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(=== Klystrons - Overview
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Typical arrangement of a high-power klystron

(*) Adapted from Sprehn D. et al, Performance of a 150-MW S-Band Klystron, AIP.
Conf. Proc. 337, 1995, p. 44
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(=J= Distribution function and Vlasov equation

* Electrons emitted from the gun are characterized by a 7D distribution function
f(x,p,t) that corresponds to a statistical mean of repartition of e- in phase space

* Properties:

Electronic density given by n(x,t) = ff(x, p,t)d3p

Mean velocity v(x,t) verifies n(x, t)v(x,t) = jvf(x, p,t)d3p

Distribution function evolves according to the relativistic Vlasov equation:

9]
—f+v-|7xf—e(E+v><B)-l7pf=0 with: v = s
ot myy

Charge and current densities, p(x,t) = —en(x,t) and J(x,t) = —en(x,t)v(x, t),
sources terms for Maxwell’s equations
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(F=1}» Macroparticles and reduction to 1D

* Approximation of the distribution function for n,, point-charge macroparticles:

fay ) = w )" 8(x = x:(6))8(p — pi(®))
i=1

where w is the number of e- per macroparticle

* With the macroparticles charge q, = —ew, the particle density and the charge
and current densities and current are then:

T, (6, 8) = W ) 30— x,(£)) Py (68) = @ Y 8(x = X:(8)
i=1 i=1
Iy, (5, 8) = @ ) V(D5(x = x4(8))
i=1

* Define linear charge and current densities:
n
P

pz,np (Z» t) = dp 25(2 - Zi(t)) ]z,np (Z» t) ={p sz,i(t)s(z - Zi(t))
i=1

i=1
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(= Macroparticles equations of motion

* Model assumptions:
= Electron flow confined to longitudinal direction by infinite longitudinal focusing
magnetic field propagating along drift tube of radius a
i.e. neglects any transverse motion
= Beam current Iylow enough to neglect beam self-magnetic field
= Beam radius b constant along the longitudinal direction

* Taking the moments of the relativistic Vlasov equation with the approximated
distribution function, it can be shown that the motion of the macroparticles is
ruled by the equations of motion:

dz; diyv,); q
d_tl = vz,i and dtZ l = mp (Ez,rf(zi(t)) + Ez,sc(zi(t))>
P
E, ¢ corresponds to the rf cavity fields,
E, s is the averaged space-charge field induced by all macroparticles

. e
m,,, mass of a macroparticle such that: D _ &
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()= Normalizations, particles charge and RF e-field

* Unbunched e- beam propagates at the velocity v, and RF signal to be amplified
has frequency f.
Z

v
 Normalization of distances to 1, = — i.e. new longitudinal coordinate: y = 7
e

f

* Normalization of times to RF period 7 = tf

* Define particles charge by: q, = — where 1y ¢y c1is the number of

npO,cyclf
particles per RF cycle when there is no bunching and [,is the beam current
vz,i

* Normalization of the velocities to v,: u; = .
0

» Normalization of the nt"RF cavity e-fields: Ezrfn (¥, T) = vn(D)en(y) where v,,is
the cavity n instantaneous voltage normalized to the deprefsed gun voltage V,
and e,, is the normalized cavity profile along the axis i.e.:

en(y)dy =1

— 00
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(= Normalizations and space-charge e-field

np
Normalization of the linear electronic density: n;, (v,7) = wzd(y — v; (1))
i=1

np
Normalization of the linear charge density: Pyn, ¥, T) = qp Z(S(y — v;(1))
i=1

Np

Normalization of the current density: Jyn, ¥, T) = qp Zui(T)5(y — (1))
i=1

Knowing the Green’s function G, , of a unit-charged source disk of radius b

confined in a cylindrical tube of radius a, the normalized space-charge e-field is:
+00

Ey,sc()’: T) = j Gy,p(y - y’)py(y,)dy,

— 00

2
2/16 nUn b 2T pn
with Gy, (y) = eonpz 0, FO) = sgn() E (lufgn (H/:;)) e vea ¥

n
21Ta

being the normalized drift tube radius.

Ye@ =
¢ eYo
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(=== Spatial discretization and particle shape

 Discretization of the klystron interaction space:

Celln® 1 2 3 j-1j -1 ng-2 ng-1 ng
e | se | oo | | | oge | oo | | s | se | se |
| | | | | | ! | | ! | |

c C AC c C C A c
Yi Y2 V3 Yi-1Yj Vj+1 y Yng

1
* Cell edges and centers: y; = (j — 1)4y and yj = (j _§> Ay ,j=1:ng
 So far, each macroparticles is considered as a point charge. To define the linear
charge at any y, one replaces the Dirac dlstrlbutlon by integrable shape functions

> sothat: py(¥,T) = qp zS(y yi(7)) with f SOdy =1

* Choice of S: 1st order B- splme

1 y
1 _ 1-|— o
Say(y) = 1y Ay Ay
0 otherwise

for <1 o5
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(== Charge projection to 1D numerical grid

* Let the particles positions be known at y;* = y; (™) with 7™ = (n — 1)At
* Deposition of particles charge at cell centers yjeand at times t"leads to cell-
averaged charge density: Ve

=—f py(y,T)dy = quSAy(yJ _yl)

where SAyIS the 2nd order B- splme

1 L
3
= for o< es
5 1 Ay 2 0.6
Spy(y) = —< w
i Ay | 2 _ for |2 < 1 0.4
4 Ay Ay 2 ool
X 0 otherwise . | | |
with - general spline properties: -2 -1 0 I 2

j+1
Sky(V] = ¥p) = Ej Siy(y — ¥p)dy and Ayzsfy(yf —y,) =1 forany y,
5 >
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(== Charge conserving current deposition principle

* Choice: computation of current density at cell edges yjeand at times t"*1/2

* Let the particles velocities be known at un+1/2 = ul-(r"“/z)
* By computing the densities of current as:
q Np Lt
1
]]7'14:1//22 = A_I;z u?H/Z f Sjy (J’f+1 - J’i(T)) dt
i=1 ™
/2 n+1/2 +1 n
0 J o]
the continuity equation a—+ai — 0 discretized as 2"/2 7 o1z _ e /
is enforced
Cell n° j-1 j j-1
n+1/2 n  n+1/2
,0] 1 ] -1/2 pj ]]+1/2 p]+1
| L e s N 9 |

| % I

n+1 n+3/2 n+1 n+3/2 n+1
Pji-1 Jj—1ij2 Pj j+1/2  Pj+1

e e Cc e

Yi-1 J’j—1 Yj Yj Yi+1 J’jc+1

N
>

Ay
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(== Charge conserving current deposition example

* Depending on initial position y;*and velocity u?ﬂ/z, there are no, 1 or 2 cell

borders crossed by 1 particule during one At , each associated with different

currents

At = 0.025
Ay /AT = 2
yr=013 u"? =06

y*1 =0.145

u
y*1t =0.2175

o
Tl+1/2 — 35
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* Space-charge e-field on numerical grid at yjeobtained by solving convolution
integral with density of charge

(== Grid e-fields, back-interpolation, and leap-frog

* RF e-fields on numerical grid at yf calculated from tabulated normalized cavity

fields and computation of the induced voltage v"

 E-fields acting on each particles computed by interpolating e-fields on grid at
locations of particles:

ng E" 4 BT yf+1 n o pn
j j+1 +1
Ef = Z s f Siy(y —yHdy = Z L AySE,(vf — 1)
j=1 y]?
* Normalized equations of motions: N
dy; d(yu); dp Vo < Ey sc (Yi (T))
—— =u; and = M )+ —=
dt Ui a1 m, Vof A T L v (D)en (i) Vs
discretized in time with the classical leap-frog scheme: y*** = yI* + u?“/zm
y s Gy VoAt ey ETt
n+3/2 n+1/2 1p n+1 _n+1 I,sc
and (yu) ( u)l mp vof/‘{e T vncap Necav i VO

Neay=1
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(== Cavity model - General

 Klystron cavities modeled by parallel RLC circuit the current source being induced
by e-beam current

* Input cavity sources: current generator and unbunched incoming e-beam (beam-
loading)

e Output cavity terminated by matched load current-driven by bunched e-beam

Iind

S

A
- |74 _|_ IlIL
C L R

|
RextS | I
:

Output cavity
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(=)= Cavity model — System of differential equations

* Time-dependent cavity voltage Vand inductance current I, ruled by:

1 1

i Vy _ “RC C\(V llind‘l'lg . ) _
dt (IL) 11 (1L> + C( 0 ) with I, # 0 for input cavity

L
or, functions of cavity RF parameters, with Q = Q, for Input and output cavities

Qo otherwise
20 —wp(R/Q)
d vy _ Q — o |4 Iing + 1,
a<IL) | @Wo 0 <1L>+w0(R/Q)( 0 )
R/Q

* With normalized cavity voltage v and currents normalized to I;:

1 d /v _bac e v lina + g
%E(Q)z = 0 (iL)+CC( 0 )
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(=)= Convergence acceleration

* To accelerate the convergence to steady state, change the transient behavior of
the above system. Set replacement system:

ii(v) _ <A11 Alz) (v) + B, (iina + ig)
2w dt \lL Ay A/ \lL By (iina + ig)
L_ = Z. and l—L = _jbCZC

Steady-state of initial system given by: - : :
lina T lg lina t lg

Cc

* Choosing det(A) and tr(A) - or the eigenvalues of A - and defining the complex

quantity: A - j—A11 Ap
4 A21 ] - A22
the constraints on A’s and B’s for the steady-state of the replacement system to

= det(4) — 1 — jtr(4)

be identical to the original one are:

1%
i(f — Ay Aq; )(Bl) _ iind.'l' ig and A1+ Ay, = tr(A)
AA A21 ] - All BZ l—L A11A22 — A12A21 = det(A)
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(=)= Final replacement system and leap-frog

* The above system is solved to obtain real A;;and B;

* For each cavity, voltage v and current i; solved with the leap-frog scheme:

vn+1 _ vn A11 A21
_ oM+ 4 +—in+1/2 +B (in+1/2 n in+1/2)
2mAT 2 ¢ )tk t\iind g
il7,1+3/2 B ilT,Hl/z — A n A22 .n+3/2 .n+1/2 BZ .n+3/2 .n+3/2 .n+1/2 .n+1/2
At = A,V + T L +1; + 7 lind T lg tling T lg

* Induced current in cavity defined as:
ng
. 2 2
lﬁ:&%,{cav = Fcoef,harm Mrsz (]}'1_-'-11//2 _]jo) Cncapmi—1/2
j=1
with e;_; /, normalized cavity e-field at yf

* Current generator normalized to the beam current i; chosen as a sin time-
domain variation and an amplitude function of input power
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= SLAC 5045 S-band klystron input data

(*)

Operating frequency  Beam voltage Beam current Beam radius Drift radius
(MHz) (kV) (A) (cm) (cm)
2856 320 362 1.10 1.59

(*)
Cavity No. Cavity frequency R/Q™) Q. Q.+ Gaplength M;")  Drift length

(MHz) Q) (mm) (cm)
1 2860 58.2 2000 175 6.76 0.726 -
2 2855 75.1 2000 - 7.19 0.725 5.55
3 2877 68.3 2000 - 8.36 0.717 5.55
4 2887 79.6 2000 - 11.18 0.703 5.55
5 2935 89.4 2000 - 12.01 0.690 28.53
6 2852 96.9 2000 16.5 16.59 0.648 10.36
) from A. Jensen with AJDISK, priv.com. Jan. 2012 () at radius 0.707b

% Data for SLAC 5045 klystron - Ncav=6
% tstart ncyclmax nt_per_cycl dyovdt ystart yend np_per cell flrf spch Ncav_op Pin
0 35 80 2 -2 8 40 1 0 6 le3
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[TJ= SLAC 5045 klystron numerical experiment
(no space charge)
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Charge conservation check

w1
2

Pout =

3.514120055223154e+07

GdB =

45.458165945042659

Elapsed time is 206.631147 seconds.

33

[TJ=» SLAC 5045 klystron numerical experiment

+1/2 n+1/2
\?ﬁ&]j_l/z +p}l+1 _p;’l

33.5

Ay At

35
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34
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(= Wir schaffen Wissen — heute fiir morgen

We create knowledge today — for use tomorrow

Thank you for your
attention
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