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ABSTRACT 

i!‘e describe a model for analytic analysis of transients in 
multicavity klystron output power and phase. Cavities are mod- 
rlcd as resonant circuits, while bunching of the beam is modeled 
rising linear space-charge wave theory. Our analysis has been 
in~plemrnted in a computer program which we use in designing 
multicavity klyst,rons with stable output power and phase. We 
present as examples transient analyses of a relativistic klystron 
using a magnetic pulse compression modulator, and of a con- 
vcntional 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/m. Two techniques being developed to supply this 
RF arr relativistic 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.-500 MW’ at 11-17 GNz. 
7’11~ RF output pulse length desired is 50-100 nsec, making the 
transient behavior of the mult.icavity klystrons employed in both 
approaches important. This paper describes a model for analytic 
analysis of transirnts in multicavity klystron output power and 
phase. Cavities are motlrled as resonant circuits: while bunching 
of the beam is modeled using linear space-charge wave theory. 
The modrl has been implemented in a computer program which 
is used in designing multicavity klystrons with stable output, 
power and phase. 

RF CAVITIES 

Each beam loaded klystron cavity is modeled as a parallel 
network of cavity and beam loading impedances as shown in 
Fig. 1, External resistance R, includes additional resistive load- 
ing by iris-coupled waveguides. The RF driver connected t,o tht, 
input cavity typically consists of a power source, isolator, wave- 
guide, and coupling-iris. The driver is modeled as a generator 
of alternating current Ig = iyelwt with shunt resistance R, at- 
tached to the beam loaded input cavity (Fig. 1). Downstream 
cavities arc driven by the bunched beam current. 

The RF voltage on a cavity is V(t) = fJ(t)e”wt where p(t) 
is the transient modulation of the RF oscillation c“‘~. The tran- 
sient behavior of I’(t) is calculated from the circuit equation 

-$cv+-$~+lf:i , 
wllich can be rewritten as 

where L: n, and C are the beam loaded cavity inductance, re- 
sistance, and capacitance, respectively. L, R, and C may be 
time drpendent due to resistive and reactive loading of the cav- 
itv by heam pulses with finite risetime. The current 1 flowing in 
t<p circuit model is the sum of genrrator current I, for the input 
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FIG. 1. Each beam loaded klystron cavity is modeled 
as a parallel network of cavity and beam impedantes. Ex- 
ternal resistance includes additional resistive loading by iris 
coupled wavcguides. The input cavity is driven by an RF 
generator current. Downstream cavities are driven by the 
bunched beam current. 

cavity, RF beam current 1, for intermediate and out put cavities, 
and DC beam current 10 for all cavities. Time dependence of I, 
(for the input cavity) is e U’ where w is the RF angular frequency. 
Time dependence of 11 (for intermediate and output cavities) 
is i,(t)eiwt where ii(t) is the transient modulation of the RF 
oscillation eiUt. ‘Time dependence of 10 is due to finite risetime. 

The lumped circuit elements in Eq. (1) can be expressed in 
terms of measurable quantities through the definitions 

2 w, =-, Lb Q,,,$&=w& w7 7 = 3 = 2RC (2) 
, 

where R/Q is constant: Inserting definitions (2) into Eq. (1) 
gives 

p+2 i-2 Q 
( ‘> T 2+;, .2 + w’z-; I ( 

;+z+~w+-5 >I I{ (3’ v =wr-I W,” wr Q 
whirl1 we solve for tl~c transient brhavior of V(t). 

The total quality factor Q for resistive beam loading of the 
cavity is composed of contributions from cavity walls (Qo), from 
beam loading (Qb), and from coupling to external waveguides 
(QE). Total Q is given by 

Q = (Q;l + Q;’ + Q;l)-‘. 
Ream loading Qb is related to the beam parameters by 

Qb = -/o(ro2 - l)li’l/lo (4) 
where A’1 depends on the spatial distribut,ion of the beam, yo = 
1+ eVo/m,c2, and VO is t,he accelerating voltage. The resonance 
angular frequency of the cavity is 

wr = wo + 6 
where wg is the resonance frequency without beam, and S is t,he 
detuning by reactive beam loading. The detuning is related to 
beam parameters by 

wo/26 = yo(-Yo2 - l)lr’z/lo (5) 
where Ii-2 depends on the spatial distribution of the beam. Time 
dependence 01 Qb and b results from finite risetime of the beam 
current 10 and of the beam energy 7omec 2 in Eq. (4) and (5). 
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Initial Conditions 

L’elocity modulation is initiated by an cxtcrnal RF driver 
c~ollpled 1’~; a wavcguide to the klystron input, cavity. The driver 
iIt gc,nfxal is lmt rrlatchcd prfectly to the input cavity impedance 
which is t.irne tlcpcntlent due to the transient, beam loading. If 
the drivc,r is swikhctl on long before the beam enters the in- 
put cavir,y. the input, cavity voltage builds up to an asymptotic 
value which can be determined from the available drive power 
and t hr impedance mismatch as follows: ‘I‘he driver is modeled 
RS a grnc~rat.or of alt.rrnat.ing cllrrent Z, = fgeiwt with shunt resis- 
tance lr’, = ( lI/Q)Qe attached to the beam loaded inPut cavity 
(Fig. 1). The beam loaded input cavit.y has impedance 

ZL = (R,‘Q)[Qo-’ + Qb-l + i(w,‘w, - a+/~)]-‘. 

The fraction of available drive ponw t,hat cnt,rrs the input, cavity 
ie 1 - Irl” where I’ = (;5, - RE)/(Z~ + R,) is t.he voltage waye 
refl<bct.ion coeflicient. The asympt,otic peak voltage on the input 
cavity produced by available rms drive power P has the same 
pha~ (rrlative to i,) as the total impedance t,hrough which ly 
flo\vs. The tot.al impc~danccis ZT = (%L-‘+I?,-I)-‘. The pha.se 
of thy as\rnptot,ic yak volt,agc on tlw inpllt cavity produced by 
the generator t Iir~i is 

IlIlZT 
~=la,,-‘--- = tan-’ 

-(W/WI- - w,/w) 

Re%7 Qo-’ + Qb-’ + Qe-l’ 
‘l-he> asymptotic peak voltage on thr: inplli cavity t,hen is 

L& = 2P(l - Il’l”)(R/Q)(Q,,-’ + Qb-1)-l etd. 

r\ssuming t,he fields produrcd in the input cavity by the RF 
gc’ncrator have rrxacllcd cquilibriuln before the beam turns on, 
t.t1c volt.age L’(i) on the input cavity at t = 0 just before the 
Iwan rntrrs is k’(O) = 12 and ii(O) = iwL$. 

.1ltrrnat ivrly. the transient due to switching 011 t.trr genera- 
tor is analyzrd losing tlke input, cavity initial condit.ion I’(0) = 
140) = 0. 

I;ach downstream cavity is driven only by the beam and has 
I’ = 0 and i,’ = 0 before the bram rntprs. 
Driving Term 

The rate of change in current I t,hat, drives the voltage 011 
a cavity appears on t,tlr rigllt side of Ilq. (3). For the input 
cavity, Lvhic-h is tlrivcn by Z9 and by the risetimc of 10, i = 
iti1!, + lo. Maximum rms drive powrr P is transfcrrrtl when 
111~ irlput, caviiy is inatchrtl to the drivrr. III this casr, I-’ = 
~(~lsylr, so I,y = $Fp& For it t 1~ 111 crmrdiatc a~itl orlt put. 

cavities, wllicll are clrivcm by II and by the risc,t,imc of 10, i = 
iwI1 + lo. C’alculat ion of 11 from linear space-charge wave t.heor\ 
is tliscllssc~tl below. 

LINEAR SPACE-CHARGE WAVE THEORY 
OF BUNCHING 

l~llnching of the beam is modeled by linear space-charge 

wave t.hcory. The transient cavit.y voltage ii(l)czWf modulates 
t ii? vc,loc.it y of the beam. Longitudinal space-charge forces then 
pro(llrcr space-chargr \vavrs which bunch the beam downstream. 

Space-Charge Force 

‘l-he spacca-charge potential of a Ion g brlnch of charge density 
/’ i311d ratlills n in a bc,ani tube of radius b is 

\~(1~<</<6)=-g 1+2lA< 
( (1 a2 > 

assuniing t Ilr longit tldillal dimension (2) of the bunch is long 
comparc~tl to t hc raclinl dimension (I.) so tllat cud c,ffcc.t,s can 
I)(’ ~~c~glcc.tc,tl. The longitudinal space-charge forcr in the frame 
nloving with t IIV I)can~ at velocity I’(, = ,$~c is 

,,(r)=-,~=~(,.,ln~-~)~ (t;) 
3 4f 01.1? I’ 

wtlerc ;,(I = (1 - :j(,“)- l/2 Notr t.llat, when averaged over a 
illliforllt ratlial (‘u1’rc1lt tliit ribulion 

(F ) = s; I;,(r)r~~r = 1 
z 

J,” r dr 

1 + 4In(b/a) F (o) 
2 I + 2ln(b/a) ’ [ 1 ’ (7’ 

Wave Equation 

The longitudinal space-charge force produces space-charge 
waves on the beam. The space-charge wave equation can be 
derived from t,he linearized continuity equation in the coordinak 
frame moving with the beam at velocity 1~0 with respect to the 
klystron, 

fl”SU,/& = -&I,/&, (8) 
where the charge density p and the velocity v are both sums of 
a constant term and a small modulation: p(z, t) = ~0 + p,(z, 1) 
and ~(2, t) = z)o+vl(t, t). In the beam frame, the beam velocity 
is ~1(3, t). 

For small velocity modulation, 111 = c(y - Ta)/$o?o” where 
7 = (1 - 13”)‘/‘. The acceleration is 

ti, = ~c//3J)oyo3 = Fz(r)/1”~“3 (!I) 
bcciluse $ = Frfi~c/mec2. Substituting 6, from Eq. (9) int,o the 
tinie derivative of 159. (8) 
wave equation 

and using F, from [‘:(I. (O;), gives t,hct 

B”p, 1 3”pl -=-- 
a,-2 1:$2 at” 

where the phase velocity ~4 of space-charge waves is given by 

“4 2 
C-> 

lo 1 =-- 
17kA@“Y”5 ( 

1+‘71r1G-f . 
c I a (12 ) 

(10) 

‘I’l~e beam current is 10 = po,!&cacl?. 

Space-Charge Wavelength 

Spare-charge wavenumbcr and wavclerlgt,h arc computed 
from thcb phase velocity (10) b) averagillg, as in Eq, (7), over 
a uniform radial beam current, distribution. The average spacc- 
charge wavenumber is 

(kp) = cc’ (q) /1%“2 

l/2 (11) 
where 9 = 2 In(h/a). The avcragc- space-charge wavelength is 

(A,) = !$ (LJ 

[ I[ 17kA 1 If% znc (12) = 2 (1 + g)“? - g’l” ~(h5(1j3 T. 

For beam energy cl/‘0 = (7” - l)m,c’ = 1.2hlcV, current, 
/u = I k‘l, and filling fact,or n/h = 0.7, tl~c space-charge wave 
kngth calculated from Eq. (12) is (,I,,) = 18-l cm, in good agrcca- 
merit with simulations by t,lie elect romagnrt ic particle-iri-ccl1 

code, 3Iask.l 

RF Current 

Velocity modulation by a cavity producc~ RF modulation of 
the beam current downstream. TV? approsimate c,ach klystron 
cavity as a narrow gap with voltage 1’(1)~,“~~. i\fter drifting a 
dist,ance d, the beam develops an RF ~llrrrllt given in the linear 
approximation by 

j,#) _ y(l) 
li 

Ml) 1 
4 

-___- sin ((k,,)dj rIdd/3r 
17IL4 (1 + s)i3r 

(13) 

where Z” = 3770 and (kP) is computed from Eq. (I I). 

In the drift downstkan~ from a cavity, space-charge waves 
evolve on the beam according to Eq. (IO) with boundary condi- 
t,ions given by i.lle cavity voltage. Bunching cvolvcs on the scalp 
of X,/4. In klystron ticsigns, intercavity spacings are somewhat 
lrss than AP/4: making the overall lengths of klystrons scale with 
,\P t.imcs the number of cavities. 
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MULTICAVITY KLYSTRONS 

The transient calculation for a multicavity klystron is out- 
lined in Fig. 2. For each cavity in sequence from input to out- 
put, the time dependent RF cavity voltage produced by the “F 
generator (for the input cavity) or the bunched beam (for the in- 
tcrmcdiate and out,put 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 F,q. (13) 
the 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 IV(t)l"/2&. The output RF phase relative 
to thr RF generator is tan-’ (Imv(t)/Rev(t)). 

,3 88 
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FIG. 2. Flowchart for klystron transient calculations. 

EXAMPLES 

Relativistic klystrons under development at the Stan- 
ford Linear Accelerator Center (SLAC) and Lawrence Livermore 
Yational Laboratory (LLNL) are designed to extract hundreds 
of megawatts of RF power at 11.4 GHz from electron beam 
pulses of 1 kA current, 1 Me\’ kinetic energy, and 50 nsec dura- 
tion! ‘I’hcse beams arc produced by a linear induction acceler- 
ator driven by modulators using magnetic pulse compression at 
LLNL. One relativistic klystron, known as SL4” is a six cavity 
tube designed to operate at 11.4 GlIz 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 
relativistic beam entrring the SL3 klystron after the fields pro- 
tillced in the input cavity by the RF generator have reached 
eql~ilibrium. 

Phase shifting techniques for RF pulse compression are 
under tlcvelopmcnt at SLAC.3 A 100-h{%’ conventional klystron 

at 11.42-l C;Hz has been designed for use in these experiments! 
Figure 4 shows our analysis of the transients due to switching on 
the RF generator in the presrnce of a DC beam, and then due to 
reversing the generator phasr after the switch-on transient has 
subsided. 

SUMMARY 

\I’e have described a model for analytic linear analysis of 
transients in multicavity klystron output power and phase. We 
have presented as examples our transient analyses of two mult- 
cavity klystrons designed for applications in which fast risetime 
and stable output power and phase are important,. 
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FIG. 3. Transient analysis of SL4, an 11.4.GHz six-cavity rel- 
ativistic klystron. In this linear calculation, the fields produced in 
the input cavity by the RF generator have reached equilibrium be- 
fore the beam turns on. The klystron cavity frequencies without 
beam are tuned to 0, 31, 23, 45,425, and 6 MHz, respectively, above 
11424 MHz. The pulsed beam detunes the cavities by 25MHz and 
loads them with Qbeam = 230 when beam current and voltage are at 
their maximum values, 1 kA and 1 MV. The gain cavities are loaded 
externally with Qe = 120 for faster risetime. Input Qe = 300. Out- 
put Qe = 20. For the six cavities, R/Q = 27, 27,27, 27,60, and 51R, 
respectively. Intercavity spacings are 28, 14, 21, 21, and 14 cm. 

11.424 GHz KLYSTRON FOR RF PULSE COMPRESSION 
Intermediate cavities loaded (- - -), unloaded (- ) 

0 20 40 60 
nsec nsec 

FIG. 4. Transient analysis of a 100.hlW, 11.424.GHz five-cavity 
conventional klystron design for RF pulse compression. In this linear 
calculation, the RF generator is switched on at 0 nsec in the presence 
of a DC beam. The generator phase is reversed at 30nsec, after the 
switch-on transient has subsided. Dashed curves show that improved 
risetime is obtained by adding external loads with QF = 150 to the 
gain cavities. Input Qe = 190. Output Qe = 2F. The klystron cavity 
frequencies without beam are tuned to 21, 18, 40, 500, and 20 hlIIIz, 
respectively, above 11424 MHz. The DC, 510-4, 440 kV beam de- 
tunes the cavities by -21 MHz and loads them with Qb = 210. For 
the five cavities, R/Q = 3G. 3G, 36, 39, and 20R, respectively. Inter- 
cavity spacings are 6, 6, 8, and 3 cm. 
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