SLAC-PUB-95-6957_____________________* Work supported by the Department of Energy, contract DE-AC03-76SF00515.Development And Advances In Conventional High Power RF Systems*P. B. WilsonStanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 USAThe development of rf systems capable of producinghigh peak power (hundreds of megawatts) at relatively shortpulse lengths (0.1-5 microseconds) is currently being drivenmainly by the requirements of future high energy linearcolliders, although there may be applications to industrial,medical and research linacs as well. The production of highpeak power rf typically involves four basic elements: apower supply to convert ac from the �wall plug� to dc; amodulator, or some sort of switching element, to producepulsed dc power; an rf source to convert the pulsed dc topulsed rf power; and possibly an rf pulse compressionsystem to further enhance the peak rf power. Each elementin this rf chain from wall plug to accelerating structure mustperform with high efficiency in a linear collider application,such that the overall system efficiency is 30% or more. Basicdesign concepts are discussed for klystrons, modulators andrf pulse compression systems, and their present design statusis summarized for applications to proposed linear colliders.I. INTRODUCTIONThere now exists an Interlaboratory Collaboration forR&D Toward TeV-Scale Electron-Positron Linear Colliders.The collaboration consists of some 23 member institutions inEurope, Asia and the United States with an interest in linearcollider development. The Council of the Collaboration(consisting of one representative from each memberinstitution) met at EPAC’94, and decided to appoint aTechnical Review Committee (TRC). This committee wascharged with preparing a report on the present status of linearcollider technology, and the further R&D needed over thenext few years to reach these design goals: an initialluminosity in excess of 1033cm-2s-1 at a center-of-massenergy of 500 GeV, with the capability of being expanded inenergy and luminosity to reach 1 TeV center-of-mass energywith a luminosity of 1034cm-2s-1. A draft of the report willbe submitted to the Collaboration Council in June, 1995.This paper is based in large part on material collected forChapter 3 (Linac Technology) of the TRC report.The major proposals for future linear colliders have beendescribed in detail elsewhere (see for example the surveytalks in [1]). TESLA (TeV Superconducting LinearAccelerator) is a proposal for a linear collider based on theuse of superconducting accelerating cavities at 1.3 GHz. TheTESLA R&D program is an international collaboration ofabout a dozen laboratories, coordinated by the DESYlaboratory in Hamburg, Germany. Use of a superconductingcavity avoids the need for very high peak rf power. Such acavity is in essence an rf pulse compressor, storing energyover a relatively long time period (on the order of amillisecond) from an RF pulse with a relatively low peakpower. An advantage of the low TESLA rf frequency is alarger beam cross-section and looser tolerances onconstruction and alignment. The SBLC (S-Band LinearCollider) is a proposal, also based at DESY, for a linearcollider with an rf frequency of 3 GHz. Because of therelatively low rf frequency, the SBLC also has comparativelyloose tolerances. A strong point of this proposal is that it issupported by a wide base of existing S-band acceleratortechnology, in particular the SLC prototype linear collider atSLAC. The NLC (Next Linear Collider) is a proposal bySLAC for a linear collider at 11.4 GHz, exactly four timesthe SLC frequency. The principal advantage of a higher rffrequency is that a higher accelerating gradient can beobtained for the same ac input power, resulting in a shorterlength and possibly lower cost for the main linac. A majordisadvantage is that tighter tolerances are required for theconstruction and alignment of the accelerating sections andfocusing magnets. Also, higher peak power is required fromthe rf sources, with a consequence that some form of rf pulsecompression is necessary. The KEK laboratory in Tsukuba,Japan, has proposed the JLC (Japan Linear Collider), also at11.4 GHz; it is quite similar to the NLC in its main designparameters. VLEPP (standing for "Colliding LinearElectron-Positron Beams" in Russian) is a proposal for alinear collider at 14 GHz, which originated at the Institute ofNuclear Physics (INP) in Novosibirsk, Russia. The R&D forthe collider is actually taking place at Protvino, Russia, nearSerpukhov (about 100 km south of Moscow). It is beingcarried out by personnel from a Branch of the above institute(BINP). Unfortunately, the economic situation in present-day Russia is such that a full-scale VLEPP will probably notbe funded. However, a strong R&D program is still goingforward at Protvino; this work will provide useful resultswhich can expedite the other collider programs. CLIC(CERN Linear Collider) is a proposal for a two-beam linearcollider based at CERN in Geneva, Switzerland. In theCLIC design (see paper by K. H�bner in [1]), 350 MHzsuperconducting cavities are used to accelerate a high-current drive beam to 3 GeV. The drive beam consists oftrains of bunches in which the spacing between bunches ineach train is the rf wavelength at 30 GHz. These trains passthrough a series of low impedance �transfer structures�,where they induce about 90 MW of peak rf power for a pulseduration of 12 ns. This power is then transferred throughwaveguides (two for each transfer structure) to theaccelerating sections in the main linac. The TBNLC (Two-Beam NLC), proposed by a group at LBL and LLNL, is alsoa two-beam accelerator scheme, but in this case the drivebeam is powered by induction linac modules. The TBNLCis proposed as an alternative power source for the NLC, inparticular as a high-gradient upgrade to 1 TeV. Instead, of asingle drive beam per main linac, as in the case of CLIC, theTBNLC would consist of 18 separate drive beam units foreach of the two main linacs. There would be 150 transferstructures per drive beam, each supplying 360 MW of powerto a single 1.8 m NLC accelerating section.The various proposed colliders and their operatingfrequencies are listed in Table I, along with other basicparameters to be discussed in the following sections. TheSLC is listed for comparison.

II. SCALING COLLIDER PARAMETERS WITHFREQUENCYAll of the proposed linear collide designs are based onthe production and manipulation of RF power in thefrequency range 1.3-30 GHz. The rf system itself mustconvert power from the ac mains (wall plug) to rf power atthe input of the accelerating structure with the greatestpossible efficiency. In general, it is easier to attain a highaccelerating gradient at a higher rf frequency. Nature has,however, imposed a powerful limitation on the gradientachievable for routine operation of a copper acceleratingstructure --- the dark current capture threshold. Thisthreshold is given by

Gthλ =1.605 MV

(1)where l is the RF wavelength. The threshold gradients forthe various colliders are listed in Table I, together with thedesign gradients for a 500 GeV machine. It is indeedpossible to exceed this threshold gradient by somereasonable factor; for example the SLC routinely operates30% above it with barely detectable dark current. However,the dark current beam power dissipation, and hence thedifficulty in processing a structure to a given gradient level,tends to become worse exponentially as the capture thresholdis exceeded by a still larger factor. In the case of asuperconducting structure, field emission will necessarily bereduced to a low level by special cleaning and processingtechniques to avoid unacceptable power dissipation at lowtemperature. Perhaps these heroic cleaning and handlingprocedures can be adapted to copper structures as well. Butin any case, if operation is planned at a gradient significantlyabove the capture threshold, dark current effects must becarefully studied in an appropriate test facility (such as theTESLA Test Facility under construction at DESY).For a high frequency high gradient linear collider with acopper accelerating structure, nature has unfortunatelyimposed another limitation on the rf system. The energystored per unit length on the accelerating structure will scaleroughly as G2l2. If the gradient is set at some factor timesthe capture threshold gradient, then the stored energy perunit length remains roughly constant, independent offrequency. However, the time allowed for this energy to becollected in the accelerating structure depends on the energydecrement time,

τ d = Q / ω ~ ω− 3/2

(2)Thus the RF pulse length will also tend to scale as w-3/2, andsince the stored energy per meter is roughly constant underthe above scaling assumption, the peak power required permeter will tend to scale as w3/2. Unfortunately, themaximum output power available from a klystron tends todecrease rather than increase as frequency increase.Therefore high frequency RF systems using klystrons togenerate the RF power (NLC, JLC, VLEPP) require somesort of pulse compression to enhance the peak power output.However, the additional loss associated with thecompression process tends to lower the overall efficiency ofthe RF system. The two-beam accelerator concept (TBNLC,CLIC) bypasses the limitations imposed by conventionalklystrons in producing high frequency, high peak power atshort pulse lengths. The drive beam in a two-beamaccelerator is, in fact, equivalent to the beam in a klystron,and the TBA scheme is also called a �relativistic klystron.�A collider using a superconducting accelerating structure(TESLA) increases the Q/w limitation on energy collectiontime by a large factor over that of copper, allowing a longpulse, low peak power, efficient RF system. (As will bediscussed later, a long pulse modulator tends to be moreefficient than one which must produce short, very high peakpower pulses). However, this gain in the efficiency of RFpower generation is offset to a large extent by the additionalpower required by the refrigeration system.Energy decrement times and peak RF powerrequirements for the collider designs are listed in Table I.For machines with copper structures, the structure fillingtimes (except for CLIC) are quite close to the values givenfor td; the RF pulse lengths are typically several times longerto allow for acceleration of a bunch train. The pulse lengthsat the accelerating structure (in nanoseconds) are: SBLC(2800); JLC (230); NLC (240); VLEPP (110); CLIC (12). Inthe case of TESLA, the pulse length (1.3 ms) is reducedbelow the decrement time approximately by the ratio of therefrigeration power required per Watt of power dissipated at4.2�K (» 300). The peak powers do not scale as w3/2 asdiscussed above, because the actual design gradients do notclosely follow a Gth scaling. However, as seen in Table I,the peak power per meter does increase rapidly withincreasing frequency. Likewise, the linac length would beroughly proportional to l for G ~ Gth scaling. The actualdesign lengths do show a strong correlation with frequency.S i n c e t h e s t o r e d e n e r g y p e r m e t e r r e m a i n s a p p r o x i m a t e l y c o n s t a n t f o r G ~ G th s c a l i n g , t h e a v e r a g e A C w a l l - p l u g power should scale roughly as

PAC ~ f rλ / ηrf

, where fr isthe repetition rate and hrf is the RF system efficiency. Asfrequency increases, the colliders in Table I trade at least partof their wavelength advantage for a higher repetition rate.These rates are (in Hz): TESLA (10); SBLC (50); JLC (150);NLC (180); VLEPP (300).III. RF SYSTEM TECHNOLOGYA. KlystronsAt a constant beam voltage, the RF output of a klystron(or other microwave power source) increases as the beamcurrent increases. However, a higher beam current, Ib, at agiven beam voltage, Vb, inevitably lead to a lower efficiencybecause of the detrimental effects of space charge forces.These forces tend to blow apart the sharply defined bunchesneeded for high output efficiency. The microperveance(defined by Km = Ib/Vb3/2 ·106) is commonly taken as am e a s u r e o f t h e s e s p a c e c h a r g e e f f e c t s . I f k l y s t r o n efficiencies, obtained from both measured performance andsimulations, are plotted as a function of microperveance, it is

found that the collection of points (see for example [2], Fig.3) is quite sharply bounded by the line

ηkly ≈ 0.80 − 0.15Kμ

.(2)Low frequency, long pulse or CW klystrons tend to fallcloser to this performance limit than high frequency, highpeak power tubes. The intercept at zero perveance has sometheoretical justification. A 100% efficiency implies that allthe electrons in the beam are just brought to rest by the RFvoltage of the output circuit. This is not possible in a realklystron because there is an energy spread in the beam due tothe bunching process, and because the RF voltage varieswith radius across the gap. Also, even a single electroncannot be stopped in a gridless gap; an electron on axis canlose at most about 85% of its energy [3].There is also the perennial question concerninglimitations on peak klystron output power as a function offrequency. This can be roughly estimated as follows. First,the beam radius is limited to something like l/8 to allow forreasonable gap coupling. Second, the current density perunit area from the cathode (cathode loading, IA) is limited toabout 10 A/cm2 for good cathode lifetime. Third, the areacompression ratio, CA , o f t h e b e a m i n t h e g u n r e g i o n i s l i m i t e d b y o p t i c s a n d t o l e r a n c e s t o p e r h a p s 1 5 0 . P u t t i n g these factors together gives

Pmax ≈ ηVb IACAπ(λ / 8)2

[ ] = 74ηVb(λ / cm)2

(3)where h is the electronic efficiency. If the tube is to beefficient, and if we apply Eq. (2) conservatively, then themicroperveance for an efficiency of 50-60% is limited to

Kμ ≤ 1

. Using Eq. (2) together with

PK = η Kμ×106

( )Vb5/2

, we find that for Vb= 500 kV themaximum output power is about l00 MW up to 14 GHz, thenfalls off as l2 above this frequency.Table II lists klystron parameters for the five colliderproposals that use klystrons as an RF source. Both designparameters and values actually achieved to date are shown.The numbers given for �scaled maximum efficiency� areobtained from Eq. (2). Note that the design values forefficiency are all well below these maximum values, exceptfor the low frequency, long pulse TESLA klystron wheregood efficiency should be relatively easy to achieve. Two ofthe klystrons have achieved the design peak power. TheSBLC S-band klystron, designed in collaboration withSLAC, has reached 150 MW at a 2.8 ms pulse length [4].The NLC X-band klystron has achieved 50 MW at 1.5 ms [5].Both klystrons still fall short in efficiency, and both musteventually replace power-consuming solenoids with PPM(periodic permanent magnet) focusing or superconductingsolenoids.B. ModulatorsThe rise time of a modulator pulse is an importantparameter in determining the modulator efficiency. In aconventional modulator, the pulse forming network (PFN)capacitance is charged by a DC power supply to a voltageVPFN. This network can be either a length of smoothtransmission line, or a series of discrete capacitors andinductors which model such a line. The line is thendischarged by a switching device, usually a thyratron,through the primary of a pulse transformer with a turns ration. The output of the pulse transformer produces a voltagenVPFN/2 (single stage PFN), or nVPFN (two stage, orBlumlein PFN). In the case of the TESLA modulator, anenergy storage capacitor is partially discharged through theprimary of the pulse transformer. The switching is done bysolid state devices (thyristors). A �bouncer� circuit is usedto compensate for voltage droop.The energy efficiency, hE , of the pulse transformer isdefined as the useful energy in the flat-top portion of thepulse divided by the total energy in the pulse. The energy inthe fall-time portion of the pulse tends to scale in proportionto the rise time, TR , s o t h a t t h e e n e r g y e f f i c i e n c y c a n b e written as h E ” TK/TE = TK / ( T K + aT R ), where TK is theuseful flat-top pulse width, TE is the energy width, and a is acoefficient between 1.0 and 1.2 which depends on the pulseshape and the definition of rise time. In turn, a simplephysical argument [6] leads to the scaling TR~ nTE 1 / 2 .Combined with the preceding relation, this gives

TE = 14 βn +(β2n2 + 4TK)1/2 [ ]2

(4)where b is a constant that can be obtained by fitting toexisting pulse transformer designs. For the pulse transformerdriving the 5045 SLAC klystrons, b = 0.033 (ms)1/2. It isfound that the above expression then gives a good fit to anumber of other pulse transformers measured at SLAChaving a variety of turns ratios and pulse lengths. Using Eq.(4), the energy efficiency is plotted in Fig. 1.