SLAC-PUB-7449April 1997Scaling Linear Colliders to 5 TeV and Above*Perry B. WilsonStanford Linear Accelerator Center, Stanford University, Stanford, CA 94309Abstract. Detailed designs exist at present for linear colliders in the 0.5—1.0 TeV center-of-mass energy range. For linear colliders driven by discrete rf sources (klystrons), the rfoperating frequencies range from 1.3 GHz to 14 GHz, and the unloaded accelerating gradientsfrom 21 MV/m to 100 MV/m. Except for the collider design at 1.3 GHz (TESLA) whichuses superconducting accelerating structures, the accelerating gradients vary roughly linearlywith the rf frequency. This correlation between gradient and frequency follows from thenecessity to keep the ac �wall plug� power within reasonable bounds. For linear colliders atenergies of 5 TeV and above, even higher accelerating gradients and rf operating frequencieswill be required if both the total machine length and ac power are to be kept within reasonablelimits. An rf system for a 5 TeV collider operating at 34 GHz is outlined, and it is shown thatthere are reasonable candidates for microwave tube sources which, together with rf pulsecompression, are capable of supplying the required rf power. Some possibilities for a 15 TeVcollider at 91GHz are briefly discussed.1. INTRODUCTION Detailed design parameters have been developed for linear colliders in the 0.5—1.0 TeV center-of-mass energy range (see, for example, the report of theInternational Linear Collider Technical Review Committee (1)). Some basic rf-related parameters for these machines at the 1 TeV design energy are given in Table1. The designs listed are the SBLC (S-band Linear Collider) at DESY; the JLC(Japan Linear Collider) C-band and X-band designs developed at KEK, Japan; theNLC (Next Linear Collider) at SLAC; and the VLEPP (Russian acronym forcolliding linear electron positron beams) at the Branch Institute for Nuclear Physics,Protvino. Parameters for the first (and as yet the only) operating linear collider, the0.1 TeV SLC machine at SLAC, are shown for comparison. All the machinesshown in the table use copper accelerating structures. Not shown is the TESLAlinear collider at DESY, which is based on superconducting rf technology.Operating at a frequency of 1.3 GHz and a gradient of 25 MV/m, the TESLAtechnology is difficult to scale to a higher gradients and energy. Also not shown inTable I are two proposed linear colliders which are based on the two-beamaccelerator approach: CLIC at CERN and the Two-Beam NLC proposed by LBNL,Berkeley, and LLNL, Livermore. Although the drive beam of a two-beamaccelerator is capable of producing copious amounts of rf power at good efficiency,for the purpose of scaling linear colliders with frequency we consider here onlycolliders powered by discrete rf sources._______________________*Work supported by the Department of Energy, contract DE-AC03-76SF00515.Presented at the ITP Conference on Future High Energy Colliders, Institute forTheoretical Physics, University of Caifornia, Santa Barbara, California, October 21-25, 1996.

2Table 1Linear Collider RF Parameters at 1 TeV Center-of-Mass EnergySBLCJLC-CJLC-XNLCVLEPPSLC(DESY)(KEK)(KEK)(SLAC)(BINP)(SLAC)RF Frequency GHz3.05.711.411.414.02.856Accelerating GradientUnloaded/Loaded (MV/m)42/3658/4773/5877/64100/9121Dark Current Capture Gradient (MV/m)163161617515Peak Power per Meter atStructure Input (MV/m)49971009612012Klystron Peak Power (MW)150100677515065Klystron Pulse Length (ms)2.82.40.751.440.53.5Repetition Rate (Hz)5050150120300120Pulse Compression TypeSLEDSLEDDLDSBPCVPMSLEDCompression Ratio»3.55.03.04.04.64.2Compression Power Gain2.03.52.93.53.32.6Compression Efficiency (%)»607097877362RF System Efficiency (%)232631404014Number of Klystrons49006200920065002800240Active Length (km)29221818122 ·2.85Wall Plug Power (MW)28520022018011525The Technical Review Committee report is primarily concerned with the designof linear colliders at 500 GeV c.m. energy; upgrade paths to 1 TeV are only brieflyconsidered. However, we have selected the 1 TeV parameters because particlephysicists strongly urge that collider designs should include the potential to reachthis energy. Also, it is more likely that the higher-energy designs push thelimitations of rf sources at each frequency. If the unloaded accelerating gradientslisted in Table 1 are plotted as a function of rf frequency , it will be seen that thegradients vary approximately as G0 ~ wrf0.55. For the more detailed designs at 0.5TeV, it is found that the unloaded gradients vary approximately linearly with rffrequency. There is, of course, a simple physical reason for this correlation withfrequency; the stored energy per meter of accelerating structure variesapproximately as (G0l)2, where l is the rf wavelength. Thus, for a linac which ispulsed at a fixed repetition rate, a higher operating frequency makes it possible toachieve a given final energy with both a shorter accelerator length and a lower acpower. Further details on frequency scaling are given in the following section.Starting with the NLC 1.0 TeV parameters as a base design, and following (atleast approximately) the scaling relations developed in Section 2, rough rfparameters for linear collider designs at 5, 10 and 15 TeV are presented in Section3. It will be found that the peak rf power per meter of structure varies roughly aswrf3/2. Because the peak power that can be obtained from discrete rf sources such asklystrons is limited and tends to decrease with increasing rf frequency, there will besome cross-over frequency (not sharply defined) above which rf pulse compressionis required to enhance the power available from practical microwave tubes. Fromthe designs as proposed in the Technical Review Committee Report (1), thefrequency at which pulse compression is required seems to be at about C-band (5

3GHz) and above. Some background on pulse compression methods is given inSection 4, along with a rough design for a 34 GHz pulse compression system for a5 TeV collider.Even with the peak power enhancement provided by pulse compression, thepower required from a 34 GHz rf source will be in the 100—150 MW range. InSection 5 some limitations are given on the power that can be reached by round-beam klystrons, and how this maximum power output scales with frequency. It willbe found that a conventional round-beam klystron operating at a reasonable beamvoltage cannot provide 100 MW of power at 34 GHz. Other possible microwavepower sources which can provide power at this frequency and this power level arediscussed.The conclusion of Section 5 is that there is a reasonable expectation that,together with rf pulse compression, a microwave tube source can be built which canprovide adequate peak power for driving a 34 GHz linear collider at a gradient onthe order of 200 MV/m. However, it does not seem reasonable that discrete rfsources can provide the 2400 MW/m required to drive a 91 GHz, 15 TeV collider at600 MV/m, unless a new scheme for pulse compression or active power switchingis developed. Perhaps at this frequency and gradient the two-beam acceleratorapproach is the best route to rf power production. Apossible two-beam, 91 GHzscheme, due to H. Henke (2), is outlined in Section 6. Finally, we note that thispaper is concerned with scaling rf parameters in order to obtain higher gradients andhence a higher energy in a reasonable linac length. How the beam parameters mustbe scaled in order to reach the 5—15 TeV energy range is another story. Anumberof papers have been written which provide parameter lists for these, and evenhigher, collider energies. A set of beam parameters specific to the 34 GHz, 5 TeVcollider described here is given in (3).2. SCALING WITH FREQUENCYSeveral factors must be taken into account in scaling the rf system of a linearcollider to a higher frequency. One of the most important is the threshold for thecapture of an electron at rest by a traveling wave with a phase velocity equal to thevelocity of light. This �dark current� capture threshold gradient is given by Gth = p mc2/el = 1.605 MV/l . (1)Some linear colliders are designed at gradients that exceed this threshold by amodest factor (30% or so for the 0.5 TeV c.m. designs in the Technical ReviewCommittee report. However, it would be unwise to plan on an operational gradientwhich is considerably in excess of Gth without strong experimental support frommeasurements at a test facility showing that the dark current level is acceptable.The peak power required per meter of structure is given by the energy storedper unit length, u ~ G20 l2, divided by the filling time, Tf = tT0, where t is theattenuation parameter and T0 is the decrement time, T0 = 2Q/w ~ l3/2:

4Pm ~ G20l2/Tf~ G20 l1/2 . (2)The above scaling assumes a constant group velocity and iris aperture, a/l, relativeto the wavelength. If the normalized aperture varies, the above expression shouldbe multiplied by a function F(a/l), where F is approximately proportional to(vg/c)1/3in the group velocity range of interest for linear colliders, vg/c » .03 to 0.10.Ignoring dark current considerations, the accelerating gradient will eventually belimited by rf breakdown. Some evidence indicates (this is a long story) that thebreakdown gradient scales as w1/2/(Tp)1/4, where Tp is the rf pulse length. Since thepulse length tends to scale in proportion to the structure filling time, Tp ~ w-3/2, thenGbr ~ w7/8. Loew and Wang(4) obtained a breakdown threshold for the peak surfacefield of 330 Mv/m at 2.856 GHz for a pulse length of several times a typicalstructure filling time. Using this as a calibration point, the breakdown field limitbecomesGb(Mv/m) » 130 [f(GHz)]7/8 .(3)Using the fact that the peak surface field is on the order of 2.3 times the averageaccelerating gradient in a typical accelerating structure, the breakdown thresholdaccelerating gradient will be about 140 MV/m at 2.856 GHz. This is about 9 timesthe dark current capture gradient. At 91 GHz this ratio is about 6. Thus for anyprojected linear collider rf frequency, the accelerator will always operate well belowthe breakdown threshold and operation will be limited to effects related to darkcurrent capture and rf processing.In addition to the obvious limitation on accelerating gradient imposed by theintense electric field on the copper surface near the iris opening, there may also be aproblem due to the pulse heating by the magnetic surface field at the cell walls. Thetemperature rise at the end of a pulse of duration Tp isDT = (Rs/K) (DTp/p)1/2(G/ZH)2 (4)Here Rs is the surface resistance, K is the thermal conductivity and D is the thermaldiffusivity, given by D = K/Cv where Cv is the specific heat per unit volume. ZH isan impedance defined as ZH ” G/Hs where Hs is the maximum surface magneticfield anywhere in the structure for a given average (not local) accelerating gradient.For the NLC structure, the minimum value of ZH is 307 ohms (the maximum valueis about 400 ohms). Using D = 1.15 cm2/sec and K = 3.95 W/cm/0C for copper,

5Eq. (5) gives a temperature rise of 160C for the current 1 TeV NLC parameters (G0= 77 MV/m and Tp = 360 ns). Assuming the pulse length scales as w-3/2, thetemperature rise scales as DT ~ l1/4G2.There is considerable controversy over the detailed mechanism for surfacedamage due to pulsed heating, and the resultant effect on structure Q. Roughestimates indicate that the yield strength in copper is exceeded at a pulse temperaturerise on the order of 400 C, resulting in surface roughening and fatigue cracks (5).However, the extent to which this surface damage might degrade the rf surfaceresistance is not clear. To help answer these questions, an experiment is underwayat SLAC in which a pulse temperature rise of several hundred degrees is applied toa demountable surface in an X-band cavity (6). After measuring possible changes insurface resistance through changes in cavity Q, the test surface can be removed formicroscopic inspection of surface damage.Finally, we consider the effects of these frequency scaling relations onaccelerator length and an ac wall plug power. In the next section, we take somelinear collider examples in which the accelerating gradient is scaled in proportion tothe dark current capture threshold. The active structure length then scales as LA ~Ec.m.l. In scaling the ac power, we consider a rf pulse repetition rate which is fixedat 120 Hz. The ac power (and luminosity) can always be decreased by lowering therepetition rate. However, as the repetition rate decreases, pulse-to-pulse feedbackagainst the effects of the high frequency component of ground motion becomesmore difficult. For a fixed repetition rate, the ac power scales as Pac ~ Gl2 Ec.m./ hrf, (5a)where hrf is the efficiency for conversion of power from the ac line to the structureinput. Again, if the iris aperture is opened up at shorter wave lengths to reducewakefields and to increase the length of the individual accelerating structures, theabove expression must be multiplied by F(a/l) ~ (vg/c)1/3. In the next section wewill consider a collider scaling which follows approximately vg /c ~ w1/3 and G ~ w.In this case, Pac ~ l8/9 Ec.m./ hrf . (5b)3. COLLIDER DESIGNS AT THREE FREQUENCIESTable 2 shows some linear collider designs scaled in frequency and energy, basedon the 1 TeV NLC design shown in the first row. In this design the parameters of

6the NLC damped, detuned structure are assumed: vg/c = 0.05, structure length =1.8 m, Tf = 120 ns, T0 = 220 ns, t = 0.545 and an effective shunt impedance perTable 2. Linear Collider Designs Scaled in Frequency and EnergyEc.m(TEV)Frequency(GHz)G0(MV/m)G0/GthPm(MW/m)Pac(MW)LA(km)Max DT(0C)1.011.4771.269618017.7161.511.41001.6416026020.6275.034.32251.2353028030.41121091.45001.02170016027.44051591.46001.23240029034.3585unit length of 94 MW/m. Effective shunt impedance means that, using this value inthe standard expression for acceleration in a constant gradient (CG) structure, anunloaded gradient of 77.4 MV/m is obtained in the actual NLC structure (whichdiffers somewhat from a true CG design because of the Gaussian detuning) for apeak power per meter of 96 MW. A beam loading gradient of 13.6 MV/m isobtained for bunches with 1.1 · 1010 electrons spaced 2.8 ns (32l) apart (aneffective shunt impedance of 96.5 MW/m must be used in standard CG expressionto obtain the beam loading gradient for the actual NLC detuned structure). Theloaded gradient is then 63.8 MV/m. Assuming an overhead factor of 1.15 (toaccount for off-crest operation for BNS damping, feedback overhead etc.), andallowing for an injection energy of 10 GeV per linac, the total active structure lengthis 17.7 km. The rf pulse length of 360 ns allows for a train of 81 bunches (225 ns),the structure filling time (120 ns) and a switching and rise time allowance of 15 ns.The beam size at the IP is 5 nm · 250 nm with a pinch enhancement factor of 1.4,giving a luminosity of 1.0 · 1034/cm2/sec. More complete beam parameters aregiven in the NLC ZDR Design Report (7). The required klystron power is obtainedassuming a binary pulse compression system with a factor of 4 compression ratioand an efficiency of 0.875 (power gain = 3.5). Assuming four klystrons and six1.8 m accelerating structure per BPC system, the klystron power is (96MW/m)(10.8m)/(4)(3.5) = 74 MW. The ac power assumes an rf system efficiencyof 40%: klystron efficiency = 61%, modulator efficiency = 75%, pulsecompression and rf power transmission efficiency = 87.5%. The rf energy perpulse at the structure input is (360 ns)(96 MW/m) = 34.5 J/m. Multiplying this bythe active length and repetition rate, and dividing by the rf efficiency gives Pac = 183MW. The number of pulse compression systems is 17.66 km/10.8 m = 1635. Thenumber of klystrons is four times this or about 6500.The next row in Table 2 shows how the 11.4 GHz, 1 TeV collider might bescaled to 1.5 TeV with only a modest increase in length by employing a higherpower, higher efficiency rf system. The unloaded gradient is increased to 100MW/m by increasing the klystron power to 124 MW. This implies an extendedbeam or multiple beam device (see Sec. 5), or the use of two 62 MW tubes in placeof each 74 MW klystron. The ac power is computed on the assumption that theklystron efficiency has been raised to 66% (efficiencies of this order are alreadybeing obtained in simulations). Also, it is assumed that the modulator has been

7eliminated and that the klystron beam is switched by a grid from a dc supply with aswitching efficiency of 95%. The net rf system efficiency is then 55%.In the third row parameters are given for a 5 TeV collider with a frequency andunloaded gradient which are both three times the 1 TeV X-band values. The groupvelocity has been increased to .072c, giving a structure length and filling time of0.5 m and 23 ns. The decrement time scales to T0 = 220/33/2 = 42 ns, giving t =0.54. Taking into account the larger iris aperture, the shunt impedance scales to 144MW/m. This gives a peak power per meter of 530 MW/m for an unloaded gradientof 225 MV/m. The beam loading gradient is based on a charge of 2.4 · 109electrons per bunch and a bunch spacing of 12l = 0.350 ns. The loaded gradientthen works out to be 188.5 MV/m, and the active length to 30.4 km, assumingagain a 15% overhead in length. The rf pulse length of 80 ns is based on a train of150 bunches (52 ns), plus the 23 ns filling time, plus a 5 ns allowance for phaseswitching and rise time. The ac power then works out to be 280 MW. Assuming atransverse beam size of 0.3 · 30 nm at the IP, a luminosity of 1.5 · 1035/cm2/sec isobtained with a pinch enhancement factor of 1.7. More detailed beam parametersare given in (3). To calculate the required klystron power a pulse compressionsystem design must be assumed. This is described in Sec. 4.The 91 GHz (8 · 11.42 4 GHz) parameters listed in Table 2 are obtainedassuming a group velocity of 0.10c and a structure length 0.18 m, with Tf = 6 ns,T0 = 10 ns, and t = 0.60. The beam loaded gradient is assumed to be 84% of theunloaded gradient, as in the 5 TeV example, giving a total active structure length ofabout 34 km. An rf pulse length of 16 ns is chosen, allowing for a train of 100bunches spaced 8l apart. For the assumed beam loading gradient, the bunch chargeis about 1 · 109 electrons. The beam cross section will have to be incredibly small(on the order of .04 · 4.0 nm) to achieve a luminosity of 1 · 1036/cm2/sec.The pulse heating is marginally high, but within the realm of possibility for the5 TeV collider. Perhaps same sort of surface treatment or surface coating canameliorate the effects of a pulse temperature rise of this magnitude. However, itdoes not seem reasonable that pulse temeprature rises of 400—6000C can betolerated. Also, even with pulse compression, a very large number of very highpower rf sources will be needed for the 91 GHz machines because of the high peakpower per unit length. It is also questionable whether the required peak power flowcan be accommodated without breakdown in the power transmission components.For these reasons, a 5 TeV, 34 GHz linear collider may be the end of the line for amachine based on conventional rf technology.4. RF PULSE COMPRESSIONAn rf pulse compression system can enhance the peak power output from amicrowave tube by trading increased peak power for reduced pulsewidth. Thepower gain is given by the compression ratio in pulsewidth, R, times acompression efficiency which takes into account intrinsic losses (e.g., reflected

8power in a SLED pulse compression system), resistive copper losses, and theefficiency reduction due to a non-flat output pulse. Pulse compression reduces theburden on the rf power source and helps to match the modulator pulse length to theaccelerating structure filling time. This is especially important at higher frequencieswhere the filling time is short and the production of peak power is more difficult. Apulse compression system always involves an energy storage element to delay ortransfer energy from the early portion of the rf pulse into the compression outputpulse.The first large-scale pulse compression system for an accelerator applicationwas the SLED scheme, implemented on the SLAC linac in the late 1970�s. Using apair of TE015 cylindrical cavities (Q0 » 1 · 105) as energy storage elements, SLEDproduces a power gain of about 2.7 with a compression efficiency of 62% (R =4.4). A characteristic feature of the SLED compression method is a 1800 phasereversal in the klystron drive, which triggers the release of the energy stored in thehigh Q cavities. Two cavities and a 3 db coupler are used so that the energyreflected and emitted from the cavities will not return to the klystron but will bedirected into the transmission line to the accelerator.Because the SLED output pulse has a shape which is dominated by theexponential decay of energy in the storage cavities, it is poorly adapted forpowering a linear collider with long bunch trains. The pulse shape problem can besolved by replacing the two storage cavities with shorted delay lines. In thisscheme, called SLED-II, the delay line length (in travel time) is equal to one-half thedesired output pulse length. The power gain is optimized by adjusting the reflectioncoefficient of an iris at the entrance to the delay lines. Assuming losslesscomponents, the power gains (and intrinsic efficiencies) for a SLED-II system withcompression ratios of 4, 5 and 6 are 3.44 (86%), 4.0 (80%) and 4.5 (75%). The0.5 TeV NLC design uses a SLED-II pulse compression (PC) system with R = 5.Losses in the delay lines and other components reduce the efficiency from 80% to76%. Power transmission losses from the klystron to the PC system and from thePC system to the accelerator are usually included in calculating the PC systemefficiency and power gain. Including transmission losses, the net efficiency of theNLC system falls to 72% and the power gain to 3.6.If the 0.5 TeV NLC design is scaled to 1 TeV, the power loss due to theintrinsic inefficiency of the SLED-II system translates to an intolerable 30—40 MWincrease in ac power. There are several schemes for pulse compression whicheliminate or reduce this loss. In the so-called Binary Pulse Compression (BPC)scheme, the input rf pulse is divided into 2n time bins, where n is the number ofcompression stages and R = 2n is the net compression ratio. At the input to the firststage, the power from two klystrons is combined by a 3—db directional coupler(hybrid). The phase relation between the waves at the input ports of the hybrid issuch that, during the first half of the pulse, the power from both klystrons isdirected into a delay line with a time length equal to half the pulse length. Half waythrough the pulse the relative phase at the input ports of the hybrid is switched by1800 (by reversing the drive phase of one of the klystrons), causing the combinedklystron power to come out of the second output port of the hybrid, in timecoincidence with the power emerging from the delay line. A clever phase switchingpattern devised by Z. D. Farkas allows compression stages to be chained in series,

9the peak power being doubled and the pulse width cut in half at each stage. Thetotal length of delay line needed for a BPC system is (R-1)Tp, where Tp is theoutput pulse width. For the NLC 1 TeV design, a two-stage BPC system isenvisional with an efficiency (due mostly to copper losses) of 0.875 and a powergain of 3.5. The total delay length is 3 · 360 ns = 1.08 ms.If cylindrical pipe is used to achieve this delay, the total length of pipe wouldneed to be about 300 m. In principle, the pipe can be replaced by a sequence of highQ TE01n-mode cylindrical cavities having a much shorter total length. An analysisusing an equivalent circuit model (a chain of inductively-coupled resonant circuits)has shown that a relatively small number of coupled cavities can produce areasonably flat output pulse. The transmission efficiency of such a system can bequite high. For example, a cavity 20 cm in diameter and 2.5 m long would have a Qof 1.5 · 106 and a decrement time of 42 ms at 11.4 GHz. A two stage BPC systememploying such cavities would have a transmission efficiency of 95% (neglectingpulse shape effects) for an output pulse length of 360 ns.This concept for pulse compression can be applied to produce the 530 MW/mrequired by the 5 TeV, 34 GHz linear collider example listed in Table 2. Assumeeight 0.5 m accelerating structures per 3-stage BPC system. A TE01n-mode cavity 1m long by 10 cm in diameter would have a Q of 1.25 · 106 and a decrement time of11.7 ms. For an output pulse length of 80 ns the transmission efficiency due tocavity losses would be 91% (there would be an additional efficiency loss due topulse-top ripple and rise time degradation). Assuming additional losses of 6.5%,the net compression efficiency would be 85% and the power gain would be 6.8.The required klystron power is (530 MW/m)(4.0 m)/(2)(6.8) = 155 MW. In thenext section, we discuss how this source power might be achieved at 34 GHz. Notealso that the peak power flow at the output of the BPC system is about 1100 MW.It will be difficult to design the hybrid and other waveguide components toaccommodate this power flow without breakdown, but carefully designed oversizedcomponents could do the job.5. RF POWER GENERATION FOR 34 GHzThere are two basic limitations on the power that can be generated by aconventional round-beam klystron. First of all, it is well known that the electronicefficiency of a klystron depends on the microperveance, defined as Km ” (Ib/Vb3/2) ·106. The perveance sets the scale for space charge forces, which in turn limit thecompactness of the electron bunches and hence the rf component of the beamcurrent. An expression which fits recent simulations on X-band klystrons at SLACis: h » 0.75 — 0.17 Km . (6)

10To achieve the desired efficiency of 68%, Km » 0.41. At a beam voltage of 500 kV,the output power would be Pk = hK Vb5/2 » 50 MW. This limitation is independentof rf frequency.A second limitation on klystron power is related to the area of the electronbeam, which does depend on wavelength. To achieve good coupling to thelongitudinal rf fields in the output gap, the radius of the beam should not be largerthan about l/8. If the beam radius exceed this, then electrons on the beam axis andelectrons at the edge of the beam will see a substantially different rf gap voltage,and efficiency will suffer. Next, the beam area at the cathode can be larger than thebeam area in the drift region by a factor Ac, the area convergence ratio. This ratio islimited by aberrations in the gun optics, transverse emittance, alignment tolerances,etc. A good measure of these effects is the convergence half-angle, which is relatedto the f ratio of conventional optics. In practice, it is found that the convergencehalf-angle is limited to about 400, corresponding roughly to f 0.6. Because of thedynamics of space-charge-limited electron flow in the gun region, the gun focallength and hence the area convergence ratio depends on the perveance (8). Byplotting Ac vs. Km for a variety of gun designs with a convergence half angles of350—400, the points can be crudely fit (within a factor of two or so) by Ac » 150/Km2 . (7)A further limitation is the acceptable cathode loading current per square centimeter,IA . Putting these factors together, the maximum output power is Pk » h Vb IAAcp (l/8)2 , (8)where both h and IA are functions of perveance. If Eq. (7) is equated to Pk = hKvb5/2, an expression is obtained for the maximum perveance allowable which isconsistent with the limitations imposed by Eq. (7): Km = 194 IA1/3 l2/3/Vb1/2 . (9)Taking IA = 10A/cm2 and Vb = 500 kV, Eq. (9) gives Km (max) = 0.54, h = 0.66and Pk = 63 MW at 34 GHz. A lower perveance can, of course, be chosen forbetter efficiency at lower output power.The bottom line is that it should be possible to build a klystron at 34 GHz whichhas good efficiency (65—70%) and an output power on the order of 50 MW. Toobtain the 150 MW desired to drive the 34 GHz pulse compression systemdescribed in the previous section, there are several possibilities. For example, three

11or four 40—50 MW beams can be packaged together in the same vacuum envelope.Such a multibeam klystron having common rf cavities but separate PPM-focusedbeams has indeed been proposed (8). Klystrons using a sheet beam, which isessentially equivalent to many round beams in parallel, are also capable (insimulations) of producing 150 MW at 34 GHz with good efficiency (9). It is wellknown that gyroklystrons are also capable of producing high power at highfrequency. At the University of Maryland, a coaxial-circuit gyroklystron frequencydoubled from 17 to 34 GHz has been designed which produces an output power of150 MW at a simulated efficiency of 42% (10). Asingle-stage depressed collectorcan increase the efficiency to 56%.Another annular-beam device capable of delivering high power output at highfrequencies is the Ubitron (FEL) proposed by McDermott et. al (11). Using a TE01-mode coaxial cavity and a PPM wiggler, it produce a simulated output power of250 MW at 11.4 GHz with an efficiency of 50%. It should be capable of producinga high output power when scaled to 34 GHz.6. TWO-BEAM 15 TeV COLLIDER CONCEPTAs shown in Table 2, a high gradient, 91 GHz collider runs into trouble frompulse heating, in spite of a very short rf pulse length of 16 ns. As a possible wayaround this difficulty, H. Henke (2) has proposed a two-beam accelerator schemewhich uses a beat-wave transformer to extract rf power from the drive beam inextremely short bursts. Very briefly, the transformer consists of two 91 GHz side-by-side coupled cavities with an aperture for the drive beam in one cavity and anaperture for the main accelerated beam in the other. The coupling is adjusted toproduce a beat frequency period which is equal to on-half of the period of the rf forthe drive beam re-acceleration cavities. Adrive beam bunch, which has a bunchlength of about l/2 so that higher modes are not significantly excited, depositsenergy in the fundamental mode in the first cavity. This energy then passes into theaccelerating cavity in a time given by one-half the beat frequency period. At thistime the bunch (or short train of bunches) to be accelerated passes through thesecond cavity, removing a fraction of the stored energy. The remaining energy nowcouples back into the first cavity during the second half of the beat frequency cycle.At this time a scavenger bunch, riding at the decelerating phase of the drive beam rf,passes through the first cavity and removes a major portion of the unused energyand returns it to the drive beam.As an example, assume that the 1.3 GHz TESLA superconducting acceleratorprovides the drive beam. The beat frequency period would then be (2.6 GHz)-1 =385 ps. The effective time the energy spreads in the accelerating cavity is about afourth of this, or about 100 ps. The temperature rise at a gradient of 600 MV/m isthen only 450C.Finally, we note that, even with efficient pulse compression by a factor of eight,a 15 TeV accelerator powered by conventional rf sources would require five 70MW tubes per meter of active length. The two-beam accelerator scheme outlinedabove seems to be a much cleaner and efficient way to provide the rf power. Itcould be viewed at as a 15 TeV upgrade to the TESLA machine.

12REFERENCES1.Loew, G. A., ed., International Linear Collider Technical Review Report: 1995, SLAC-R-95-471, SLAC, Stanford University (1995).2.H. Henke, �An Energy Recuperation Scheme for a Two-Beam Accelerator�, CERN-LEP-RF/88-55, CERN, Geneva, Switzerland (1988).3.Chen, P. et al., �A 5-TeV-c.m. Linear Collider on the NLC Site�, to be published in the Proceedings of the 1996 Workshop on New Directions for High Energy Physics (Snowmass 96), Snowmass, Colorado, June 25—July 12, 1996.4.Loew, G. A., and Wang, J. W., �RF Breakdown Studies in Room Temperature Electron LinacStructures�, SLAC-PUB-4676, SLAC, Stanford University (1988).5.Siemann, R., Internal Report ARDB-12, SLAC, Stanford University (1996).6.Siemann, R., private communication.7.A Report submitted to Snowmass�96: Physics and Technology of the Next Linear Collider, SLAC Report 485, SLAC, Stanford University (1996), p. 11.8.Phillips, R., SLAC, private communication.9.Yu, D.U.L., Kim, J. S., and Wilson, P. B., �Design of a High Power Sheet Beam Klystron� in Proceedings of the Workshop on Advance Accelerator Concpets, Port Jefferson, New York 1992: AIP Conference Proceedings 279, 1993, pp. 85-102. Also Kim, J. S., private communication.10. Saraph, G., University of Maryland, private communication.11.McDermott, D. B., et al., �Periodic Permanent Magnet Focusing of an Annular Electron Beam and its Application to a 250 MW Ubitron FEL�, Submitted to Physics of Plasmas(1996).