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ABSTRACT 
We describe a model for analytic analysis of transients io 

multicavily klystron output power and phase. Cavities u^mod
eled as resonant circuits, while bunching of the beam i j modeled 
using linear space-charge wave theory. Our analysis hat been 
implemented in a computer program which we use in designing 
mulliravily klystrons with stable output power and phase. We 
present as examples transient analyses of a relalivistir klystron 
using a. magnetic pulse compression modulator, and of a con
ventional klystron designed to use phase shifting techniques for 
RF pulse compression. 

INTRODUCTION 
Large linear electron colliders require high power short 

pulsed RF sources in order to attain accelerating gradients of 
100-200 MV/rn. Two techniques being developed to supply this 
RF are relativistir klystrons with modulators using magnetic 
pulse compression, and conventional klystrons using phase shift
ing techniques for RF pulse compression The RF power and 
frequency range being explored is 100-.W0 MW at 11-17 CHz. 
The RF output pulse length desired is 50-lOOnscc, malting the 
transient behavior of the multicavily klystrons employed in both 
approaches impirtant. This paper describes a model fur analytic 
analysis of transients in multicavity klystron output power and 
phase. Cvjties are modeled as resonant circuits, while bunching 
of the brain is modeled using linear spice-charge wave theory. 
The model has been implemented in a computer program which 
is used in designing multieavity klystrons with stable output 
power and phase. 

RF CAVITIES 
Lach beam loaded klystron cavity is modeled as a parallel 

network of cavity and beam loading impedances at shown in 
Fig. 1. Externa] resistance R, includes additional resistive load
ing by iris-coupled waveguides. The RF driver connected to the 
input cavity typically consists of a power source, isolator, wave
guide, and coupling iris. The driver is modeled as a generator 
of alternating curren' i, = f t e u ' with shunt resistance R, at
tached to the beam loaded input cavity (Fig. 1). Downstream 
cavities are driven by the bunched beam current. 

The RF voltage on a cavity is V[t) = V(i>*" where i'{t) 
is the transient modulation of the RF oscillation t**. Toe tran
sient behavior of l r(r) is calculated from the circuit equation 

& „ . , * V I' 1 

which can be rewritten as 
V' + 

where L, R, and C are the beam loaded cavity inductance, re
sistance, and capacitance, respectively. L, R, and C may be 
time dependent due to resistive and reactive loading of the cav
ity by beam pulses with finite riselime. The current / flowing in 
the circuit mode] is the sum of generator current / j for the input 
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Fr<*. 1. Each bean loaded klystron cavity n ni">l*l**i 
as a parallel network of cavity and beam impedance* f\ 
tereal resistaace tactndea additional resutivv blading b> in-* 
coupled waveguides. The input ravicy i« dnten bv an Ri" 
generatur current. Downstream cavities are driven by ifce 
bunched beamcarrest. 

cavity, RF beam current i\ for intermediate and output cavitirv 
and DC beam current /» for all cavities. Time dependence „( / , 
(for the input cavity J is «*"' where _ n the RF angular frequency 
Time dependence of tt (for intermediate and output ravun*i 
is /jlrjr"' where /i(f) is tl.r transient modulation nf ihe RF 
oscillation e'"'. Time dependence of to is due to froitr riM'ttme 

The lumped circuit elements in Eq. 111 ran be expressed in 
terms of measurable quantities through the definitions 

, 1 . _ jCf 8 

"•'"IS' Q-"yi%VR : 2 =.,«.-
where R/Q is constant, 
gives 

Inserting definitions 12) into Fq III 

V + 2 
H i 

wfiirh « solve for the traraient behavior of \ 111 
The total quality factor Q for resistive beam loading of ili<-

cavity is composed of contributions from cavity walls {Qui. frum 
beam loading (Ps), and from coupling to external wawguide* 
IQC). Told <? is given by 

<?=«?»' +«*-' + <?,-')-' 
Beam loading Qi is related to the beam parameters In 

Qt = lalta2-l)Ki/Io H. 
where fC\ depends oc the spatial distribution of the beani. -i& -
1 -reVBfmctr, and \'a is the accelerating voltage The rewinanie 
angular frequency of the cavity is 

Wr = **"0 + ^ 
where wo is the resonance frequency without beam, and I is the 
detuning by reactive beam loading The detuning is related I<I 
beam parameters by 

un/2r" = "ro(lD : -l)AV'o fi« 
where Kt depends on the spatial distribution of Ihe beam Time 
dependence of Qi and S results from finite risel ime of the beam 
current la and of the beam energy w 1 ui F.q I!) and (31 
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Initial Conditions 
Velocity modulation is initialed by an external RF driver 

coupled by a waveguide to the klystron input cavity. Tbe driver 
ID general is not matched perfectly to the input cavity impedance 
which is time dependent due to tbe transient beam loading, if 
the driver is switched on long before the beam enters the in
put cavity, the input cavity voltage builds up to an asymptotic 
value which can be determined from the available drive power 
arn! the impedance mismatch as follows: The driver is modeled 
a* a generator of alternating current / , = /»**"" with shunt resis
tance R, = 1 HlQ)Q, attached to the beam loaded input cavity 
< F T 11 Tin- beam loaded input cavity has impedance 

H..' fr.i<Hon nf available dn ve power that enters the input cavity 
•-. : 1 • where 1-iZi - Hr\l(7.i + R,) is the voltage wave 
n-llr-. III.II cm-lhcu'iit. The asymptotic peak voltage on the input 
cavity produced by available cms drive power P ha* the same 
(ill..*.- i relative to I,) a> the total impedance through which I, 
rhm-s The total impnUnrvts 2 r = ( ^ l ~ ' - r A ~ l r ~ > - Thephase 
of i he asymptotic peak voltage on the input cavity produced by 
Mi.- tjenerator then is 

.1 \m/.T -i -.-'/-» - »>/-) 
* = " • S T * ? - - <,„-• + « . - • < ? , - • • 

1 In .r-yrnptutir peak vultage on the input cavity then is 

i i = v '2i»(i - n :){ft/<?iit?Q-» + Qt-1 »-•«*•-
•V-iimitig ihe field* produced in the input cavity by the Rr" 
generatm have reached equilibrium before the beam turns on. 
ih«- > nil age I "((I on the input cavity at f = 0 just before the 
!»•»;» enter* is l'|0) = I j and l'(0) = i - l i 

Alternatively, the Iransicnl due to switching on the genera
tor i> analyzed uMn; the input cavity initial condition l'(0) = 
no = o 

Krt< li iliruiMrcam cavil> is driven only by the beam and has 
i - II ami I =: 0 before the t>earn enters. 
Driving Term 

The rale ui change in current / that drives the voltage on 
.i rantv appears on the right side of Eq. (3). For the input 
• .mi) , which is drrcn by / , and by the ri:- me of l0. 1 = 
i~lj -*- /ii Maximum rms drive power P is transferred when 
the mptii cavity is matched to the driver. In this ease, P = 
\\hlt 1'li, so / , = y/Sf'/R, for the intermediate and output 
ravines, which are driven by /j and by the risetimeuf / u . / = 
1.1; - la ("alruUiion of f) from linear space-charge wave theory 
is- fli«-eii«ised below 

LINEAR SPACE-CHARGE WAVE THEORY 
OF BUNCHING 

Hunching of the beam is modeled by linear spare-charge 
wave theory The transient cav;ty voltage ^'(^)rfc", modulates 
the velocity of the hram Longitudinal space-charge forces then 
produce spare-charge waves which bunch the beam downstream. 
Space-Charge Force 

The space charge potential of a long hunch of charge density 
p aii'i radium a in a beam tube of radius o is 

I !r < a < 
4fo V a « • / 

assuming the longitudinal dimension {?J of the hunch is long 
compared IO the radial dimension (r) so that end effects can 
U- neglected The longitudinal space-charge force in the frame 
mm nig with the beam at velocitv t«o = t%e is 

o- -I'oto' V e a - / o: 
where io = U - Ha1)''/1. Note that when average*! over a 
uniform radial rurrenl distribution 

F,|r) = _ e -

, F V _ . / o ' f ' ' ( r > r a V 1 [ l + 4 l n | f , / a l l t . ,„ , 
W . J ^ _ _ . . | r _ _ _ | « . l 0 l . . . 

Wave Equation 

Tbe longitudinal space-charge force produres spare charge 
waves on the beam. The spare-charge wave equation can he 
derived from the linearized continuity equation in the coordinate 
ftame moving with the beam at velocity r 0 with respect to the 
klystron, 

PotH'i/c): = -dpx/iit. (S) 
where the charge density p and the velocity r ate both Mini* nf 
a constant term and a small niwtulatiun ,iU. t) - (\, + />,!.-, f > 
and t'(:. I) = ro + I ' | (J . I) In the beam frame, the beam leluritt 
•sr , (.-,(). 

For small velocity modulation. v\ = <-(-> - -io)/-'*i>>«i whet*' 
1 = (1 - d 2,""' The acceleration is 

*l = -jc/A-x, 5 = F.frl/m-ra1 t!» 
because -> = F,Hac/m,c>. Substituting 11 from Fq (M| into t In-
time derivative of Eq (8) and using Ft from Fq (6|. gives the 
wave equation 

iFpt _ _I_*V-
3:: ~ ly-' a i -

where the phase velocity r*. of space-charge waves is guen bv 

The beam current is la = PDAI-»H ; 

Space-Charge Wavelength 

Spare-charge wavenumber and wavelength are rompnted R 
from the phase velocity (10) by averaging as in Fq (7). over 
a uniform radial beam current distribution The average space-
charge wavenumber is 

•lh^--][r4^]"-; "•' 
where o = 2\ntb/a). The average space-charge wavelength is 

= 2[ll+9),'2-S»*]\l4!£u^,>-
ir.,i 

For beam energy r\'a = ( f 0 - l\nt,c* = I'iMeV. current 
/n = 1 LA. and fillins; factor a/a = 0 7. the spare charge wave
length calculated from Eq < 12j is (A f) = 1SI rni. in good agrei'-
ment with simulations by the electromagnetic particle-in cell 
code. Mask. 
RF Current 

Velocity modulation by a cavity produces UK modulation of 
the beam current downstream We approximate each klystron 
cavity as a narrow gap with voltage i'(/)r'-' After drifting a 
distance d, the beam develops an KF current given in the linear 
approximation by 

in y I j kA 11 -o g),i; (i:fi 

where ZQ = 377fi and (kf) is computed from K'| 1111 
In tbe drift downslream from a cavity, spare-charge waves 

evolve on the beam according to Fq. (13) with boundary ><>ijdi 
tions given by the cavity voltage Hunching evolves on tbe seal.-
of Xr/4. In klystron designs, mterravity spacings are sirnewhat 
less than A,/4, making: the overall lengths of klystmns srale with 
Xr times the number of cavities 
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MULTICAVITY KLYSTRONS SL4 REUTIVISTIC KLYSTRON 

The transient calculation for a multicavity klystron is out' 
lined in Fig 2. For each cavity in sequence from input to out
put, the tii,.e dependent RF cavity voltage produced by the RF 
generator (for the input cavity) or the bunched beam (for the in
termediate and output cavities) is calculated from Eq. (3) using 
the appropriate initial condition and driving term as discussed 
above. The voltage solution is used to compute from Eq. (13) 
Ihe resulting RF modulation of the beam current at the down 
stream cavities. The RF current used to drive each cavity in the 
calculation is the phasor sum of RF currents from all cavities 
upstream. The output RF power is computed from the output 
cavity RF voltage as .\'(l)\!/'lft. The output RF phase relative 
to the RF generator is tan' ' (]ml'lt)/RrV(rr). 
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Flit 3 Transient anaJssis of SI.4. an II 4 GHz six ravit\ rr| 
atiwstii- kĴ -rn*:! In * \i- bn-ar calculation, trie fields prmlured m 
ih" input wu.ts t>". ti:-' Ilr generator haw reacheil e<i«ii!ibniit.,> he 
fore the Effdir: luru- on the klystron ravity frequencies wilboui 
iieam are tuneil u* II M '.M. t.V 4'.''>. and li Mil/. respertiwU. atici%«-
l l t . ' l Mll i The p-Sei! Iieatu detune* the ravines t« '.'.*iMH/ 41.4 
line!* ihein wirh ij..^. -- '.Mil wh«*n beam current and Miitaire Are at 
ih-ir maximum *airi«~. 1 k.\ ind I M\ 1 h«* gain canities are load'-d 
e»terna!;» wit!, t*. = i.iifiw fa-Ier riseiune Input V. = W0 Oil 
put y . _-Jt> lot i!:.- . n . j n i i w . R Q = J7.2T.2*.2:.B0. am! 111! 
retpei-litely lr.rerra-.itt »iwict> *»• >'. 11. 31. 21. ami 14 mi 

EXAMPLES 
Relat iv is ts klystrons under development at the Stan 

ford Linear Accelerator ('enter * SI. \<' t r»ml Lawrence Livermore 
National Laboratory r I.I.N I. • are designed to extract hundred-, 
of megawattb of RF power at 11.4 GIU from electron beam 
pulses of 1 k.A current. 1 MeV kinetic energy, and SOnsec dura 
tion" These beams are produreri by a linear induction acceler
ator driven by modulators using magnetic pulse compression at 
LL.M. One relativists klystron, known as SL4." is a six cavity 
tube designed to operate at 11.4 GHz with 1 kA beam current 
and 1,2 MV beam kinetic energy Figure 3 shows our analysis of 
transients in klystron output power and phase due to a pulsed 
rclattvislic beam entering the SL4 klystron after the fields pro 
duced in the input cavity by the RF generator have reach**! 
equilibrium. 

Phase shifting techniques for RF pulse compression are 
under development at SLAC. A 10U-MW conventional klystron 
at 11.424 GIU has b o * designed for use m these experiments. 
Figure 4 shows our analysis of the transients due to switching on 
the RF generator in the presence of a DC beam, and then due to 
reversing the generator phase after the switch-on transient has-
subsided. 

SUMMARY 

We have described a model for analytic linear analysis of 
transients in multicavily klystron output power and phase We 
have presented as examples our transient analyst's of two mulli 
cavity klystrons designed for applications in which fast risetinu-
and stable output power and phase are important 
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11 424 GHz KLYSTRON FOR W PLrL£E COMPRESSION 
InUraadiat* caviUn loadad (- - •). ualpadvd ( ) 

FlCi. 4 Traesi'-iit amiyu- of a 100 \1W. It 421 (;i|/ fue-ca>in 
conventional klystron d«-*-iEii for HI pulse compression In this linear 
calculation, the It! eer.'-ralnr is switched <;ft at (Jnser in ibe presenci-
of a DC beam 111*- p.*-n'-iator phase i* r*-*ersed at 30nser. after th*-
switcn-oi) trausier.1 l:a.--utjsiffe«l Dashed curve* sfanw thai irnpr'iv*'>l 
metime is obtained IJ> adding emernal loail^ with Qt = ISO t«> U:*' 
gun cavities Inp«i t .̂ - !*H' Output Qr = 26. The klysirun ravitv 
frequencies without beam are tuned i<>2l. IS. 40. M0. and '.'0 Ml!/, 
respectively, aoove IML'l.MII; The DC. 510A. 44DLV beam de 
tunes the cavities by -'21 \i\it arid loads them with Q. = j]0 lur 
the five cavities. H/<j = .'iti. Jri. 3fi. 39. and 20H. respeciiwiv lni.-r 
caviiy spacings are 6. 6. .̂ and 3 rm 
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