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Abstract 

The C.4RM is a. promising source of microwave power for the 
next generation of linear collider. Designs for a high-power 
17.136 GHz cyclot,ron autoresonance maser (CARhI) arnptifirr, 

utilizing a 700 kV pulse-modulat,or and a 1.2 Me\’ linear indur- 
tion accrtrrat,or, are presented. 

I. Introduction 

The next generat.ion of TeV e+e- linear colliders of reasonable 
length and cost. will require’-s at least an ctrder-of-ma.grlitl~[te in- 
crease in the accelerating gradient above t,he - 10 - 20 h4eV/m 
that ran be presently achieved using conventional S -band ktyst,ron 
drivers. In order to obtain these increased arcelera.ting gradients. 
t,hr rf p?ak power and frequency must be increased substant,iatly. 
‘I’hr rf peak power breakdown limit is increased by increasing Ihe 
freqllc,ncy and decreasing the i-f pulse length. 

A(. presen!., designs for the next generation collider havr set,- 
t led on 17. IX GtIa as a reasouabte choice for t,he opt-ra.ling fre- 
q"fv'y.4'5 The typical peak power that, will be required per 
sonrcc is in the ,511O hlW to 1 GW range, with rf pulse lrngths in 
t,he nright~orhood of 25 50 ns.‘l,s For such a design, accelerating 
gradirnt,s may be on t.he order of 200 MeV/m. 

Hecrntly, there has been considerable theorrticat interest in 
thr cyctolron allt.orescmance maser (CARM).s ’ The CARM is 
similar to a gyrotron, except that. the etcrtromagnetic wa.ve prop 
agat.es with a phase velocity close to the speecl of tight. 7’11~ 
(‘AH~I typically rn~ptoys relativistic electroll beams wilh pitch 
angles (1, ~ 11, /~~~~) smaller t.han f,hat of the gyrotroll. However, 
unlike gyrot,rons and free-electron lasers, there are f?w rxperi- 
mental demonst,rations of the CARLl.‘” I2 To date, work in th? 
Soviet [Inion”~” has ccmcent,rated on CARI oscillators. Exper- 
im?nlal work at, LlIT has demonstrated single-pass superradiant 
opcra~ ion at, 35 GfIz:, and, more recently, C!Althl arrlplifirr cqwr- 

ation at, 35 (ZItz with -25 dB gain and saturated output powers 
of - IO Rl\V. These rrsults have brrn obtained in thr CARiIt 
regime with a 1.5 hleV, 260 A h cam from a Marx Accelerator. 12 

A 1 10 (:Hz (:Althl amplifier Ilt,ilizing a 450 k\’ electron beam 

generated from a SI,AC! 50.15 klyst,ron gun is also being assen- 
bled.‘: 

‘l‘hc CARhI alnplifler has some pot,csrltial a.dvantages over thr 
gyroklystron amplifier. Because the elect.romegnetic wa.ve whirtl 
propagatrs in t.he waveguide circuit is far from cul-off, large di- 
ameter waveguides may be used. In contrast, the guide size re- 
quired for a gyroklystron amplifier circuit is smaller for a given 
frc~~~~rncy and mode brca.llse the wavr is much closer t,o rut-off. 
For t,his reason: f zinc amentat mode operat.ion in large diameler 1 
waveguides is possible in the (‘ARM at higher frequencies. On 
t.he down siclcs, t.hca <IhJthl interaction is quit,? sensitive tc veloc- 
ity spread. 

l’he (:ARiLl has t.hr, pot.ential (0 operate as a higtl-gain, high- 
efficiency, higbpower amplifier in the frequency regime apptira- 
hlr to the next gencrat.icm colliders. In design of a high-peak 
~)(~er (!Al{nl arrrplifirr, t.hr electron beam enrrgics which result 
in the most at,trartivr operation are typically in the 0.5 - 2 Mt.\’ 
range. (:onsrqllrrrt ly, beam generation for a high-power CARRI 

amplifier is welt suited to two accelerator technologies. Hot h 
high-voltage (500 kV 1 h4V) SLAClypF pulse modulat.ors and 
linear induction accelerators can be used for e-beam generation. 
For CARM designs based on induction accelerators, the prak 
beam powers and beam pulse durations result in the generation 
of rf pulses which are already well suited to the requirements of 
future colliders. An important alternative, however, is the use 
of conventional high-voltage pulse modulators to produce 0.5 
1 ps rf pulses, which are then compressed using binary energy 
compressors. 14tt6 Such a combination may result. in an attractive 
alternative to systems which utilize induction accelerators. 

We have carried out a design st,udy of bot,h a pulse-modulator 
driven CARM amplifier operating with a 700 k\’ electron beam 
and an induction accelerator driven CARL1 amplifier with a 1.2 
Me\’ electron beam. These designs are attractive for a proof- 
of-principle CAttnl amplifier experiment. Results of this design 
st.ucly are presented in this paper. 

II. Theory 

The CARM interaction occurs when electrons undergoing 
cyclotron motion in an axial magnet,ic field (B = B GL) inter- 
act with an electromagnetic wave (w, k) with wavevector neartJ 
parallel to the a.xiat field B. Th e resonance condition is then 
w - k v = sR,, where s is the harmonic mlmher and R, is 
the relativistic cyclotron frequency defined by R, = &/y 
eR/ymc. The well-known resonance condition for t,he rAI<R1 
is thus w 7 &,/y(l - flll/&,h) where y and 411 are the etert.ron 
energy and velocity in the 2 d’ crectinn. The wave phase vrtoritj 
is given by & = t+,~,/c - w/ckl As is apparent, from t,he rcs- 
onance condition, the CARM is capable of operation iit a Isrgr 
Doppler upshift from the cyclotron frequency (in contrast to t.hv 
gyrotron). For 7: >> 1,/3~0 =: I/7", and &, = 1, there is a 102 
frequency upshift from the relativistic cyclotron freqllency R, (01 
a yo upshift from thr nonrelativistic cyclotron frequency, &). 
For the numerical results given here, we consider only C’ARRI 
operation at th? funda.ment,at of t,hr cyclotron frequency (.Y 1). 

The nonlinear equations for the (‘ARM amplifier in a wavcg- 
uidc are derived by a.ssuming that 1) the electromagnetic wave 
propagates in a fixed TE waveguide mode, 2) the particle moti~,n 
is accurately described by considering only a single tlarmvnic, 
and 3) drifts in the particle guiding crnters are negligible. The 
hIIT CARM amplifier rode SPOT includes thr following effects: 
harmonic interactions, arbitrary TE waveguide mode, annular 
or solid electron beams, waveguide loss.~, energy: moment,um. 
a.nd guiding center spreads (gaussian or rlniform loading), pre- 
bunched electron beams. and a tineart,v tapc’red axial magnetic 
field. This code is described elsewhere 13 

III. Design of a 700 kV Pulse-Modulator- 
Driven 17 GHz CARM Amplifier 

W? have carried ollt designs for a long pulse (I IIS) CrI 11,Rl 
amplifier experiment utilizing our 700 kV, 1 I’S pulse rnodutat~~~ 
a.nd a 700 kV, 175 A electron gun. For operation wit,h plltse 
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lrngt,hs of 1 ,US, the design of the CARM amplifier must opt- 

t&w the dr,vice efficiency within the constraints imposed by the 
rrqlliremrnt that the amplifier not be susceptible to absolutr in- . 
stabilities. Because the 1 J*S pulse length is significantly longer 
than the typical e-folding times of the absolute instability, the 
design parameters of the drvicr must be well within the calru- 
lated stability limits. We have carried out a preliminary design 
of a 17.136 GHz CARM amplifier using a 700 k\’ electron gun. 
The design parameters are presented in Table 1. 

Table 1 
700 kV CARM Amplifier Design 

Parameter Design Value 
Beam Energy 700 keV 
Beam Current 175 A 

ch 

1.3 cm 
1.0882 

go 
Pin 
P out 

VT, untapered 
z.,~, untapered 

77, B, taper 
z.,~, tapered 

Dctuning (&) 

0.709 
4.65 kG 
10 kW 

36.8 MW 
21.8 % 

0.263 m 
30.0 % 
0.98 m 

0.0 

For a fixed beam voltage and current of 700 kV and 175 A, 
the beam (Y value (a E pl/p~~) corresponding to the threshold 
for ahsolute instability is given by a = cy,, with LY,. The critical 
pitch may be calculated by a Brrs-Briggs pinch-point analysis 
of the CARM dispersion relation.16 In these calculations, no 
wall loss has been assumed. The critical pitch will be a func- 
tion of the magnetic field, which will in turn be a function of 
the waveguide radius & and the frequency v for a given de- 
tuning from resonance. The efficiency for a TE,, mode CARM 
amplifier operating at 17.136 GHz is plotted as a function of 
wa.veguide radius in Fig. 1. The axial magnetic field is uniform 
for t,hese simulations. Also shown is the critical pitch (cY,) at 
each waveguide radius assuming resonant magnetic field. The 
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Fig. I Efficiency, saturation length, and critical cy 

versus waveguide radius for 700 kV, TEll 
mode 17.136 GHz CARM amplifier with 
no magnetic field taper. 

value of a used for each wavegllide radius is o ~~ c+( R,,,). The 
critical pitch is high at small guide sizes because t,hr magnrt,ir 
field required for resonance is closer to the grazing magnetic field, 

The optimum efficiency for this unta.perrd magnetic field casr is 
approximately 22%. Consrquent.ly, a magnetic field taper will 
be required to enhance the efficiency of this 700 kV, TEII mode 
design. A preliminary design of a 700 kV experiment including 

a linear magndir field taper has yivlrlrd a drsign with 30% effi- 

ciency. Further efficiency enhancement should be possible with 
. . 

optlmlzed magnetic field taper profiles and with other techniques 
such as waveguide radius tapering and prebunchirtg. 

IV. Design of a 1.2 MeV Induction-Linac- 
Driven 17 GHz CARM Amplifier 

We have also carried out design studies of a C.4RM amplifier 
utilizing a 1.2 MeV linear induction accelerator (LIA). For the 
short pulse lengths obtained with induction accelerators, CARM 
operation in the higher order modes may be feasible. For opera- 
tion in higher order modes, such as the TE1s: the beam may be 
stable in the TE,s mode (a.t the lower intersection) but, the beam 
may he unstable in lower order modes. For long pulse operation 
these lower order modes are potentially serious,le-‘a as there is 
ample time for the absolute instability to reach saturation. How- 
ever, for the short e-beam pulse lengths typically obtained from 
induction linacs, amplification on the desired convective insta- 
bility may be possible for time scales which are short compared 
to the time required for the unstable modes to grow significantly. 
Such behavior has been recently seen in particle-in-cell code sinl- 
ula.tions.‘s 

From the standpoint of device efficiency: operation in higher 

order modes is desirable for cases where the beam current is high. 
If the operating mode is fixed, the CARhI efficiency in a uniform 
axial magnetic field has an optimum at a specific value of the 
current. ‘,* For the designs considered here, the desired operating 
currents are well above this optimum current if the operating 
mode is TEll. Operation in higher order modes increases t,hr 
current at which th? optimum efficiency occurs. 

The preliminary design parameters of a ‘rE,s mode 17. I36 
GHz CARM amplifier are presented in Table 2. The unt,aprred 
efficiency is 33%, and the effiricmcg obt,ained with a linear ax- 

Table 2 
LIA-Driven TEls Mode CARM Amplifier Design 

Parameter 
Beam Energy 
Beam Current 
Pulse Length 

a 
Frequency 

Mode 
Guide Radius 

P 
1;: 

77, untapered 
v, -0.5%/cm taper 

&lper 
&2t 
P *at 
Bo 

Detuning (ho) ______.- 

Design Value 
1.2 MrV 

500 A 
50 ns 

0.6 
17.136 GHz 

‘rEl3 
5 cm 
1.137 

10 kW 
33.6% 
46.4% 
0.45 m 
0.96 m 

278 MW 
4.94 kG 

0.4 
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ial magnetic field taper is ,4fiY?. The results are obtained with 

the Ml’l’ (!IZKM code SPOT. Higher efficiencies should IX IJOS- 
sible with betrrr optimized (non-linear) tapers, as well as with 
tapp’ring of the waveguide ra.dius. Negative tapers can produce 

significant, increases in the effirirncy; Fig. 2 is a plot of the effl- 
ciency as a function of the linear taper rate for four different axial 
positions at which the taper hegins. The taper rates required for 
significant efficiency enhancement are modest. 

TE13, 1 2 MeV, 500 A 

17 136 CHz 
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Fig. 2 LIA-Driven CARM Amplifier I?fficiency versus 
Magnetic Field Taper Rate. The Imtapercd 
saturation length is 0.6 m; zcaper is the 
starting position of the axial taper. 

‘l’hr stability of this TF,:13 design with regard to the TEL1 and 
TEiz modes can be estimated by a comparis~)n of the ahsolute 
instability temporal growth rates for the TE,, and TElz modes 
with the e-beam pulse length. The artual tempcjral growth rate 
f(lr the absolute instability should he significantly reduced by 
the presence of drive power at, the frrqurnrg corresponding to 
the convc~ctive instability. Furthc~rmore, the addition of waveg- 
nirlr wall loss for the lower frequencies will also help prevent, 
instability. 

V. Conclusions 

The (:AHbT amplifier is a. pr~)rnising source of high frequcnc\ 
radiation for fut,ure linear colliders. Initial design studies indicafr 
thai attractive <‘AR\1 clc~signs exist which utilize either plllsr- 
modulator technology or indllction linac technology for genera- 
tion of the elrrt.ron beam. Interaction effirirncirs are in the 30 
.?(I% ra.ngr; higher efficiencies should he possible with nonlinrar 
t,apers. 
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