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Ca;mHH E.JI. J,f ,1p. E9-94-94 
IlpHMeHeHHe KBa3HOilTH'leCKOl'O IlO,IXO,la K C03,laHHIO CHCTeMLI 
CB11-nHTaHHII JIHHeHHLIX KOJIJiaii,1epOB TsB-,1Hana3oHa 3Hepmi1 

Ilpe,IJIO)KeH npHH~HnHaJILHO HOBLIH IlO,IX0,1 K noCTpoeHHIO CHCTeMLI CBtI-nmaHHll JimieHHLIX 
KOJIJiaH,lepon TsB-,1Hana30Ha 3HepmH, OCHOBaHHLIH Ha HCilOJIL30BaHHH KBa3H0IlTH'leCKHX 3Jie
MeHTOB ,IJ!ll cyMMHpoBaHHll H KOMM)'Ta~HH MOIIl,HOCTeH OOJILIIIOl'O 'IHCJia CB11-HCTO'IHHKOB. Ilpe,1-
JIO)KeHHLie c:xeMLI Il03BOJilllOT yMeHLIIIHTL Tpe6yeM)'IO HMnyJILCffYIO CB11-MOIIJ,HOCTL, HanpHMep 
,\JIii X-,1Hana30Ha, B HeCKOJILKO ,1eCIITKOB pa3. IlpHBe,1eH 'IHCJieHHLIH npHMep ,IJ!ll JIHHeHHOl'O 
KOJIJiaH,1epa Ha 3Hepml0 2x0,5 TsB. IloKa3aHO, 'ITO npHMeHeHHe KBa3HOilTH'leCKOl'O IlO,IXO,la 
Il03B0JIHT C03,laTL CHCTeMY CB11-nHTaHHll TaKoro KOJIJiai1,1epa Ha 6a3e BLinyCKaeMLIX cepHHHO 
KJIHCTpoHOB C IlHKOBOH MOIIl,HOCTLIO 0,7 MBT. Bee o6opy,1ouaHHe ycKOpHTeJill MO)KeT 6LITL pa3Me
lIJ,eHO B 0,IHOM CTaH,lapTHOM yYHHeJie c nonepet1HLIMH pa3MepaMH l 2x6 llll . 

Pa60Ta BLIIlOJIHeHa B Jla6opaTOpHH cnepXBLICOKHX 3Hepmi1 OHSIH. 

IlpenpHHT O6Le,1HHeHHOl'O HHCTHyYTa 11,1epHLIX HCCJie,1ouaHHH. )fy6Ha, 1994 

Saldin E.L. et aL E9-94-94 
Application of Quasi-Optical Approach to Construct RF power Supply 
for Te V Linear Colliders 

An idea to use quasi-optical approach for constructing RF power supply for TeV linear e+ e
colliders is developed. RF source of the proposed scheme is composed of a large number of low
powerful RF amplifiers commutated by quasi-optical elements. RF power of this source is transmitted 
to the accelerating structure of the collider by means of quasi-optical waveguides and mirrors. Such 
an approach enables one not only to decrease the required peak RF power by several orders of 
magnitude with respect to the traditional approach based on standard klystron technique, but also to 
achieve the required level of reliability, so as it is based on well-developed technology of serial 
microwave devices. To illustrate the proposed scheme, a conceptual project of 2x500 GeV X-band 
collider is considered. Accelerating structure of the collider is standard travelling wave one and RF 
source is assumed to be composed of O. 7 MW klystrons. All equipment of such a collider is placed in a 
tunnel of l 2x6 m cross section. It is shown that such a collider may be constructed at the present level 
of accelerator technique R&D. 

The investigation has been performed at the Laboratory of Particle Physics, JINR. 
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1 Introduction 

It is evident now that LEP II, providing 2 x 100 GeV e+e- colliding beams will be the 

last circular e+e- collider, so as it seems impossible to overcome problems connected with 

the synchrotron radiation power losses. It is widely accepted nowadays in the physical 

community that new generation of electron-positron colliders of TeV energy range should 

be a linear orie. 

The most popular approach to construct TeV linear collider assumes to develop stan

dard klystron and accelerating structure technology operating in X-band. These investiga

tions are under study at SLAC (NLC project), KEK (JLC project), Novosibirsk/Protvino 

(VLEPP project) (I). There \s significant progress in development of accelerating struc

ture technology, the latest results have shown that accelerating gradient about of 100 

MV /mis achievable in the X-band accelerating structure (2, 3}. On the other hand, there 

is rather moderate progress in the development of X-band klystrons, output parameters 

of experimental devices are significantly less than those required (4). 

It should be noted that application of standard klystron technology to the linear 

collider design possesses several significant disadvantages which are connected with a large 

scale of the accelerator. It is assumed in all the projects that each klystron feeds one or 

several accelerating structures of the linear collider. To provide high average accelerating 

gradient ~ 100 MV /m, the length of accelerating section is usually chosen to be about 

I~ 0.5-1 m, klystron pulse duration T ~ 100 ns and klystron peak output power P ~ 100 

MW. For instance, these parameters for the .JLC project are equal to I= 0.1 m, T = 90 

ns and P = 120 MW (I}. So as the half-length of 1 TeV linear collider is about L ~ 10 

km, the required number of klystrons is of the order of N ~ 2 - 4 x 104
• Installation of 

RF pulse compressors will enablt: one to decrease this number by a factor 2 or 3. 

During acceleration cycle of linear collider, T = L/c ~ 30 µs, each klystron is switched 

on only once during time period T ~ 100 ns and number of simultaneously switched on 

klystrons is of the order of CT/ I. Thus, the required peak RF power for the electron beam 

acceleration is about of Per/I which is by L/cr ~ 300 times less than total peak RF 

power of all klystrons. One can obtain that a choice of standard klystron technique is 

not optimal for design of linear colliders ofTeV energy range. First, a huge number of 

klystrons is needed which may limit a reliability of the linear collider operation. Second, 

a high-cost RF equipment operates with extremely low duty factor. 

In ref. (5] a novel approach to solve the problem of RF power supply for Tev-range 

linear colliders was proposed which is based on quasi-optical technique. An origin of 

this idea is as follows. At accelerating gradient about of 100 MV /m half-length of a 

collider will be of an order of 10 km, while an accelerating RF wavelength will be of 



an order of one centimeter. So as characteristic size of the collider is much more than 

wavelength, thus quasi-optic;i.l approach may be used. Another starting point of an idea 

is of a historical nature. One should remember that designers of powerful radar systems 

face similar problems as designers of the future generation linear colliders. Namely, they 

all need a reliable and powerful RF source with short wavelength, high peak RF power 

and high repetition rate. To solve the radar problems, a unique technique _based on the 

concept of phased array antenna has been developed. 

Proposed in ref. (5) RF. power supply is based on the use of phased array antenna as 

a summator and commutator of RF power (see Fig.I). 
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Figure 1: Linear cullider scheme based on phased array antenna 

The phased array integrates RF power of a large number of low-powerful amplifiers and 

commutates it with the velocity of light c along the acc~lerator. The length of accelerating 

structure commutated to the RF power supply at any moment of time is equal to CT. As 

a result, at the same number of klystrons, as in the traditional approach, the requirement 

on the peak power of each klystron is reduced by L/cr times. The use of phased array 

antenna enables one not only to provide fast commutation of the RF power along the 

accelerator, but also to provide effective focusing of the RF beam. It takes place when 

the accelerator with the receiving antenna is placed in Fresnel diffraction zone. In this case 

the phased array antenna operates as an adaptive microwave lens providing scanning of the 

focused RF beam along the receiving antenna of the accelerator. The receiving antenna is 

sectioned into pieces of the length l. Each section of the receiving antenna is commutated 
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to the accelerating section of the accelerator. So as the longitudinal dimension of the RF 

beam is equal to CT, each accelerating section is pumped during the filling time T whilst 

the RF beam passes the section of the receiving antenna. When the transmitting phased 

array antenna is flat, the scanning angle 00 should not be greater than 60° which results 

in the distance H between it and the accelerator to be given by the relation H ~ 0.3L, 

where L is the half-length of the collider. 

The advantages of the proposed scheme are as follows. First, the required peak RF 

power is diminished by three orders of magnitude. Second, there is no need to develop 

principally new RF sources, well-developed reliable serial amplifiers may be used. And 

third, the system is extremely reliable with respect to the breakdown of elements. Even 

breakage of a large number of elements does not interfere drastically with the operation 

of the whole system. 

We should note that paper (5J contains only the basic idea of the approach. Schemes 

and examples presented in that paper have had the main goal to illustrate more clear 

the idea and, of course, are not optimal from technical and economical points of view. 

Furthermore, we should emphasize that proposed approach does not reject all previous 

experience stored by powerful research groups during last decade: it entirely-agrees with 

generally accepted solutions of linear collider design: injection system, accelerating struc

ture, final focus, etc. The peculiarity of our approach is in the proposal of a novel concept 

of RF power supply and a novel method to feed accelerating structure with RF power. 

In the present paper we continue to develop the quasi-optical approach to linear collider 

design aiming the goal to find such physical and technical solutions which will enable one 

to place RF supply using constraints accepted in linear collider projects, We extend 

our study with application of such quasi-optical elements as open mirror·waveg~ide, lens 

waveguide, dielectric waveguide, quasi-optical RF summator and plasma mirror. Two 

new schemes of RF power supply are proposed. Problems of technical realization are 

discussed, too. 

2 Linear collider scheme on the base of multichannel 
quasi-optical microwave transmission line 

General description 

In the present section we propose a novel linear collider scheme which is based on use 

of multichannel quasi-optical microwave transmission line (see Fig.2). RF source (phased 

array antenna) is located near the end of the electron (positron) accelerator and the RF 

power is fed to the accelerator by means of open quasi-optical microwave transmission 

3 
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Figure 2: Linear collider scheme based on multichannel microwave transmission line 
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. Figure 3: Sununator and commutator of RF power on the base of phased array antenna: 
(1) -. phase shifter; (2) - RF amplifier; (3) - redirecting mirror; ( 4) - entrance of the 
microwave trnsmission line; (5) - surface gallery for microwave transmission lines; (6) -
shaft for phased. array antenna 

line. A significant advantage of this scheme is that it has relatively small transverse dimen

sions and all the equipment (including microwave transmission line) can be placed inside 

surface an•d. · underground premises thus scr~ening the outer environment from harmful . . 

infl~ence of RF radiation. 
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The scheme uses the phased array antenna as a device which integrates and commu

tates the RF power of a large number of small RF amplifiers into one powerful RF beam 

(see Fig.3). But contrary to the scheme proposed in ref. [5], the RF power is fed to the 

accelerating sections in quite another manner. All the accelerator is divided into some 

number N of identical modules and the RF power is fed to each of them by separate 

microwave transmission line (see Fig.2). the RF source operates in pulsed mode with 

pulse duration equal to T and number of RF pulses per acceleration cycle is equal to 

the number of accelerating modules N. The time period between RF pulses is equal to 

T ~ (c-1 + v;1)L/N, where Vz is the group velocity of RF wave along the quasi-optical 

waveguide axis. For instance, at' N = 50, T is of the order of lµs. 

The phased array antenna provides commutation of the RF beam between N mi

crowave transmission lines (see Fig.4). 
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Figure 4: Commutation of RF power to the microwave transmission lines 

The acceleration cycle is performed as follows. The first RF pulse is directed by the 

phased array antenna into the first microwave transmission line which transports the RF 

power to the first (injection) accelerator module. During the time T between the RF 
pulses, the RF beam is redirected into the second microwave transmission line, etc. 

The accelerator is placed inside an underground tunnel and the RF power is fed to 

the accelerator modules through N vertical shafts (see Fig.5). To divide the RF power 

between accelerating sections, the lens waveguide with directional couplers is used. 
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Figure 5: Transfer of RF power from microwave transmission lines to accelerator modules 

Let us discu!s advantages and disadvantages of the proposed scheme of the linear 

collider. It is seen that the requirement on the total peak RF power is decreased by a 

factor of N with respect to the classical scheme using standard klystron technique (not 

taking into account RF losses in quasi-optical elements). So, at the same number of 

klystrons; the required peak RF power for each of them is reduced by a factor of N 

which is of the order of several tens. On the other hand, one should remember that the 

reducing of the requirements on the peak RF power of X-band klystrons down to the 

value of several megawatt reveals a possibility to use standard well-developed klystrons, 

thus solving the problem of RF power supply for linear collider.s. 

As for the linear collider scheme proposed in ref. (5) (see Fig.I), it is the most optimal 

with respect. to the required peak RF power and the scheme considered above requires 

·by a factor of L/Ncr more peak ~F power. Nevertheless, it possesses one significant 

advantage, namely it has relatively small transverse dimensions and all the equipment 

(including niicrowave transmission lines) can be placed inside surface and underground 

premises thus screening the outer envir~mment from harmful influence of RF radiation. 

Numerical example 

To iUustrate the scheme proposed, we consider a conceptual project of 2 x 0.5 TeV 

linear collider operating in X-band. 
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Linear' accelerator 

Linear collider consists of two linear accelerators: one for electrons and another for 

positrons., The length of each accelerator is L = 10 km. Parameters of the acceler?-ting 

~ections are chosen as follows: RF wavelength ). = 3 cm, length of accelerating section -

I= 0.7 m, filling time - r = 0.lµs. Average accelerating gradient 50 MV /mis achieved 

at the peak. RF power P = 30 MW per one accelerating section. The duration of the 

accelerating cycle is equal to L/c '.:= 33JLS and repetition frequency is equal t.o 300 Hz. It 

is assumed that each accelerator is divided into N = 33 identical modules·. 

RF power supply 

The RF power supply is a phased array antenna which is parallel to the earth surface 

and is of rectangular form with tcansverse dimensions 100 x 100 m2
• Radiating elements 

form a rectangular grid with the step >./'2 = 1.5 cm. 15 000 RF amplifiers are commutated 

to the array., They operate in a pulsed mode and produce :3;3 pulses of0.lµs duration 

within the acceleration cycle. The time interval between pulses is equal to T '.:= 2µs. Each 

RF amplifier has peak and average RF power 2 MW and 2 kW, respectively. 

Each RF amplifier is joined to a part of antenna with dimensions 80x80 cm2 comprising 

of 2600 radiating elements. Each radiating element is controlled by separate phase shifter 

.which should provide' transmission of peak and average RF power 0.5 kW a~d 0.5 W, 

respectively, at commutation time 2JLS. 

One can obtain that .such an RF power supply may be c~nstructed at the present 

level of the RF technique R&D. For instance, the paran;eters close to -those required are 

provided by the four cavity klystron X:30:30 developed by the Varian for space communi

cations. It operates in a CW mode with 1 MW output power at a frequency 8 GHz. Its 

efficiency is 50 %, amplification factor is 35 dB and accelerating voltage - 110 kV. The, 

latter parameter is an extremely important one. Indeed, the use of klystrons with low 

accelerating voltage together with their compact placement will enable one to simplify 

significantly a high-voltage system and make all the system to be reliable and effective. 

-·As for phase shifters, the devices with the close parameters are manufactured by mi

crowave industry. For instance, a typical semiconductor phase shifter of X-band provides 

transmission of 1 kW peak RF power and 10 W average RF power at commutation time 

0.1 µs. 

Microwave transmission line 

The RF power from the RF power supply is transmitted to each of 33 accelerator 

modules by means of ;3;3 microwave transmission lines. It is assumed that the transmission 
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. lines are periscopic open mirror waveguides (see Appendix B. To provide total RF poVfer 

losses to. be small, the distance between the pairs of mirrors is chosen to be d = 15 m. 

The ~adius of the mi~rors R' should provide the heat RF losses to be greater than the 

diffraction losses. When mirrors are made of copper, it takes place when R12/>.d > 1, 

i.e. at R! ~ I m. Transverse dimensions of the pair of mirrors of the periscopic mirror 

waveguide are equal to 2 x 4 m2• As a result, all of the 33 microwave transmission lines 

may pe placed inside the surface gallery with the 4 m x · 70 m2 cross section. , 

The peak RF power flux on the mirror surface is of the order of 1 MW/cm2 which 

corresponds to the ~tre11gth of the surface electric field about of 18 kV /cm. So, we may 

conclude that electric durability of this open mirror waveguide is rather large. 

Let us calculate the heat RF losses in the microwave transmission line. It is evident 

that maximal RF losses takes place in the longest waveguide which transmits RF power 

to the first (injector) accelerator module. The number of reflection in this waveguide is 

equal to 2L/d ~ 1200 and total RF power losses are equal to 40 %. The RF power losses, 

averaged over all'the transmission lines are about 20 % and the heat losses in one mirror 

are about of 250 W. 

RF power divider 

The RF power from the RF power supply is transported to the accelerator modules via 

microwave transmission lines. Then this power should be transported along the accelerator 

modules and divided among the accelerating sections. To divide the RF power among the 

accelerating sections, the RF lens line with the RF power dividers is used (see Appendix A 

and Fig.6). The RF lines are placed along the ~ccelerator in the same underground tunnel 

and their number is equal to N = 3:3, the number of accelerator modules. The length of 

each RF lens line is equal to ~00 m. RF power is fed to each RF line via corresponding 

surface microwave transmission line and vertical shaft (see Fig.5). 

The ·RF lens line consists of polystyrene lenses and is placed inside the tube with 

diameter I m filled with SFa gas at atmospheric pressure. The distance between lenses in 

the waveguide is equal to b =3 m, focus distance is equal to f = 1.5 m and their maximal 

thickness is equal to D0 ~ 6 cm. To make diffraction losses to be negligibly small, we 

choose their diameter to be equal to ·2R =· 60 cm. As a result, total RF power losses per 

one lens are equal to 0.01:3 dB (including 0.005 dB reflection losses). 

At the beginning of the RF lens line the RF heat losses per o_ne lens are about of 2 

kW. The heat rejection may be provided by the use of forced liquid cooling. Organosilicic 

oil may be used as a coolant which has the same values of the refractive index and loss 

tangent as polystyrene. 

The heat losses in the lenses may be reduced significantly when one will use special 
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Figure 6: RF power divider 

lenses with a shell made of polystyrene and filled with ceresin (mixture of aliphatic hydro

carbons from C39H80 up to C53 H108). The latter material has extremely small loss tangent 

tan 8 ':::'. 2 x 10-5 and refraction index n ':::'. 1.5. In this case the heat may be taken aside 

using forced gas cooling from the lens surface. 

Another source of the RF power losses in the RF lens line is the heat losses in the 

directional couplers which match the RF lens line with the single-mode waveguides of the 
' . 
accelerating sections. We assume the total value of theses losses to be about of 5 %. 

Electric power consumption 

Total RF power losses of the proposed linear collider scheme are composed of losses 

in the phase shifters of the phased array antenna (10 %), heat losses in the microwave 

transmission line (20 %), heat and reflection losses in the RF lens lines (15 %) and losses 

in the directional couplers matching the RF lines with the accelerating sections (5 %). 
For the total RF power losses we obtain the value about of 50 %. 

Total average RF power required for 2 x 0.5 TeV Linear collider is about of 2 X 30 

MW. Assuming the klystron efficiency to be about of 50 % and efficiency of a high-voltage 

system to be about of 80 %, we obtain that electric power consumption will be of the 

order of 150 MW. 
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Perspectives for future 

We have shown above that 2 x 0.5 TeV linear collider may be constructed at the present 

level of accelerator and RF technique R&D. One can expect that it is quite possible that 

in the nearest future the RF industry may master production of X-band klystrons with 

a peak output power about 8 MW. Installation of these klystron will allow one to double 

the accelerating gradient and increase the center-of-mass energy of the linear collider up 

to 2 TeV. 

One of the visible disadvantages of the proposed linear collider scheme is a rather 

bulky system of the microwave transmission lines which should be placed inside a rather 

large surface gallery. When presenting such a scheme, we have used _only well-developed 

technical solutionss which may be used directly in the linear collider design. When consid

ering the further development of the proposal, one should develop novel technical solution 

to simplify the system of the microwave transmission lines. One of the possible ways to 

reduce their dimensions is the use of lens waveguides with extremely low losses. It may 

be realized by the use of artificial dielectric as a material of the lenses (see Appendix C). 

Another way is to use the step-index dielectric waveguides (see Appendix D). In the both 

cases the microwave transmission line can be placed in the tube of 1 m diameter and all 

the RF transporting system can be placed inside several tecl1;1ical tunnels situated near 

and along the main tunnel of the accelerator. 

3 Linear collider scheme on the base of single-channel 
quasi-optical microwave transmission line and mi
crowave deflectors 

General description 

In the present section we propose once more linear collider scheme (see Fig. 7). The main 

feature of this scheme is that it uses a single-channel quasi-optical microwave transmission 

line and microwave deflectors as commutating elements. One of advantages of this scheme 

is that it has small transverse dimensions which allows one to place all the RF equipment 

and accelerator in the single tunnel (see Fig.8). 

The collider scheme is arranged as follows. As in the scheme, presented in section 2, 

the accelerator is sectioned into N identical modules. RF power from the RF power supply 

is transported to the accelerator modules via single microwave transmission line and is 

commutated to them by microwave deflectors. RF supply operates in a pulsed mode and 

i>roduces N pulses of duration T during the accelerator duty cycle. Time interval between 

pulses is equal to T ~ (c1 + v;1)L/N, where v, is the group velocity of the wave along 
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Figure 7: Linear collider scheme based on single-channel microwave transmission line and 
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Figure 8: Placement of equipment in the accelerator tunnel 

the axis of the microwave transmission line. 

The duty cycle of the accelerators proceeds as follows. The first RF pulse is transported 

via the microwave transmission line to the first (injector) accelerator module. During the 

time period T between the RF pulses the first microwave deflector is switched on and 

the second RF pulse is directed to the second module. Prior to arrival of the third RF 

pulse, the second microwave deflector is switched on and directs it to the third module, 

etc. Distribution of the RF power among accelerating sections of each module is provided 
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m the same way as in the scheme, presented in section 2, i.e. by means of the lens 

transmission line with power dividers. As a result, such a system provides commutation 

of the RF power along the accelerator with the velocity of light c. 

It is seen that the presented linear collider scheme has benefit in the required peak 

RF power by N times with respect to traditional scheme based on klyston technique. 

One of the key elements of the proposed scheme is powerful RF power supply. It is 

natural to construct such a ~ource on the base of serial low-power amplifiers. Here a 

problem is arisen, namely that of an optimal choice of an RF summator scheme. We 

· assume to construct RF power source using quasi-optical RF power summator technique 

which was_ well developed fo~ needs of radar applications (see Appendix E). 

Another key element of the scheme is microwave deflector which should have a capabil

ity to commutate a powerful microwave beam. It should be transparent to the microwave 

radiation when it is switched off. Its rise time should be less than the time period T 

between RF pulses. And finally, its relaxation time should be less than the time between 

duty cycles of the accelerator. 

Iii the present paper we propose to use plasma mirror as microwave deflector (see 

Appendix F and Fig.9). 

Pierce electrode 

foil electron bea,:n 

Hgl!. p = 2 

dielectric wall 
thermionic cathode 

Figure 9: Microwave deflector 

The principle of its operation consists in reflection of electromagnetic wave from plasma 

layer. It may be realized technically in the form of plane gas volume inclined by the angle 

of 45° with respect to the waveguide axis. We assume to use external electron beam to 

provide steering the plasma mirror. The rising time of such a device (which is given with 

the relaxation time of the plasma into the equilibrium state of free electrons) is of the 

order of several hundreds of nanoseconds. After turning off the external electron beam the 

electron-ion recombination takes place and the microwave deflector comes to the initial 
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state after a time period about of several milliseconds. 

So as the proposed scheme uses the single-channel microwave transmission line and · 

relatively compact microwave deflectors, all the accelerator and RF equipment may pe 

placed inside the single underground tunnel with transverse dimensions about of 12 x 6 

m2 (see Fig.8). 

Numerical example 

To illustrate the scheme proposed, we consider a conceptual project of 2 x 0.5 TeV 

linear collider operating in X-band. 

Linear accelerator 

All the parameters of the accelerator: RF wavelength (>, = 3 cm), accelerating sections, 

total length of the accelerator (2 x 10 km), repetition rate (300 Hz), number of accelerator 

modules (N = 100), etc, are chosen to be identical to those presented in the numerical 

example in section 2. 

RF power supply 

We assume RF power supply to be quasi-optical summator which sums up the power 

of 15000 RF amplifiers which operate in a pulsed mode providing 100 pulses of 0.lµs 

duration within accelerator duty cycle (see Appendix E. The ti1!1e period between the 

accelerator duty cycles is equal to~ 0.6/tS. Each RF amplifier provides 0.7 MW and 2kW 

of the peak and average output RF power, respectively; 

Microwave transmission line 

It is assumed that the microwave transmission line is periscopic open mirror waveguide 

(see Appendix B). To provide total RF power losses to be small, the distance between 

the pairs of mirrors is chosen to be d = 15 m. The radius of the mirrors R' is chosen to 

be R' ~ 1 m. 

The peak RF power flux on the_ mirror surface is of the order of 0.3 MW /cm2 which 

corresponds to the strength of the surface electric field about of IO kV /cm. So, we may 

conclude that electric durability of this open mirror waveguide is rather large. 

Let us calculate the heat RF losses in the microwave transmission line. Maximal RF 

losses occur for the first RF pulse which travels through the full length of the transmission 

line. The number of reflection in this waveguide is equal to 2L/d ~ 1200 and total RF 

power losses are equal to 40 %. The RF power losses, averaged over all the RF pulses are 

about 20 %. Maximal heat losses occur in the first mirror and are about of 8 kW. 
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Microwave deflectors 

' We suppose to use plasma mirror to provide commutation of powerful RF beam (see 

Appendix F and Fig.9). 

Plasma mirror presents plane chamber filled with gas mixture (He at 2 torr pressure 

and H92 vapor). Side walls of the gas chamber are made of quartz glass. Plasma mirror is 

switched on by the sheet electron beam (E ~ 200 keV, / ~ 4.5 kA) which is produced ~y 

pulsed diode mounted in the wall of gas chamber and is injected into the chamber through 

Ti foil (foil thickness~ lOµm). The electron b~am cross section inside gas volume is equal 

to 150 x :3 cm2 (jb = 10 A/cm2
) which results in 'the rate of the free electron production 

S ~ 1019 cm-3s-1 , recombination factor 1 ~ 10-6 cm3 /s, relaxation constant rd ~ 300 ns 

and equilibrium electron density n 0 = (Sj,) 1l2 ~ :3 x 1012cm-3 • Such a plasma totally 

reflects electromagnetic wave with the frequency 10 GHz (penetration depth of radiation 

into plasma is equal to d ~ c/wp ~ 0.:3 cm). 

To estimate RF radiation heat losses in the chamber walls one can use formula (1 ). 

When the chamber walls are made of quartz with thickness D0 ~ 1 cm, we obtain the 

heat RF losses in one plasma mirror to be equal 0.005 dB and the reflection losses· -

0.005 dB. Taking into account the number of microwave deflectors to be equal to 100, the 

averaged RF losses are equal to 0.5 dB. 

RF lens line 

To divide the RF power among the accelerating sections, the RF lens line with the RF 

power dividers is used (see Ap.pendix A and Fig.6). The RF lines are placed along the 

accelerator in the same underground tunnel and their number is equal to N = 100, the 

number of accelerator modules. The length of each RF lens line is equal to 100 m. 

The RF lens line consists of polystyrene lenses and is placed inside the tube with 

diameter 1.2 m filled with the air at atmospheric pressure. The distance between lenses 

in the waveguide is equal to b = :3 m, focus distance is equal to f = 1.5 m and their 

maximal thickness is equal to D0 ~ 6 cm. The lens aperture 2R = I m provides the 

diffraction losses to be negligibly small. As a result, total RF power losses per one lens 

are equal to 0.01:3 dB (including 0.005 dB reflection losses) and average RF losses in the 

lens RF line are equal to 0.2 dB. 

, At the beginning of the RF lens line the RF heat losses per one lens are about of 0. 7 

kW. The heat rejection may be provided by the use of forced liquid cooling. 
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RF power losses 

Total RF power losses of the proposed linear collider scheme are composed of losses in 

the quasi-optical RF power summator (10 %), heat losses in the microwave transmission 

line (20 %), heat and reflection losses in the microwave deflectors (15%), heat and reflec

tion losses in the RF lens lines (5 %) and losses in the directional couplers matching the 

RF lines with the accelerating sections (5 %). For the total RF power losses we obtain 

the value about of 55 %. 
Total average RF power required for 2 X 0.5 TeV Linear collider is about of 2 x 30 

MW. Assuming the klystron efficiency to be about of 50 % and efficiency of a high-voltage 

system to be about of 80 %, we obtain that electric power consumption will be of the 

order of 1.50 MW. 

Perspectives 

Replacement of 0.7 MW klystrons with :3 MW klystrons will allow one to double the 

accelerating gradient and increase the center-of-mass energy of the linear collider up to 2 

TeV. 

4 Conclusion 

In this paper we have presented two novel linear collider schemes based on application 

of quasi-optical approach for constructing RF power supply for TeV linear colliders. We 

realize that it is too early to fix a choice at any concrete conceptual project due to variety of 

the possibilities and investigations in this direction should be prolonged. Nevertheless, the 

examples presented shows that quasi-optical approach forms a firm base for constructing 

linear collider of TeV energy range at the present-day level of accelerator and RF technique 

R&D. 

Appendixes 

A Use of lens waveguide with directional -couplers as 
RF power divider 

The main essence of the proposed linear collider schemes consists in use of single RF 

power source commutated to finite number N of the accelerator modules. Then RF power 

should be transported along the accelerator. module and divided among the accelerating 

sections. The length of the RF power divider is equal to the length of the accelerator· 
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module L/N and is of an order of several hundreds meters (L is the total length of the 

accelerator). 

We propose to use a lens waveguide with directional couplers as RF power divider (see 

Figs.6 and 10). 

f b 

Figure 10: Lens waveguide 

It is composed of identical, even spaced long-focus lens. Below we consider the case of 

confocal lens waveguide (b = 2J, where b is the distance between lenses and J is their 

focus distance. Such a waveguide provides stable transportation of the TEM-mode RF 

beam. 

Diffraction losses of the confocal lens waveguide are defined by Fresnel number NF= 

R2 / >..1b and are negligibly small at NF > 1. So as lens waveguide is placed in the 

accelerator tunnel, it is reasonable to set its diameter 2R to be not greater than 1 m. As 

a result, tlw distance between lenses b should be about of several meters and total number 

of lenses in each module should be of the order of 100. 

Simple estimations show that RF power which should be transmitted via waveguide 

exceeds significantly the breakdown threshold for dry air at atmospheric pressure, so all 

the waveguide should be placed inside the closed volm1_1e (metallic pipe coated inside with 

a microwavi: absorber) filled, for instance, with SF6 gas at high pressure. 

To divide RF power among accelerating sections, directional couplers should be in

stalled along the waveguide. There exist many possible configurations of such a couplers. 

The simplest one presents a wire grid or dielectric plate inclined by the angle 45° with 

respect to the RF beam propagation direction. The fraction of the taken off energy is 

defined by the values of transmission and reflection coefficients. The reflection coefficient 

of the wire grid depends on the ratio of the wire step to the RF wavelength and on the 

polarization of the wave (the latter is proportional to cos <p, where <pis the angle between 

the electric field vector E and wires). 

We assume to place the directional couplers in each waveguide period as shown in 

Fig.6. Each coupler consists of wire grid and matching dielectric lens and feeds sev

eral accelerating sections via single-mode waveguides. The latter ones have time delayer 
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providing synchronization of adjacent accelerating sections. 

The total RF power losses of the proposed RF power divider are composed of diffrac

tion losses, reflection losses from the lenses and heat losses in the lenses. We have shown 

above that diffraction losses can be made negligibly small at a proper choice of lens di

ameter and distance between them. 

Let us consider now the problem of reflection losses. In the gei1eral case the lens 

boundary reflects some part of the wave due to the difference in refractive indexes of the 

material of the lens and of the medium. between lenses. This effect may be diminished 

significantly by application of antireflection filn1 technique (i.e. by coating the lens _with 

>./4 dielectric layer). When RF radiation is linearly polarized, undesired reflection may be 

diminished also by inclination of lenses at Brewster's angle with respect to the waveguide 

axis. In this case lenses should be shaped in such a form to provide the ray path in the 

inclined lens to be the same as i11 ordinary lens. 

It should be noted that the problem to decrease reflection losses of RF radiation 

has been studied thoroughly for needs of radar applications and _significant progress was 

achieved in this field [6]. As a result, the present level of RF technique R&D allows one 

to manufacture lenses with reflection losses 0.005 dB per one lens. 

Heat losses in the lens are defined by the value of loss tangent tan 5 of dielectric and 

its thickness. When confocal waveguide operates at ground mode, the value of heat losses 

_in the single lens is given with the expression: 

a( dB) ~ 4.:3k' D0 tan 5, (1) 

where k' = 21m/ArJ, n is refraction index, D0 is maximal thickness of the lens: 

Do= [!2 /(n + 1)2 + R2 /(n2 1)]2 -J/(ri+ 1), 

where J is focus distance of the lens. 

As a rule, dielectric lenses are manufactured using low loss HF dielectrics with refrac

tion index slightly greater than unity. For instance, the most popular material for radar 

lens antennas, polystyrene, has i:efractive index n ~ 1.6 for X-band radiation and loss 

tangent tan 5 ~ 2 x 10-4 • 

For the numerical examples presented in this paper, maximal thickness of polystyrene 

lenses should be about of 5 cm. As a result, total heat losses in the 100 lenses waveguide 

are about of 1 dB. 

In conclusion let us discuss some problems to be taken into account when using such 

an RF power divider for pumping accelerating structure of linear collider. First, the group 

velocity v0 = dw/dk. of the wave in the lens waveguide is always less than the velocity of 
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light c. So, one should take into account the slippage of the RF wave packet with respect 

to accelerating electron beam. This effect can be neglected when 

cr/(c- v9 ) ~ L/cN. 

Remembering that k; + ki = w2 / c? and expression for the transverse wavenumber of the 

ground mode of the lens waveguide is given with the expression k1. ~ 21/2 / R, we obtain 

the following restrictions on the parameters: 

36crR2 />,.~1 ~ 2L/N, 

where r is filling time of accelerating section. 

Another factor to be taken into account is the spatial dispersion of the RF wave 

packet during its propagation in the waveguide. A characteristic time interval !::!.T of 

spatial dispersion can be found from the relation 

!::!.T(!::!.k,) 2 fJ2w/8k; ~ 2ir. 

The effect of spatial RF wave packet dispersion is negligible when !::!.T ~ 2L/cN. Using 

relation !::!.k,cr ~ 2ir, the latter condition may be written in the form: 

2ir2(cr) 2R2 />,.~1 ~ 2L/N. 

Simple estimations show that for numerical examples, presented in this paper, this effect 

is negligibly small. 

B Use of microwave open mirror waveguide as mi
crowave transmission line 

One of the key elements of a novel configuration of the RF power supply for TeV 

energy range linear collider is microwave transmission line (see sections 2 and 3). It should 

provide transmis~ion of powerful RF beam along a linear accelerator without significant 

power losse8. Analysis of the pre8ent day level of RF technique R&D shows that the most 

suitable way to construct such a transmission line is to use an air open mirror waveguide 

which possesses the required features, namely by simplicity of technical realization and 

low power losses. 

In the present paper we confine our consideration with the case of the X-band RF 

wavelength range, namely Ar/ ~ 3 cm. The air is almost transparent for the waves with 

such a wavelength (the attenuation is of the order of 0.1 dB at the distance of IO km). 

To avoid the attenuation of RF beam due to the influence of precipitation and dust, the 
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microwave transmission line should be placed inside a building. As a result, the total RF 

power losses of the open mirror waveguide are composed of diffraction losses.and heat 

losses in the mirrors. 

A simplest scheme of the open mirror waveguide is presented in Fig.11. 

o' o' 

Figure 11: The simplest scheme of the open mirror waveguide 

It is ,L,sumed to he composnl of periodical sequence of identical spherical mirrors. When 

the angle of incidence of tlw central RF ray to the mirror does not ~xceed 60°, the 

eigenmodes of the open mirror waveguide are rather insensitive to the mirror misalignment 

and imperfections. For instance, there is no significant deterioration of the waveguide 

properties in the case of concave mirrors, so we assume the concave mirror waveguide to be 

the most appropriate for practical application providing minimal transverse dimensions. 

The RF beam propagating in such a waveguide is bounded in the transverse direction 

by caustic surface and its intensity is dropped exponentially outside the caustic s·urface. As 

a result, at a proper choice of the open mirror waveguide parameters, the diffraction losses 

can be made negligibly ;mall. To find diffraction losses in the open mirror waveguide we, 

following by ref. (7], use an analogy of the open mirror waveguide with an open resonator 

(see Fig.12) with the well known properties. These systems are equivalent when the 

following conditions are fulfilled: 

11 = r-sinP, R! = RsinP, d' = (d2 + D2)1/2, 

where P is tl~e angle of incidence, ,. and 2R are the radius of curvature and aperture of 

the waveguide mirror, respectively. The corresponding notations r-' and 2R' refer to the 
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Figure 12: Open resonator with the same diffraction looses as the open mirror waveguide 
presented in Fig.11 

equivalent resonator parameters. Diffraction losses of the concave mirror waveguide are 

defined by the only parameter, namely by Fresnel number NF = R'2 / >., 1d and at NF > I 

become to be less than 10-4 • 

When RF wavelength >., f 2; 10-2 cm, the reflection factor of the electromagnetic wave 

from metallic mirror is given with: 

r = I - 2(c/ >.,10-) 112, 

where a- is the conductivity of the mirror material. For instance, at A,J '.::= ;3 cm, normal 

incidence of the wave and cooper mirror, the RF power losses in the mirror are equal to 

3 x 10-4
_ Thus, in the X-band RF wavelength range, when Fresnel number NF is greater 

than unity, the total powt;r losses in the concave n~irror waveguide are defined totally by 

the heat losses. 

Now we can estimate the number of mirrors of the open mirror waveguide for the 

conceptual projects of TeV linear collider. We assume the mirrors to be made of cooper. 

Maximal length of the waveguide is equal to L '.::= IO km. To provide the heat losses in the 

mirrors to be at a reasonable level, the total number of reflections should not be greater 

than 1000 which results in the axial distance d between mirrors to be greater than 10 m. 

We have considered above the most simplest waveguide configuration (see Fig.11). 

One can obtain that such a configuration possesses a significant disadvantage. Namely, 

its transverse dimension D can not be made much less than the axial distance d between 

the mirrors because the angle of incidence should be less than 60°. As a result, such a 
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transmission line for TeV range linear collider should have transverse dimension D ~ IO 

m. 

To diminish transverse waveguide dimensions, a periscopic mirror waveguide, may be 

used (see Fig.13). 

fi1 Dl 
Figure 13: Periscopic mirror waveguide 

The angle of incidence in this scheme is equal to 45° and minimal transverse dimensions 

of the microwave transmission line are equal to 2312 R x 2R, where R is the curvature 

radius of the mirrors. 

When constructing the open mirror waveguide one should remember that the pro~lem 

of the RF discharge in the air may take place. Experimental results indicate that in the 

X-band RF wavelength range, the RF discharge threshold is about 30 kV /cm in a dry 

' air at atmospheric pressure. A more detailed study has shown that this effect does not , 

play an important role when choosing the parameters of the open mirror waveguide as 

· the microwave transmission line for linear colliders. 

C Use of the metallo-dielectric lens waveguide as · mi
crowave transmission line 

Significant reducing of the heat losses in the RF lens line may be achieved by metallo

dielectric lenses (see, e.g. ref. (6)). An artificial dielectric is used as a material for 

these lenses which presents a set of metallic particles imitating crystalic structure of 

dielectric. To made such a construction to be rigid, metallic particles are pressed into 

an insulator with the refraction index close to the unity. The most popular insulator is 

cellular polystyrene which has 1: '.::= 1.02 and specific weight 0.03 g/cm3 (specific weight of 

polystyrene is I g/cm3
). The size of particles and the distances between them should br 

much less than the RF wavelength >.. 
The refraction index of artificial dielectric n is greater than unity as well as that of 

natural. For example, when metallic particles present the form of a disk, it may be 

calculated with the formula: 
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n = [ 1 + 16pr~/3 ]1'2 , 

where p is the number of particles in the unit volume, r0 is the radius of the disk. As a 

rule, the refraction index of artificial dielectric is usually chosen to be n = 1.5 - 1.6. So 

as cellular polystyrene may have extremely low the loss tangent, it reveals a possibility to 

construct' metallo-dielectric lens with the heat losses which are by two orders of magnitude 

Jess than that of polystyrene one. In addition, the reflection losses may be reduced 

significantly by using the technique of a smooth decrease of the refractive index towards 

the lens surface. 

D /Use of step-index dielectric waveguide as 
microwave transmission line 

One of the possible ways to construct microwave transmission line is application of 

a dielectric waveguide technique [8, 9). The simplest example of dielectric waveguide 

is dielectric cylinder with the refractive index n1 surrounded with another concentric 

dielectric cylinder with the refractive index n2 • When n1 > n2 , the electromagnetic field 

propagates mainly inside the inner cylinder and decays exponentially inside the outer one. 

As a rule, there is no need to choose dielectrics with essentially different refractive indexes 

to provide effective radiation guiding. It takes place when n1 - n2 ~ n1· and usually does 

not exceed the value of I %. It should be noted that absolute value of the refractive index 

does not play any role in the guiding effect and the value of n2 can be chosen, for instance, 

to be close to the unity. 

The RF line on the base of dielectric waveguide possesses several advantages against 

the RF lens lines. First, it may have small transverse dimensions. Second, there is no 

. problem of reflection losses. Third, the heat losses may be reduced significantly by the 

use gases as dielectrics .. The latter waveguide may be designed in the following way. The 

outer shell of the waveguide is metallic tube. The inner volume is divided into two parts 

by a thin and firm shell with a small loss tangent. Each part of the volume is filled by 

different gases at the same"pressure (which may be rather high). The inner' and outer 

volumes may be filled, for instance by CO2 and N2 , respectively, at 10 bar pressure. The 

jump in the refractive index at the volume boundary is equal to (n 1 - n2 )/n1 '.:::'. 0.5 %. 

E Quasi-optical RF power summator 

The linear collider concept proposed in section 3 uses single powerful RF power source. 

It is natural to construct such a source on the base of serial low-power amplifiers. Here 
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a problem is arisen, namely that of an optimal choice of an RF summator scheme. We 

assume to construct RF power source using quasi-optical RF power summator technique 

which was well develop.ed for needs of radar applications (6]. A simplest scheme of quasi- _ 

optical summator is presented in Fig.14. 

x x x 

6 6 6 
Figure 14: The simplest scheme of quasi-optical RF power summator 

The main element of quasi-optical RF power summator is quasi-optical <;lirective cou

pler which has the form of wire grating placed at the angle of 45° with respect to the 

quasi-optical waveguide axis (see Fig.15). 

2 

3 

Figure 1-5: Summation of RF power in the quasi~optical RF power summator 

Matching of the summator scheme is performed by a proper choice of the transmitting 

' factor J( of the wire grating. Complex amplitudes a1 and a 2 of input waves are connected 

with complex amplitudes ~ and b4 by the following relation: 

b3 = I( a1 - i(I - K 2
)

1l2a2, b4 = -i(l - K 2
)

112
a1 + /( a2. 

When J( = (1 + lad2 /la212 r1
'
2 and phase difference at entries 1 and 2 is equal to 

'Pt - 1.p2 = 1r /2, complex amplitude b3 becomes equal to zero and all the RF power is 

directed into the waveguide. 
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Figure 16: Multi-branch scheme of quasi-optical RF power summator 

In conclusion we should note that in practical situation, to make an arrangement of 

the RF source to be more compact, the RF summator scheme may be designed using 
tree-like structure (see Fig.16). 

F Use of plasma mirror as commutator of RF power 

To provide commutation of powerful RF beam, plasma mirror can be used. Principle 

of its action consists in reflection of RF wave from ionized gas layer. Physically plasma 

mirror presents plane chamber filled with gas mixture. The volume is composed with two 

parallel plates. When there is no plasma in the volume, this device is transparent for RF 

radiation. Plasma mirror is switched on by external electron beam with energy about of 

several hundreds keV which produces plasma and is switched off when the electron beam 

is turned off. After recombination period (several hundreds of microseconds) it relaxes 

into initial state. So, the use of external electron beam give.s a possibility to control the 
plasma mirror operation. 

Let us perform a more detailed study of plasma mirror. 

The plasma mirror chamber is filled with gas mixture (He at 2 torr pressure and H 92 

vapor). Threshold of RF breakdown of this mixture is rather large, about 20 kV /cm at 
RF frequency 10 GHz (see, e.g. ref. [10)). 

Sheet electron beam (E ~ 200 keV, / ~ 4.5 kA) is produced b:y pulsed diode mounted 
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in the wall of gas chamber (see Fig.9) and is injected into the chamber through Ti foil 

(foil thickness ~J0µm). 

The rate of se~ondary electron production in unit volume is given with the expl:"ession: 

S = jbp(dE/dx)/cW;0 ,., (2) 

where jb is current density of electron beam, p ~ 5 x 10-1 g/cm3 is gas density at 2 

torr pressure, dE/dx is ionizing losses (dE/dx ~ 5 x 106 eV cm2/g for He) and Wio;. 

is mean energy required to produce electron-ion pair (Wion ~ 20 eV). The ionization 

process is proceeds as follows. Ionizing cross-section of H 92 by metastable He (23 S) 
atoms (excitation energy E* = 19.8 eV), is anomally large, so each events of th~ He atom 

excitation leads to the appearan~e of electron. As a result, the ionization rate of the gas 

mixture is almost the same as the rate of the He atoms excitation. 

A change in time of free electron density is subjected to the equation: 

dn/dt = S- 1 n2
• (3) 

The second term in the right-hand side of equation (3) describes recombination process 

and I is recombination factor. So as plasma is assumed to be quasi-neutral (electron and 

ion density are equal), this term is proportional to n2
• 

Solution of equation (3) may be written in the form: 

n = (S/,)1l2 th [(S,)1l2t). (4) 

So, the relaxation constant Td is equal to: 

Td = (s,rt/2. (5) 

In the system under study electron beam cross section inside gas volume is equ~l to 150 x 3 

cm2 (ib = IO A/cm2) which results in the rate of the free electron production S ~ 1019 

cm-3s-1 , recombination factor -r ~ 10-0 cm3 /s, relaxation constant Td ~ 300 ns and 

equilibrium electron density n 0 = (S/,)112 ~ 3 x 1012cni-3
• 

Now let us consider the process of interaction of electromagnetic wave with the plasma. 

Electric field, oscillating with the frequency w, induces the following current density in 

the plasma: 

J = uE + (4irt1(f - 1)8E/8t, E = E0 sin(wt). 

Conductivity u and permittivity f of plasma are given with the expressions: 

u = e2n0 v,n/m(w2 + v~.), f = 1 - 4ire2n 0 /m(w2 + v~.), 
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where e and m are charge and mass of electron, respectively, and Vm is collision rate. 

Our numerical example refers to the case of a slightly ionized plasma when electrons 

collide, only with atoms and the collision rate is equal to Vm ~ 6 x.109 s-1 • On the other 

hand, the frequency of the electromagnetic wave is equal to w ~ 6 x 1010 s-1 • Thus, the 

value of w2 exceeds by two orders of magnitude the value of v! and plasma in the plasma 

mirror may be considered as collisionless. Expression for the plasma permittivity f may 
be written in the form: 

f = 1 -w!/w2,wp = (41re2n0 /m)1l 2 = 5.7 x 104n!l2s-1 • 

It takes zero value and becomes negative at the electromagnetic wave frequency w < wP. 

In our numerical example plasma frequency wp ~ 1011 s-1 , so the· electromagnetic wave 

with the frequency 10 GHz can not propagate in plasma and is totally reflected. Its 

penetration depth into plasma is equal to cl~ c/wP ~ 0.3 cm. 

In conclusion let us discuss the problems of technical realization of the proposed plasma 
mirror. 

Side walls of the gas chamber may be manufactured using quartz glass. This ·material 

possesses mechanical durability, it is stable to harmful radiation influence. Its permittivity 

and loss tangent are rather small at the frequency 10 GHz, f ~ 4 and tan /j ~ 10-4 • Special 

kind of ceramics may be used, too. Significant experience in this field has been stored 

during development of radars for airplanes (see, e.g. ref. (6]). 

To estimate RF radiation losses in the chamber walls one can use formula (1 ). As

suming the walls to be made of quartz with thickness D0 ~ 1 cm, we obtain the heat RF 

losses in one plasma mirror to be equal 0.005 dB and the reflection losses - 0.005 dB. 

To avoid undesirable reflections from the chamber walls, the antireflection film technique 

(i.e. by coating the walls with >./4 dielectric layer) may be used, too. 
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