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TRANSIENT ANALYSIS OF MULTICAVITY KLYSTRONS*
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ABSTRACT

We describe a model for analytic analysis of transients in
muliicavity klystron cutput power and phase. Cavities age niod-
eled as resonant circuits, while bunching of the beam is modeled
using linear space-charge wave theory. Our analysis has been
implemented in a compuler pmziam which we use in designing
multicavity klystrons with stable output power and phase. We
present as examples transient analyses of a relativistic klystron
using & magnelic pulse compression modulator, and of a con-
ventional kiystron 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 are relativistic klystrons with modulators using magnetic
pulse compression, and conventiona! 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 GHz.
The RF output pulsc length desired is 50-100 nsec, making the
transient behavior of the multicavity klyvstrons employed in Loth
approaches important. This paper describes a model for analytic
analysis of transients in multicavity klystron output power and
phase. Cavities are modeled as resonant drcuits, while bunching
of the beam is modeled using linear space-charge wave theory.
The mode] 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 kiystron cavity is modeled as a paral-
lel netwock of cavity and beam loading impedances as shewn
in Fig. 1. External resistance R, includes additional resistive
loading by iris-coupled waveguides. The RF driver connectad tis
the input cavity typically consists of & power source, isolator,
waveguide, and coupling iris. The driver is modeled o a gener-
ator of alternating current Iy = J,e** with shunt resistance R,
attached to the beam loaded input cavity (Fig. 1). Dowastream
cavities are driven by the bunched beamn current.

The RF voltage on a cavity is V(1) = V(t)e** where ¥(t)
ir the transient modulation of the RF oscillation %%, The tran-
sient behavior of V(2) is calculated fro the circuit equation
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which can be rewritten ay
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where L, R, and C are the beam loaded cavity inductance, re-
sistance, and capacitance, respectively. L, R, and C may be
time 2ot due to registive and reactive loading of the cav-
ity by beam pulses with £nite risetime. The current I flowing in
the circuit model is the sum of generator current I, for the input
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FIG. 1. Each beam loaded klystron cavity is modeled as 2
parallel netweek of cavity and beam impedances. Exter.
nal resistance includes additionsl resistive Joading dy iria
coupled waveguides. The input cavity is driven by an RF
generator current. Downstream cavities are deiven by the
bunched beamn current.

cavity, RF beam current 1) for intermediate and cutput cavities,
and DC beam curveat Jo for all cavities. Time dependence of J,
(for the input cavity) is ¢** where w is the RF angular frequency.
Time dependence of I (for intermediate and output cavities)
is I{t)e** where f){t} is the transient modulation of the RF
oscillation e*. Time dependence of Jp is due to finite tisetime.

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

1 jev? 2
wi= @ =“"1L",v=/n =w,RC, r= w—? =2RC (2)

where B/Q is constant, [nserting definitions (2) into Eq. (1)
gives
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which we solve for the transient bebavior of V(¢).

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

Q=@+ +Q7)" .
Beam loading @, is related to the heam parameters by
@ = n(n® ~ Diafh (L)}
where K depends on the spatial distribution of the beam, 9 =
14 eVofm.c?, and ¥, is the accelerating voltage. The resonance
angular frequency of the cavity is
Wy =uwp+8

where uy is the resonance frequency without beam, and 6 is the
detuning by reactive beam icading. The detuning is related to
beam pzrameters by

waf26 = p{w? ~1)Kzflo 5)
where K depends on the spatial distribution of the beam. Time
dependence of @ and & results from finite risetime of the beam
current Jo and of the beam energy 1om.c? in Eqs. (4) and (5).
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Velocity modulation is initiated by an external RF driver
coupled by a waveguide to the klystron input cavity. The driver
in general is not matched perfectly to the input cavity impedance
which is time dependent due to the 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 asymplotic
value which can be determined from the available drive pawer

and the impedance mismatch as follows: The driver is modeled
as a generator of alternating current J; = l,e‘“" with shuat resis-
tance R, = (R/Q)Q. attached to the beam loaded input cavity
(Fig. 1). The beam loaded jnput cavity has impedance

Ze = (RIQNQe™* + Q™" +ilwfuwe —wefw)]™ .

The fraction of available drive power that enters the input cavity
is 1= PP where T = (21— R(Zg + Re) is the voltage wave
reflection coefficient. The asymptotic peak voltage on the input
cavity produced by available rms drive power P has the same
phase (relative to !,) a3 the total impedance through which J,
flows. Thetotal impedanceis 27 = (2" +R,"). Thephase
of the asymptotic peak voltage on the input cavity produced by
the generator then is

JE— ImZy _ . =(w/iy = w,fuw)
$=tan g = R+ 1[G+ 110

The asymptotic peak voltage on the input cavity then js

Ve = \/2P(s - [TPNRIQ)Qa™! + Q)1 e .
Assuming the fields produced in ihe input cavity by the RF
generator bave reached equthbnnm before the beam tums on,
the voltage V(1) on the input cavity at & = 0 just before the
beam enters is V(0) = V; and V(0) = iwVj.

Alternatively, the transient due to switchiag on the genera-
tor is a.nalyzed using the input cavity initial condition V(0) =
v(0)=

Each downstrea.m cavity is driven only by the beam and has
V =0 and V = 0 before the beam enters.

Driving Term

The rate of change in current | that drivez the voltage on
a cavity appears on the sight side of Eq. (). For the juput
cavity, which is driven by J, and by the risetime of fo, { =
:uI, + fp. Maximum rms drive power P is transferred when
the input cavity is matched to the driver. In this case, P =
331,)%R, s0 I, = \/BPR,. For the intermediate and output
cavities, which are driven by J; and by the risetime of Iy, i=
:u’1+ln. Calculation of It from linear space-charge wave theory
is discussed below,

LINEAR SPACE-CHARGE WAVE THEORY

OF BUNCHING

Bunching of the beam js modeled by linear space-charg:
wave theory. The transient cavity voltage ¥(1)e* modulates
the velocity of the beam. Longitudinal space-charge forces then
produce space-charge waves which bunch the beam downstream.
Space-Charge Force

The space-charge potential of a long bunch of charge density
p and radius a in a beam tube of radins & is

2 2
V(r<a<b)=-2‘—:(l+2h%~—:—z)

assuming the longitudinal dimension (z) of the bunch is long
compared to the radial dimension (r) so that end effects can
be ncglected. The longitudinal spa.ce-dla.rge force in the frame
moving with the beam at velocity vp = fFycis

Vi _ ea? r2\ 9p
=- LA '
Fylr e 4‘07 (l + 2!n =) 5 (6)
where 7 = (1 — £?)~"/2. Note that when averaged over a
uniform radial current distribution

_ f Flr)rde 1 [1+4(b/a)
(Fr) = 2 Trar E[ +21n(b,‘c)]a(0)' ™

‘Ware Equation

The longitudinal space-charge force produces space-charge
waves on the beam. The space-charge wave equlhon can be
derived from the linearized continuity equation in the coordinate
frame moving with the beam st velocity vy with respect to the
klystron,

PO 8z = -dpjt (8
whete the charge density p and the velocity v are both sums of
a constant term and a small modulation: p(z, &) = po + p3(z, 1)
and r{z, £) = rp+ry(z. t). In the beam frame, the beam velocity
is y(=, £},

For small velocity modulatiea, ¢5 = ¢(7 - 70)/fan® where
7 ={1 = FF)V°. The acceleration is
iy = ic/Bom’ = Filr}fmy’ ()]
because = F,foc/m,c3. Substituting &, from Eq. (9) into the
time derivative of Eq. (8) and using F; from Eq. (6), gives the
wave equation
& Fp _ 1 & &m

BE T vy PO TT
where the phase velocity vy of space-charge waves is given by

(") m“m,(n l--—) .0

The beam curzent is Iy = pofocwa’.

Space-Charge Wavelength

Space-charge wav ber and w gth are computed
from the phase velocity (10) by averaging, as in Eq. (7), over
a uniform radial beam current distribution. The average space-
charge wan enumber is

(ko) = wre) fr®
L 1. (1)
|72

-2 372 _ 32
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where g = 2Ia{b/a). The average space-charge wavelength is

LITR NS |
o =Z2 (1)
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For beam epergy e¥p = (10 — Pmee? = l2MeV current
Ip = 1kA, and filling factor afb = 0.7, the spmcha:ge wave-
length calculated fmm Eq. (12) is (A} = 184cm, in good
agreement wath lations by the magnetic particle-in-

cell code, Mask!

RF Current

Velocity modulation by a cavity produces RF modulation of
the beam current downstream. We approximate each klystron
cavity as a narrow gap with voltage V{t)c'“%. After drilting a
distance d, the beam develops an RF current given in the linear
approximation by

iy 4xi¥(l) ] () L L swdffc
ht)y=— pA kAT )57 sin ((ky)d) ¢ (13)

where Zp = 2770 and {k,} is compnted from Eq. (11).

In the drift downstream from a cavity, space-charge waves
evolve on the beam according to Eq. (13) with boundary condi-
tions given by the cavity voltage. Bunching evolves on the scale
of Ap/4. In kiystron designs, intercavity spacings are somewhat
less than A, /4, making the overall lengths of klystrons seale with
Ap times the number of cavities.
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MULTICAVITY KLYSTRONS

The transient calculation for a multicavity klystcon 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 RF
generator {for the input cavity) or the bunched beam (for the in-
termediate and output cavities) is caleulated from Eq. (3) using
the appropriate initial condition and driving term as discussed
above, The voltage solution is used to compute from Eq. (13)
the resulting RF modulation of the beam current at the down-
stream cavities. The RF current used to drive each cavity in the

lculation is the ph sum of RF' currents from all cavities
upstream. The output RF power is computed from the output
cavity RF voltage as [V (1)[*/2R.. The output RF pbase relative
to the RF generator is tan~! (ImV/(£)/ReV({t)).

Next Cavity
{naw params)|

Solve DIt
Equalion for
Gty W{1)

Compute Oulput
Power & Phase

FIG. 2. Flowchart for klystron transient calculations.

EXAMPLES

Relativistic kiystrons under development at the Stanford
Linear Accelerator Center (SLAC) and Lawrence Livermore Na-
tional Laboratory (LLNL) are designed to extract hundreds
of megawalts of RF power at' 11.4 GHz from electron beam
pulses of 1 kA current, 1 MeV kinetic energy, and 50 nsec dura-
tion? These beams are produced by a linear induction acceler-
ator driven by modulators using magnetic pulee compression at
LLNL. One relativistic klystron, known as SIA,'in a six cavity
tube designed to operate at 11.4 GHz with 1kA beam current
and 1.2 MV beam kinetic energy. Figure 3 shows our anatysis of
transients in klystron output power and phase due to a pulsed
relativistic beam entering the SL4 kiystron after the fields pro-
duced in the input cavity by the RF generator hove reached
equilibrium.

Phase shifting techniques for RF pulse compression are
under development at the SLAC.' A 100MW oconventional
Idystron st 11.424 GHz has been desigued for use in these ex-
petimmu.‘ Figure 4 shows our analysis of the transients due to
switching on the RF genetator in the presence of & DC beam,
and then due to reversing the generator phase after the switch-
on transient bas subsided.

SUMMARY
We bave described a model for analylic lincar analysis of
transients in multicavity klystron output power and phase. We
have presented as examples our transient analyses of two multi-
cavity klystrons designed for applications in which fast risetime
and stable output power and phase are important.
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FIG. 3. Transient analysia of SL4, an 11.4 GHs six-cavity
relativistic klystron. In this lineas cslculation, the fislds pro-
duced in the input cavity by the RF generator have resched
equilibrium before the besn turne oa. The kiystron cavity
frequencies withoul beam sre tuned to 0, 31, 23, 43, 425,
and & MHs, respectively, sbove 11424 MHs. The pulesd
beam detunes the covities by 25MHz sad loads them with
Qisem = 230 whea beam current sad voltage are at their
maximomn values, 1kA snd IMV. The gain cavitios sre
losded extersally with @, = 120 for faster riselime. loput
Q, = 300. Output @, = 20. For thbe six cavities, R/Q = 27,
7, 71, 77, 60, and 510, teepectively. Intascavity spacings
are 28, 14,21, 21, and 14 cr.

11.424 GHa KLYSTRON FOR R¥ PULSE COMPRESSION
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FIG. 4. Transient analysis of a 100 MW, 11.42¢ GHa five-
cavity conventional kiystroa design for RF pulse compres-
sion. In this linear calculation, the RE generator is switched
cn at Onsec in the presence of 3 DC beam. The generator
phase is reversed at 40nsec, after the switch-on transient
has subsided. Dashed cucves show that improved tisetime is
obtained by adding external loads with Q, = 150 to the guin
cavities. luput @, = 1900. OQutput @, = 26. The kiystron
cavity frequencies without beam sre tuned to 21, 18, 40,
500, and 20 MHs, respectively, shove 11424 MBs. The DC,
S11 A, 440kV beam detunes the cavities by ~21 MH: and
loads them with Qy = 210. For the five cavities, R/Q = 36,
36, 36, 20, and 2012, respectively. Intereavity apacings are 6,
6,8, 3cm.
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