystrons can have anumber of desirable characteristics: 1) High gain(commonly on the order of 60 dB; the VLEPP design goalis 80 dB); 2) High efficiency is possible; 3) Good isolationbetween the input and the output; 4) Good stability whichgives clean rf output, relatively free from parasiticoscillations�what we might term �accelerator grade rf;�5) Relatively simple beam dynamics; 6) pretty goodaxisymmetry, so that 2-D simulations are fairly accurate.The principal disadvantage of klystrons for high frequency,ultra high power applications is their susceptibility todamage from beam interception and high voltage arcs.For linear collider applications, it appears that singlepulse heating is a more serious problem than averagepower. The energy in the beam in a single pulse is enoughto melt copper. In this situation it is the current density, notthe power density, in the beam which causes the problem.Since the stopping distance of the electrons varies roughlylinearly with beam voltage, the energy deposited and thevolume in which it is deposited both vary linearly withbeam voltage, so the temperature rise is roughlyindependent of voltage. In this situation there are threestrategies for avoiding beam damage: 1) Design with lowperveance, k = I/V3/2�this helps because low perveanceklystrons achieve higher efficiencies, and because forconstant efficiency the current varies as k2/5; 2) Designthe gun and beam focusing carefully to avoid beaminterception (this is easier with low perveance) except inthe collector where the beam is defocused; 3) Installspecial beam halo collimators which have a high meltingpoint and high specific heat per unit mass�beryllium isgood except for its toxicity. The first strategy helps avoid

3beam interception damage but exacerbates two otherproblems, gun arcs and high power rf arcing in the outputstructure.The peak voltage across the output circuit of a klystronas seen by a synchronous particle must be roughly equal tothe DC beam voltage. Thus, the low perveance (i.e. lowcurrent, high voltage) strategy exacerbates the problem ofrf arcs in the output circuit. The obvious solution is to useextended interaction output circuits�either traveling waveor standing wave multiple cell structures. Of course with ncells there are n modes (a continuum of modes in thetraveling wave case) in any passband, any of which mayproduce an oscillation, so the stability picture becomesmore complicated.3.1 Sheet Beam KlystronsAnything that reduces the space charge forces on thebeam and the space charge potential depression canimprove efficiency. Making the beam a thin sheet, eitherflat or annular, can make a big difference. Sheet beamklystrons can achieve �anomalously high� efficiencieswith high total perveance and power. When the width w ofthe beam is much greater than its thickness t, it isappropriate to think of the �perveance per square� ofdimension t. The sheet beam geometry permits a high totalcurrent with greatly reduced space charge forces andcurrent density. The price one must pay for this is that TEmodes down to very low frequencies propagate readily inthe drift tube and may cause instabilities unless carefulremedies such as lossy or broadband reactive filters areused. A design study by Duly Research [5] indicates that, ifthe stability problem is solved, a 200 MW X-band sheetbeam klystron suitable for NLC stage II can be built with avoltage of 300 or 400 kV with current densities which willnot melt copper. The study concludes that for constant wthe as l, rather than as l2 as in round beam tubes.3.2 X-Band Klystron DevelopmentIn the course of the X-band klystron development atSLAC we have observed melting clearly caused by beaminterception, cavity damage from rf breakdown, meltedcopper from undetermined cause, rf window failure,catastrophic gun arcs which damaged the guns so that highvoltage processing could not regain full voltage operation,and a dipole mode instability. But, while the progress hasnot been monotonic, we have learned from each failureand moved in the direction of better, more stable, longerpulse operation. Klystron XL-1 (X for X-band, L for 50MW) has achieved stable 50 MW operation with a 1.5msec pulse at 60 pps. We are very close to a having asatisfactory klystron for our test accelerator. The TestAccelerator tubes will have performance suitable for theStage I operation of NLC, but will have copperelectromagnet focusing, which would significantly increasethe power consumption of NLC. Our klystron departmenthopes to then develop a periodic permanent magnet (PPM)version of this tube. XL-1 has a 3-cell, p-mode, disk-loaded, standing wave output structure. A 4-cell, p/2-mode,traveling wave output has also been designed and will betested soon. The simulation predicts an efficiency of 54%for the traveling wave version. We do not see a clearadvantage for either the standing wave or the travelingwave. The choice of which type of output to use in the longrun will depend on performance testing includingefficiency, stability, resistance to damage from beaminterception, and rf arcs. We are now convinced that asingle gap output is not viable for these tubes and areputting all our effort into extended interaction outputstructures. It would also work to have several independentsingle gap resonant output cavities with the outputscombined externally. Indeed, klystron XC-6 produced atotal of 80 MW for 800 ns from two independent resonantoutput cavities, arguably the best performance from any ofSLAC developmental klystrons. However, unless we runinto problems with both the traveling wave and thestanding wave extended interaction structures, we do notintend to build any more tubes with multiple independentoutput cavities.The final planned improvement is to add an interceptinggrid so that the klystron becomes its own switch tube in a�hard tube� modulator. This will significantly improve thecost and efficiency of the overall system, since themodulator becomes just a DC power supply. The price onepays for this is that the klystron gun must hold off the fullDC Voltage. The gridded gun will have a coated oxidecathode, rather than a dispenser cathode. Guns withintercepting grids and dispenser cathodes are plagued withdark current because of the higher operating temperatureand greater rate of emitter evaporation from the surfacecharacteristic of dispenser cathodes.At KEK, the klystron XB72-k has achieved 80 MW fora short pulse (50 nsec). This tube has a single non-reentrant output cavity. By eliminating the nose cones onthe cavity they have reduced the peak electric field on thesurface substantially. They hope by this technique to avoidthe need for an extended interaction output structure. Isuspect they will find that the output cavity will arc whenoperating with a long pulse. The design pulse length is 600nsec.The klystron for VLEPP is the most ambitious of thethree X-band klystrons. It is a grid controlled, PPM focusedklystron designed to run at 1 MV and 300 amps, 150 MWwith a 700 nsec pulse length. It has a 14 cell travelingwave output structure, and is designed to have 80 dB (!!)gain. While such high gain is commonly believed toguarantee instabilities caused by retrograde orbits, Balakinargues convincingly that the PPM focusing will stronglydefocus the electrons accelerated back toward the input,because they are always considerably lower in energy. Theperformance is strongly limited by dipole modeinstabilities (called Beam Break Up in accelerators) whichlimits the current to less than half the design current andlimits the power to about 60 MW at full design pulselength. The high gain does increase the length of the tube

4and number of gain cavities, and thus exacerbates theproblem of the dipole modes. The approach on this tubehas been to build it with all the desired features�grid,PPM focusing, 80 dB gain�right from the start, and thentry to solve the problems that occur. The approach beingtaken at SLAC now is to design the minimal tube�diodegun, electromagnetic solenoid, 50 MW output power�andthen add one upgrade after each version works well. Thereis no way of knowing which approach will get to the finalproduct faster and cheaper. The triode gun for the VLEPPklystron has a non-intercepting grid with 37 round aperturesaligned with the orbits of 37 microbeams from 37 oxidemicrocathodes on the surface of a single metal substrate.The high voltage insulator is segmented into ten pieceswith nine intermediate electrodes, in order to withstand 1MV DC. In order to avoid grid emission, the grid is amassive (6 mm thick) copper structure that improvesconduction cooling.3.3 WindowsWindows are one of the major problem areas fordiscrete sources. With thousands of discrete rf sources on alinear collider it is essential that it be possible topreprocess the sources to full performance, and to replacethem without interrupting operation. This implies that thesources are built with rf output windows or bakeablevalves. At both SLAC and KEK a number of windowfailures have hampered progress toward higher power andlonger pulses. A number of clever ideas have surfaced tohelp solve the window problem, several of which are oldideas. The most common window design for high-powershort-pulse klystrons of the type used on electron linacs isa round ceramic window in a pillbox-shaped section ofwaveguide. The propagating mode in the short section ofround guide is the TE11, but because the section of roundguide is short, there are also a number of evanescentmodes which raise the peak fields at the window. Thisdesign also has longitudinal electric fields at the surface ofthe ceramic, which can cause multipactor between theceramic and the step to rectangular guide, or single surfacemultipactor on the ceramic.The first improvement which a number of groups havetaken is to replace the step transition from rectangular toround waveguide with a long taper. The VLEPP group hasproposed adding the waveguide equivalent to thequarterwave plate to convert the linearly polarized TE11 toa circularly polarized TE11. The circularly polarized wavewould transmit twice as much power with the same peakfields. As far as I know this idea has not been tested to seeif it actually increases the power handling capability of awindow, but it seems that it should. A second clever ideaproposed (perhaps resurrected is more correct, since Iunderstand it is an old idea) is the �traveling wavewindow.� The idea is to match the upstream surface of theceramic from upstream and to match the down streamsurface with matching elements down stream. When this isdone the wave inside the ceramic is a pure traveling wave,and there is no peak field enhancement from a standingwave. We have tested this idea in our X-band resonantring, and it appears to improve window performance. Forthin windows it is actually possible to do better than the�traveling wave� window by creating a standing wavewhich enhances the magnetic field and diminishes theelectric field within the window.A third clever window idea from Russia is to make amany-hole 100% (0 dB) coupler between two waveguidesand put a small ceramic window in each hole. A final bruteforce approach is to reduce the fields by making thewindows bigger. This approach is not without risk, since asthe window gets bigger, the density of modes trapped inthe ceramic increases, and it gets harder to find acomfortable place to operate which is well removed fromthe frequencies of modes trapped in the window.At SLAC we have gone to windows in the TE01 modein round guide. We feel this mode is superior because ithas no electric field line terminating on the sharp edge ofthe braze fillet. Arcs originating at this point in TE1 1 windows appear to be one of the common modes of failure.We have had several failures of the TE01 windows. Ournext klystron will have a �traveling wave� TE01 window,which tested very well in the resonant ring. Since we wantto use the TE01 mode in round guide to transfer the powerfrom the klystron to the SLED II rf pulse compressor, andfrom there to the accelerator, in order to dramaticallyreduce propagation losses, the use of a TE01 windowsseems natural, and requires no extra mode converters.KEK [6] has done considerable work studying theoptimum thickness of the titanium nitride coating on thewindows. This coating lowers the secondary emissioncoefficient of the surface, and thus suppresses multipactor.They have also found that Hot Isostactic Pressure (HIP)processing of the window ceramic improves performance.Despite all the work on windows it is not obvious thatthe problem is solved. Getting satisfactory windows is aproblem common to all large linear accelerators usingdiscrete rf power sources. Isolating the vacuum of the rfpower source from the vacuum of the high energy linacmay not be so important for two beam accelerators if the rfsource (i.e. drive beam) vacuum is of adequately highquality, as it probably must be to perform well. Segmentingthe common vacuum system longitudinally with vacuumisolation valves in each beam line at appropriate intervalsin locations where there are no rf fields is probably themost reasonable approach. The question of vacuumisolation for repair work on one segment of a two beamaccelerator raises another important related question forany two beam accelerator: is there a way of detuning onesection to reduce the rf generated in that section by anarbitrary amount to prevent arcing in one region fromdisabling the whole accelerator, and to permit reprocessingof one segment while production running the rest of theaccelerator. The ability to do both of these is veryimportant for the efficient operation of any large linearaccelerator.

5While a number of us feel that the discrete klystron(with single cavity or traveling wave (TW) or resonantextended-interaction output structures) is the leadingcandidate for the rf power source for the next generationlinear colliders, there are certainly plenty of otherpromising candidates. Among these, I would include flatbeam klystron, multibeam klystrons, ultra high currentannular beam relativistic klystrons, gyroklystrons and gyro-TW-klystrons, relativistic TWTs, gyrocon and magnecon,and finally Two Beam Accelerators using either the FEL orklystron extraction mechanism. Of the discrete sources,perhaps the gyro-klystron work at University of Maryland[7] has reached the most advanced state for application tolinear colliders. They have achieved 29 MW with anefficiency of 27% with a narrow pulse, and 21 MW with anefficiency of 21% for 1 msec at 19.7 GHz with a secondharmonic gyroklystron Their fundamental modegyroklystrons have produced 24—27 MW of output power at9.85 GHz for 1 ms at up to 33% efficiency. I say mostadvanced even though there are a number of other sourceswhich have higher power at similar frequencies, becausethey have produced stable, moderately rectangular pulseswith a gun whose cathode type has demonstrated long lifeat high repetition rates. It is of concern that the magneticfield, voltage, and spin factor a are critical enough thatthey get a triangular pulse when they tune for maximumoutput. They have to detune to get a moderatelyrectangular pulse.3.4 Intense Relativistic KlystronsSeveral groups are working on relativistic klystrons withintense beams which utilize a principle originally proposedby Friedman [8] in which the rf modulation of the beamoccurs through switching by the virtual cathode mechanismrather than velocity modulation followed by a drift. Fazioet al. [9] are following in Friedman�s footsteps but areusing 1 ms pulses and hope to reach repetition rates of 100Hz. They have produced triangular pulses with a peakpower of 375 MW and a base width of 1 ms at 1.3 GHz. R.B. Miller et al. [10] have built what they call a Super-Reltron. The bunching in this device occurs in a three-cellside-coupled structure (two on-axis cells and one couplingcell) which oscillates due to its intrinsic feedback whenthe 100 kV beam passes through it. The low energybunched beam is then post accelerated to about 1 MeV,which �freezes the bunching.� The energy is then extractedas rf power in one or more decelerating gaps. The bestperformance is 700 MW at L-band in a 500 ns pulse with atotal rf energy of 250 joules and a peak electronicefficiency of 45%.3.5 Two Beam AcceleratorsSeveral two beam accelerator systems have beenproposed and are being studied theoretically andexperimentally. Wang [11] and Sessler have reported on a3-D, time dependent simulation of a well bunched beampassing through an array of nine standing-wave FELs witha reacceleration cell after each, in a 17 GHz two beamaccelerator. The average power is about 150 MW percavity with a total fluctuation from FEL to FEL of about+/- 10%. The beam pulse length is 100 ns, and the outputpower waveform from the first FEL cavity is an almostperfect duplicate of the current wave form. By the ninthcavity the rf pulse has shortened by 7 or 8 ns, and theleading edge is rounded for an additional 20 ns. They donot report any phase sensitivity to beam parameters, but inan earlier article Sessler [12] reports that for a standingwave FEL with somewhat different parameters, a 1%increase in the beam energy creates a synchrotronoscillation which causes a 2.3 radian peak to peak phaseoscillation along the 40 meters of wiggler. This wouldseem to set a peak to peak energy jitter tolerance of about0.1%, which sounds like a rather challenging (but probablynot impossible) requirement for the induction cellsaccelerating the drive beam. Wurtele, Whittum, andSessler [13] derive expressions for this phase oscillation.The phase oscillation for the FEL differs from theRelativistic Klystron only by the factor of (1 + aw2/2). Foreither, the phase jitter varies as (1/g2)(¶g/g). However, asthey point out, the FEL beam energy is constrained by theFEL resonance condition to be low for a microwave FELwith reasonable wiggler parameters, while the RelativisticKlystron beam energy is a free parameter. Raising thebeam energy by a factor of 3 changes this energy jittertolerance by an order of magnitude: from challenging tocomfortable. It should also be noted that the highsensitivity of the FEL phase to beam energy seems toapply only to the leading edge of the beam pulse, becausea 4% droop in the beam energy during the pulse hadalmost no effect on the phase of the microwave output.At Lawrence Livermore National Laboratory they havesuccessfully performed a relativistic klystronreacceleration experiment [14] in which they extractedabout 60 MW of 11.4 GHz power from a 5 MeV beam ineach of three disk-loaded traveling-wave output structuresand reaccelerated in two interleaved induction cells. Themicrowave amplitude and phase waveforms look quitegood. They are proposing powering an 1 TeV linear colliderwith 50 relativistic klystrons (beam energy = 10 MeV)each having 150 extraction structures (one every twometers) interleaved with induction acceleration modules.Lastly, I would like to mention a very encouragingresult: at the CERN CLIC Test Facility they havesuccessfully generated 40 MW of 30 GHz power and usedit to accelerate a beam in one of their 30 GHz acceleratorstructures in a Proof of Principle demonstration of the twobeam accelerator concept to be used for their proposedlinear collider, CLIC. The beam is generated in an S-bandrf gun with a photocathode excited by a picosecond pulsetrain laser with a 3 GHz micropulse repetition rate. Thebeam is accelerated in a three-meter S-band linac section,passes through a 30 GHz traveling wave extractionstructure, is bent through 180 degrees by a beam transporttrombone, and then is reaccelerated in a 30 GHz traveling

6wave accelerator. The extraction structure used was one oftheir 30-cm-long accelerator structures. The gradient in theextraction structure was 80 MeV/m (their design gradientfor acceleration) and about 70 MeV/m in thereacceleration structure. No rf breakdown was observedduring this test�no rf processing appeared to be required!REFERENCES[1] E.G. Schweppe, R. Bachmor, E. Demmel, �Design and Resultsof a 1.3 MW CW Klystron for LEP,� Proc. 1993 IEEE PAC,Washington, D.C., pp. 1178—1180.[2] T. Shintake, KEK Report 90—3 (1990).[3] E.W. McCune, NASA Contractor Report CR182190 (1988).[4] T.G. Lee et al., �The Design and Performance of a 150 MWKlystron at S-Band,� IEEE Trans. on Plasma Science, Vol.PS-13, No. 6 (1985) pp. 545—552.[5] D.V.L. Yu, J.S. Kim, and P.B. Wilson, �Designs of a High-Power Sheet Beam Klystron,� AIP Conf. Proc. 279 (1992)pp. 85—102.[6] A. Miura and H. Matsumoto, �Development of an S-Band HighPower Pillbox-Type RF Window,� HEAC 92, p. 942.[7] W. Lawson et al., �High-Power Operation of a K-band Second-Marmonic Gyroklystron,� Phys. Rev. Lett. 71 3 (1993) p.456.[8] M. Friedman and V. Serlin, Phys. Rev. Lett. 54 (1985) p.2018.[9] M. V. Fazio, W.B. Haynes, B.E. Carlsten, R.M. Stringfield,�A 500 MW, One Microsecond Pulse Length, High CurrentRelativistic Klystron,� IEEE Trans. on Plasma Science, 5thSpecial Issue on High Power Microwave Generation (1994).[10] R.B. Miller, W.F. McCullough, K.T. Lancastor, and C. A.Muehlenweg, �Super-Reltron Theory and Experiments,� IEEETrans. on Plasma Sci., Vol. 20, No. 3, (1992); and R.B.Miller, private communication.[11] C. Wang and A. M. Sessler, �Three-Dimensional SimulationAnalysis of the First Sections of a Standing-Wave Free-Electron Laser Two-Beam Accelerator,� Proc of the 1993Particle Accelerator Conference (1993) 2608.[12] A. M. Sessler et al., �Standing-wave free-electron laser two-beam accelerator,� NIM A306 (1991) 592.[13] J. S. Wurtele, D. H. Whittum, and A. M. Sessler, �CommonAnalysis of the Relativistic Klystron and the Standing-waveFEL Two-Beam Accelerator,� Proc. XVth International Conf.on High Energy Accelerators, Hamburg (1992) 508.[14] G. A. Westenskow, private communication; and T. L. Houckand G. A. Westenskow, �Status of experiments at LLNL onHigh-Power X-band Microwave Generators,� OE Lase 94, LosAngeles, Jan 24—26, 1994.