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TRANSIENT ANALYSIS OF MULTICAVITY KLYSTRONS"
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ABSTRACT

We describe 8 model for analytic analysis of transients in
multicavity klystron output power and phase. Cavities sre mod-
eled as resonant circuits, while bunching of the beam is modeled
using linear space-charge wave theory. Our sualysis Bas been
implemented in a computer program which we use in designing
multicavity klysirons with stable output power and phase. We
present as examples transient analyses of a relativistic klystron
using a magnetic pulse compression modulator. and of 2 con-
ventianal klystron designed Lo use phase shifting techniques for
RF pulse compression.

INTRODUCTION

Large linear electron colliders require high power shon
pulsed RF sources in order to attain accelesating gradients of
100-200 MV /mn. Two techniques being developed 1o supply this
RF are relativistic klystrons with modulators using magnetic
pulse compression, and conventional klystrons using phase shift-
ing techniques for RF pulse compression The RF power and
frequeney range being explored is 100-500 MW at 11-17 GHz.
The RF ouinut pulse length desired is 50-100 nsec, making the
transient behavior of the multicavity klysirons employed in both
approuaches important, This paper describes a rmodel fur analyvtic
anaiysi: of transeats in multicavity kiystron output power and
phase. Cuvities are modeled as resonant circuits. while bunching
of the beaw is modeled using linear space-charge wave theory.
The model has been implemented in a computer program which
is used in designing multicavity klvstrons with stable output
power and phase,

RF CAVITIES

Tach beam loaded klystron cavity is modeled as a parallel
network of cavity and beam loading impedances as shown in
Fig. 1. External resistance R, inciudes additional resistive load-
ing by iris-coupled waveguides. The RF driver connected ta the
input cavity typically consists of a puwer soutce, isolator, wave
guide. and coupling iris. The dtiver is modeled as & generator
of alternating curtent fy = I,e** with shunt resistance R, at.
tached to the beam loaded input cavity (Fig. 1). Downstream
cavities are driven by the bunched beam cutrent.

The RF vollage on a cavity is V(1) = V(t}e™! where V(2)
is the transient modulation of the RF oscillation e™*. The tran-
sient behavior of V(1) is calculated from the circuit equation

£ dv v
w#Vrartr!
which can be rewritten as

- 1 e, 1 LR . E\,_ i

l+(ﬁc+zc,)l+(ﬁ—ﬁzﬁ+a)v—a [£)]
where L, R, and C are the beam loaded cavity inductance, 1
sistance, and capacilance, respectively. L, R, and C may be
time dependent due to resistive and reactive loading of the cav-

ity by bexm pulses with finite risetime. The current I flowing in
the circuit mode] is the sum of generator current f; for the input
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FiG. 1. Each bears loaded klystron cavits 1 modelnt

as a paralle} network of cavity and beam impedances Eo
ternal resistance includes add:tional resustive luading by i1y
coupled waveguides. The inpot casity s dinen bv an RF
generator cosrent. Downstream casities are drven by the
bunched beam carvent.

cavity, RF beam curzent y for intermediate and output cavitie,
and DC bean current /g for all cavities. Time dependence of Iy
(for the input cavity ) is e™¢ whese o 13 the RF angular froepiency
Time dependence of Iy ifor intermediate and output raviti
is i‘;(r]r"" where f;{t) is th= transient codulation of the IF
oscillation £*°. Time dependence of [ is due to finite nnetsme
The lumped circzit elements in Eq. (11 can be expressed i
terms of measurable quantities through the defintions
. 1 c? 29
rp® I e = iy E— = o — = .1
L4 -Lc' Q"brg'.zln weRC, r > e 2
where R/Q is constant. laserting definitions (2) into Eq (1}
gives
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which we solve for the transient behavior of 1 11)

The tolal quality factor Q for resistive beam loading of the
cavity is composed of contributions from cavsty walls ((p:. from
beam loading (@), and from coupling to external wavegundes
(@:)- Total @ is given by

Q=(Q' +Q., +Q!
Beam loading @, is related 10 the beam parameters by

Qi = nlw® - DE/ o t4
where &'y depends az the spatial distrihution of the bearn, o =
1 +eVp/mec®, and Vp is the accelerating voltage The resunance
angular frequency of the cavity is
we =wy+4

where ay is the resonance frequency without beam, and & ts the
detuning by reactive beam loading. The Jetuning 1s related 1o
beam parameters by

w0 /2 = vo(10” - DKz o (&1
where Az depends on the spatial distribution of the beam Time
dependence of Q, and £ results from finite risetime of the beam
curzent Jo and of the beam encrgy 10m, & 1 Fq (4) and (51
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Initial Conditions

Velocity modulation is initiated by an external RF driver
coupled by a waveguide to the klystron input cavity. The driver
in general is nol matched perfectly to the input cavity impedance
which is time dependent due to the transient beam loading. ¥
the driver is switched on long before the beam enters the in-
put cavity, the mpnt cavity voltage builds up to an asymptotic
value which can be determined from the available drive power
and the impedance mismatch as follows: The driver is modeled
as a generator of alternating current fy = fye*=" with shuat resis-
tance fe = 1 H!Q)Q, attached to the beam loaded input cavity
+Fig Ih The bram loaded input cavity bas impedance

20 = (RIQUQY™ + Qi 4 Hafur = el
1t fraction of available drive power that enters the input cavity
-~ I'? where = (Z; = RONZy + Ra) is the vollage wave
refle on coethaent. The asymplotic peak voltage on the input
cavity produced by available ems drive power P has the same
phase (relative to Jg) as the 1otal impedance through which I,
flow The total impedancess Zr = (Z0 V4R ~")~Y. The phase
of the asymplotic prak voltage on the input cavity produced by
e genetator then i
by an=? — (i = e fw)
Rez; ST+ Q!

T asvmptote peak voltage on the input cavity then s

Ve = 2P - TRNR/QNQ™ + Q1)1 e
Awuzng the fiehds produced 1 the input cavity by the R¥F
generator have reached equilibriom before the beam Lurns on.
the aohiage Ueh on the input cavaty a1 ¢ = 0 just before the
beas enters 15 17(0) = Vy and V(0) = il

Alternatevely, the transient due ta switching on the genera-
tor 1+ analvzed using the input cavity initial condion Vig) =
Vg =8

Each downstreamn cavity is driven only by the beam and has
1 = Nand b = 0 befure the bram enters.

Driving Term

The rate of change 1 carrent { that drives the voltage on
a carny appears on the right side of Eq. (3). For the input
vavity, which 1s deven by £y and by the sis- 'me of Jo. | =
.ty + Jo Maximum rms drive power P is transfersed when
the wput cavity 1s matched o the driver. In this case, P =
NI R, so ;= \fBP[R. For the intermediate and output
cavitis, which are driven by [y and by the risetime of . I=
1 l; = fp Calculation of Iy from linear space-charge wave theory
1 divrussed below

LINEAR SPACE-CHARGE WAVE THEORY

OF BUNCHING

Bunching of the beam 15 modeled by lineas space-charge
wave theory  The transient cavity voltage V'if)e*" medulates
the velacnty of the bram  Longitudisal space-charge forces then
produce space-charge waves which bunch the beam downstream.

¢ = tal

Space-Charge Force

The space-charge potential of a long hunch of charge density
pand radius a n a beam tube of radius b 1s

2 2
l’!r<n<b;=—?(]+2lng-&)
tD -

assutnung, the longitudinal dimension {2} of the bunch is long
compared to the radia!l dumension (r) so that end eflects can
be neglected  The longitudinal space-chacge force in the faame
moving with the beam: at velocity 19 = Fyc is

__V(r) _ ed? ( AT
Filr) = —e d: degyo? 14 llnc T a2 ) B (6)

where 99 = {1 = 39%)"Y2. Note that when averaged over a
untform radial current distribution

Y Furyrdr 1 [1+ 1Inid/a)
.‘!ﬁ— x - 2 /A . T
(F = frdr T2 [1 +2!ntbldlI Fot '

Wave Equation

The longitudinal space-chatge foree produces space vharge
waves on the beam. The space-charge wave equation can be
derived from the linearized continuity equation mn the coorchnate
frame moving with the beam at velocity rg with respect to the
kiystron,

PO /d: = =0py/an. 5)
where the charge density p and the velooity © are both sums of
a constant torm and a small modulation plz. 1) = pu + gz, )
and v(z. t) = vg+ry(2. 8} Inthe beam frame. the bram velocity
s ey(s, £).

For small velocity modulation, vy = o+ - 10)/ A ? whete
¥ = {1 = P2 The acceleration is
0 = 3e/do%’ = Fulr)/mmn’ it
because 4 = Frdoe/m,. Substituting vy from Eq (9) mte the
time derivative of Eq (B) and using ¥, from Eq [6). gives the
wave equation
Fp 1 &n
TR T
where the phase velocity vy of space charge waves 15 given b
ven) . h 1 ( o & ,:) .
(t) = TRA Tt li-.ln‘l o (10
The beam current 15 Jp = ppJprra’
Space-Charge Wavelength
Space-charge wavenumber and wavelength are camputed
from the phase velority (10) by averaging. as 0 Eq (7). over
a uniform radial beam cucrem distrsbution  The average space-
charge wavenumber is
(l’,) =W (L‘.) /l'n:
==, y:_ 2 a _ ~
3[” *eT - ][l?k:\fdn?o)"] p
where g = 2Inib/a). The average spare-chasgr wavelength i

hy) = 2_-’":", <;'-)
- )
IR'I:

(PP | [ TP s
Falt) -
For beam energy el = (% - Hm, & = 12MeV. current
Io = LEA, and filling factor afb = 0 7. the space-charge wave-
length caleulated from Eq 112) s (Ap) = 183 rm in good agres.
ment with simulations by the electromagaruc particlean-eoll
code., Mask!
RF Currem

Velocity modulation by a cavity praduces RF maodniation of
the beam current downstream W approximate each klystron
cavity as 3 narrow gap with voltage V'{r)r™=!  Afier drifting a
distance d, the beam develops an RF current given i the hnear
approximation by

sxeVit) [ Jotr) 1

Zo 1ThA 1] + g)dy
where Zg = 37761 and {k;) = computed from Eq {11}

fn the drilt downsiream framt a cavity. space-charge waves
evolve an the beam according 1v Eq. (13) with boundary copd:.
tions given by the cavity voltage Buriclung evolves on the seak-
of Ap/4. In klystron designs. intercavity spacings are somewhat
less than A, /4, making the averall lengths of klystrons scale with
Ay times the number of cavities

()

{1

s b{k,)d) =4 (1)
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MULTICAVITY KLYSTROXNS

‘The transieat calculation for a multicavity klystron is out-
lined in Fig. 2. For each cavity in sequence from input 1o out-
put, the tis..e dependent RF cavity voltage produced by the RF
generator (for the input cavity) ot the bunched beam (for the in-
termediate and output cavities) is calculated from Eq. (3} using
the appropriate initiai condition and driving term as discussed
abave. 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
calculation is the phasor sum of RF currents from all cavities
upstream. The output RF power is computed from the cutput
cavity RF voluage as ‘V(1))*/28,. The outpul RF phase relative
to the RF grenerator s 1an” ' {ImV 1)/ Reb (1)}
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EXAMPLES

Relativistic klystrons under developumient at the Stan
ford Linear Accelerator Center 1S5 A and Lawrence Lisesmore
National Laboratory rLLNL 1 are desighed to extract hundreds
of megawatts of RF puwer at [1.1 Gllz from electvon beam
pulses of 1 kA current. 1 MeV lunetic energy. and 50 asec dutra

>
tion” These brams are produces by a linear snduction acceler-
ator driven by modulators using magnetic pulse compression at
LLNL. One relativistie klystron, known as SL47 is a six cavaty
tube designed to operate at 11.4 GHz with 1 kA beam current
and 1.2 MV beam kinctic energy  Figure 3 shows our analvus of
traasients in klystron output power and phase due to a pulsed
relativistic beam enterning the SLA klystron after the fields pro
duced in the input cavity by the RF gencrator have reached
equilibrium.

Phase shifting technigues for RF pulse compression are
under development at SLAC. * A 100- MW conventiona! klysiron

at 11.423 GHz has been designed for use in these experiments”
Figure 4 shows our analysis of the transients due to switching on
the RF generator i the presence of a DC beam, and then due to
reversing the generator phase after the switch-on teansient has

suhsided.
SUMMARY

We have descnibed a modet for analytic haear analysis of
transients in multicavily klystron output power and phase Wi
have presented as examples our transinnt anaiyses of two multi
cavity klystrons designed for applications in winch fast risetime
and stable sutput power and phasc are important
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Fiio 3 Transient analysis of S14. an 11 4 Gz siv ravity 1ol
atnvistic hlsstron Do s hnear calealation. the fields produced 1o
the imput cavite by the HE generator have teached equiibniute be
fore the bearn turus ou Uhe kiystron cavity freguencies withont
bueam are tuzed todt 3228 35 12% and 6 MUz, respretively, abose
11324 Mif: The et waz: detgnes the cavities b 29\ {17 ansd
heds them with e e = 230 when heam current and voltage are at
th-r maxitmnos salee~. LAY aud 1 MV The gan cavitiey are luads !
extornaliy with G. = P20 for (uster peetyne loput &, = 300 Q-
put Q. = 20 Lot the gy cnates, B Q0 = 20.87.20.22, 60, and 1!
sesperDively  Inbercacity spaciigs are 2%, 15,21, 21 and 13 em

11 424 GHz KLYSTRON FOR RF PULSE COMPRESSION
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FiG. 4  Transient analvss of a 100 MW, 11 428 GHz fivecasate
corventional klyvsttor: design for RE pulw compression In ths Lineas
calculation, the RE generator is switciend cn at O nsec m the prowncs
of 3 DC beam 1he gererator phase s reversed at 30 nyec, after the
swite-on trausient kas schuded Dashed cueves show that imprenssd
risttime 1 obtabed by adding cxternal ads with @, = 150 10 34
gon cavites Input Q. = 1% Output @, = 26. The klystzon cav ity
frequencics without heam are tuned 10 21, 18, 40. 500, and 20 M.
respectively, aoove [1423Miz The DC. 5310A. 3304V bean de
tunnrs the cavities by 21 \illz and loads them with Q. = 210 Faor
the five cavities. R/ = 36. 36, 36, 39, and 200, respectively  Inter
cavitly spacings are 6, 6~ and 3rm
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