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1. Linear collider and rf-to-beam efficiency
2. Beam loading effect: what is good and what is bad about it
a. Beam-cavity coupling
i. Steady-state power flow
ii. Efficiency in steady-state and in pulsed regime
iii. Compensation of the transient effect on the acceleration
b. Standing wave structures (SWS)
c. Travelling wave structure (TWS)
i. Steady-state power flow
ii. Efficiency in steady-state and in pulsed regime
iii. Compensation of the transient effect on the acceleration
3. Examples:
a. CLIC main linac accelerating structure
b. CTF3 drive beam accelerating structure



Linear collider and rf-to-beam efficiency

AC power from the grid: P,

Modulator

AC-to-DC conversion efficiency: Nac.pc = Ppe/Pac

High voltage DC power: Py

RF power source

DC-to-rf conversion efficiency: Npc.s = P,#/Ppc

RF power: P

rf-to-beam efficiency:

r]rf-to-beam = IDb/Prf

Beam power: P, =I, E

A
v

Two main parameters of a
collider are center of mass

collision energy E and
luminosity L

Fora fixed E: L~ I, ™ Py ™ PycNac.ocNoce.rsl ] rf-to-beam

All efficiencies are equally important. In

this lecture, we will focus on the Nt peam



Beam loading in steady-state (power flow)
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Cavity parameters w/o beam (reminder):
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Matchingcondition: P, = Py;
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Cavity parameters with beam:

satisfied at any V
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Beam loading and efficiency

In steady-state regime which correspond to
CW (Continues Wave) operation V = const:
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In pulse regime, V # const is a function of time:

pulsed

77 rf —to—beam —

_ Rt

Pt

inp

= )it _to—beam

t, -t

L




Transient beam loading effect
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Condition:

Energy conservation in a cavity without beam (reminder):

Matching condition: V4 =V, , only if B=1
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Transient beam loading effect

Energy conservation in a cavity with beam:

P.=RB +P,+F +d—W
dt

out

where P, =V I,
what resultsin
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From a cavity to a linac

n » For obvious reasons multi cell accelerating
structures are used in linacs instead of single

cell cavities
»We will distinguish two types of accelerating

structures:
1 = Standing Wave Structures (SWS)
‘ = Travelling Wave Structures (TWS)

»In linacs, it useful to use some parameters
’ \ ’ S \ ’ \ normalized to a unit of length:
— <_—> =\/oltage V [V] -> Gradient G [V/m] = V/L,

SW
— .
=Shunt impedance: R [Q] -> R’ [Q/m] = R/L,
-\_/\1 N =Stored energy: W [J] -> W’ [J/m] = W/L,
‘ =Power loss: P [W] -> P’ [W/m] = P/L_

swhere L_— cell length

TWS

WA



Beam loading in SWS
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Here it is assumed that the
coupling between cells is much
stronger than the input
coupling and the coupling to
the beam then the beam
loading behavior in SWS is
identical to the beam loading
behavior in a single cell cavity.

SWS parameters w/o beam (reminder):
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R== Q=" Qu=—7Z";
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Matchingcondition: P, =P, = jPO’dI;
0
. Q
Qext:QO’ ﬂ:ait:l
SWS parameters with beam:
R,=Gl,; Qb=W,a)— QO;«feconst
P, LR

Matchingcondition P, =P, + B,
: =1+1; B = 1+ 2 _ =1+Y, >1
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satisfied at
any G

satisfied only
if G=IR



Beam loading in TWS in steady-state
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TWS parameters are function of z:

In a cavity or SWS field amplitude is
function of time only f(t).

In TWS, it is function of both time
and longitudinal coordinate f(z,t).
Let’s consider steady-state f(z).

Energy conservation law in steady-state yields:

(it is assumed hereafter that power flow is matched and there are no reflections)

2 '
po':G_; Q, :M; — wall losses
R’ P,
GZ
P=v, ——;— powerflowalongT WS
oR'/Q,

. P :
where:v, = W group velocity

Efficiency in steady-state:

1T = P = 1o )2
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with G|Z=O =G, = '”—w;— inputboundarycondition
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Solutionis obtainedin a closedform[*]:

G(2)=G, Vg(O)JQO(O)\/ @ oo
@V Q@ VRO

]» l, oR'(2) 4z
5 G(2) 2v,(2)Q,(2)

G, (2) =G(z){1—

[*] — A. Lunin, V. Yakovlev, unpublished
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TWS example 1: constant impedance TWS
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In constant impedance TWS, geometry of the cells

is identical and group velocity, shunt impedance
and Q-factor are constant along the structure.

This simplifies a lot the equations:

G, (2)= Goe_aZ —I,R"- (— e ¥ J

where

o= @ '— T W Sattenuatia constant
2Q0vg

Efficiency in steady-state:
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Full beam loading
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In TWS, depending on the beam current,
beam can absorb all available rf power so
that P..=P.—P,—P, =0

This is the case of full beam loading
where rf-to-beam efficiency is closed to
maximum.
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beam current is even higher



TWS example 2: tapered TWS

In tapered TWS, geometry is different in each cell. If cell-to-cell difference is small, it is a

weakly tapered structure and smooth approximation (no reflections) can still be applied:
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Let’s consider a case of linear v,-tapering such that Q,=const, R’=const but v, = v,,(1+az):
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Tapering and rf-to-beam efficiency

For the case of linear v,-tapering such that Q,=const, R’=const but v, = v ,(1+az)

Efficiency in steady-state:
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**The stronger is the tapering the
higher is the efficiency at low
beam loading

*»*The stronger is the tapering the
low is the Y, , for the maximum
efficiency (full beam loading)
**SWS has higher efficiency than
TWS at low beam loading BUT
lower efficiency than fully beam
loaded TWS



TWS efficiency in pulsed regime

In pulse regime, V # const is a function of time.
In simplest case of v,=const, R’/Qy=const, Q,=o°

- G(zt) tn=2o/Vgi = L/ In general, in TWS:
°l6(zt)| Glzt)| Glzt)| Gt wied Pty t,—t,
T1t —to—beam = ﬁ = 1t _to-beam t
in "p P
_ % dz e .-
z, z, z, L, where:t, = jv X —fillingtime
0'g
V(t)=[G(z,t)dz
Vv
Pin
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Let’s continue with the simplest case of v =const, R’/Q,=const, Q,=2°

Transient beam loading in TWS

4
G(2) =G, G (2)=G,—I,Raz
N
G(z,t) l,=0, O<t<t G(z,t) l,>0; iy < TS Tt
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Compensation of the transient beam loading in TWS

Let’s continue with the simplest case of Vv =const, R’/Q,=const, Q,=2°

G(z,t)

Structure filling process:
l,=0;, O0<t<t

G(z,t,)

G (z:tf)

G(z,t)

GO\

G(zt,)

Injection right after filling:

l,>0;

Two conditions:
Ramping the input power
during the structure filling in
such a way that the loaded
gradient profile along the
structure is formed.

The beam is injected right at
the moment the structure is
filled. (same as for SWS)

t



Transient beam loading in TWS

Let’s consider general case of v,(z), R'(z), Qy(z)

1.Steady —Statesolution: G, =const I, =const
G(2) =G,9(2)

G,(2) = G(2) -G, (2) = G,9(2) - 9(2) jl

2. Time-dependentmodel: G, :Go(t), Ib =1, (t)
G(z,t) =G, €-7(z) 9(2)

G,(z,t) = g(z)jl (-7(2)

f (z)

~f (z)
g(z )

where: 7(z) = —[v d(zz)

G, (z,t)=G(z,t1)-G,(z,1)

'— timetoarrivetoz

Model approximations:

1.

3.

Smooth propagation of
energy along the
structure (no reflections)
No effects related to the
finite bandwidth of the
signal and the structure
(TWS bandwidth >> signal
bandwidth)

Time of flight of the beam
through the structure is
much shorter than the
filling time (L,/c << t;)



Transient beam loading in TWS (cont.)
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where: |V, (t) =V (t) -V, (t); —loadedvoltage

V()= jG(z,t) dz; —unloadedvoltage
0

V(1) = J'Gb(z,t) dz;, —beamvoltage
0




Compensation of the transient beam loading in TWS

In general case of Vv =const, R’=const, Q,=const
If in steady-state:
G(z) =G,g(z) isunloadedsolutionand
G,(z) isloadedsolution
T heninputgradientduring fillingtime:
G,=G,(t);l,=0; O<t<t,
. G. ((tf 1) )
o(t) =
« -t

where: z(t) is thesolutionof t(z) = j ()'
v (z




Compensation of the transient beam loading in
constant impedance TWS

Let’s consider the case of constant impedance TWS: v,=const, R’=const, Q,=const

g
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dz
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Compensation of the transient beam loading in
constant gradient TWS

Let’s consider a case of linear v,-tapering such that Q,=const, R’=const but v, = v,,(1+az):

Constant gradient: a=-2a,
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CLIC main linac accelerating structure in steady-state
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Parameters: input — output In reality, Vg # const, R" # const, Q, # const and

f [ GHz] 12 general expressions must be applied but often a
good estimate can be done by averaging R” and Q

L, [m] 0.25 o L
and assuming linear variation of v,
v./c [%] 1.7-0.8 . _ _ Dl ,
g In this case: <Q,>=6200; <R’>=100 MQ/m; and
Q 6100 - 6300 vg/c =1.7-0.9/0.25z
R’ [MQ/m] 90-110 10"
I, [A] 1.3 “
t, [ns] 156 2|
ns
<bG> [MV/m] 100 z \\\
m @
- ~

E 6 G
Parameters calculated = . G,
P, [MW] 67.6 =048 Yg

2
N [%] 48
o : _
0 0.05 0.1 0.15 0.2 0.25

t: [ns] 70 i

n [%] 33



CLIC main linac accelerating structure during transient
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SICA - CTF3 3GHz accelerating structure in steady-state

Parameters: input — output

f [ GHz] 3
L, [m] 1.22
vg/c [%] 5.2-2.3
Q, 14000 - 11000
R’ [MQ/m] 42 —33
l, [A] 4
Pin [MW] 33
' X 107
2r
Parameters calculated
LB -
I_‘D) —-\
: l-&“\ \
£
E \ \-
© 0.5 c \‘
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| | \-\
0 0.2 0.4 0.6 0.8 1 1.2

z [m]



Experimental demonstration of full beam loading

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN - AB Department

CERN-AB-2004-057
CLIC Note 604
CTF3 Note 66

FIRST FULL BEAM LOADING OPERATION WITH THE CTF3 LINAC

M. Bemard”, G. Bienvemr”, H. Braun, G. Camron, B Corsimi. A Ferran™,
0. Forstner, T. Garvey”, G. Geschonke, L. Groening”, E. Jensen, F. Keontz",
T. Lefevre”, B Miller”, L. Rinolfi, B. Roux™ B Ruth®, D. Schulte, F. Tecker,

L. Thomdahl, D. Yeremian®

CERN. Geneva, Switzerland Figure 3: View o fthe CTF3 injecior from the gun.
Abstract
The aim of the CLIC (Compact Linear Collider) Study is to investizate the feasibility of a high EEAM OFF

luminosity, mmlti-TeV lnear e+e- colbider. CLIC is based on a two-beam method in which 2 lngh b

owrent drive beam 15 decelerated to produce 30 GHz RF power needed for agh-gradient acceleration [
of the mam beam nmning parallel to it To demonstrate the outstanding feambility issues of the 1 f
scheme a new CLIC Test Faelity, CTF3, 15 being comstructed at CERN by an internatiomal i I 1 )
collaboration. In its final configuration CTF3 will consist of a 150 MeV drive beam bnae followed Y

by a 42 m long delay loop and an 84 m combmer ring. The installation will include a 30 GHz high 'ﬂ—h

B Swy

power test stand. a representative CLIC module and a test decelerator. The first part of the linac was ; 1 5 j-lni
installed and commmssioned with beam m 2003. The first issue addressed was the peneration and 1 P |
acceleration of a high-cwrent drive beam in the "full beam loading” condition where RF power is Y | .
converted mto beam power with an efficency of more than 90 %. The full beam loading operation 1 . ! l'l'.\,
was successfully demonstrated with the nommal beam cwrent of 3.5 A, A vanety of beam T - :
mezsurements have been performed showing good agreement with expectations. | T ™ ]
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A e P, o Figure 4: Scope trace showing the RF pulse at the owtput
*Uppsala University, Uppsala, Swodn. . .
coupler of & strocture. When the beam iz on, it exracE
Presented at more than W % of the energy contained in the wseful part
EPAC 2004, Lucerne, Switzerland, 3 to 9 July 2004 .
' e Switseriand, 310 9 2y of the RF pulse (1.5 ps). Viduwally no power goes i the
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