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Abstract

The research works presented in this memoir are oriented not only to the R&D programs to-
wards future linear colliders, but also to the pedagogic purposes. The first part of this memoir
(from Chapter 2 to Chapter 9) establishes an analytical framework of the disk-loaded slow wave
accelerating structures which can be served as the advanced courses for the students who have
got some basic trainings in the linear accelerator theories. The analytical formulae derived in
this part describe clearly the properties of the disk-loaded accelerating structures, such as group
velocity, shunt impedance, coupling coifficients k and /?, loss factors, and wakefields. The second
part (from Chapter 11 to Chapter 13) gives the beam dynamics simulations and the final pro-
posal of an S-Dand Superconducting Linear Collider (SSLC) which is aimed to avoid the dark
current problem in TESLA project.

This memoir has not included all the works conducted since April 1992, such as beam
dynamics simulations for CLIC Test Facility (CTF-2) and the design of High Charge Structures
(IICS) (11^/12 mode) for CTF-2, in order to make this memoir more harmonious, coherent and
continuous.
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Introduction Generate

La decision de construire le LHC au CERN a mis fin a l'epoque des accelerateurs circulaires,
machines qui dominaient les experiences de physique des particules. Pour les physiciens de la
physique des hautes energies, les futurs collisionneuis lineaires e+e~ qui eliminent essentiellement
les pertes radiatives synchrotoniques seront l'outil d'excellence du XXI*me siecle. Cependant,
les technologies, developpees au cours de ces dernieres decennies pour les accelerateurs lineaires,
ne peuvent pas satisfaire totalement les besoins des collisionneurs lineaires. De nombreux lab-
oratoires et universites dans le Monde font porter une partie de leurs efforts dans les domaines
de-la recherche et du developpement (R & D) des collisionneurs lineaires. Ces investigations
peuvent etre divisees en trois domaines:

• Les effets faisceau-faisceau au point d'interaction.

• R & D sur les constituantes des collisionneurs lineaires.

• L'interaction entre les faisceaux et I'environnement.

Le but de la recherche dans le premier domaine est de fournir aux physiciens des accelerateurs, les
informations necessaires au choix des pararnetres de faisceaux. La R & D dans le second domaine
a pour ambition le developpement des sources HF efficaces et economiques, de construire des
sections acceleratrices possedant un faible champ de siIIage par I'utilisation d'elements decales
a frequence et amortissant les modes superieurs, de concevoir des anneaux d'amortissement
fournissant des faisceaux a faible emittance, etc... Le theme du dernier domaine est 1'instabilite
des faisceaux, phenomene qui contraint fortement les limites de tolerances des installations des
lignes de faisceaux.

Ce memoire est la collection des resultats de mes recherches effectuees depuis Avril 1992
surtout dans le second et le troisieme domaine. Le corps de ce travail est constitue d'articles
deja publies. Je voudrais les presenter ici tels qu'ils sont, c'est-a-dire chaque chapitre avec son
resume, sa bibliographie et ses remerciements. J'espere ainsi permettre aux lecteurs de suivre
le fil conducteur de mes travaux.
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Chapter 1

General Introduction

The era of the circular colliders which dominate the high energy physics experiments is well
ended by the approval of constructing the LHC at CERN. Future e+e~ linear colliders which
intrinsically eliminate the large synchrotron radiation power losses of circular colliders will be the
appropriate tools for the high energy particle physicists in the coming 21th century. The existing
rf linear accelerator technologies cannot, however, fulfill the requirements of linear colliders even
if they have been developed and used for several decades. The R & D works on the future linear
colliders have been carried out at different/laboratories and universities in the world, and they
can be roughly divided into three domains:

• Beam-beam effects at the interaction point (IP).

• R fc D works on the linear accelerator components.

• Beam-environment interactions.

The aim of the research works in the first domain is to provide the necessary information for
the accelerator physicists to choose the reasonable beam parameters which give the required
center of mass energy, the luminosity, and the tolerable background inside the detectors. The
R & D works in the second domain are aimed to develop efficient and economical high peak
rf power sources for the linear accelerating structures, to construct detuned and damped linear
accelerating structures with small short range and long range wakefields, to make a good de-
sign of small emittance damping rings, and etc. The research works in the third domain deal
with the beam instability problems which give the limits on the misalignment tolerances of the
components installed on the beam transport lines, such as accelerating structures, quadrupoles,
and beam position monitors (BMPs). This memoir is a summary of the results of the research
works conducted after 22 April 1992, mainly in the second and the third domains. The em-
phases are put on linear accelerating structures (different types: detuned, damped, rectangular,
and demi-disk accelerating structures), higher order mode coupler designs, analytical wakefield
calculations, beam dynamics in linear colliders, and linear collider parameter choice strategies.
Since most parts of this memoir have been published, I would like to present them almost as
they are in the published form, which means that, each chapter has its own abstract, references
and acknowledgements which allow the reader to trace the working environments of the author.



Chapter 2

Analytical Approach and Scaling Laws in the Design of

Disk-Loaded Travelling Wave Accelerating Structures

Starting from a single resonant if cavity, disk-loaded travelling (forward or backward) wave
accelerating structures' properties, such as the coupling coefficient K in the dispersion relation,
group velocity vg, shunt impedance /?, wake potential W of the fundamental mode (longitudinal
and transverse), the coupling coefficient fl of the coupler cavity and the coupler cavity axis shift
ST which is introduced to compensate the asymmetry caused by the coupling aperture, can be
determined by rather simple analytical formulae.

2.1 Introduction

Conventional theory of a travelling wave accelerating structure starts from a cylindrical
waveguide where the phase velocities of the electromagnetic fields (em field) are always larger
than that of light. In order to reduce the em fields' phase velocities disks are introduced into the
waveguide, and this is the so-called disk-loaded waveguide as shown in Fig. 2.1. The disadvantage
of this point of view is that it is difficult to get simple analytical formulae to describe the structure
properties. In this paper, on the contrary, the above mentioned disk-loaded structure is regarded
as a chain of coupled resonant cavities. The basic element of this slow wave structure in the new
perspective is a resonant cavity instead of a cylindrical waveguide. The coupling are executed
by the aperture (or apertures) located in the common wall between two adjacent cavities.

In section 2 the main properties of a pill-box cavity will be reviewed in detail. In section 3
based on the perturbation method the analytical formulae of the coupling coefficient K in the
dispersion equation and group velocity v;f are developed and compared with numerical results. In
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Figure 2.1: Disk-loaded waveguid*



section 4 shunt impedance R and wake potential W (longitudinal and transverse) are calculated
analytically and compared with numerical results. Section 5 is devoted to the study of the
coupler cavity of a travelling wave structure, and finally, multi-periodic structure is discussed in
section 6.

2.2 Single Pill-Box Cavity

The resonant modes in a pill-box cavity as shown in Fig. 2.2 can be classified into two groups:
TMmni and TEmni modes. A charged particle passes through a pill-box cavity will be influenced
by the em fields. Panofsky and Wenzelfl] proved a theorem which says that if a charged particle
at the speed of light passing through a closed cavity of arbitrary shape containing em fields, the
transverse kick experienced by this particle can be expressed as:

P± = — fhdz(Vj.Ez(z,t)) (2.1)

where q is the electrical charge and w0 is the angular frequency of the mode corresponding to
Ez(z, t). It is obvious that TEmni modes have no influences on the particle either longitudinally
or transversely if this particle crossing the cavity along the z axis. Our attention, therefore, will
put on TMmnt modes only.

In the cylindrical coordinate system the em field distributions of TMmni modes are:

Jm(umnr/R) sm{m<f>) sin(lxz/h) (2.3)

E, = e0Jm (umnr/R) cos(m^) cos(lirz/h) (2.4)

Hr = -iwmn,e0^—Jm{umnr/R)s\n(m<l>)cos(lirz/h) (2.5)

H+ = -jcjmnl(0^J'm {umnr/R) cos(m^) cos{lnz/h) ( 2 . 6 )

Ht = 0 (2 .7 )

m = 0 , 1 , 2 , • • - , n = 0 , 1 , 2 , •••,/ = 0 , 1 , 2 , ••• ( 2 . 8 )

2R

Figure 2.2: Pill-box cavity.



where umn is the nth root of the Bessel function Jm(x). The resonant angular frequencies of the
TMmni modes are determined by:

( 2 2)1/2 (2.9)

According to ref. 2 the power dissipation Pmni, stored energy Umni and quality factor Qo,mni are
expressed as:

_ ^ ( ( w , / ) (W)^
V0.mni- 2fl.,m(l + 2iM/fe) • l '

where

«=<#?-. (2-13)

e = Cl°=o (2-14)
i?#>m and ZQ are the metal surface resistance and vacuum impedance, respectively.

2.3 Slow Wave Structure

If a chain of identical cavities are coupled together by the coupling apertures located on the
wall between two adjacent cavities passbands will be formed corresponding to each resonant
mode in a single cavity (passband with zero bandwidth is also a special kind of passband). To
treat this physical model properly, in the following, we will use three important theories.

The first theory is so-called Bethe theory[3] which states that an aperture is equivalent to a
combination of radiating electric and magnetic dipoles whose dipole moments are proportional
to the normal electric field and the tangential magnetic field of the incident wave (before the
aperture is opened), respectively[3]. If the aperture is small, static field solutions for the equiv-
alent dipole moments of elliptic- and circular-shaped apertures can be found by placing these
kind of apertures in static electric and magnetic fields[4].

ZE{e0)

2 (2.18)

where «0 and fi0 are the permittivity and permeability of vacuum. P and Mi (M2) are the
electric and magnetic dipole moments, respectively. Eo is the electric field perpendicular to the
surface of the ellipse, Ht and H2 are the magnetic fields parallel to the major and minor axes
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Figure 2.3: Coupling aperture.

of this ellipse before the aperture is opened. lt and l2 are the lengths of the half-major and
half-minor axes, respectively (see Fig. 2.3). K(e0) and E(e0) are complete elliptic integrals of
the first and second kinds. Obviously, for e0 equal to zero, the aperture becomes circular with

l (2.19)

| (2.20)

where a = /i = /2. It should be mentioned that the apertures discussed above have no volumes,
only elliptic surfaces, and that all the quantities used in this paper are in MKS units.

The second theory is so-called Slater perturbation theory[5] which relates the resonant fre-
quency change of a loss less resonant cavity to the energy change in the volume.

u>2 = "I (l + ~ j ^ (noH2 - toE2) du)

= ul (\ + JJ (AWm - AW.)) (2.21)

where w0 and u> are the resonant frequency of one resonant mode before and after being per-
turbed. U is the stored energy of this mode. AWm and AW, are time-average electric and
magnetic energy changes in the cavity volume. In the case of the coupled cavity chain it is
natural to conclude that energy changes are caused by the equivalent dipoles which feel the em
fields both in the cavity where they are located and in the adjacent cavity.

The third theory is so-called Floquet theory (or theorem saying exactly) which relates the
em fields' amplitudes and phases at two locations separated by one period.

F(r, z + D) = F(r, z) exp(j/30D) (2.22)

where F represents electric or magnetic fields, /?0 is a real constant if losses are not considered
and #o = P<*D is the mode of a travelling wave structure.

Based on these three fundamental theories one can readily get the passband dispersion rela-
tions corresponding to each resonant mode. In the following we consider only the fundamental
passband which corresponding to TM010 mode and the passband corresponding toTMno mode.
In the both cases we assume that the coupling aperture is circular instead of elliptical (general
formulae can be found in ref. 6). For the TMOio mode the amplitudes of the electric and mag-
netic fields at the center of the coupling aperture (before it is opened) are Eo = e0 and Hii2 = 0,



and the coupling is effected by electrical dipole only. The fundamental passband dispersion
relation corresponding to Fig. 2.1 is[6]

» =

where TV is the number of coupling apertures on the wall of single cavity and wOio is the
mode angular resonant frequency of the pill-box cavity before the coupling apertures are opened.
In the case shown in Fig. 2.1 N = 2 and one gets

>/2
rvP = ((2.405/a)2 - (2TT/A)') (2.27)

where A is the wavelength in free space and the subscript e is used to denote electric coupling.
Comparing eq. 2.25 with the well known electric coupling dispersion equation

< , < . ( l ) ) (2.28)

one finds that
3Kr =

 4 ° exp(-ovrf) (2.29)
3^/t/?2/f(M)

The group velocity is

It is obvious that electric coupling corresponds to a forward travelling wave.
Now we are going to look at. the passband corresponding to TMU0 mode in the structure

shown in Fig. 2.1. For the TA/no mode the amplitudes of the electric and magnetic fields
at the center of the coupling aperture (before it is opened) are Eo = 0 and Ho = / /1 2 =
<*>IIO€O£O-R/2MII,

 a"d therefore, the coupling is effected by magnetic dipole. The dispersion
relation of this passband is[6]

u£

(2.32,

where u110 is the TMii0 mode angular resonant frequency of the pill-box before the coupling
apertures are opened. For N = 2 one has then

4a3cos(0O)
I 4 V '



ah = ((1.841/a)2-(27r/A)2)1 / 2 (2.35)

where A is the wavelength in free space and the subscript h denotes magnetic coupling. Com-
paring eq. 2.33 with the well known magnetic coupling dispersion relation

w#o,* = "l/2,h (1 + Kh cos (0O)) (2.36)

one finds that
4a3

The group velocity is
vg,h _

c " c dfk ~ 2 ^ ( 2 < 3 8 )

On the contrary to the electric coupling case, magnetic coupling corresponds to a backward
travelling wave. From eq. 2.29, eq. 2.30, eq. 2.37 and eq. 2.38 it is obvious that Ke, vg<e, Kh

and Vgj, scale with a3exp(-ae hd).
At the beginning of this section it has been assumed that the em fields on the surface of the

apertures are constant. When the dimension of the aperture is very large this assumption will
not be valid. To take the variations of the em fields on the surface of the aperture into account,
we take the average of the em fields over the surface of the aperture. For the fundamental
passband one takes

Eo - —— / 2nrJ0(u(nr/R)dr
no2 Jo

^ (2.39)
auO\

For the first higher order mode passband corresponding to rM 1 1 0 mode one takes

". = ^ f
na2 Jo

4R2

' ' ' " " (2.40)

By inserting eq. 2.39 and eq. 2.40 into eq. 2.23 and eq. 2.31, respectively, one gets improved
expressions for Ke and Kh corresponding to eq. 2.29 and eq. 2.37

4a 2

K< =

To show the validity of eq. 2.41 and eq. 2.42, comparisons are made between the analytical
and numerical calculation result,s[7] using SLAC type 27r/3 mode structure's parameters.

Fig. 2.4 and Fig. 2.5 demonstrate the validity of these analytical formulae.
Sometimes for some passbands on the coupling aperture there are both electric and magnetic

fields before the aperture is opened, and in this case the coupling is effected by both fields. The

10
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resultant coupling coefficient K, is the sum of those of the electric and magnetic couplings
calculated independently.

When the coupling aperture is large enough, the passbands corresponding to two different
resonant modes can be overlapped, and in this case, the resultant coupling coefficient is the
sum of the contributions of the two different modes. For example, it is shown that for SLAC
X-band detuned structure when the aperture radius a is larger than some value between 4mm
and 4.625mm the first higher order mode will change from backward wave to forward wave[8].
However, when a/A < 0.15 the formulae derived above can give results with quite good precision.

2.4 Shunt Impedances and Wake Potentials

The shunt impedance for the accelerating passband is defined as

dP/dz
(2.43)

II
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Figure 2.6: The electric field distribution Ez(z) corresponding to 80 = 2TT/3 in standing wave.

where E,2 is the amplitude of the synchronous accelerating electric field, and dP/dz is power
dissipation per unit length. To get the analytical formula for the shunt impedance we start
with the calculation of the so-called maximum shunt impedance RM.L which corresponds to
the aperture radius a = 0. In the following we take SLAC type 2?r/3 mode structure as an
example to demonstrate the analytical method. When a = 0 the electric field distribution Ez(z)
corresponding to the working mode is shown in Fig. 2.6 where the coupling between cavities
can be realized by any artificial methods. By using Fourier analysis one can get the amplitude
of the synchronous electric field E,it.

2 f3D

'''~WJo ^'

where T)7W/3 is expressed as

2 / . frrh\ (2n\ ( .

Similarly, for any other modes of 0O
 w e have

T)io = — sin(90h/2D) (2.46)

When D = 3.5cm and d = 0.582cm from eq. 2.46 one gets T/2)r/3 = 0.73. It can be proved that
if 80 = pn/q where p and q are integers eq. 2.43 can be rewritten as

irh 2nd\ . f hir 2ird\\\

3D J -8in [w+w)))

R K r = RUT= '
MHO

12
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Figure 2.7: Comparison of R,H,L between analytical and numerical results.

In practice, however, apertures have to be opened to let the charged particles passing through,
and therefore, the real shunt impedance is always less than RM.L- The influence of the aperture
can be considered as follows: outside the aperture region, a < r < R, electric field varies
approximately as Jo(uOir/R). It is well known that the synchronous accelerating electric field
in the aperture region, 0 < r < a, is uniform. From the condition of the continuity of the
electric field on the common surface of the two regions, r = a, one knows that the synchronous
accelerating electric field is

= j]eoE0J0(2na/\) (2.48)

By inserting eq. 2.48 into eq. 2.47 one gets

(2.49)

Eq. 2.49 gives the scaling law of the shunt impedance depending on the radius of the aperture a.
Fig. 2.7 shows the comparison between the analytical results from eq. 2.49 and the numerical
results[7] both taking the same structure's parameters as those have been used in the previous
section.

The transverse shunt impedance of the passband corresponding to TMxi0 mode is defined as

R =
=

k2dP/dz kHP/dz

where k = 2TT/A. Similar to getting R,h.L one gets

(2.50)

/ 2/?

\aun

\ 2 / A \
./, (nua/R) = RMiT ~~-Jl {2na/\)

} \cnr )
(2.51)

13
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Figure 2.8: Comparison of R,h,r between analytical and numerical results.

RM,T —

The transverse shunt impedance R,h T of an deflecting travelling wave structure (corresponding
to TMuo mode) working at /0 = 2856M//2 and 0O = 27r/3 has been calculated numerically[7]
and analytically using eq. 2.51. Fig. 2.8 shows the comparison between the results of these two
methods. The scaling law for the /?,h,r(«) is shown in eq. 2.51.

The loss factor of the fundamental mode passband is defined as[9]

ko(a) - (E... (r = «))
4dU/dz

where dU/dz is the stored energy per unit length. Similar to getting R,H,L, one obtains

( ' ~

The fundamental mode wake potential is

Wz,o(a, s) = 2ko(a) cos(w,0,,./cs)

where s is the distance between the driving charge and the test charge.
The loss factor of the TMU0 mode passband is defined as[9]

(2.53)

(2.54)

(2.55)

AdU/dz

Similarly one gets

The dipole wake potential is expressed as

x 2^0^,(0,) . .
(fcos (#) — if sin

(2.56)

(2.57)

(2.58)

14
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Figure 2.9: Comparison of WZt0{s) (when s = 0+) between analytical and numerical results.
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Figure 2.10: Comparison of WTJ(s) between analytical and numerical results (when s
i, h, rQ = a and # = 0).

where r0 is the driving charge's transverse deviation from the axis and w,ft is the synchronous
frequency at which the test charge moves at the same velocity as that of the em wave. r"and d
are unit vectors, and the driving charge is assumed to be at d = 0.

Fig. 2.9 and Fig. 2.10 show the comparisons between the analytical results from eq. 2.55,
eq. 2.58 and those from numerical results[10] for a SLAC type structure mentioned above.

As far as scaling law is concerned, from eq. 2.55 and eq. 2.58, one knows that Wz 0(a, s) and
Wi,i( a? s) scale with J^(2wa/X) and (A./i (2na/X)/OTV)2, respectively.

2.5 Coupler Cavity

The coupler cavity is the cavity which connects both the waveguide (working at Hl0 mode)
and the travelling wave structure as shown in Fig. 2.11. In the following we assume that the
waveguide-coupler coupling aperture is circular and the waveguide is rectangular with its width
and height being A and B, respectively- According to the general formulae in ref. 11 we have
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Figure 2.11: Coupler cavity of a travelling wave structure.

the coupling coefficient /3 expressed as

9AB(Pc<0l0 + Uc,oiovg/hc)
(2.59)

where the subscript c denotes the coupler cavity, Fc,oio and f/c>oio are the power dissipation
and the energy stored in the coupler cavity before the three apertures are opened, Hc is the
magnetic field at the center of the waveguide-cavity coupling aperture before it is opened, fcio =

/ 2 \ 1 / 2

k (1 - (A/2/4) 1 , t is the wall thickness between waveguide and inner surface of the coupler
cavity, and vg is the group velocity of the travelling wave structure. Using eq. 2.10 and eq. 2.11
we get

hc) hc) (vgfc))

(2.61)

It. is obvious that f5{ax) scales with n\ exp(-2a c t ) . When vg = 0, eq. 2.60 reduces to the formula
corresponding to the ca.se of a. waveguide-single standing wave cavity coupling system[12]. Fig.
2.12 shows the analytical results of the /3 corresponding to a S-band travelling wave structure.
From Fig. 2.12 it is easy to understand the reason why in practice, usually, the coupling aperture
is rectangular instead of circular remembering that the height of the standard S-band waveguide
is 3.4cm. Fig. 2.13 and Fig. 2.14 demonstrate the dependence of (3 on vg/c, t and a,\ with the
coupler dimensions as those shown in Fig. 2.12.

The resonant frequency u>c of the coupler cavity after opening three apertures shown in Fig.
2.11 should be same as the working frequency LJ9O of the travelling wave structure. According
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to ref. 6, we know that

#0 — "V.OIO + o
I ^
1 3 '"C.O

3 t/c,010

'c ' 3 "-c,0
-a fo —

- 'c .OlO

(2.62)

where u?C)Oio is the resonant frequency of the coupler cavity before the three apertures are opened.
After some trivial simplifications we get.

2a1 2a3cos (80)exp(-aed)'

We define
Q*/ _ fe0 — /c.oio

/c.010 /c,010

(2.63)

(2.64)

From eq. 2.63 we have approximately

df _ 1 / 2a^
O \ tir-h /?2 /2 / , . \

C.010 ^ \ l > « «tcJXre/] ^1*01/

4a3 2a3cos((90)

2a3

Fig. 2.15 shows the relative resonant frequency change «7//r.oii> tine to the three apertures
located on the wall of the coupler cavity.

In the coupler cavity shown in Fig. 2.11 the coupling aperture on the side wall breaks the
cylindrical symmetry, and the charged particle passing through the coupler cavity will get a
transverse momentum kick. Here we use perturbation method to evaluate the effect of the cou-
pling aperture. The asymmetrical em fields produced by the coupling aperture can be regarded
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0.05

Figure 2.13: The dependence of the coupling coefficient ft on the coupling aperture radius
and Vg/c with t = 2m.m.

as produced by equivalent electric and magnetic dipoles. For the fundamental mode the electric
field on the aperture surface is zero, and therefore, only the equivalent magnetic dipole con-
tributes to perturbation field. Since the coupling aperture dimension (2a!) and coupler cavity
length (hc) are smaller than the working wavelength, the magnetic dipole and its field can be
regarded as static. The magnetic field fit at the center of the cavity produced by the magnetic
dipole is

(2.66)

where M, in eq. 2.66 is four times larger than that in eq. 2.20[4]. Assuming that the magnetic
field Hw in the waveguide has the same effect as that of the magnetic field in the cavity, one has

B = - (2.67)

where H^{RC) is the magnetic field on the surface of the coupling aperture before it is opened.
The transverse momentum gain of a charged particle moving with v = c along the axis after
passing through the coupler cavity due to this magnetic field is

, 8ec/icafy0#«

0 sin ^ (2.68)

where r' = drfdz, EJ0 is the accelerating electric field on the axis and $ = 0 corresponds to
maximum acceleration. In order to reduce the influence of the coupling aperture one can shift
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Figure 2.14: The dependence of the coupling coefficient (3 on the coupling aperture radius Oi
and t with vg/c = 0.011.

the axis of the coupler cavity as shown in Fig. 2.16. On this new axis the total magnetic field
is zero. It is trivial to find that the axis shift. 8r satisfies the following equation:

^ (2.69)

When Sr is small one has

If the coupling aperture is elliptic one, eq. 2.70 is replaced by two formulae

4/3e2J
<*r,l = oil<- I \

4/ c (1
or,2 — TTTTT: ; 7i

where <Jr>i and ^ r2 correspond to the cases with magnetic fields parallel to the major and minor
axes of the elliptic aperture, respectively. To check the validity of the analytical formulae we take
the input and output couplers of LIL accelerating structure (which is used as injector for LEP at
CERN) as examples. The input coupler cavity radius Rc = 3.774cm and the coupling aperture
is 3.4cm wide and 2.98cm high. The magnetic field on the aperture surface is parallel to the
edge of 2.98cm. By equivalent this rectangular aperture to a circular one (a = (3.4 * 2.98/JT)1/2)

and using eq. 2.70 we get rfrir, = 1.5mm. The experimental result turned out to be 1.88mm.
The output coupler cavity radius Rc = 3.76cm and the coupling aperture is 3.4cm wide and
2.34cm high. The magnetic field on the aperture surface is parallel to the edge of 2.34cm. By
equivalent this rectangular aperture to a circular one (a = (3.1 * 2.34/JT) ) and using eq. 2.70
we get Srout = 1.03mm. The experimental result turned out to be 1.13mm.
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2.6 Multi-Periodic Structure

The methods used in section 3 can be easily extended to the case of a multi-periodic structure.
Assuming that a travelling wave structure is constructed by cascading basic identical structures
instead of by identical single cavities, and each basic structure is composed of n0 cavities as shown
in Fig. 2.17. Each basic structure plays a role as that of the single cavity shown in Fig. 2.1. The
difference is that for a structure of rig cavities there are no modes corresponding to each single
cavity mode (TMmnt or TEmnl). Corresponding to each TMmnl or TEmnl single cavity mode,
one knows that there are n0 discrete modes (denoted by TMmnln<s or TEmnino) for the basic
structure which is composed of n0 cavities. If a periodic structure is built by introducing coupling
between basic structures, the passband will be composed of n0 sub-passbands corresponding to
each TMmnitno or TEmnlno mode shown in Fig. 2.18, and the sub-stopbands will appear if
the cavity dimensions and the couplings are not properly chosen. In ref. 13 a multi-periodic
structure with n0 = 4 has been calculated, and two stopbands at TT/4 and 3?r/4 have been
found. The stopband at n/2 was, however, disappeared due to the special choice of the cavity
dimensions.

From the general theory given in ref. 6 it is known that the quantity which is important
to determine the bandwidth of each sub-passband is E7/Umni%no or H2/Umntino, where E and
H are the electric and magnetic fields on the surface of the coupling aperture between two
basic structures before it is opened, and {7mnj,no is the energy stored in each basic structure
corresponding to TMmn,:no or TEmn,,no mode.

2.7 Conclusion

The formulae developed in this paper reveal explicitly the relations between the struc-
ture geometry and the structure's properties, such as dispersion relation, group velocity, shunt
impedances, wake potentials and the coupling coefficient between a waveguide and the travelling
wave structure, etc. The scaling laws derived in this paper are very useful for estimating the
performance of a new accelerating structure starting from that which is already well known.
Since it is the perturbation method which has been used, the validity of these formulae will be
reduced when the dimension of the coupling aperture is too large compared with wavelength.
Generally to say, however, when a/A < 0.15 these formulae give the results with quite good
precision.

2.8 Acknowledgements
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Chapter 3

The Criterion for the Coupling States between Cavities with

Losses

For a coupled two cavity system it is important to know whether the two cavities are coupled,
critically coupled or under coupled with given coupling coefficient k and quality factor Qo. In
this paper we will give a quantitative criterion to make the judgement. It is found that kQ0 > 2,
kQQ = 2 and kQ0 < 2 correspond to the three cases stated above. It is well known that for
a coupled two cavity system one single cavity mode normally will split into two modes. The
phase shifts of the two resonant modes, however, are not exactly zero or n if the cavities have
finite losses, and therefore, the ratio of the field amplitudes in the two cavities is different from
one even the two cavities are identical in dimension and coupled. In this paper we derived the
analytical formulae for the phase shifts, resonant frequencies and field ratio in a coupled two
cavity system as a function of cavity quality factor Qo and coupling coefficient k. The detailed
discussion about a coupled two cavity system has been easily extended to a multicavity standing
wave structure.

3.1

Multicavity standing wave structure is the essential component in a standing wave linear
accelerator. To understand better this kind of structure some relevant very basic physical
pictures have to be clarified. The most basic element is a coupled two cavity system as shown
in Fig. 3.1 which is the basic component of a multicavity standing wave structure. It is well
known that two coupled cavities without losses have two resonant modes, zero and n, which
are split from the corresponding single cavity mode, and the amplitude of the fields in the both
cavities are same. In reality, however, cavities have losses, and to maintain the electromagnetic
field in the standing wave structure the power flow in the structure should equal to the total
ohm loss rate, that, is to say

where W is the total energy stored in the structure, u> is the resonant angular frequency, L is
the structure length and i>9 is the group velocity at u>. From eq. 3.1 we know that

v9 = ~L (3-2)
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It is necessary to mention that for a travelling wave structure one has always

v, > ~L (3.3)
Wo

and the power out of the structure is

Pout = & - £r)W (3.4)

The dispersion relation for a periodic structure shown in Fig. 3.1 is described by the following
equation

2 l (3.5)

where A; is the coupling coefficient, (3 — 2ir/X and A is the wavelength at the working frequency.
Now we consider a coupled two cavity system shown in Fig. 3.1 and assuming that this
dispersion relation still holds. To satisfy eq. 3.2 one has

i

&\sin(9)\ = 1 (3.6)

or
1 - kcos(9) = ^p | s i n (0 ) | (3.7)

where 9 = (3D and L — D. Since, usually, fc<l and Qo >• 1, eq. 3.7 can be simplified as

(3.8)

9, = arcsin(^) (3.9)

92 = v-91 (3.10)

The solutions of 9 in eq. 3.8 can be found also in Fig; 3.2. It is obvious to see that if kQ0 > 2
there are two solutions 0X and 92, and 9X « 0, 02 « «• when kQQ w oo. When kQ0 — 2, there
will be only one solution 9\ = 02 = 7r/2 and this case is called critical coupling. When kQn < 2.
however, there will be no solution for 9 and the two cavities can be considered to be uncoupled
(independent). Since 9l2 depend on kQ0 one can easily find the relation between resonant
frequency and the kQ0.

«"•,., =<"i!/»(l-*«w(«i.2)) (3-H)

In practice the quality factor Qo can be damped by waveguide or beam loading, and in conse-
quence, the resultant resonant frequency will change and can be found by eq. 3.11. As far as
the ratio of the fields in two cavities, one has

l (3.12)

If we consider the fundamental mode in a two coupled system shown in Fig. 3.1 the coupling
coefficient k can be expressed analytically as [1][2]

4 a

k = -e-a'd (3.13)
ZnDIPJiu)
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where uOi is the first root of Bessel function J0(x), and ae = 27r((A/2.62a)2 - l)1/2/\. Eq. 3.12
corresponding to a S-band two cavity coupled system has been calculated from eq. 3.12 and
3.13, as shown in Fig. 3.3.

The discussion above can be easily extended to a multicavity coupled standing wave system.
If one cascades N fundamental components shown in Fig. 3.1, eq. 3.7 and eq. 3.8 are replaced
by

1 - kcos{N9) = ^-\sin{N0)\ (3.14)

1 = *9°\sin(N9)\ (3.15)

If N = 2 the solution for 9 can be found in Fig. 3.4. If kQ0 « oo there will be only three
solutions: 9\ = 0, 02 = "72 and 93 = ir, otherwise, there are four solutions of 9 as shown in Fig.
3.4 which are not commonly recognized.

This paper gives a practical criterion to determine the coupling state of a multicavity standing
wave structure: coupled (kQ0 > 2), critically coupled (kQo = 2) or uncoupled (kQo < 2). For a
coupled multicavity standing wave structure the resonant modes (9) can be found by solving eq.
3.14 and the corresponding resonant frequency can be found from eq. 3.5. The relation between
the resonant frequency and kQ0 is well established. This information is very important for the
building of damped or heavily beam loaded multicavity standing wave structures.
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these kinds of apertures in static electric and magnetic fields [4] as

3E(eQ)

eo = (l-/?//?)1/2 (4.4)
where e0 is the permittivity of the vacuum. P and MX,M7 are the electric and magnetic dipole
moments, respectively. Eo is the electric field perpendicular to the surface of the ellipse. H{

and H-i are the magnetic fields parallel to the major and minor axes of this ellipse, li and /2
 a r e

the lengths of half-major and half-minor axes, respectively (see Fig. 4.1). K(e0) and E(e0) are
complete elliptic integrals of the first and second kinds [5]

For values of e0 approching unity,

/f (Co) = ln(4l-l) (4.7)

F(e0) = 1 (4-8)

Obviously, for e0 equal to zero, the aperture becomes circular with

P = _ H / 3 e E o (4.9)

M,=M7= ll3Hl2 (4.10)

where / = lt = /2. It should be mentioned that the apertures discussed above have no volumes,
only have elliptic surfaces, and that all the quantities used in this paper are in MKS units.

A waveguide coupled to a travelling wave structure can be equivalent to the case of a waveg-
uide coupled to a coupler cavity where the coupler cavity is coupled to the rest of the travelling
wave structure. The coupling coefficient /3 is defined as
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where Pe is the power lost in the matched load of the waveguide, Po is the power dissipated
inside the coupler cavity, Pb is the power taken by the beam and Pt is the power flow from the
coupler cavity to the adjacent travelling wave structure. Pt can be also expressed as

Pt = jvg (4.12)

where U and L are the stored energy and the length of the coupler cavity, respectively, and vg

is the group velocity of the travelling wave structure. In terms of equivalent circuit, /3 can also
be expressed as [1]

where Yc is the admittance of the waveguide, <70 is the equivalent resonant admittance of the
cavity and n is the transform ratio of an ideal transformer. We consider the lowest propagation
mode H10 in the waveguide, and in terms of Power-Voltage definition we have

Yc =
 { y " (4.14)

2(P0 + Pb + Pt)
G ° = i/2 (4-15)

where a and b are the width and the height of the waveguide, respectively, A is the wavelength
in free space, Zo = 120?r (Ohm) and Vo is the equivalent voltage across the gap of the coupler
cavity. From the definition of an ideal transformer one has

1 = 1
where V\ is the equivalent voltage induced in the waveguide by means of the coupling aperture.

If the coupling aperture is located where there is only magnetic field as shown in Fig. 4.2,
the coupling of energy is performed by Mi or M2. The Hi and H? in eq. 4.2 and eq. 4.3 are
the magnetic fields on the wall of the cavity when the aperture is replaced by a metallic surface,
that is to say H t or H2 can be calculated by a 2-D program such as Superfish if the cavity is
cylindrically symmetric. According to the theory stated in ref. [4], if compared with the size
of the aperture the cavity wall can be considered as plane rather than bent, the amplitude of
the Hjo mode magnetic field Ho induced in the waveguide by the equivalent magnetic dipole
moment of the aperture is expressed as

Ho = jufioh^M^ (4.17)

..waveguide
coupling I W (ravelling wave
aperture "

coupler cavity

Figure 4.2: Magnetic coupling
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where

= r l o ( . 2 ) 1 ^ m ( — ) (4.18)
jaofc^ol 10 a

fco = y (4.19)

r l o = i M l - ( ~ ) 2 ) 1 / 2 = ^.o (4.20)

The equivalent voltage V\ induced in the waveguide could be expressed as

V, = Eob = ^Hob (4.21)

where 2?o is the electric field of H ]0 mode. If the coupling aperture is located at the center of the
waveguide cross section, that is to say x — a/2 in eq. 4.18, using all the equations from eq. 4.13
to eq. 4.21 one gets the analytical expressions for /? as follows:

Z0k0k10

ab P0 + Pb + Pt

_ ^Z0k0k10etlt HI
Pl 9ab(K(e0) - E(e0))

2 Po + Pb + Pt
 l '

a _ Z0k0k10 M\

ab Po + A + Pt

Hj
P2 9ab(E(e0)-(l-e

2
0)K(e0))

2P0 + Pb + Pt K' '

where /?i and ^2 correspond to M\ and M2, respectively. It should be noticed that eq. 4.22 and
eq. 4.23 do not include the effect of the wall thickness of the coupling aperture. In practice,
however, it is necessary to take this effect into account. It is natural to imagine that the cavity
is connected with the waveguide by a small section of cylindrical or rectangular waveguide with
corresponding cutoff wavelength \e depending on the shape of coupling aperture. If the thickness
of the coupling aperture is d, the electromagnetic power after passing through this aperture will
be reduced by a factor e~2ad where

« = M ( f ) 2 - l ) 1 / 2 (4-24)

where A > Ae. By joining this factor to the right side of eq. 4.22 and eq. 4.23, the final analytical
formulae of /3 are established as

P l 9ab(K(e0) - E(e0))2 Po + Pb + \

or
H\
P+ %v l - >JP2 9ab(E(€0) - (1 - %

where the a in eq. 4.25 and eq. 4.26 may not be same. For a cylindrical symmetric coupler cavity
rr2 rj2 H? H^

the cavity parameters y- , •pL, -jf- and -jf can be calculated by Superfish and for a cylindrically
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asymmetric cavity three dimensional program has to be used. Right now once the group velocity
and aperture dimension are given one can directly calculate the coupling coefficient j3.

If the coupling is effected by electric field as in the case shown in Fig. 4.3, the coupling
coefficient (5 is found to be

abZokloto

El

where Eo is the electric field on the surface of the aperture before it is opened, Xg is the
wavelength in the waveguide (H10 mode) and z is the distance from the end of the waveguide to
the the center of the coupling aperture.

If the mode excited in the waveguide is En mode the coupling coefficient ft is found to be

2abZ0knel Po + A + \vg

9abZoknE{eoy Pb + %vg
(4.28)

where

( 4 - 2 9 )

(4-30)

It is obvious that when the group velocity vg = 0 the formulae derived above correspond the
case of waveguide-single cavity coupling system [1].

To compare the analytical result with that of an experiment we take the output coupler of
LIL accelerating structure (which is used as injector for LEP at CERN) as an example. The
coupler cavity parameters are listed in Table 4.1. The rectangular coupling aperture is equivalent
to an elliptic one as shown in Fig. 4.4. The rectangular aperture can be regarded as a section

Table 4.1: Parameters of LIL output coupler cavity
U(J)
0.00107

L(cm)
3.4

c/vg

147
Fo(W)
1375

# 2 (A/m)
3420

d(cm)
0.27

34



waveguide

cavity
Srect=Bb=Seiiip.=idil2 a=7.2 cm, b=3.4 cm
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Figure 4.5: Comparison between analytical and experimental results

of waveguide of length d working at HOi mode with cutoff wavelength Ac = 2B, where the wall
thickness d is shown in Fig. 4.4. Fig. 4.5 shows the comparison between the experimental result
and the results obtained from eq. 4.26. Another important application of these analytical
formulae is to estimate the loaded Q of higher order modes in a damped structure (either a
travelling wave structure or a single cavity) when a waveguide is connected to the structure to
take out the power of higher order modes [6]

QL = l~s - (4-31)

where the dimension of the waveguide should be chosen as that the frequency of the accelerating
mode is below the cutoff frequency of H10 mode of this waveguide.
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Chapter 5

Analytical Formulae for the Loss Factors and Wakeflelds of a

Disk-Loaded Accelerating Structure

Wakefields in a disk-loaded linear accelerating structure can be calculated in time domain
by directly solving Maxwell's equations, or by summing over synchronous modes in frequency
domain. Usually the computer codes TBCI [1] and ABCI [2] are used in time domain, KN7C [3]
and TRANSVRS [4] are used in frequency domain. In this paper, however, we will give analytical
formulae to calculate all synchronous modes' loss factors. From these analytical formulae one
can easily find out the contribution of each synchronous mode to the total wakefields. The
relations between the loss factors (wakefields) and structure geometrical dimensions have been
well established. The validity of these formulae has been confirmed by using ABCI code. It is
shown that these analytical expressions of loss factors can be used also in a single pill-box cavity.

5.1 Introduction

Wakefields in a disk-loaded accelerating structure play a dominant role in future linear col-
liders. The wakefields can be calculated either in time domain by directly solving Maxwell
equations, or in frequency domain by summing up synchronous modes. Usually, computer codes
TBCI and ABCI are used in time domain, KN7C and TRANSVRS are used in frequency do-
main. The comparison of these two methods has been given in refs. 5 and 6. In this paper,
however, we give analytical expressions for the loss factors of all synchronous modes which can
be used to find the delta function wakefields. These analytical expressions reveal the dependence
of loss factors on the geometric structure parameters, such as disk iris radius and disk thickness
etc.

In section 2, the single pill-box cavity's properties are briefly summarized, since a pill-box
cavity is the very basic element of a disk-loaded structure. In section 3, analytical expressions
for all the synchronous modes' loss factors are derived. Finally, in section 4, the comparisons
between the analytical and numerical results are made, and the agreement is satisfactory.

5.2 Single Pill-Box Cavity

In the cylindrical coordinate system the em field distributions of the TMmni modes in a
pill-box cavity are:

ET = _ £ ° ^ , / ; ( w / f l ) Cos(m^) S\n(lnz/h) (5.1)
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E* =

z =e0Jm(umnr/R)cos{m(j>)cos{lTrz/h) (5.3)

2 ~mK~,mn., .~jSin(m<j>)cos(lTrz/h) (5.4)

"j'm(umnr/R)cos{m<f>)cos(lnz/h) (5.5)

, = 0 (5.6)

Jm

m = 0,1,2, • • -, n = 0,1,2, • • •, / = 0,1,2,- • • (5.7)

where R and h are the radius and height of the cavity, respectively, and umn is the nth root of the
Bessel function Jm(x). The resonant angular frequencies of the TMm n | modes are determined
by:

(2 2y/2 (5.8)
The power dissipation Pmni, stored energy Umni, and quality factor Qo.mn/ are expressed as [7]:

Pmnl = R^nVlnl&frlPJlv (Umn)

_
Qo-mnl ~

where

R»,mnl — ( "

(5-12)

1/2

I (5-14)

where a is the electric conductivity, \i is the magnetic permeability, R,<mni and Zo are the metal
surface resistance and vacuum impedance, respectively.

5.3 Loss Factors of a Disk-Loaded Structure

A disk-loaded structure as shown in Fig. 5.1 can be constructed by connecting two pill-box
cavities by a piece of cylindrical tube of radius a and of length d. Due to the coupling through
the aperture between cavities passbands will form corresponding to each pill-box resonant mode.
In the following we will keep using three subscripts mnl to specify the passbands without cutting
the result from its origin. According to the perturbation theory when the iris radius a is small,
the passband of the mn/th mode can be expressed as

WLn, = W'/2,mnl (1 + Km* COS (9mnl)) (5.15)
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Figure 5.1: Disk-loaded accelerating structure

where 9mnt = (2ir/Xmni)D, Xmni is the wavelength in free space and it can vary within the mn/th
passband. Now, we take the TMOio and T M n o mode passbands as two examples [8] [9]. For the
TMoio mode one has

w«oio = WT/2,OIO ( ! + #oiocos (0oio)) (5.16)

/ An3 \
u>2,,n,n = uln(l + — I (5.17)
u/ir/2,010 "'OlO ̂  3 ^ / j f l 2 J 2 ( u n i ) / \K>-^'I

where w010 is the TMOio mode angular resonance frequency of the pill-box before the coupling
holes are opened and

4a3
A'oio = ~o_Lr,,r^. . N exp(-a010d) (5.18)

(5.19)

(5.20)

a 0 1 o=((2 .62/a) 2 - (27r /A 0 1 0 ) 2 ) 1 / 2

and for the TMno mode one has

wju o = w2
/ 2 1 1 0 (1 + Kno cos (^no))

4a3 \

3*hR2J2(un)J
W»/2,110 — ^HO0- (5.21)

is the TMno mode angular resonance frequency of the pill-box before the coupling holes
are opened and

4<l3 exp(-anod) . (5.22)

Q1 1 0 = ((1-841/a)2 - (27r/A110)
2)
.1/2

(5.23)

In the following we assume that u(8mnt) is not very different from wmnJ, and we will use umnl

to replace the synchronous frequency of the mnl passband. In ref. 10, G. Dome has made the
same assumption to attack the same problem.
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The definition of the loss factor of a synchronous mode is expressed as [11]

k~ AdU/dz ( 5 > 2 4 )

where E,z(r = a) is the synchronous decelerating electric field along the axis of r = a, and
dU/dz is the energy stored per meter. For the mn/th passband by using the same method as in
ref. 8, one has E™l(r = a) = E2,mn,(r = a)Tf(0mnl) and dU/dz = Umn,/Dy where E,,mn,(r = a)
is the longitudinal electric field of the mn/th mode in the pill-box cavity before the apertures
are opened. When m=0, r)(0mnO) is found to be [8]

2sin(flmn0/ t/2P) . .
mVmnO) — 2 (O.Zb)

"mnO

where

9mn0 = D (^j (5.26)

However, if / ^ 0 the electric field variation inside the cavity should be taken into account. Since

cos(lwz/h) cos{0mnlz/D) = i cos ((ln/h + 9mnl/D) z) + I cos {{$mat/D - lic/h) z)

it is obvious that the effect of / ^ 0 is just splitting one synchronous mode into two. It is found
by analogy that rj corresponding to these two modes can be expressed as

+r9 \ 1 s i n

2 9mnl+lDn/h

ls\n(emnlh/2D-ln/2)

— —0mnl) ~ 2—em n l - iDw/h— ( 5 - 2 8 )

where

By using eq. 5.3, eq. 5.10, eq. 5.27 and eq. 5.28, we get the general expression of the loss factor
kmni corresponding to the mn/th passband

Emnl(r = aVD
= 4Umnl

(5.30)
(«mn)

where

o(X) = (O.oll
X

and

(5.32)
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It should be pointed out that eq. 5.30 is the analytical expression of the loss factors of a single
pill-box cavity by setting simply D=h.

By choosing m = 0, n = 1, / = 0 and m = 1, n = 1, / = 0 we recover the analytical loss
factor expressions for the fundamental mode and the first dipole mode found in ref. 8, which
have been found to agree well with numerical results.

kol° ~ 2t0nhR*J?(u01)
 ( 5 - 3 4 )

The fundamental mode wakefield is

W,,oio(a, s) = 2A;Oio(a) COS(W,010T) (5.35)

and
a2U}f ( ) 2 (5.36)

auu

The first (TM110 mode) dipole wakefield is expressed as

WTMO(a,s) = 2 c r ° f c l l c
2

( a ) s i n K l o r ) (rcos(<t>) - <£sin (<f>)) (5.37)

where r and <f> are unit vectors, and the driving charge is assumed to be at <f> = 0. By taking all
the modes into account, one can find the delta wakefield functions of a point charge traversing
a disk-loaded structure by using the following formulae

oo oo oo

£££w*mni(r) (5.38)
m=0 n = l (=0

oo oo oo
V* V^ V̂  w <T\ C\iQ\
2_J 2^1 2_< VVr,mnl\~) \O.O\t)
m=0 nrrl 1—0

oo oo oo
m=0n = l J=0

where [11]
/ \ m / \ in

W,,mnl(T) = 2kmnl[-) \^J cos(m<£)cos(uw,T) (5.41)

^ i m n , ( r ) = 2 m ^ L - ( - i ) cos(m^) sin(uwr) (5.42)
umnia \aj \a )

(5.43)

where r = s/c, s is the distance between the exciting charge and a test charge, r , is the transverse
coordinate of the exciting charge and c is the velocity of light in vacuum. For a Gaussian bunch
of charge q and bunch length at one can calculate the integrated wakefield started from delta
wakefield functions

( W2{r-t)I{t)dt (5.44)= (
J —
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WG,r{r)= fT Wr{T-t)I(t)dt (5.45)
J — oo

WGAT) = i W4{T - t)I(t)dt (5.46)
J — oo

where

(5.47)

If r > iat eqs. 5.44, 5.45 and 5.46 can be replaced by the following expressions [11]:

m=0n=l 1=0

W'r.mni(r) e x p ( - ^ L ^ ) (5.49)
m=0n = l <=0

m=0n = l J=0

For the mth mode the total loss factor of a Gaussian bunch will be

ijj2 ,a2) (5 51)

To evaluate the single bunch energy loss AUt to all the monopole modes, one defines the beam
loading enhancement factor as [11]

* ' " ' ) T V (5.52)

and
AUt = B(<Tt)AU0 (5.53)

where AU0 is the energy lost to the fundamental mode.
To appreciate the contribution of the higher order modes, we measure the loss factor kmni

by the fundamental mode loss factor kOio and the first dipole mode loss factor fcno by defining

Kmnl —

+ ('if)
and

n Km

Pmnl — T~

= ^ ^ (^o) •£(mi)
2{(u-T)2 + ('i)2)R2Jl+Aumn)

When / = 0
_
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5* (^-) (5 '57)

In the following we will use these analytical formulae to calculate structures' loss factors,
wakefields and beam loading enhancement factors and compare them with those calculated by
the code ABCI.

5.4 Comparison with Numerical Results

In this section three different type rf structures will be used to make the comparison between
the calculation results from the analytical formulae and those from the numerical code ABCI.
Since the ABCI output does not give directly the loss factors for m> 1 as it does for the case of
m=0, we will show the real part transverse impedances only. In the following the exciting bunch
is assumed to have a Gaussian distribution and the loss factors shown in the figures are k(<rt).
Eqs. 5.48 and 5.49 have been used in the following to calculate analytical wakefield patterns.
In all the following analytical calculations one has chosen n = 50 and / = 30 if otherwise stated,
which means that 1500 modes have been calculated. It should be declared also that the width
of the bars in the following pictures has no physical meanings.

First of all we consider a disk-loaded structure as shown in Fig. 5.1 having the same di-
mension as that of SLAC 2n/3 mode structure: D=3.5cm, h=2.92cm, a=lcm and R=4.02 cm.
The exciting bunch which traverses the structure parallel to the structure axis with an offset of
r = a has an rms bunch length az {pz = atc). The analytical results of the monopole modes
(m=0) are shown in Fig. 5.2 where az = 2.5mm. Using the same structure and keeping the
same exciting bunch parameters, we use ABCI to get the corresponding results shown in Fig.
5.3 where three cavities have been used. The analytical results of the dipole modes (m=l) are
shown in Fig. 5.4 where az = 5mm, and the corresponding ABCI results are shown in Fig. 5.
As for the second example, one takes D=3.5cm, h=2.92cm, a=lcm and R=25cm. Since this
structure has a rather large cavity radius, it has quite different wakefield pattern which might
have special uses in the future. Fig. 5.6 shows the monopole modes wakefield and loss factors
which can be compared with the ABCI calculation results shown in Fig. 5.7 where three cavities
have been used. The dipole modes wakefield and the loss factors are shown and compared in
Fig. 5.8 and Fig. 5.9. When R increases the second wakefield peaks in Figs. 5.6 and 5.8 will
be pushed further away from the the exciting bunch. Finally, we will show that these analytical
formulae are valid also for the case of a single cavity (if the beam pipe radius is small com-
pared with the cavity radius). For the single cavity case, Fig. 5.10 shows the monopole modes
wakefield and loss factors of a single cavity calculated analytically with a=0.2cm, h=2.92cm and
R=4.13cm. The corresponding results calculated by using ABCI are shown in Fig. 5.11. Here, in
Table 5.1, some comparison results are given for the loss factor kOio{0z) calculated both by using
eq. 5.30 and the ABCI code. To verify the HOM mode loss factors estimated by the formulae
we will compare the monopole mode total loss factors kot{crz) with those calculated by ABCI.
Taking the structure used in the first example kot((72) has been calculated, and the comparison
results are shown in Fig. 5.12 where the fitting curves are kot(crz) = 1.45o7°558 (formulae) and
kot((?z) = 1.54<T70566 (ABCI), respectively, which agree quite well with the diffraction model
[12] which predicts that the the monopole mode total loss factor for a short bunch varies as
a~l/2. For the analytical curve shown in Fig. 5.12, we have taken n = 400, and / = 400 which
ensure the convergency of eq. 5.51 for the minimum az used. With az = 2.5mm Fig. 5.13 and
Fig. 5.14 show the the comparison results of the monopole mode total loss factors k0l and the
loss factor koin(az)

 w ' th respect to the iris radius a, respectively. It is obvious that kot oc a"1

44



Table 5.1: Comparison of loss factors fcolo(gz) calculated by analytical formula and ABCI code
Loss factor fcoio(o'z)

Formula
ABCI

(V/pC/m) Figs. 2
21

and
5

21.4

3 Figs. 6 and
0.9
0.97

7 Figs. 10 and
27.6
28

11

as predicted by the diffraction model. It should be pointed out that this scaling law holds only
when iris radius large enough, say, a/X0 > 0.01.

5.5 Discussion

The comparisons shown above demonstrate the validity of the analytical expression of the
loss factors (see comparison of fc0io(<72) and beam loading enhancement factor B(CT2)). The
first important application of these analytical formulae will be the analytical calculation of the
short range wakefields of a short single bunch in a disk-loaded structure. As for the long range
wakefields, the precision of the analytical results will be degraded when the radius of the iris
is getting larger partly due to the fact that the synchronous frequency of each mode has been
approximated by the corresponding frequency of a closed pill-box cavity. For example, the
fact that the last peaks in Figs. 5.6 and 5.8 appear earlier than those of the corresponding
ABCI results are caused by the frequency approximation errors. However, in the conventional
disk-loaded accelerating structures the long range wakefields are dominated by the fundamental
mode and the first dipole mode. The synchronous frequencies of the two modes can be rather
accurately calculated by using eqs. 5.16 and 5.20.

5.6 Conclusion

In this paper the analytical loss factor expressions of a disk-loaded structure have been
derived and compared with the ABCI numerical code. The comparison results are quite satis-
factory. The relations between the loss factors (and wakefields) and the geometrical structure
dimensions are well established. These formulae are valid not only for periodically disk-loaded
structures but also for a single pill-box cavity. The derivation of these analytical formulae of loss
factors (and wakefields) permits us to understand better the physics of the beam-environment
interactions in a linear accelerator, to calculate the short range and the long range wakefields
and to make a better design of accelerating structures for future linear colliders.

5.7 Acknowledgements

The author thanks sincerely J. Le Duff for his constant support and strong interest in this
work. Y. Thiery's useful help in drawing some figures is appreciated. Y.H. Chin's (KEK)
providing a recent version of ABCI code is gratefully acknowledged. Finally, the author thanks
H. Braun (CERN) for his useful comments on this paper.

45



• i i i I i i i i i i i i I I i i i i I i i i i I i i i i 1 i i i i I i i i i

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

-80

25

22.5

20

17.5 jE-

15

12.5

10

7.5

5

2.5 F-

\ .

' - • • • •

" 1 1

;

.1
ll , 1 ., J , . . -1 l l J.I 1 ..1 . , . . , , . . . . . , , , , 1 1 1 1

5000 10000 15000 20000 25000 30000 35000 40000 45000

(b) f (MHz)

Figure 5.2: (a) Monopole wakefield and (b) monopole mode loss factors of a SLAC type structure.
For both figures at = 2.5mm. The dimension of this SLAC type structure: D=3.5cm, h=2.92cm,
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Figure 5.4: (a) Dipole mode wakefield and (b) dipole mode loss factors of a SLAC type structure.
The dimension of this SLAC type structure: D=3.5cm, h=2.92cm, a=lcm and R=4.02cm. For
both figures at = 5mm. (Formulae)

48



I

Wake Potentials
t.8 : SLAC type struetun Input

SK- 0.M0 cm. MK- O.OW mm. DDR* O.iOO nun

0 2 0.4 0.6 0 8 10
(a) Distance from Bunch Head S (m)

Mln/Mu- ~9.«7M+0*/ 4.S0M+M V/JC/WL LOM Psotor- f W7E+0t V/pC/m
• Mln/H»> -6.1388+04/ 4 i l 11+04 V/fC/wf. LM> r*oter- -Cfl78E«04 T/pC/m*

Real Part of Transverse Impedance
• B C I 8 • : SLAC typ . Mructur> Input
HROT- I. StC" 0MO0 em. ODZ- 0.000 nun. DOB" 0.000 mm

10 IS
(b) Frequency f (GHz)

Figure 5.5: (a) Dipole wakefield and (b) Dipole mode real part of transverse impedance of a
SLAC type structure. For both figures az = 5mm. The dimension of this SLAC type structure:
D=3.5cm, h=2.92cm, a=lcm and R=4.02cm. (ABCI)

49



60

40 -

20 -

0

-20

-40

-60

-80

-

. . . . 1 1 1 1 , , . ,

A
j i

1 i i 1

v
V

, , , ,

\A AVvv

,,,,

A A /
'1/1/

,, , , , , , ,

1
/

i i i i

3.5 E-

3

2.5

2

1.5

1

0.5

0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(o) I (m)

. . . . . .

ill M l l l l J l l l , , . . . . . . 1 1 1 1

5000 10000 15000 20000 25000 30000 35000 40000 45000

(b) f (MHz)

Figure 5.6: (a) Monopole wakefield and (b) monopole mode loss factors. For both figures
az = 2.5mm. The dimension of the structure: D=3.5cm, h=2.92cm, a=lcm and R=25cm.
(Formulae)

50



Wake Potentials

t l C I U Second nunpli Input
HHOT- 0. » 0 - M H m. DOT- MOO HUB. DDR- »000 nun

ItaM 4.lon*e«1>)
v :/M IMI*B

s

0.0 02 0.4 06 0.8

(•) Distance from Bunch Head S (m)

iMIgKudlfial ValM M n / M w -HOTE+flO/ 3^gffi+00 T/pC. LOM raster* -S.B83C+flO T/pC

Frequency Spectrum of Loss Factor
1 I C I M Second mainpM Input
m o t - 0. SK- 0 JM cm. DOI- « . « » nua. DDR- UH» mm

a / 1/W 1ft«la«

•S BOO

£ . 800

I
ZOO

10 20 30

(b) Frequency f (GHz)

40

Figure 5.7: (a) Monopole wakefield and (b) Monopole mode frequency spectrum of loss factors.
For both figures ax = 2.5mm. The dimension of the structure: D=3.5cm, h=2.92cm, a=lcm
and R=25cm. (ABCI)

51



E 30
o

25

20

15

10

5

0

- 5

BLI1

• 1
1

1
1

1
1

M

E

1

I

T
J

wv l•
\HA
u

•

A JL

, , , . i , . , , i , , , , i , , ,V, i ,\l, , i , , , , i , , , , i , , , , i , , , ,

1.4 -

0.8 -

0.6

0.4 -

0.2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

(a) z (m)

-

- 1

lillliii^ . I , , 1 I I I . 1 1 , 1 1 1 1

0 5000 10000 15000 20000 25000 30000 35000 40000 45000

(b) f (MHz)

Figure 5.8: (a) Dipole mode wakefield and (b) dipole mode loss factors. For both figures az =
5mm. The dimension of the structure: D=3.5cm, h=2.92cm, a=lcm and R=25cm. (Formulae)

52



a
m

Wake Potentials
A B C I B.« : Second ciunpte Input
MROT- I. SK- 0400 cm. DM- 0400 nun. DOR- ft.OQO nun

i' '

02 0.4 0.6 0.8
(a) Distance from Bunch Head S (m)

mm/**m/*2seBn/r/m. u
Hto/M»- -t.SS5E+0C/ »J308+0t V/pC/m. Low P
W./14 . . - -«.M0E*(M/ 3 874H04 T/pC/mV U a F

-S.I

1.0

Real Part of Transverse Impedance
A B C I 8.8 : Sacond nampl* Input

- 4.800 mm. DDR' 8.000 mm

300 -

10 IS
(b) Frequency I (GHx)

Figure 5.9: (a) Dipole wakefield and (b) Dipole mode real part of transverse impedance. For
both figures a, = 5mm. The dimension of the structure: D=3.5cm, h=2.92cm, a=lcm and
R=25cm. (ABCI)

53



.-••!-••,•• j--|--.---f-y •-.•-!-•.• • ( • - , • - Y - y - i - - l

-100

- 1 5 0 h i - r •,••-,- | i - • ] • • ! j \ T i n r l r , •;• •; I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(o) 2 (m)

25 p

22.5 E-

>• 20

S ,7.5

15

12.5

10

7.5

5

2.5

0

'-

:

:

n
il

n
il

U
N

m
i

M
l 1

1 1 1 , 1 1 . 1 , , , , I 1 1 1 1 1 I 1 I l l l

5000 10000 15000 20000 25000 30000 35000 40000 45000

(b) f (MHz)

Figure 5.10: (a) Monopole mode wakefield and (b) monopole mode loss factors of a single cavity.
For both figures a, = 5mm. The dimension of the single cavity: D=3.5cm, h=2.92cm, a=0.2cm
and R=4.13cm. (Formulae)

54



s

!
I

Wake Potentials
A B C I 6.8 : Singh cavity Input
UROT* 0. MC- 0*00 cm. DOT- OHO mm. DDR- OHO mm

0.2 0.4 0.6 Ofl 1
(a) Distance from Bunch Head S (m)

-4.1348+00/4.WU+00 V/pC. Low P»et«r' - t . lMI+00 V/JC

Frequency Spectrum of Loss Factor
i I C I B . t : Singh c4Tity Input

•0 / l/W 11:10:00

1

2000

1500

1000

500

0

HOT- 0. S B * o.flOO cm. DOT- o.eOO mm, 00

-

-

1 1
I ruLJi

. . . . I . . . . I .

R- 0.100 nun

' Buocb Spectrum

-

IA J \ ^ ^
. . i . . . . i . . . .

10 15
(b) Frequency f (GHz)

20

Figure 5.11: (a) Monopole wakefield and (b) Monopole mode frequency spectrum of loss factors.
For both figures at = 5mm. The dimension of the single cavity: D=3.5cm, h=2.92cm, a=0.2cm
and R=4.13cm. (ABCI)

55



kot (V/pC/m) (Formulae)
kot (V/pC/m) (ABCI)

1000

> 100 r

10

; kot (V

kot

/pC/n

(V/pC

1

n) =

/m)

= 1

u

r~

.4
1

ti>

• "

5!
.4

r r
3igi

7S

1
na_z(m)A-

gma_z(m

K
i i i I

0.551
M).5

I

) (F
65

—
or

(A

MM:

mi
BC

ila

51)

e)

j

' •

• -

jl
j

10,-4 0.001
Sigma_z (m)

0.01

Figure 5.12: The comparison of the monopole mode total loss factors A;ot(crz) calculated by
the analytical formulae and the ABCI code for a SLAC type structure. The dimension of this
structure: D=3.5cm, h=2.92cm, a=lcm and R=4.02cm.

-ko«(V/pC/m)(ABCl)

kot (V/pC/m) (Formulae)
1000

4 100 -

10

: k«(v
kolO

rpOni
//pa

)=0
n) =

.38
0.4

ll

a(r
47

n)
: i

022(Fonm
-1OI8(AB(

T^
i

l*e)
CD

•fh

0.001 0.01

a(m)
0.1

Figure 5.13: The comparison of the monopole mode total loss factors kot(a) calculated by the
analytical formulae and ABCI code for a SLAC type structure. at = 2.5mm. The dimension of
this structure: D=3.5cm, h=2.92cm and R=4.02cm.

56



30

25

20

15

10

5

0

: " •

\

kOlO (V/PC/m) (Formula)

kOlO (V/PC/m) (ABCI)

0.4 0.6 0.8 1 1.2
a (cm)

1.4 1.6

Figure 5.14: The comparison of the loss factors fcoio^) calculated by the analytical formula
and ABCI code for a SLAC type structure. az = 2.5mm. The dimension of this structure:
D=3.5cm, h=2.92cm and R=4.02cm.

57



References

[1] T. Weiland, DESY 82-015, 1982.

[2] Y.H. Chin, "User's guide for ABCI version 8.8", LBL-35258.

[3] E. Keil, "Diffraction radiation of charged rings moving in a corrugated cylindrical pipe",
Nucl. Instr. and Meth., A100 (1972) 419.

[4] K. Bane and B. Zotter, Proc. of the 11th International Conference of High Energy Accel-
erators, Geneva (1980) p. 581.

[5] D.U.L. Yu and P.B. Wilson, "Long-range wake potentials in a disk-loaded accelerating
structures", Particle Accelerators, 30 (1990) 437.

[6] K. Bane and T. Weiland, "Verification of the SLC wake potentials", SLAC/AP-1, January
1983.

[7] C. Bourat, "Systeme de decouplage sous-harmonique d'un faisceau d'electrons pour in-
jecteur d'accelerateur lineaire", these, Orsay, No.d'ordre: 413 (1988).

[8] J. Gao, "Analytical approach and the scaling laws in the design of disk-loaded travelling
wave accelerating structures", Particle Acclerators, 43 (1994) 235.

[9] J. Gao, "Analatical formulae for the frequency changes due to opening apertures on cavity
walls", Nucl. Instr. and Meth., A311 (1992) 437.

[10] G. Dome, "Wake potentials of a relativistic point charge crossing a beam-pipe gap: an
analytical approximation", IEEE Trans, on Nucl. Science, NS-32 (1985) 2531.

[11] P.B. Wilson, "Introduction to wakefields and wake potentials", SLAC-PUB-4547 (1989).

[12] K. Bane and M. Sands, "Wakefields of very short bunches in an accelerating cavity", SLAC-
PUB-4441 (1987).

58



Chapter 6

Analytical Formulae for the Loss Factors and Wakefields of a

Rectangular Accelerating Structure

Wakefields in a rectangular accelerating structure can be calculated in time domain by di-
rectly solving Maxwell's equations by a 3D code. In this paper we will give analytical formulae
to calculate the synchronous modes' loss factors. From these analytical formulae one can get the
delta function wakefields. The relations between the loss factors (wakefields) and the structure
geometrical dimensions are well established. These analytical expressions of loss factors can be
used also in a single rectangular resonant cavity. It is shown that the potential application of a
rectangular accelerating structure is to accelerate a flat beam in a linear collider.

6.1 Introduction

In this paper, we will consider a rectangular slow wave accelerating structure shown in
Fig. 6.1. Since this is a 3D problem, usually, one has to resort to a 3D code to calculate the
wakefields excited inside the structure by a passing charge. In ref. 1, the analytical formulae of
the loss factors and the wakefields in a cylindrical disk-loaded accelerating structure have been
established. By using the same method as in ref. 1, we will give the analytical formulae of the
loss factors and wakefields in a rectangular slow wave accelerating structure.

In section 2, the single rectangular cavity's properties are briefly summarized, since a rect-
angular cavity is the very basic element of a rectangular accelerating structure. In section 3, the
analytical expressions for all the synchronous modes' loss factors and the wakefields are derived.
In section 4, two examples are calculated analytically, one is a closed rectangular cavity, and
another is a rectangular slow wave accelerating structure. Finally, some conclusions are drawn
in section 5.

6.2 Single Rectangular Resonant Cavity

In the cartesian coordinate system the em field distributions of the TMmn/ modes in a
rectangular resonant cavity are:

c o s ( T ~ s in 1—^)sin("T") (6J)
\ b ) \ a ) V h )

Holnnn . (mirx\ (niry\ . flnz\
Ey = — sin I —— cos ( — - I sin ( — ) (6.2)

j w / € / » a \ b J \ a J \ h J
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Figure 6.1: A rectangular accelerating structure

Hn Y-ute: . fmnx\ . fmry\
in I —— I sin ) cos ( — I

/ V a ) \ h )
sin I

Hx = sin
a V

cos I} \ a J
nil)
\ ft;

Hy = —— cos ( _ j am (—j cos ( _ j

Hz = 0

(6.3)

(6.4)

(6.5)

(6.6)

(6.7)

where a, 6 and ft are shown in Fig. 6.1, e0 is the electric permittivity in vacuum, and Ho is a
constant. The resonant angular frequencies of the TMmn( modes are determined by:

u w = c ((m7r/6)2 + (n7r/a)2 + (ln/h?) ^ (6.8)

The power dissipation Pmnt, stored energy Umnt, and quality factor Q0,mnt are expressed as [2]:

(6.9)

m =
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Vmd = &!g± (% + £ ) (6.10)
loo \c b* )

4fl..mn/*(n»4(l + fc/a*) + m'f(l + tyW)) l " '
where

where <r is the electric conductivity and fi0 is the magnetic permeability, respectively.

6.3 Loss Factors of a Rectangular Slow Wave Accelerating Structure

We consider a rectangular accelerating structure as shown in Fig. 6.1. Due to the coupling
through the aperture between cavities, passbands will form corresponding lo each rectangular
resonant mode. We will keep using three subscripts mnl to specify the passbands. In the
following we assume that the synchronous frequency of the TMmn; passband is not very different,
from wmn|, and we will use u>mni to replace the corresponding synchronous frequency. The delta
function wakefields of a point charge passing through a rectangular structure can be found by
using the following formulae

oo oo oo

m=0 n=l 1=0

m=0 n=l (=0

m=0n=l <=0

where Wgimnl, Wy>mni and W,ttnni are the wakefields corresponding to the mnlth synchronous
mode. To find out the expressions of WXimnh WVtmni and W,>mni, one has to use the generalized
Panofsky-Wenzel theorem derived in ref. 3. We know therefore that in a cartesian coordinate
system

Wxmnt{s) = Zt(s) (6.17)
OX

Wy,mnl(s) = Zl(s)dTmn
d

{*'y) (6.18)

(6.19)

where 8 = TC, C is the velocity of light in vacuum and s is the distance between the exciting
charge and a test charge. Tmn(x,y) and Zt(s) satisfy the following equations:

It is found that

' ( ' dx* +Z'(S) Qy~7 Tmn(x,y) ^ = 0 (6.20)
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sin (—^) sin

Wt>mnl{T) = 2m

^- r - cos tuwr ) (6.21)

c*kmnl cos(sp)sin(2
sin (s=f-) sin

(6-22)

cnkmni sin (=*=*) cos ( ^ )

sin ( = p ) sin (=**)

4 4 M
where x, and yg are the transverse coordinates of the exciting charge, x and y are the transverse
coordinates of the test charge, and the the axis of x = xw, y = yw has been chosen to be on the
surface of the waveguide which connects the two adjacent rectangular cavities.

The definition of the loss factor of a synchronous mode is expressed as [4]

mn, = —!——rr- — (6.24)
4dUi/az

where E™l(x = xw, y = yw) is the synchronous decelerating electric field along the axis of x =
xw,y = y<u, and dUmni/dz is the energy stored per meter. For the mn/th passband by using the
same method as in refs. 1 and 5, one has E™"l(x = xw, y = yw) = Etimni(x = xw, y = y«.)»7(0mni)
and dUmni/dz = Umnt/D, where £2,mn<(x = i«,,y = yw) is the longitudinal electric field of the
mn/th mode in the rectangular cavity before the apertures are opened. When / = 0,

^ sin(0m>

and when / ^ 0, one has two synchronous modes corresponds to the indice / as explained in ref.

^ 1 sin {9mnlh/2D + ln/2)
) = ( 6 2 6 )l) = 2 0mnl+lDn/h

and

= 2 emnl - IDn/h

where

ls\n(0mnlh/2D-lir/2)

b } ' \ a j • \ h j ) ( 6 - 2 8 )

By using eq. 6.3, eq. 6.10, eq. 6.24 and eq. 6.26, we get the general expression of the loss factor
kmni corresponding to the mn/th passband

, _E?
4Umnl

Ah ((mn/by + (nir/ay) sin2 ( ^ - ) sin2

V
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= *£,„, sin8 | — ^ | sin-

where

m n ' ~ e0abD((mir/by+(nir/a)2+(lw/h)2) \ 4 ' * '

S(x) = ̂ ^ - (6.31)
x

and

(6.32)

(6.33)

By inserting eq. 6.29 into eqs. 6.21, 6.22 and 6.23, one finds finally

WXimni(T) = 2fcmn,,,sin I —— 1 sin I ) x
\ b J \ a )

sin I ——2-) sin I 2. cos(u;mn,r) (6.34)
V b ) \ a J

Wx,mn,(T) = 2m. ~^cos —— sin
w 6 \ b J

— — sin — * •
\ b J \ a )

sin I
\ . fnnyq\ .
1 sin ( 2- I sin (wmn/r) (6.35)

ytmni{T) = 2n -̂sin —r— ) cos x
Vmnia \ o ) \ a )

sin I — j — - I sin I I sin(u;mn;r) (6.36)
V b J \ a J

where the subscript i distinguishes four different cases shown in Fig. 6.2, and kmni,i are expressed
as

(6.37)

(6.38)

(6.39)

*mBi,4 = * ; „ , (6-40)

The manually added aperture dependent coefficients in Eqs. 6.37 to 6.39 simply represent the
influence of the coupling aperture on the loss factors. It is obvious that all the loss factors
will be zero when xw — 0 and yw = 0, since this case corresponds to an infinite uniform
rectangular waveguide (assuming this waveguide has no loss). It is important to note that the
dependence of the wakeflelds on the transverse charge coordinates in a rectangular structure is
totally different from that in a cylindrical structure, and it is this difference which implies the
potential application of a rectangular accelerating structure in future linear colliders.
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(1)

Figure 6.2: Four types of coupling apertures.

By setting D = h and using eq. 6.39 one get the wakefields in a closed rectangular resonant
cavity. For a Gaussian bunch of charge q and bunch length at one can calculate the integrated
wakefield started from the delta function wakefields:

J-
Wt(T-t)I{t)dt

Wt(r-t)I{t)dt

Wy{T-t)l{t)dt

where

If r > 3<jt eqs. 6.41, 6.42 and 6.43 can be replaced by the following expressions:

OO CO OO

m = 0 n = l ( = 0

oo oo oo

2 2 \

m = 0 n = l ( = 0

,2 _2

m=0n = l (=0

(6.41)

(6.42)

(6.43)

(6.44)

(6.45)

(6.46)

(6.47)

64



At the end of this section we will discuss the focusing properties of the fundamental mode.
Different from a circular structure where the fundamental accelerating mode electromagnetic
field doesn't change the transverse momentum of a charged particle travelling at the speed
of light (almost), the fundamental accelerating mode in a rectangular structurue focuses or
defocuses the passing charged particle towards or from the axis of the structure depending
on the phase of the accelerated particle with respect to the accelerating electric field. This
characteristic property makes a rectangular structure much more interesting for future linear
colliders where the beam should be kept very close to the axis to avoid the excessive wakefield
deflecting forces. The expressions of the forces in the three directions can be obtained easily
from eqs. 6.34 to 6.36

(6.48)

b ( T ) ( T ) sin(*} (6-49)

Fv{*) = -qE0-^-sin (~) cos te) 8in(ft) (6.50)
w a V o ) \ a J

where q is the charge of the particle, Eo is the synchronous accelerating electric field strength,
and $ > 0 corresponds to the particle located before the synchronous rf crest. If the particle is
located close to the axis, one has

C7T2

C7T2

= qE0-——dXs\n(&) (6.51)

(6.52)

where dX and dY are the particle's transverse coordinates measured from the center of the
rectangular structure. It is clear that by choosing negative $ (where BNS damping works [7])
one can get focusing in both transverse planes.

6.4 Some Examples and Discussion

In this section, we will give two examples to show the analytical results. The loss factor
which will be plotted in the following figures is defines as &mnj,,-(<7z) = A;mnJ, exp(-w^n(<72/c2),
where az=cat, m=l to 15, n=l to 15 and /=1 to 10.

First of all, we will calculate the loss factors and the wakefields in a closed rectangular cavity
driven by a bunch of a Gaussian charge distribution. Taking a = 6 cm, 6 = 9 cm, h = D = 2.92
cm, xq = x = a/2, yq = y = 6/2, and az = 2.5 mm, one finds kmnii{at) vs resonant frequency
and Wz(az) shown in Fig. 6.3 calculated by using eqs. 6.45. Wx(az), and Wy(az) are shown
in Fig. 6.4 calculated by eqs. 6.46 and 6.47 with xq = x = a/2 + 0.8 cm, y, = y = 6/2 + 0.8
cm, and az = 2.5 mm. The short range wakefields calculated with eqs. 6.41 to 6.43 are shown
in Figs. 6.5 and 6.6.

The second example is a slow wave rectangular structure shown in Fig. 6.1, where a = 6
cm, 6 = 9 cm, d = 2 cm, h = 2.92 cm, D = 3.3 cm. Taking xq = x = a/2, yq = y = 6/2,
and az = 2.5 mm, one finds kmnll{az) vs resonant frequency and Wt{az) shown in Fig. 6.7
calculated by using eqs. 6.45. Wx(az), and Wy{az) are shown in Fig. 6.8 calculated by eqs.
6.46 and 6.47 with xq = x = a/2 + 0.8 cm, yq = y = 6/2 + 0.8 cm, and az = 2.5 mm. The
corresponding short range wakefields calculated with eqs. 6.41 to 6.43 are shown in Figs. 6.9
and 6.10. It is interesting to compare the short range wakefields of the rectangular structure
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to those of a SLAC type circular structure shown in Figs. 6.11 and 6.12 where R and r are the
cavity and the aperture radii, respectively. It is found that the short range horizontal wakefield
is very small compared with that in the vertical plane. The dependence of the maximum short
range transverse wakefields on the charge transverse coordinates (x=xq, y=y,) is shown in Fig.
6.13. The maximum short range dipole mode wakefield versus the exciting charge's transverse
position r, is shown in Fig. 6.14. It can be seen that the vertical short range wakefield in the
rectangular structure is quite similar to that in a SLAC type structure.

Finally, we make a concrete rectangular accelerating structure design. A 3-D code, ANTIGONE
[6], has been used. Taking D = 3.3 cm, h = 2.8 cm, £,,,=0.5 cm, yw=2.2 cm, and d = 1.6 cm,
one finds that, at the 27r/3 working mode, the shunt impedance of the fundamental accelerating
mode R,h= 59Mft/m and quality factor Qo= 13753 which are almost the same as those of a
SLAC type S-band accelerating structure. The fundamental mode loss factor is found to be
20.9 V/pC/m which agrees well with the analytical result 20.8 V/pC/m calculated by eq. 6.37.
The 2TT/3 mode electric fields in the volume and along the axis are shown in Figs. 6.15 and
6.16. The coupling coefficient K varies with respect to the coupling slot height d as d3 shown
in Fig. 6.17 which can be explained by the general analytical formulae shown in ref. 8. The
variation of the accelerating mode shunt impedance (and the fundamental loss factor fci10)i) with
the aperture opening d scales as cos2 (ird/2a) which is shown in Fig. 6.18.

6.5 Conclusion

Thr analytical formulae of the loss factors and the wakefields in a closed rectangular cav-
ity and in a slow wave rectangular accelerating structure have been derived. Two illustrative
examples have been given to show the wakefields excited in these cavities working at S-band fre-
quency (the frequency of the fundamental mode has been chosen around 3GHz). Compared with
a cylindrical accelerating structure, for example, the SLAC type S-band accelerating structure,
one finds that the short range transverse wakefields within the exciting bunch in a rectangular
structure is much different from those in a cylindrical one (the rectangular aperture shape has
been chosen to be the first one shown in Fig. 6.2). The reason is that the higher order modes in a
rectangular structure are more important than in a cylindrical structure due to its less "smooth"
cross section. The fact that the short range horizontal wakefield has a weak dependence on the
beam horizontal deviation from the axis and the short range horizontal wakefield focuses the
beam (see Fig. 6.13) suggest that a rectangular accelerating structure be a potential candidate
for accelerating a flat beam which is assumed for all the existing linear collider projects.

The method used in this paper and in ref. 1 can be easily applied to the elliptical cavity or
spherical cavity cases where the corresponding analytical electromagnetic field solutions exist.
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Figure 6.15: A 2?r/3 mode rectangular structure electric field pattern.

Figure 6.16: The 27r/3 mode electric field along the axis.
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Chapter 7

On the Higher Order Mode Coupler Design for Damped

Accelerating Structures

Most of the existing linear collider projects are working in the multibunch mode. To achieve
the required luminosity, multibunch emittance growth due to the long range wakefields has to
be properly controlled by using detuned, damped or damped detuned accelerating structures de-
pending on the concrete machine design. In this paper we will discuss mainly damped structures
and class them into three types. The procedures to make a proper higher order mode (HOM)
coupler design are given, and some useful analytical formulae, which can be used to determine
the coupling apertures' dimensions and the equivalent loaded quality factors, are derived. It is
shown that few couplers to damp a detuned structure is not at all efficient.

7.1 Introduct ion

For the linear colliders working in the multibunch mode the long range wakefields have to be
properly controlled by using detuned, damped or damped detuned structures depending on the
concrete machine design parameters. In this paper we try to class damped structures into throe
types and to make a detailed discussion on how to determine the coupling aperture dimension
of a HOM coupler and how to estimate its effect on the damped HOM. In section 2, the first
type damped structure is discussed, where each cavity is damped by HOM couplers. In section
3, the second type damped structure is defined as a section of a constant impedance structure
damped by a HOM coupler. The essential difference between the first and the second type
damped structures is demonstrated. To estimate the effect of this HOM coupler an equivalent
quality factor has been introduced and formularized. Finally, in section 4, damped detuned
structures are discussed and it is shown that a few couplers to damp a detuned structure is not
at all efficient.

7.2 The First Type of Damped Structure

In this paper we consider mainly three types of damped structures. To start with we consider
a single pill-box resonant rf cavity resonating at a resonant mode, for example the TMi10 mode.
The quality factor Qno corresponding to this mode is defined as

2nfu0Wll0
vo.no — 5

81



where W n o and P110 are the energy stored and the power lost in the cavity, fno is the resonant
frequency, R and h are the cavity radius and height, respectively, « u is the first root of Bessel
function Ji(x), Zo = 1207T, and fi,pll0 = {fuoxt*o/<r)1/2i Mo is the magnetic permeability and a
is the electric conductivity. If this cavity is loaded with some waveguides, the loaded quality
factor QL,\IO is defined as

n - Q"'110 in n\
WL.UO - j—5 (7.2)

1 + PN.no
where 0N,IIO is called the coupling coefficient between waveguides and the resonant cavity corre-
sponding to the TM110 mode, and where the subscript TV denotes the number of the waveguides.
If the cavity is loaded with four waveguides distributed uniformly around the cavity's cylindrical
surface, from the general expression derived in refs. [1] and [2] one knows that /34,iio is TM110

mode polarization independent and can be expressed analytically as

oX > 144(/n(£) - l)*ABRR.,no(R + h)J?(uu)
 V ' '

where k = 2JT/A110 . .*IO = *(1 - (Ano/2A)2)1/2, ac = (27r/Allo)((Aiio/2/)2 - I)1'2, A and B are
the width and the height of HOM waveguides, / and w are the width and the height of the
four rectangular coupling slots with / parallel to the magnetic field, and t is the wall thickness
between the cavity inner surface and the waveguide. It is obvious that the larger the coupling
slot is, the lower the loaded QLMO will be- Now, if many of this kind of waveguide loaded
cavities are coupled together, one obtains the first kind of damped accelerating structure under
the condition that the fundamental mode is not damped. For the TMn mode passband one
can say that the loaded Q is almost QL.IIO- If KhQL.no < 2 there will be no coupling between
cavities for the TMn mode [3], where Kh is the coupling coefficient for the TM l t mode passband.

7.3 The Second Type of Damped Structure

Now we consider the second kind of damped structure which is essentially different from
the first one. Given a constant impedance disk-loaded structure of length L as shown in Fig.
7.1, one can calculate the passband of the TMn mode (which is the most dangerous mode for
multibunch operation). The coupling coefficient in the dispersion equation can be expressed
analytically as [2][4]

u ^ . ^ / j O + ffi «»(*,)) (7.4)

4a3

where

where subscript 1 denotes the T M n mode. We define Ql>t as the phase shift of the T M n mode
pa-ssband at which the phase velocity equals the velocity of light, which is quite close to n
mode in a conventional S-band structure. Assuming that a charged particle is injected into
thr structure off axis at a velocity close to that of light, one knows that this particle will loss
its energy to the TM U mode mainly at synchronous phase shift 6lit and will generate behind
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Figure 7.1: Constant impedance accelerating structure

it so-called wakefield WLn(s), where s is the distance between this exciting particle and a
following test particle (of course it will generate also wakefields oscillating at other frequencies).
If 0 < 0i,, < 7r the energy of the wakefield WLjU, which is distributed uniformly along the
structure length L just after the passage of the exciting electron, will tend to move upstream
with the group velocity of vg{B\t,). Assuming that four distributed waveguides, for example, are
connected to the first cavity at the beginning of the structure, in order to absorb the energy
of Wj.,ii from the structure via the HOM waveguides without any reflection, one has to match
this HOM coupler to the TMn travelling wave mode working at 6\t, by carefully choosing the
slot dimensions on the coupler wall (just like matching the fundamental mode input and output
couplers of a constant impedance travelling wave accelerating structure). The coupling slots'
width /. and height wt have to satisfy the following relation [2][5]:

- l)*ABRRt,no(R + *) Ja
2(«n)

where a* = (27r/Ai10)((A110/2/,)2 - 1)1/2 and c is the velocity of light. Comparing eq. 7.3 with
eq. 7.7, one finds out the fundamental difference between the two kinds of damped structure,
that is, the coupling slots of the HOM coupler of the second type damped structure should not
be too large or too small but satisfy the matching condition shown in eq. 7.7, however, for
the first type damped structure this limitation doesn't exist. Here we will use eq. 7.7 to find
the dimensions of HOM coupling apertures of a 3 GHz accelerating structure with o = 1.5 cm,
D = 3.33 cm, R = 4.1 cm, h = 2.83 cm, A = 4.4 cm and B = 2 cm. Fig. 7.2 shows the relation
between wm and /. for different wall thicknesses at vg(OiiS)/c = 0.001. Fig. 7.3 shows the relation
between w, and /, for different vg(0ltS)/c with wall thickness t = 3 mm.

Once the HOM coupler is matched one knows the deflecting force of the transverse wakefield
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Figure 7.2: y34il, = 1 surface with vg(9h,)/c = 0.001

Wj.,ii o n ^ e test particle of charge q which is behind the exciting particle at a distance s:

Dis) (7.8)

where
D(s) = L- vg{9h,)-, {s < cL/Vg{Ou.))

c
D(s) = 0,(8>cL/vg(9lit)) (7.9)

where UJ{9\ ,) is the angular frequency of the travelling TMn mode at the phase shift of 9lit,
Qo.ii is the quality factor of the structure working at the angular frequency (jj{9\>t). It is obvious
that when vg{9i,) = 0 there is no damping effect (only the coupler cavity is damped). For those
who are used to think in terms of loaded quality factors to judge the damping effect of this

"'*'•' '(«)

HOM coupler, we will use an exponential function Le 2Oe l t c to simulate function D{s) in eq.
7.9 by choosing Qe n as

_ u;(9ltt)L(l - a"1)
Q - » " 2vg(9Ui)

 ( 7" 1 0 )

in such a way that both functions drop to the the same value Le"1 at the same s. Eq. 7.8 can
be expressed as

Fj.,u = qW^Le-^W (7.11)

where Q l u is called the equivalent loaded quality factor which is
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Figure 7.3: /34pll = 1 surface with t = 3mm

where f3eq is called equivalent coupling coefficient which has nothing to do with the coupling
coefficients expressed in eq. 7.3 and eq. 7.7. If Qo.n i> Qe,u> QL.H * Qe,n- From eq. 7.10 it
is very important to note that there are two ways to decrease Qitn, either to reduce L or to
increase 1^(01,,). The total number Nc of the HOM couplers which should be used to reach a
desired Q*L j j for a constant impedance structure of length L can be calculated from the following
expression:

. , '

The second kind damped structure is used, for example, in the TESLA linear collider project
where the HOM waveguides are normally coaxial instead of rectangular ones, however, the
physics is the same.

Before passing to the next section we will investigate the deflecting force expression of a
constant impedance structure without HOM couplers. If the high power main couplers reflect
totally the TMU mode travelling inside the structure, the transverse force is expressed as

^^-{-)) (7.14)
2Q c

where the function T(s) is shown in Fig. 7.4. The fact that T(s) oscillates is caused by
the oscillation of the direction of the travelling TM n mode group velocity. T(2s0) = 0 at
2s0 = cL/Vg(0lt) is due to the fact that at that moment all the TM n mode energy generated by
the exciting particle moves in the direction which could not synchronize with the following test
particle. It is obvious that if the time duration of a bunch train is less than s0 = L/2vg($i,),
T(s) = 1, and it is noted that < T(s) >= | . In reality the amplitude of T(s) will decrease
slowly with s since part of the TMU mode energy can go through the main high power couplers.
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Figure 7.4: Function T(s) of a constant impedance structure

7.4 The Third Type of Damped Structure

The third type .of damped structure serves to damp a detuned structure by a few HOM
waveguides, for example, the present design of the S-band linear collider's accelerating structure
[6]. Since the physical processes in a detuned structure are much more complicated than those
in a constant impedance one, we will first discuss it without adding a HOM coupler and assum-
ing that the cavities' dimensions are different from each other adiabatically. The TMn mode
dispersion curves of this detuned structure are shown in Fig. 7.5. When a particle traverses the
structure off axis it will deposit part of its energy on TMu mode oscillating at the frequencies
mainly from f\ to /„ as shown in Fig. 7.5, where the subscript n is the total number of different
cavities in this detuned structure of length L. The deflecting force felt by a test particle can be
expressed as

J ^ ' ^ ^ - ^ ) ) (7.15)
n

with
kl-iC

(7.16)

where Jfci,,- is the TMn mode loss factor corresponding to the ith cavity. It can be calculated
analytically [2]

op „
Ki *>Un-"> (7.17)

i,-«u

2
(7.18)

There are different ways to detune a structure, for example, uniform detuning, Gaussian detuning
and sinusoidal detuning.

1) Uniform detuning[7]:

= 2 < K±ill > sin
f > s\ sin(nsAf/c)

~C ; (*sAf/c) :
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. Figure 7.5: Dispersion curves of a detuned structure

exp(-K<f>(-))L
\ Vo.ii c /

2) Gaussian detuning[7]:

r, n r- .. /2jT</>

Ft n = 2 < KL ii > sin I —

(T.19)

/c)2)x

exp - (-)U (7.20)

3) Sinusoidal detuning[8]:

n= 2 su — I Jo ( —^— ) x

7 T < / > S
To,u

(7.21)

where < / > is the average the synchronous frequency, A / is the full range of synchronous
frequency spread, and Oj is the rms width in Gaussian frequency distribution. If we consider an
uniformly detuned structure with its iris radius adiabatically decreasing from at at the beginning
to an at the end, the deposited energies can move inside the structure instead of oscillating locally.
The motions of the TMn modes' energies inside the structure can be classified into three different,
ways. For the modes deposited at the beginning of the structure they will oscillate locally since
they could not propagate downstream. For the modes generated at the end of the structure (from
fm to /„, vg(9iitti) < 0,» = m, • • -,n), however, the energies will propagate upstream and be
trapped finally somewhere in the downstream cavities where the group velocities corresponding
to these frequencies are equal to zero. Finally, the energies of the modes between fi and fm will
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propagate upstream until they are reflected by the first cavity. The reflected energies will move
downstream and finally be trapped in the cavities where the group velocities are zero.

To damp the TMu modes in a detuned structure via a few HOM couplers is the main idea
of the so-called damped detuned structure currently adopted for the S-Band linear collider main
linac design [6], since the effect of the detuning itself could not calm the multibunch emittance
growth [9]. To demonstrate the behaviour of a HOM coupler let's assume that at the beginning
of a detuned structure a HOM coupler (four waveguides) is installed and is matched to the
ith TMn mode. The equivalent loaded quality factor corresponding to the ith mode can be
expressed as

Q _ Qo,U,i ,7 00^

L~*~ a.(«,,.,,)*.(!-«-')

where < u9(0 l4,) > is the average group velocity of the ith mode travelling from z = zt to
z « 0 where the HOM coupler is located. The damping effects of this HOM coupler on the
other modes, however, are less efficient and different from one to another due to mismatching.
The reflected HOM energies by this mismatched HOM coupler will be trapped somewhere in
the structure.

7.5 Conclusion

For the first type damped structure the HOM coupling apertures' dimensions are not required
to be very precise (/Vim > 0% no* /?jv,no corresponds to the required Q*L110)- For the second
type damped structure, however, the HOM coupler should be matched to the travelling wave
mode to be damped (/Jjv.no = l)i and therefore, the coupling apertures' dimensions should be
precisely chosen. Once the HOM coupler is matched one can find an equivalent loaded QL.II
shown in eq. 7.12. In practice to match a coupler is much more difficult than to open an enough
opened aperture as in the first case. For the third type damped structure, each HOM coupler
could couple out efficiently only one matched travelling wave mode. It seems that the first type
damping scheme is the most suitable choice for a damped detuned structure (SLAC damped
detuned structure is a good example [10]).
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Chapter 8

Absorption of Higher Order Modes in Rf Cavities via

Waveguides

The higher order modes (HOMs) excited in a rf cavity by the passing beams cause multibunch
instabilities. In order to absorb HOMs waveguides can be coupled to the cavity. Based on the
analytical formulae for the coupling coefficient 0 between a waveguide and a rf cavity (either
a single cavity or a traveling wave structure) [1][2] one can estimate the loaded Q of HOMs in
a rf cavity when waveguides are connected to it. The relation between the loaded Q and the
dimensions of waveguide, coupling aperture and rf cavity are explicitly revealed.

8.1 Introduction

The higher order modes (wakefields) excited by the passing beams in linear accelerating
structures or the rf cavities in circular accelerators will cause different kinds of instabilities
to the passing beam themselves. These instabilities limit the quantity of the electric charge
in the beam and hence limit the luminosities of the machines. The combat against wakefields
requires us to find good ways to absorb excited HOMs by means of special materials or simply by
waveguides. In this paper we will restrict ourselves to the absorption of HOMs via waveguides.
In the following sections we will first review the analytical formulae for the coupling coefficient
/? between a waveguide and a rf cavity (either traveling wave structure or a single cavity) and
then we will discuss their applications to the calculation of the loaded Q of HOMs damped by
the waveguides.

8.2 Formulae Review

It is known that the amplitude of the wakefield corresponding to the nth mode in a rf cavity
is modulated by a damping factor Rn

Rn = e - ^ (8.1)

where 5 is the distance between the exciting particle and the test particle, un is the angular
frequency of the nth mode, c is the speed of light and the Qn is the loaded quality factor of the
nth mode. It is obvious that one way to eliminate the long range wakefield is to reduce Qn in
such a way that the damping factor Rn is very small with the given bunch seperation s = D. In
other words it requires that

Qn < ^ (8.2)
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Figure 8.1: Coupling aperture

A simple way to decrease Qn is to connect the cavity by a waveguide with the other side of the
waveguide matched to an absorbing load. In this case Qn can be expressed as follows:

where Qon is the unloaded quality factor of the nth mode and /?„ is the coupling coefficient
between the waveguide and the cavity corresponding to the nth mode. It should be mentioned
that the coupling coefficient /?„ is also waveguide mode dependent. In this section we will review
the analytical formulae for the coupling coefficient /?„ which are established and verified by
experimental results in refs.[l][2].

If the linear dimension of the coupling aperture is small compared with the wavelength of the
nth mode, Bethe's theory states that the aperture is equivalent to a combination of radiating
electric and magnetic dipoles, whose dipole moments are proportional to the normal electric
field and tangential magnetic field of the incident wave, respectively [3]. Static field solutions for
the equivalent dipole moments of elliptic- and circular-shaped aperture can be found by placing
these kinds of apertures in static electric and magnetic fields [4].

3E(e0)

( 8 ' 5 )

H* ( 8 ' 6 )M

eQ = (1 - lltf)1'2 (8.7)
where «0 is the permittivity of the vacuum. P and M\, Mi are the electric and magnetic dipole
moments, respectively. Eo is the electric field perpendicular to the surface of the ellipse. Hi
and Hi are the magnetic fields parallel to the major and minor axes of this ellipse. lx and /2 are
the lengths of half-major and half-minor axes, respectively (see Fig. 8.1). K(e0) and E(e0) are
complete elliptic integrals of the first and second kinds [5].
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If we consider the lowest propagation mode Hi0 in the waveguide and if the coupling aperture
is located where there is only magnetic field as shown in Fig. 8.2, the coupling of energy is
performed by Mt or M2. Assuming that the coupling aperture is located at the center of the
waveguide cross section, one gets the analytical expressions for /? as follows:

0.

0;

Zokokuje
ab

9ab{K(e0) -

Z0k0k10e
ab

-2ad Vi

PoHYPt

HI
E(e0))2 Po + P,

-2«d M2

PoHVPt

*>* HI

9ab(K(eo)-E(eoWPo + Pt
 l '

or

9ab(E(e0) - (1 - «8)if (eo))a Po + Pt l " '

where

*o = y (8.12)

kl0 = M l " (^ ) 2 ) 1 / 2 (8-13)

Pt = \% (8-14)

a = M ( T - ) a - 1 ) 1 / a (8-15)

where /?i and /32 correspond to Mi and M2 of the nth mode, Zo = 120n (Ohm), A is the
wavelength in free space, a and b are the width and height of the waveguide, respectively. In
eq. 8.15 d is the wall thickness between the waveguide and the inner surface of the cavity, and
Ac is the cutoff wavelength of the waveguide formed by the aperture with its length equal to d.
Ac depends not only on the aperture shape but also on the mode which is excited in it. The
Hi and H2 in eq. 8.10 and eq. 8.11 are the magnetic fields of the nth mode on the wall of the
cavity before the aperture is opened, Po and U are the corresponding power lost on the cavity
wall and the the stored energy inside the cavity, repectively. L is the length of the cavity and
vg is the group velocity of a traveling wave structure if this cavity is the coupler cavity of this

Magnetic coupling

Figure 8.2: Magnetic coupling

92



b
(a |

Waveguide 7 4 V " Thecroasecti°B

I of waveguide
Cavity

Electric coupling

Figure 8.3: Electric coupling

traveling wave s t ructure . If vg = 0 eq. 8.10 and eq. 8.11 correspond to the case t h a t waveguide
coupled with a single cavity. The parameters Q-, ̂ i , jf- and -f-, can be easily calculated by
2-D program SUPERFISH or 3-D programs such as MAFIA and PRIAM [6] depending on the
cavity geometry and the mode to be calculated.

If the excited Hi 0 mode in the waveguide is conducted by electric field as in the case shown
in Fig. 8.3, the coupling coefficient 0 is found to be

3e-*"W(fc0
3e-*"W( V )

P abZkil

8 = ^Ul-eiyijesin^^z) E*
P 9abZok10E{eQ)' Po + fy,

where EQ is the electric field of the nth mode on the surface of the aperture before it is opened,
Xg is the wavelength in the waveguide (Hi0 mode) and z is the distance from the terminal of the
waveguide to the the center of the coupling aperture.

If the mode excited in the waveguide is En mode the coupling coefficient (3 is found to be

koklue-*" P>
2abZ0kntl Po + %vg

JSg

where
^ ^ / (8.18)

Eq. 8.11 has been compared with the experimental result of the output coupler of LIL accel-
erating structure (which is used as injector for LEP at CERN) and the agreement is satisfactory
[2]-

8.3 Estimation of the Loaded Q of Higher Order Modes

The spectrum and field distributions of HOMs of a cavity cati be determined by 3D-programs
such as MAFIA and PRIAM. It is important to know the locations of the maximum magnetic
fields and electric fields of the nth 1IOM on the cavity surface where the waveguide is to be
connected. The determination of the dimension of waveguides depends on the fundamental
mode frequency f0 of the cavity and the waveguide mode. If the cutoff frequency of Hio mode
in the waveguide is higher than f0 and lower than the first HOM, then almost all the dangerous
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HOMs such as TEm, TMOn and TMno can be coupled mainly with Hio mode in the waveguide.
Given the parameters of the waveguide and the coupling aperture one can calculate the coupling
coefficient /? and hence the loaded Q for each HOM. As far as the types of coupling are concerned
one can choose either magnetic or electric couplings as shown in Fig. 8.2 and Fig. 8.3. As a
demonstration of using these formulae we will take a pillbox cavity as an example.

The fundamental frequency of this cavity is about 3GHz and the ratio of cavity diameter
with respect of cavity length is 1.484. The resonant mode spectrum appears as follows: TMoio,
T E m , TMQH, TMno and so on. The magnetic field distributions of the three HOMs mentioned
here are shown in Fig. 8.4, Fig. 8.5 and Fig. 8.6 which are calculated by PRIAM. The parameters

Figure 8.4: TE1 U mode

corresponding these modes are listed in Table 8.1 where the H is the maximum magnetic field
on the cavity wall. Since the mesh sizes used are rather rough the cavity parameters calculated
here are not very accurate, and this can be improved by reducing mesh sizes. The width and the

Table 8.1: Cavity mode parameters
Mode
TMoio
T E m

TMon
TMno

/o(MHz)
L 2992

3777
4190
4750

Qo
14336
18635
12626
18303

H(A/m)yP0(W)
7200
12799
9841
12914

height of a waveguide are chosen as a = 4.5cm and 6 = lcm, respectively. If the waveguide is
located where the magnetic field have maximum value and the coupling aperture is rectangular
as shown in Fig. 8.7, one can calculate the loaded Q for each mode. In the following calculations
we have chosen d — 0, Pt = 0 (since this is a single cavity) and Hi = H. By making the
rectangular coupling aperture equivalent to an ellipse as shown in Fig. 8.7 and using the formula
expressed in eq. 8.10, we get the relations of the loaded Q of the three HOMs mentioned above
with respect of the width (B) of the coupling aperture as shown in Table 8.2 and Fig. 8.8.
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Table 8.2: Loaded Q reduced by the waveguide
B (cm)
QL o f T E m

Q tofTM0 , i
QL ofTMuo

0
18635
12626
18303

1.5
889
499
373

2
194
108
80

3
20
11
8

It should be pointed out that the waveguide location arrangement made above is just for the
demonstration of using formula. In practice, however, the polarizations of the HOMs excited by
the passing beam can not be predicted. Usually, therefore, more than two waveguides distributed
uniformly on the cavity wall are used to solve this problem. In this case the loaded Q of HOM
does not depend on its polarization.

8.4 Discussions

The example given above is a single cavity, however, this method can be used in the case of
a traveling wave structure also. In a constant gradient traveling wave accelerating structure, say
S-band SLAC type, the dispersion curves of HOMs will change along the structure due to the
continuous decreasing of the disc-iris radius. Some HOMs will change from backward (forward)
wave types to the forward (backward) wave types, and therefore, there are some special locations
where the group velocities corresponding to these HOMs are zero. The HOMs excited by the
passing beams in the structure will be trapped and accumulated near these special locations.
These trapped HOMs will either introduce energy spreads or bring transverse instabilities to the
accelerated beams if multibunch scheme is used. One of the possible solutions to this problem is
to couple out these trapped HOMs via waveguides. Since the group velocity of the HOM, where
it is supposed to be coupled out, is zero, the problem decribed here is equivalent to the example
we have shown in the previous section. Finally, the frequency change of the fundamental mode
in the cavity due to the coupling aperture can be also calculated analytically by the analytical
formulae developed in ref. [7].

8.5 Conclusions

In this paper we have used analytical formulae to calculate the loaded Q of HOMs in a cavity
(either a single cavity or a traveling wave structure) instead of using Kroll-Yu method [8]. The
advantage of this analytical method is its giving explicit physical relation between the loaded Q
and all the dimensions and parameters of waveguide, coupling aperture and cavity itself.
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Figure 8.5: TMOU mode

Figure 8.6: TM U 0 mode
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Chapter 9

Suppression of Wakefields by Introducing Frequency Dispersion

in Rf Cavities

In this paper methods for the suppression of the long range wakefields in the rf cavity of
a storage ring and in a linear accelerator structure have been investigated theoretically. An
oscillating tuner is suggested to be installed in the rf cavity of a storage ring. As for future
TeV e+e" linear colliders a novel accelerating structure with its accelerating field phase velocity
oscillating around the velocity of light along the structure has been proposed in order to suppress
the long range longitudinal accelerating mode wakefield. By detuning also the frequencies of
the deflecting modes, the longitudinal and transverse long range wakefields can be suppressed
at the same time, which is preferable when a train of bunches is to be accelerated.

9.1 Introduction

In the design of the next generation TeV e+e~ Linear Colliders (TLC) and high luminosity
circular collider such as B-factory and Tau-Charm factory, the wake field induced instability is
one of the main concerns. It is well known that the rf cavities make the larger contributions to
the total wakefields of the machines.

Aiming at increasing luminosities of colliders much efforts have been put to different wakefield
suppression methods, such as damping waveguide used in circular collider rf cavities [1] and
damped/detuned structures in linear accelerators [2][3], in order to permit the stable acceleration
of multi-bunches. In this paper we concentrate only on the suppression of the long range
wakefields which will influence the following beam bunches. In section 2 a chain of decoupled rf
cavities is considered, which can be equivalent to the case of an rf cavity in a circular collider. An
oscillating tuner is suggested to be installed in the rf cavity in order to suppress the wakefields.
Main attention has been put to section 3 where travelling wave structures, which is the main
component in a future linear collider, are theoretically investigated. Aiming at suppressing at
the same time longitudinal and transverse wakefields, a novel accelerating structure with the
phase velocity of the accelerating field oscillating around the velocity of light along the structure
has been proposed. All the formalism derived in this section are very useful and important in a
pracrtical design. In section 4 some discussions are made concerning practical structure designs.
The numerical simulation results of a conrete design demonstrate the feasibility of this novel
structure.
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9.2 A Chain of Decoupled Rf Cavities

First of all we start with some basic properties of the wakefields in a single closed cavity
with perfectly conducting walls. An exciting point charge with charge Q traverses the cavity
at velocity t; = c along a straight path which is called z-axis. This charge enters the cavity at
z = 0, at time t = 0 and leaves it at z = L. The longitudinal and transverse wake potentials
Wz and Wi_ are defined as the total voltage lost and the transverse momentum kick experienced
by a test charge following at a distance s on the same path and also at the velocity of light,
respectively. W, and W± are expressed mathematically as follows [4]:

z,(z + s)/c)dz (1)

Wi(«) = i / [^± + (» X B)j.]e=(,+.)/c«fe (2)

From the causality we know that

W , ( « ) = 0, s<0 (3)

Wj_{s) = 0, s<0 (4)

For a given exciting bunch with charge distribution I(s) the two wake potentials are

Wb(s) = / /(«-«')W,(s')ds' (5)
Jo

W* (s) = /°° I(a - s')WL(s')ds' (6)

which are just the convolutions of I(s) with WM(s) and W^x(s), respectively.
By using Condon method [5], one obtains the expressions for both longitudinal and transverse

wake potentials as follows:

W,(«) = 2 £ kncos(unf), « > 0 (7)
n

in-), S>0 (8)
c

where kn and /("„ are the loss factor and the kick factor respectively, corresponding to the nth
excited mode. It is worthwhile to mention that both kn and Kn will stay almost constant when
the cavity boundary undergoes a small perturbation which causes frequency changes of certain
modes.

If the cavity wall has finite conductivity, there will be a damping factor which suppresses
the wake potentials

W , ( a ) = 2 5 ^ A n c o s ( w B - ) e - ^ ' 1 s > 0 (9 )
n

Wi_{s) = 2y Knsin{un-)e-%&, s>0 (10)

where Qn is the loaded quality factor of the nth mode. Knowing which modes are the most
dangerous for the beam instability one can try to decrease the corresponding quality factors
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and therefore increase the damping rates. This is the essence of the method used in many
laboratories [1][6]. In the following discussions the loaded quality factor Qn are assumed to be
very large and the damping effects are ignored.

If there is a point charge passing through a chain of N decoupled identical cavities, it is
obvious that the average wake potential of these N cavities is the same as a single cavity.
Instead of using N identical cavities, we perturb the contours of these TV cavities differently
with a frequency perturbation to each mode in each cavity as follows:

Aumn = Au}ncos{-^mD) (11)

where m is the mth cavity, n is the nth mode and D is the distance between two adjacent
cavities. From the discussion above we assume that kmn and Kmn are the same for all the N
cavities, they are denoted simply as kn and Kn, respectively, where n is the mode number. The
average wake potential of this N cavities is

W,(s) >= |r L E *»«»(K + AunCos(^-mD)) 1) (12)
n m=l

>= f E E Knsin({u;n+Au;ncos(^mD))-c) (13)

If N is very large eqs. (12) and (13) can be replaced by two integrals

< W,(s) >= ̂ - i
2n

ne
i^J0(AujJ)] (14)

= 2Im£TlKnei"'ijo(Au;n-)] (15)

where Re and Im indicate real and imaginary parts of a complex number. Eqs. (14) and (15)
demonstrate that by tuning the cavity mode frequencies in a sinusoidal way one can also get
wake potential amplitude damping effect. The amplitude of the wake potential is modulated by
J0(A(jjns/c) and there exist a series of zero amplitude at

sni = UcWAuv, (i = 1,2,3--) (16)

where sni are the locations where a test particle does not feel any wakefield of the nth mode, and
w0, is the ith root of the zero order Bessel function, which can be calculated from the following
formula [7]

- *IA- 1 31 3779
«„,- - -(4* - 1) + +(4* 1) + 2 7 r ( 4 . _ 1 } 6 7 r 3 ( 4 . _ 1 ) 3 + 1 5 7 r 5 ( 4 , _ 1 ) 5

This series is suitable for calculating all (except the smallest «Oi) zeros of the function Jo(^)
correctly to at least five digits.
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rf cavity

Figure 9.1: An oscillating tuner in the rf cavity of a circular ring.

This frequency detuned wakefield suppression method can be applied to the rf cavity of a
circular collider such as a B-factory where a chain of beam bunches passes successively through
accelerating rf cavities. If only one (or a few) cavity is used in a ring, the frequency modulation
can be conducted by an oscillating tuner (or several) with its position properly chosen as shown
in Fig. 9.1. This tuner changes the frequency of the higher order modes while keeping the
fundamental mode (TMOio) unperturbed. If the space distribution of the bunches along the ring
almost coincides with sni, the multi-bunch instability caused by the nth mode will be greatly
suppressed.

The main limitation for this oscillating tuner method to be practically used lies in the fact
that a high oscillating frequency f0 (/o = I/To) is required. Since the wake potentials given in
eqs. (14-15) are the average values over one tuner oscillating period To, it is natural to require
that within time period To the particles are not lost due to the instantaneous wakefields. If To is
of the order of ms, /0 will be of the order of kHz. It seems that a tuner driven by a conventional
mechanism hardly fulfills this requirement. It is found, however, that an electrically controlled
ferrite tuner might be suitable for the fast tuning [8].

The motion of the tuner can be more complicated than a simple sinusoidal oscillation. In
the following we will consider two more complicated ways of motion of the tuner in order to
suppress the wake potential more quickly.

Case 1: Assuming that during the time period T\ {T\ ^> To) particle dynamics is not strongly
degraded by the instantaneous wakefields, we assume the Awn in eqs.(14-15) are as follows:

n = Au>nlsin(—t) (18)

and average over the time period 7\. The newly averaged longitudinal and transverse wake
potentials are as follows:

Wt{s) >l=2Re[Y^-kne
i^' f J0(Aujnl-sin<!>)d$]

(19)
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^ n e - - 5 J'

(20)

Comparing eqs. (14-15) with eqs. (19-20) we see that the wake potential amplitude of the later
drops faster than in the previous case.

Case 2: Assuming that (Au;n)
2 (with Au/n being the same as those in eqs. (14-15)) over time

Ti has a distribution function:

°° ^ 3
n ) 2 = Tt (21)f

Jo
the average wake potentials during the time 7\ becomes:

= 2i?e[^fcnciu'"«€-('^o)3/4cJ] (22)
n

WL(s) >2= 2 / m £ i f n e - ^ j fV^- '^ ' joCAc* J)d(Au;n)
2]

E ' ( i ) J / 4 c 8 ] (23)

In this case the wake potential amplitude decreases exponentially. Concerning the integrations
of Bessel functions performed in this section it is suggested for the reader to see the ref. 9.

Before going on to the next section there are still two points which need to be made clear.
Firstly, the formulae given above are obtained under the assumption that the cavity is closed.
In practice, however, this limitation is always broken by the fact that different kinds of pipes are
connected with it for various purposes. In this paper we assume that Condon method always
holds correct even when the apertures on the cavity perturb kn, Kn and un slightly. Secondly, in
the summation of the wake potentials there are, usually, only a few modes which are dangerous
for beam emittance growth or instabilities. Our attention can be, therefore, given to these few
modes, or even one mode only.

9.3 Travelling-Wave Accelerating Structure

The travelling-wave accelerating structure for the TLC is required to be able to accelerate
trains of electron bunches in order to reach the luminosity requirement from the particle physics
community. Together with the efforts of overcoming short range instability (or single bunch
instability) by means of BNS damping [10] or rf-quadrupole-focusing structure [11], we have to
tackle the problem of long range instability (or multi-bunch instability) which is very important
if a train of electrons are to be accelerated. In this paper we confine ourselves to the problem
of long range instabilities.

A travelling-wave structure can be considered as a chain of single rf cavities coupled with each
other electrically or magnetically by the coupling apertures. The passbands of this travelling-
wave structure are formed from the corresponding normal modes of a single cavity [12]. For
example, the fundamental passband (which is used to accelerate the electrons) corresponds
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to the TMoio mode of a single cavity, and the most dangerous deflecting passbands (HEMn

[13]) correspond to TE U i and TM U 0 modes, respectively. In the following, therefore, the term
"mode" will be used with the same meaning as passband.

To start the discussion we consider an uniform structure (so-called constant impedance
structure) and one of its passbands. This passband can be the fundamental or any other higher
order one. The dispersion relation of this passband is approximated by

w2 = wg(l - kcos<j)) (24)

where <j> is the phase shift between adjacent cavities at angular frequency w, u0 is the midband
angular frequency corresponding to <f> = n/2 and k is the coupling coefficient which can be
calculated analytically [12] or numerically if the structure dimension is given. Eq. (24) can be
simplified as

u> = w 0 — Au>cos<f> (25)

where Au is half the angular frequency bandwidth of this passband.
When a particle with charge Q is going through this structure with v = c, the wake potential

produced per period in this passband is [14]

W = 2/fcu,e'<*/°-<Wc0J*)V(l - — sin<t>) (26)
c

where W takes the real or imaginary part of the complex number depending on longitudinal or
transverse wake potential with kw being the loss factor or kick factor correspondingly, and v*
is the group velocity at the midband. The physical meaning of eq. (26) is that the structure
starts right at the beginning to oscillate at the synchronous frequency u>(4>).

Now we modulate the frequency u>0 in eq. (26) over N cells without changing the passband
width Aw. o>0 in eq. (26) is replaced by

lit
u>0 + Sucos(—m) (27)

where m is the mth cell with the same starting point as N. The average of W over these N
cells is

1 N v*

< w >= — J2 2kwei(wo+iuc<"{2"n/N)-^c'"^'/(l - -±sin<(>) (28)

If N is large and <$> keeps an almost constant value, eq. (28) can be replaced by an integral as
follows: w

< w > = -. / 2kwei{u">+Swco'*-*u'co">)l°d&
2w(l - -fsin<t>) J-r,

1 ) ) (29)

It is obvious that the amplitude of this wake potential is damped. Of course, more complicated
modulation is possible as in the cases 1 and 2 of the previous section.

If Su in eq. (29) is modulated sinusoidally over M cells with M >• N

6u> = 8wisin(—m) (30)
M
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Figure 9.2: Comparison between the three wake potential modulation amplitudes.

the average wake potential over these M cells is

< W > x=
(1

- -fstn<j)) l c

If our modulation as shown in eq. (29) has a distribution over M cells like

lo/
Jo

)'d(6u>)2 = M

(31)

(32)

then
W >2=

(1 - -fsirufr)

-2k
w. . .. - / 4 c ( 3 3 )

t i - -fstn<j>)
Of course, other different kinds of modulations are also possible. It is believed, however, that the
sinusoidal modulation is the most fundamental one from the point of view of Fourier integral.
Fig. 9.2 gives the comparisons among the three amplitude modulation functions, J0{Su^),
Jo(-f c) an<* e~l'iu1'f*c' in eqs. (29), (31) and (33). The discussions made above are quite
general since the passband can be anyone of those of a travelling wave structure.

In a normal detuned accelerating structures [2][3] the fundamental passband (accelerating
passband) is always kept undetuned, that is to say that the phase velocity corresponding to the
frequency of the rf source is always equal to the velocity of light in order to be synchronized with
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Vp = C

Figure 9.3: Detuning of the fundamental mode.

accelerated electrons which move at the same velocity. Since the "damping " method (reduce
the loaded Q of the corresponding mode) can not be used in accelerating mode because its high
shunt impedance is always demanded, the problem left now is to find out the way to suppress
the fundamental mode longitudinal wake potential, even if the transverse deflecting modes can
be suppressed either by "damping" or "detuning" methods. In the following we will propose a
novel accelerating structure with its accelerating mode synchronous frequency (phase velocity
= particle velocity) being modulated along the accelerating structure in order to suppress the
long range longitudinal wakefield of the fundamental mode.

As stated above an exciting particle in a travelling wave structure will deposit its energy to
a mode (or passband) at the frequency whose phase velocity is the same as that at which it
moves. To suppress the longitudinal wakefield of the fundamental mode, therefore, the frequency
at which the wakefield is produced should be detuned along the accelerating structure as shown
in Fig. 9.3. We assume

u)w = uw0 + Susin(Kz) (34)

where uw is the wakefield angular frequency, K — 2n/L and L is the modulation period along
the structure. Since uw satisfies the dispersion equation and the synchronous condition, one has

= u>0 - Au>cos(f3wD)

A. = c

(35)

(36)

where LJ0 is the midband angular frequency, Au; is half the passband width (assumed to be a
constant), and D is the period length of the periodic accelerating structure. We denote

From eq. (34) we can rewrite the dispersion equation as

u = uw0 + Su)sin(Kz) + AucosQ — Aucos(fiD)

(37)

(38)
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If we chose our rf source angular frequency to be urj which is within the passband, then

urj — uw0 + &u>sin{K z) + AucosO — Aujcos(/3rfD) (39)

u>rf is chosen as
«r/ = t^wO (40)

and we define
0T} = (30 + A/3, with90 = (30D (41)

where /?0 = <*V//c- W Su/Au < sinOo, |A/3Z?| <C 1 and vg/c -< 1, it is found from eq. (39) that

Ju,Sin(Kz)
AwDsmOo

The group velocity at if source frequency is

= 7T- = *»Dsin(fiJD) (43)

The average group velocity over the length L is found to be

(
9vg >L— AuD8in90J0(- — - )

= Rvvg\,=o (44)

where

K = MA , ) (45)
Atjsinff

is called group velocity reduction factor. The phase velocity of the accelerating field is

/•• 6uiiin(Kz) \

The accelerating field travels with its phase velocity oscillating around the velocity of light. It is
obvious that the particle is not always synchronized with the rf accelerating field, and therefore,
it is important to look carefully to what will happen to the longitudinal and transverse motion
of the particles.

The longitudinal accelerating electric field can be written as

Et (r, z, t) = Eosin(ur}t- ( /3rJdz + <j>0) (47)
JO

where Eo is assumed to be a constant, and 0rf is the wave number at the angular frequency urf

in the structure. The average accelerating electric field over the length L is

1 [L „ . , z [' ,
< E >L= — I Eostn(urj / PrjdzA

L Jo c Jo
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^ D K s n 0 (48)

where

^ (49>

is called field reduction factor (abbreviated as reduction factor). As for the transverse motion
we have the expression of the transverse force due to rf field [15]

_ -Qr dE0 . . t / " „ . , . ,
FT = -^—(-J—StniuJrft - / Prjdz + <&>)

2 dz Jo

[urJt- I (3r}dz + <t>0)) (50)
Jo

where /?, = vjc is the normalized longitudinal velocity of the particle and it is taken to be unity
in the following. The transverse momentum change over length L is

P=-J Frdz (51)

It can be proved that when f3z « 1, P = 0 just like what happens in a conventional accelerating
structure. According to the general conclusion expressed in eq. (29), one gets immediately the
average fundamental mode longitudinal wake potential over length L as

We are now in a position to say that the price paid for the fundamental mode wakefield suppres-
sion is to lower the accelerating gradient by a factor R compared with the case of a conventional
structure.

If over the length Lt (Lt >• L) Su in eq. (34) has a distribution like that in eq. (32), one
has the average fundamental longitudinal mode wake potential over length Lt as follows:

It is reasonable to imagine that Lt is the length of one accelerating section. That is to say that
the average wake potential of this accelerating section is < W >L, as expressed in eq. (53).

For the case of a simple sinusoidal modulation as shown in eq. (34), we need to find out the
range within which Su has to be chosen. If the practically accepted minimum R is around 80%,
from eq. (49) one has

L (54)

In the following it is assumed that D = Do, where

Z>o = ̂ 4 (55,
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then
fiD^n^ {56)

Once the half passband width Au> (related to the designed average group velocity < vg >) and
0O are determined, the maximum frequency modulation amplitude &*> can be known from eq.
(56). It is natural to assume that the distance between two adjacent bunches is

a = Tj-r (57)

where the amplitude of the wake potential of the exciting particle is zero. If the rf pulse length
is Trf the maximum number of acceptable bunches in this rf pulse is

(58)

The larger the absolute value of 8u is, the greater the number of the bunches in a given rf pulse
can be.

The main purpose of this section is to suppress the wakefields of the fundamental accelerating
mode and transverse deflecting modes at the same time. Since the fundamental accelerating
mode can be detuned, the other higher order longitudinal and transverse modes will also be
detuned simultaneously. From eq. (29) it is obvious that if one could ideally manage to make
the amplitudes of the modulations to be same, say 8u>, for all the modes to be suppressed, the
locations for the zero wake potential amplitudes will be same for all these modes.

9.4 Discussion

In the previous section we have got all the formalism necessary for a practical structure
design. Table 1 gives three examples with the parameters close to those adopted by DLC
normal conducting S-band e+e~ linear collider [7]. What should be mentioned is that one can
always make different combinations of parameters such as R, 8u (or Nb) and L/D to make
an optimum design. It can be seen from table 1 that one can have larger Nb by lowering the
reduction factor R and vice versa. One can also reduce L/D to increase R or bunch number N^
In the following we will give a concrete example of this fundamental mode detuned structure.
Fig. 9.4 and Fig. 9.5 show the dimensions of a fundamental mode detuned structure and its
dispersion curves, respectively. It is found that there exist two stop-bands around PQD = JT/4
and (30D = 3?r/4. For a given iris radius r0 the larger the cavity outer radius dr the smaller
the group velocity at 27r/3 mode. In the case of r0 = 1.5cm and dr = 0.05cm the group
velocity vg/c at 2?r/3 mode is about 0.02. The standing wave electric field distribution of 2TT/3

mode is shown in Fig. 9.6 as calculated by using PRIAM [16]. It is obvious that there is
no attenuation and it is found that the shunt impedance of the synchronous travelling wave
is about 30 MQ/m with Q = 13600 (r0 = 1.5cm and dr = 0.05cm). Since this example uses
electric coupling, the iris radius has to be very large to avoid the attenuation of the travelling
wave, and this large iris radius reduces the shunt impedance greatly. In practice, however, it
is suggested to use a backward wave structure [17] where the iris radius can be made smaller.
The damping effect on the fundamental mode wakefield is checked by using TBCI, and the
result is shown in Fig. 9.7 where the length of the exciting bunch has been chosen very long
in order to excite only fundamental mode. Fig. 9.8 shows the dipoie mode wake potentials
(longitudinal, radial and azimuthal potentials in the same picture) of this structure. The exciting
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D. R1=R3=R5=4cm

R2=4.05cm, R4=3.95cm

ro=1.5cm,L=4D
D=3.5cm,t= 0.58cm

Figure 9.4: Fundamental mode detuned structure.

bunch length used in Fig. 9.8 is shorter than that used in Fig. 9.7. It is interesting to make a
simple comparison between the results from theoretical formulae and numerical simulations. The
modulation amplitude of the cavity diameter is 0.05 cm as shown in Fig. 9.4, which corresponds
to a frequency modulation amplitude 5f = 6W/2K « 40MHz. According to eq. (57) one finds
that the first minimum occurs at d = 2.87m which corresponds to the 29th fundamental mode
wavelength after the exciting bunch. In Fig. 9.7 one can see that the first minimum of the
wake potential appears at about 30 wavelength of the fundamental accelerating mode after the
exciting bunch. According to eq. (58) the acceptable number of bunches in a 2/is rf macropulse
can be as large as 180 which is close to the bunch number which appeared in the parameter list
of DLC.

9.5 Conclusion

Aiming at suppressing long range wakefields (transverse or longitudinal) detuning methods
have been investigated theoretically for both decoupled cavities and travelling wave accelerating
structures. For the case of a single rf cavity in a circular ring, an oscillating tuner is suggested
to be installed in the accelerating rf cavity in order to suppress the wakefield induced instabil-
ities. As for the TLC main linac structure design, which is the main concern of this paper, a
novel travelling wave accelerating structure with the fundamental passband (accelerating mode)
being detuned is proposed. PRIAM and TBCI results for a concrete example demonstrate the
feasibility of this novel structure.
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Chapter 10

Demi-Disk Travelling Wave Accelerating Structure

The dark current in a normal disk-loaded accelerating structure is one of the main obstacles
which limit the accelerating gradient going higher. In this paper a demi-disk accelerating struc-
ture is proposed in order to reduce the dark current. Its transverse rf focusing forces can reduce
the effects of wakefields on the beam's emittance growth which is preferable in future linear
colliders. 3D program PRIAM [1] has been used to calculate the field distributions and the
dispersion curves of this structure. Estimations of the trajectories of the field emission electrons
have been done.

10.1 Introduction

The next generation TeV e+e~ linear colliders require that the accelerating structures sup-
port high accelerating gradient in order to keep the machine within a reasonable scale. The fact
that various beam property control methods, such as BNS damping [2], energy spread compen-
sation [3] and fundamental mode detuning [4], lose acceleration efficiency emphasize also the
importance of this requirement. It is found, however, that in a conventional axisymmetric disk-
loaded accelerating structure, when the field level reaches certain value, appreciable electrons
are emitted from the surface of the accelerating structure and some of them are captured by the
travelling wave and accelerated continuously along the axis of the accelerating structure [5][6].
This captured electrons' flow is so-called dark current. The dark current has very wide energy
spectrum and therefore produces lot of noises within detectors. On the other hand the dark
current excites wakefields and takes precious rf power in the form of beam loading.

In this paper a demi-disk travelling wave accelerating structure is proposed aiming to reduce
the dark current. In section 2 we will first look at the dark current in the case of conventional
disk-loaded accelerating structures. In section 3 the demi-disk structure is investigated.

10.2 Conventional disk-loaded accelerating structure

In order to get some general ideas of the behaviour of the field emission electron in a con-
ventional axisymmetric structure let's look at the longitudinal and the transverse motions of
it.

The longitudinal electric field inside an axisymmetric disk-loaded structure is expressed as:

Et{r,z,t) = E2{r,z)sin(ujt-kgz + (t>0) (10.1)

116



where u; = 2TT/, kg = 2n/Xg is the fundamental wave number of this travelling wave structure
and 4>0 is the initial emission phase of the field emission electron when it is emitted at z = 0 and
t = 0. If only linear term is kept, the electric field near the axis can be expressed as:

E,(r, *, t) = £ z(0, z)sin{ujt - kgz + <f>0) (10.2)

In the following analytical treatment, £^(0,2) has been chosen to be a constant Ezo. From
eq. 10.2 we have

where

d> = ut - kgz + 4>0 = k j \ 2 _
7 - l)dz + <h (10.4)

where 7 is the ratio between the electron's relativistic energy and the rest energy TTIQC2, k = 2n/X
and A is the electromagnetic wavelength in free space. In eq. 10.4 kg has been chosen equal to k
(the phase velocity of this travelling wave f3p = u>/kc = 1 through out this paper). When 7 > 1.
4> will be frozen at its asymptotic value [7]

d *0 ( 1°-5 )

(10.6)

where 5<f> can be calculated from an empirical formula which is given as:

6<t>(degree) = 19E; 0
0 9 (10.7)

where Ez0 is in MV/cm. In fact it is found that 8<j> can be neglected if <f>0 > 60°. From eq. 10.3
and eq. 10.5 one can get the approximate expression of the final energy gain of longitudinally
captured electrons with respect to the frozen phase and electron's longitudinal position z:

Ty = 1 + asin(<f>j)kz (10.8)

In the following we will discuss the transverse motion of the field emission electron keeping
the simplification of only using linear rf field terms. It is well known that the transverse rf force
acting on a particle with electric charge q travelling at velocity vz is expressed as:

Fr = ^ ( 1 - Pp0,)ElOcos(L>t -kz + 4>o) (10.9)

where r is the transverse deviation from the axis and /3Z = u3/c. Assuming that an electron
is emitted at t = 0 and 2 = 0 with (3Z = 0 from the cavity wall, one can see from eq. 10.9
that the electron will be either focused or defocused depending on their initial emission phase
<j>0. When the field emission electrons's velocity approachs that of light they will no longer feel
the transverse rf force and some of them can be continuously accelerated near the axis along
the structure as dark current if they are properly focused. Numerical simulation shows that at
S-band (3GHz) when Ez0 = 30MV/m the field emitted electrons in a 60° phase interval centered
around the rf peak ($0 = 90") are captured and accelerated to the end of the accelerating
structure [8]. It is obvious that this large capture phase interval should be reduced if one want
to increase accelerating gradient without raising the working frequency.
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10.3 Demi-disk travelling wave accelerating structure

10.3.1 rf properties

The proposed demi-disk accelerating structure is shown in Fig. 10.1. To compare with the
SLAC type 2?r/3 mode structure, the same mode has been chosen for this demi-disk structure.
The standing wave electric field pattern of 2ir/3 mode is shown in Fig. 10.2. The dispersion
curves are shown in Fig. 10.3 where the radius of the iris has been changed. It is interesting
to notice that the group velocity at n mode is not zero, and this is due to the fact that the
structure has "quasi" D/2 periodicity. Fig. 10.4 shows the dependences of the group velocity
vg and the shunt impedance R on the iris radius r0. What should be pointed out are that the
demi-disk structure has very large group velocity when the iris radius is small, and that when
the iris radius is larger than some value the rf source might excite another mode which has the
same resonant frequency as the desired working mode.

10.3.2 beam dynamics

The motion of the electron moving inside this structure can be found out from the rf force
near the axis just like what has been done in the previous section. The longitudinal motion can
be described by the same formulae derived for an axisymmetric structure. Now, we first look at
the transverse motion of the electron in the vertical plane (symmetric plane, x=0). According
to the numerical results of PRIAM we know that Et, Ex and Hy can be expressed as:

(10.10)

(10.11)

Ey(x, y, z, t)\x=o.y=o = Ey0cos(ut - 2kz + <j>0) (10.12)

Hy{x, y, z, t)\y=0 = -xKhsin(ut - kz + <£0) (10.13)

we get

?„(*,y,M)|.=o = Ey(0,0,z,t) -

= Ey0cos(u;t - 2kz + <(>o) - yKecos(u>t - kz + <f>a)

+ykEt0cos(u>t -kz + <f>0) (10.15)

From V x i / = e 0 ^ , we have
dHt dHv

•" dHy

o dx

= -yKhsin(ut - kz + <f>0)

— kz + <f>0) (10.17)
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Figure 10.1: Demi-disk travelling wave structure.
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where the constants Ev0, Hy0, Ke and K^ can be determined from the numerical results of
PRIAM. We know from eq. 10.15 and eq. 10.17 that the transverse rf force acting on a particle
can be expressed as:

Fy = qEy0co8{u>t - 2kz + <f>0)

+qyk{l - /3p0,)E,ocos(u}t - kz + <j>0)

-qyKecos(u>t - kz + <f>o) - qypoVzKksin(u)t - kz + fo) (10.18)

As for the expression of the rf force in the horizontal plane (y = 0), similarly, we have

Ft = qxKecos{ut - kz + <f>0) + qxfiovzKhsin(ut - kz + fa) (10.19)

For the accelerated electrons (7 » 1 and 0, w 1), by ignoring the first term in eq. 10.18
which doesn't synchronize with the electrons and using eq. 10.5, the transverse rf forces can be
rewritten as:

Fy = -qyKecos{4>}) - qynov,Khsin{<S>j) (10.20)

Fx = qxKteos(4>s) + qxtiQvzKhsin(<t>j) (10.21)

It is obvious that if in one plane it is focusing in another plane it will be defocusing. In order
to have focusing for accelerated beam in both transverse planes, rotating the polarization of the
demi-disks along the structure is necessary as shown in Fig. 10.5. The philosophy of this design
is to deflect the low energy field emission electrons in each short uniform section as shown in
Fig. 10.1, while keep focusing the accelerated beam in the whole accelerating structure against
the transverse wakefields. In this paper attentions will be put to the motions of the field emission
electrons in the uniform section only. Based on the linear rf force expressions in eq. 10.18 and
eq. 10.19, field emission electrons' trajectories have been calculated and shown in Fig. 10.6 and
Fig. 10.7.

From these two figures it can be seen clearly that few electrons can be captured as dark
current since in one transverse plane field emission electron is focused in another plane it will
be defocused.

10.4 Discussions

Even the demi-disk structure discussed above is proposed to reduce the dark current, it
might have other applications such as rf wtgglers and the positron generation linacs. What
should be pointed out is that if it is used as a positron generation linac, the adjacent demi-disks
should have 90° polarization difference in order to focus quickly the low energy positrons in both
transverse planes.
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Figure 10.5: Demi-disk structure with rotating disks
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Chapter 11

Multibunch Emittance Growth and Its Corrections in an

S-Band Linear Collider

Multibunch emittance growths caused by long range wakefields with the misalignments of
accelerating structures and quadrupoles in S-Band linear collider are studied. Tolerances for
the misalignment errors of accelerating structures and quadrupoles are given corresponding to
different detuned and damped structures. At the end of main linac, emittance corrector (EC)
is proposed to be used to reduce further the multibunch emittance. Numerical simulations
show that the effect of EC is obvious (multibunch emittance can be reduced about one order of
magnitude), and it is believed that this kind of EC will be necessary for future linear colliders.

11.1 Int roduct ion

Next generation TeV range e+e~ colliders will be linear instead of circular type due to
synchrotron radiation. The luminosity of a linear collider can be expressed as:

where it is assumed that the beam has Gaussian transverse distributions, AL and N+ are the
number of electrons and positrons per bunch, n& is the number of bunches per bunch train, fTep

is the repetition rate of bunch train, and HD is the pinch enhancement factor. The required
luminosity of future linear colliders is about 1033cm~2sec"1 which is more than two order of
magnitude higher than that of SLC. To achieve the required luminosity it is important to keep
the emittance of bunch train at the interaction point (IP) very small. Nowadays, a damping
ring is the only well known injection machine which can provide low emittance bunch trains to
the main accelerator. During the acceleration from the exit of damping ring to IP, a train of
electron (positron) bunch undergoes, however, single bunch emittance growth and multibunch
emittance growth due to short range wakefield and long range wakefield, respectively. Since
the wakefields depend on exciting charges' positions with respect to the accelerating structure
(and other machine components) centers, the misalignment errors of accelerating structures and
quadrupoles with respect to the machine axis (which is the reference axis for all alignment error
measurements) play important roles in the emittance growth processes. Knowing that it is the
magnitudes of wakefields which dominate the emittance growth, a machine designer has to use
detuning and damping techniques to minimize the wakefields in accelerating structures. It is
difficult, however, to arrive at an unique optimization design since the luminosity of a linear
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collider depends on numerous machine parameters. The co-existing of six independent projects
(CLIC, JLC, NLC, SBLC, TESLA and VLEPP) with different machine parameters reflects this
complexity. In this paper we will concentrate on the S-Band linear collider (3GHz) and restrict
ourselves to the multibunch emittance growth process to appreciate the importance of different
machine parameters to the final multibunch emittance growth.

In section 2 we will first discuss detuned and damped accelerating structures which are the
very fundamental components of the machine. In sections 3 and 4 multibunch longitudinal and
transverse dynamics are reviewed briefly. In section 5 we propose to use emittance corrector
(EC) at the end of main linac to correct multibunch transverse emittances in a; and y planes.
The emittance corrector in each plane consists of two BPMs and three travelling wave deflecting
structures working on TMu mode. It is reckoned that this kind of emittance corrector will be
indispensable for future linear collider. In section 6 numerical simulations are carried out to esti-
mate multibunch emittance growth considering long range wakefields and considering structures,
quadrupoles and BPMs misalignment errors. After having corrected the multibunch emittance
by one-to-one trajectory correction (Dispersion Free (DF) and Wake Free (WF) corrections [1]
have not been used), we use emittance corrector to reduce multibunch emittance further. It
is shown that the proposed emittance corrector works well and it can reduce the multibunch
emittance by about one order of magnitude.

11.2 Detuned and Damped Accelerating Structures

Disk-loaded travelling wave accelerating structures are the most basic components in a linear
collider, where electrons are no only accelerated but also deflected due to wakefields. Usually
there are two ways to suppress the long range wakefields. The first way is to decrease the
quality factor Q of the corresponding higher order mode (HOM) by coupling the HOM out of
the accelerating structure without damping the accelerating mode [2], and the second way is
to spread the HOM wakefields' frequencies generated by the passing charge in an accelerating
structure in a proper way, and in consequence, the total wakefield summed up over all the
frequencies in a structure will decrease with the distance s between the exciting charge and
testing charge. There are many different ways to detune a structure, such as uniform detuning
[3], Gaussian detuning [3] and sinusoidal detuning [4]. The wakefields corresponding to these
three cases are summarized here:

1) Uniform detuning:

• /2TT < / > 5\ sin(7rsA//c) / n < f >
WT,W = 2 < K > «n ( — f - J (;sA/ /cVeXP {-^QT7

2) Gaussian detuning:

WT1G = 2< K > sin n«<f>*) e-X-We^p (-1<1>±) (11.3)
\ c J \ < Q >i c J

3) Sinusoidal detuning:

WV,.» = 2 < K > s.n ( j—) Jo ( — J exP ( - ^ ^ 7 ) (".4)

where K = (J^ltt)' a ' s ' r ' s racliusi ^r is the dipole mode loss factor, < / > is the average
synchronous frequency, < Q >i is the average quality factor, A / is the full range of synchronous
frequency variation, and CTJ is the rms width in Gaussian frequency distribution.
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Figure 11.1: Constant impedance accelerating structure

The usual way to detune a structure is to change the iris radius and cavity radius of the
structure at the same time in order to keep the fundamental mode working frequency unchanged
while changing the HOM frequencies in a proper way. The variation of the structure parameters,
such as group velocity, shunt impedance, loss factor etc., due to changing cavity dimensions can
be estimated by the corresponding analytical formulae of a constant impedance structure shown
in Fig. 11.1 [5] which are summarized here to make this paper in integrity. The accelerating
mode dispersion equation is expressed in eq. 11.5

o)) (11.5)

where the subscript c denotes electric coupling, u/OiO is the TMOw mode angular resonant fre-
quency of the pill-box before the coupling holes are opened and

1 / 2ae = ((2.62/a)2 - (2TT/A)2)1/2 (11.8)

where A is the wavelength in free space. The group velocity is

>e = ul/2e2a3Ds\n(Oo)ex\>{-aed)

3flrWPJ?(t«)a* 'c c dfo

The accelerating mode shunt impedance is expressed as:

| U 1 0 )
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where a is the electric conductivity, fi is the magnetic permeability and

ij»0 = -T- s\n(0oh/2D) (11.12)

The accelerating mode loss factor and wake potential are expressed as:

Ma) = M « 3 (1U3)

Wtfi(a,8) = 2kL(a)cos{ueoJcs)exp ( - 7 ^ 7 ) (H.14)

where s is the distance between the driving charge and the test charge and Qo is the quality
factor of accelerating mode.

Similarly we have all corresponding parameters for the TMn dipole mode.

(11.16)

where the subscript h denotes magnetic coupling, w,10 is the TMUO mode angular resonant
frequency of the pill-box before the coupling holes are opened and

1 / 2<xh = ((1.841/a)2 - (2TT/A)2)1/2 (11.18)

The group velocity is

v9ih ldweuh ^ /2f t2a3Dsin(gi)exp(-aArf)

c ~ c d0o 37r/ifl2/2(u)ca; [ ' '

The transverse shunt impedance of the passband corresponding to TMn mode is expressed as:

fl,,l =

where A: = 2TT/A. The loss factor and transverse wake potential of the TMu mode passband are
expressed as:

(fcos(<9) - ^sin (*)) exp ( " ^ ) (H-23)

where Q t is the quality factor of TMU mode. From eq. 11.14 and eq. 11.23, one knows that
W''jn(o,s) and WT,i(a,s) scale with Jl{2-na/\) and [\JX (2na/X)/air) , respectively.
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11.3 Longitudinal Motion

In the following each bunch in a bunch train will be considered as a macro particle with
charge eNe. The longitudinal long range wakefield is expressed as [6]:

(L A) ]T kWn = ~(L0 - nAs) ]T kLqm - —As £ mkLqm (11.24)

where As is the propagation distance of the wakefield from one preceding bunch to the next
trailing one, and is equal to the product of group velocity and the time interval between two
bunches, Lo is the structure length, and qm is the charge in the mth bunch. The total accelerating
field seen by the nth bunch is

En = Eo cos <f>o - kLqn + Wn (11.25)

where Eo is the accelerating electric field, 4>o is the accelerating phase, and the loss factor kL

are connected with shunt impedance as:

w (R.h,L
4 \ Qo

(11.26)

Finally, we have

dz moc
2

where moc2 is the rest energy of electron.

11.4 Transverse Motion

The transverse motion of a bunch train under the guidance of quadrupoles and under the
influence of long range wakefields can be described as:

d ( dxn\ , Ne2 ^ !
I y (z) I 4- y (z)K x = y^ Wr x (in — i\Ai) x- (11 28)

dz \ dz } ' '" mnC2 T~f
I — 1

where n is the number of bunch, At is the time interval between two bunches, Kqn is the
wave number of the betatron oscillation of the nth bunch, and X in W r̂.i.x represents U, G
or 5 in eqs. 11.2 - 11.4. The efforts of finding analytical solution of eq. 11.28 have been made
since BBU effect was found in linear accelerators, and some of them are listed in refs. (7-
12). The multibunch transverse displacements can be solved approximately from eq. 11.28 by
perturbation method [12]:

\)a(z)gn (11.29)

where

(11.30)
^ o <«• V - * i \\l\z)/ /

a(z) is called BBU strength.

sin(2;r < / > At)
9n = 2(cosh(C) - COS(2TT < / > At))
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Small emittance

Large emittance

x is the deviation from machine axis and xc is the
deviation from multibunch train weight center.

Figure 11.2: Definition of emittances

~2e
sin(27r < / > (n 4- - e~<e~< sin(2ra7r < / > At)

c o s h ( 0 - COS(2TT < f> At) (11.31)

where f30 and 3(z) are the values of /? functions a t the beginning and longitudinal position z of
the main linac, respectively, 70 and 7(2) are the normalized bunch energy a t the beginning and
longitudinal position 2, respectively, x0 is the initial offset, i>{z) is the beta t ron oscillation phase
advance. < / > is the HOM average frequency, I ) = < Q >\ /n < f > and C = A t / I } . Eq.
11.29 shows the general feature of the cumulative BBU: transient displacements of the beam are
followed by a s teady-s ta te regime as s ta ted in ref. 12. If £ -C 1, gn can be simplified as

9n =
sin(2?r < f > At)

2(1-COS(2TT < f > At))

—e
cos{2wn < f > At + n < f > At) s\n(n < f > At)

(11.32)
1 - cos(2?r < f > At)

In this paper, however, we t ry to s tudy multibunch emit tance growth by numerical methods
considering the misalignment errors of accelerating sections, quadrupoles and BPMs .

Before passing t o the next section we define two kinds of emit tances , so-called large normal-
ized rms emi t tance £%rmt and small normalized r m s emit tance £%rm,'-

•n >> - «r- vr' >>2>1/'2<v M l "W\
t ^ S, JbJb ^ I I \ •O*J f

<rm
, = 2 ( < ( . r - < z > ) 2 > < ( . T ' - <x'

- < {x.-<x»(x'- <x'» > 2 ) 1 / 27 (11-34)

where e„ r m j is measured with respect to the coordinates of machine axis and e^rms is measured
with respect to the coordinates of multibunch weight, center as shown in Fig. 11.2. It is the
small normalized emit tance which will be used to calculate the luminosity since one can always
take the multibunch weight center back to the machine center by means of optic t ranspor t
manipulat ions.
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Figure 11.3: Transverse bunch position distribution.

11.5 Emittance Corrector (EC)

At the exit of main linac we get definite multibunch emittances (x and y planes) which might
be the results of different trajectory correction operations along the main linac. Facing to these
resultant emittances can we do something more to reduce them further? In this paper emittance
correctors are proposed to be used at the end of main linac. The idea of making emittance
correction at the end of main linac comes out of the results of numerous simulations. It is found
out that when the accelerating structures are damped (say < Q >]« 2000) and the multibunch
emittance is about one order of magnitude higher than the required value for a S-band linear
collider, the multibunch transverse position (x) distribution and derivative (dx/dz) distribution
have two standard distributions for x and dx/dz, respectively, as shown in Fig. 11.3 and Fig.
11.4. In principle the multibunch positions and derivatives in two transverse phase spaces can
be measured by at least four BMPs located at the exit of main linac. Imagining that all the
bunches' transverse positions (x, y) and derivatives (x' = dxjdzy y' = dy/dz) are corrected to
be almost same, one can get multibunch emittances much smaller. In the following we discuss
about only one transverse plane since the physics is same for the other plane. The proposed
emittance corrector is composed of a pair of travelling wave deflecting structure working on TMi ]
mode and separated by a drift space as shown in Fig. 11.5 which is used to correct multibunch
transverse position spread (position corrector), and a single travelling wave deflecting structure
of the same type as shown in Fig. 11.5 which is used to correct the multibunch derivative
spread (angle corrector). In the following we will discuss position correction firstly and then
angle correction.
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Figure 11.4: Transverse derivative distribution.

The transverse momentum gains from the two deflecting structures of position corrector
are opposite in sign and equal in magnitude for each bunch, therefore, the effect of this pair
of deflecting structures is just changing the transverse positions of passing bunches. The final
niultibunch transverse distributions is shown in Fig. 11.3 (Case I-P and Case II-P, where P
denotes position correction). In reality the continuous line in Fig. 11.3 should be replaced
by discrete points which represent the multibunch locations. The principles of the position
corrections corresponding to the two cases are described here:
Case I-P:

The phase velocity of the em field in the structure is chosen the same as that of light, and
the synchronous rf phase is chosen at the crest of rf wave. The structure is filled with rf power
within length Ldp before the first bunch enters and the input rf power is just stopped at the
moment when the first bunch enters the structure. The length filled with rf power is:

S.P^fr C.P (11.35)

where the subscript, p denotes position correction, vgp is the group velocity of the deflecting
structure, Nb is the bunch number in a bunch train, rh is the time duration of the bunch train,
LrfiP is the length filled with rf power and NCiP is shown in Fig. 11.5. The synchronous magnetic
field strength is

BP = - ^ f - (11-36)
ecLdtPLds

where Ax is shown in Fig. 11.3, Wj is the final beam energy. Ld, is the length of the drift space
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Figure 11.5: Proposed emittance corrector (position corrector + angle corrector)

between the two deflectors and c is the velocity of light. In practice the physical length of the
deflecting structure can be longer than Ldp in order to adapt to different situations.

Case IIP:
The dispersion curve of the deflecting structure is shown in Fig. 11.6 where frf is the rf

source frequency, /o is the structure characteristic frequency at which the phase velocity of the
structure is equal to that of light. The phase velocity of the em field in the structure is set
different from that of light by shifting rf power frequency from /0 to frJ , and the rf phase of
the first bunch is chosen to be $0,p shown in Fig. 11.6. Powering the structure in the same way
as in Case I-P, we have

(11.37)
Nb

The magnetic field felt by the nth bunch is

where

if n < NCiP

Bnp = BpFn,pm\(2n(fr,,p - /0)(n - 1)^-

AxWf

(11.38)

(11.39)

(11.40)
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Figure 11.6: Dispersion curve of the deflecting structure working on TMn mode.

if n > NCfP

The frequency shift is

Fn,P = 0

frf.p ~ /o — If

(11.41)

(11.42)

After making the so-called position correction, one can make angle correction also if neces-
sary. The derivative x' = dx/dz for each bunch can be determined by two BPMs separated by a
definite distance. Similar to multibunch transverse position distribution, multibunch transverse
derivative distributions at the exit of main linac are shown in Fig. 11.4 (Case I-A and Case
II-A, where A denotes angle correction). The structure is filled with rf power within length L^a
before the first bunch enters and the input rf power is just stopped at the moment when the
first bunch enters the structure. The deflecting structure's parameters corresponding to the two
cases are given here:
Case I-A:

The phase velocity of the em field in the structure is chosen the same as that of light, and
the synchronous rf phase is chosen at the crest of rf wave. The length filled with rf power Ld<a

is:

Lda = (11.43)

where the subscript a denotes position correction, Vga is the structure group velocity and NCj(l

is shown in Fig. 11.4. The synchronous magnetic field strength is

Ax'Wj
ecLdt(,

(11.44)
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Table 11.1: Beam parameters at the exit of damping ring
W{0)(GeV)

3.15
dW/W0

0.112%
Nb

125
We

2 x 1010

/rep (HZ)
50 2

7£IiS,(m rad)
1000,50 x lO"8

where &x and Lda are shown in Fig. 11.4.

Case II-A:
The phase velocity of the em field in the structure is set different from that of light by shifting

rf power frequency from fa to frf , and the rf phase of the first bunch is chosen to be $0, r shown
in Fig. 11.4. Powering the structure in the same way as in Case I-P, we have the length filled
with rf power Ld<a is:

d,a = ~~j (11.45)

The magnetic field felt by the nth bunch is

where

if n < Nc,a

if n > NCta

The frequency shift is

Dn =

- fo)(n -

Ax'W,

- ~

ect d.a

— n

' e . - l

= NCiO - n

W , a - 1

/r/,o ~ /o = 7f
1 a

(11.46)

(11.47)

(11.48)

(11.49)

(11.50)

where jTja is the rf source frequency.
In practice there should be two sets emittance correctors, one for x direction and another

for y direction. In the following we will take SBLC [13] as an example to calculate multibunch
emittance growth due to long range wakefields, and finally, we will demonstrate the effectiveness
of the proposed emittance corrector.

11.6 The Layout of SBLC

The layout of SBLC is shown in Fig. 11.7. The beam parameters at the exit of damping
ring are summarized in Table 11.1 [13], where W{Q) is the electron (positron) energy, A'b is
the number of bunches in a bunch train, Ne is the electron number in a single bunch. /,.,,,
is the repetition rate of bunch train, rb is the time duration of a bunch train, and -ytxy are
the normalized horizontal and vertical emittances, respectively. The lattice of the machine is
scaled as (W(z)/W(0))1/2 and the betatron phase advance per FODO cell is 90 degrees. In
practice, since it is difficult to vary the length of accelerating structure this scaling law is only
approximately satisfied step by step with the half length of FODO cells equal to the length
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Figure 11.7: The layout of S-band linear collider.

Table 11.2: Lattice for the main linac.
The half length of FODO cell

l i e
2L0

3L0

4L0.
5L0
6L0

7L0

SL0

Number of 6m long accelerating section
78
64
60
58
57
55
55
55

of accelerating structure multiplied by an integer. If we take the accelerating structure length
Lo = 6m and accelerating gradient Eo = 20MV/m, there will be 8 different types of FODO cell
for the main linac from 3.15GeV to 250GeV as shown in Table 11.2. The total number of 6m
long accelerating sections is 2058. Along the main linac there are 485+28 quadrupoles (where
the 28 quadrupoles are used for optical matching).

In the following we will consider three kinds of detuned and damped accelerating structures:
Type A) A 6m long accelerating structure which consists of 30 different uniform subsections
(there are 6 identical cells in each subsection) whose loss factors have been calculated by mode
matching method [14] and shown in Fig. 11.8.
Type B) A structure similar to structure type A has, however, uniform dipole mode frequency
distribution from fx = 4120MHz to f2 = 4432.5MHz with A / = 312.5MHz which is chosen to
put trailing bunch at the long range transverse wakefield nodes of the bunches in front of it.
The loss factors are assumed to be the same for all frequencies, and equal to the average loss
factor of structure type A.
Type C) A 6m long uniformly detuned accelerating structure which consists 180 different cells.
The dipole mode frequency detuning range is same as that of structure type B and the sum of
the loss factors for all frequencies is equal to that of structure type A and type B.

To show the dependence of long range transverse wakefields on differently detuned structures
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Table 11.3: Comparison of structure type A, B and C
aq (fim)

5
10
15
20

£n.rm» (radm) type A
7.46
1.48
2.7*
4.3*

*io-6

*io-5

10~5

io-5

< , ™ (radm) type B
1.96*
3.75*
7.34*
1.2*

10~6

io-6

io-6

io-5

< r o i (radm) type C
8.4*
1.4*
2.7*
4.8*

lO"8

io-7

io-7

io-7

Qto
1000
2000
3000
4000

Table 11.4: Comparison of structure
<rm. (radm) type A

1.1*10-5
4.8*10-5
2.3 *10-4

9.6 *10-3

<rm, ( radm) ty
4.0* 10"6

1.6*10-5
1.0* 10~4

4.1 • 10-4

type j
pe B

A,B and C
£n.rm, (radm) type C

2.6 *10~7

6.7 *10~7

2.3+10"6

5.3*10~6

Fig. 11.9 gives the comparison between the long range transverse wakefields of structure type
A and C where the wakefields reach the 10th bunch (160ns). Three types of S-Band linear
collider using the above mentioned three types of structure are simulated numerically. In the
simulation the magnetic dipoles installed in each quadrupoles are used to zero the downstream
BPMs (located in the quadrupoles) readings and therefore make so-called "one-to-one" trajec-
tory correction. Assuming all misalignment errors having Gaussian distributions, and taking
< Q >i= 2000, rms structure misalignment error a, — 20^m and BPM rms misalignment error
<r6 = 5fitn, we show in Table 11.3 the small normalized multibunch emittance growths with
respect to different rms quadrupole misalignment error aq. Given < Q >i= 2000, o, = 20/xm,
aq — 20/xm and ab = 10/zm, we show in Table 11.4 the small normalized multibunch emittance
growths with respect to different < Q >j. Each emittance value shown in Table 11.3 and Ta-
ble 11.4 is the average over ten different machines corresponding to each one of the three types
of structures. The term "different machines" here means that they have same rms misalignment
errors, however, each type of error follows different Gaussian distribution. Fig. 11.10 shows
the quadrupole misalignment errors of two different machines with the same rms deviation
(<r, = 20/im). It is interesting to represent Table 11.3 and Table 11.4 by figures, see Fig. 11.11
and Fig. 11.12. It is obvious to see that the performance of the structure type C is much
better than that of type A. Fig. 11.13 and Fig. 11.14 show the small normalized multibunch
emittance growth with respect to aq and < Q > l t respectively, for ten different machines using
structure type C. The point B in both figures represent average values. Now we will give more
simulation results of structure type C. Fig. 11.15 and Fig. 11.16 show the multibunch beam
properties along and at the exit of the main linac with a, = 20/im, aq = 20^m, ab = 10/xm and
< Q >i= 2000. From Fig. 11.16 we know that multibunch energy spread due to longitudinal
range wakefield is about 4.5% without using any energy correction scheme.

In the following we will give two examples about emittance correction by using the proposed
EC. Taking the case shown in Fig. 11.16 as the first example, we make only position correction
since the multibunch angle distribution is rather uniform. From Fig. 11.16 it is found that
JVcp = 37, Nb = 125 and Ax = 12.5/xm. If one have chosen c/%p = 200 and Lds = 2m, for a
good correction one finds that Ldp ~ 0.89m and cBp = 1.76MV/m which corresponds to a very
moderate rf input power. Fig. 11.17 shows the comparison of the multibunch transverse position
distribution and and phase space before correction with those after correction. It is found that
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Figure 11.8: The loss factors of structure type A.

after the position correction, muitibunch emittance is reduced from e* r m , = 5.9x 10~8 (radm) to
ff i m j = 5.4 x 10~9 (radm). Now we relax < Q >x from 2000 to 3000 and find out that e£ r m j =
1.9 x 10~7 (radm) before position correction which corresponds to 40% emittance growth. After
position correction, however, one find e% rms = 2.5 x 10"8 (radm) which corresponds to an
acceptable emittance growth, 5%. Fig. 11.18 shows the comparison results.

Taking structure type A as the second example, we will demonstrate how one can get a cor-
rectable muitibunch transverse distribution and finally conduct emittance correction. Fig. 11.19
shows the muitibunch transverse position distributions at the end of main linac corresponding
to different < Q >, (10000, 5000, 1000, 300) with a, = 20/xm, aq = 20/xm and ab = lOjum.
It is shown in Fig. 11.19 that by reducing < Q >x one can always get the transverse posi-
tion distribution which is correctable. Assuming that the structure's first higher order mode
< Q > , = 300, we make position correction and show the corrected results in Fig. 11.20 where
£?i,rm> n a s been corrected from 3.0 x 10~7 (radm) to 6.0 x 10~8 (radm).

11.7 Conclusion

The performance of an uniformly detuned and damped accelerating structure with its 180
cells one different from another is much better than that of the accelerating structure with
30 different uniform subsections (each subsection contents 6 cells). Travelling wave deflecting
structures working at TMn mode have been proposed to be used at the exit of main linac to
correct muitibunch emittance growth, and numerical simulations demonstrate the effectiveness of
this kind of Emittance Corrector. If structure type C is used to get muitibunch emittance growth
being about 10% of that, of single bunch, for a, — 20/im, aq — 5/xm and ab = 5/im, the average
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dipole modes quality factor < Q >4 should be as low as 2000 without using position correction.
However, < Q >j can be relaxed to 3000 if position correction is used. The emittance corrector
proposed in this paper can be used in other types of linear colliders, where the multibunch
emittances have to be reduced, if the multibunch transverse displacement distributions are
similar to what we have treated in this paper.
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multibunch energy distribution.
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(radm); (c) multibunch transverse position distribution after position correction; (d) multibunch
phase space after position correction, ef rm, = 5 x 10~9 (radm).

146



x 1 0 4
J4/D»/»4 10.M

- 5
^ x 10
•o

i.0.13
Q.
X

0.12

0.11

0.1

I

(a)

32 63 94 125

Number of the bunch

0.059 0.107 0.156 0.204 0.253

(b) x(m)1°

-5
x 10

0.13

0.12

0.11

0.1

Z.

(c)

32 63 94 125

Number of the bunch

0.178 0.197 0.216 0.235 0.253

(d) x(m)1 0"4

Figure 11.18: At the exit of the main linac (< Q >\— 3000. and the other parameters are
the same as those of Fig. 18): (a) multibunch transverse position distribution before position
correction; (b) multibunch phase space before position correction, e*rmj = 1.9 x 10~7 (radm);
(c) multibunch transverse position distribution after position correction; (d) multibunch phase
space after position correction, efirmi = 2.5 x 10~8 (radm).
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Chapter 12

Parameter Choices in Linear Collider Designs

Started from the physical constraints at the interaction point (IP), a general procedure is
given to determine the colliding beam parameters. By using the procedure, new parameter lists
for TESLA, SBLC, NLC (JLC), and CLIC are given. In this paper a parameter list is proposed
also for an S-band (3 GHz) superconducting linear collider (SSLC). The main advantages of
the SSLC are that it escapes from the danger of dark current, and that it has lower ac power
consumption.

12.1 Introduction

Nowadays, it is well accepted that the luminosity of future linear colliders should be in the
range of 1033 to lO^cm-'s"1 with the center of mass energy (Ecm) at about 1 TeV. For the
higher Ecm the luminosity has to scale to the square of the energy to keep constant event rates.
The luminosity of two gaussian head-on colliding beams is given by

T
4**;*;

where frep is the repetition rate of the bunch train, ATfc is the number of bunches in the train,
Ne is the number of particles per bunch, a* = {f*x(5*x)

1/2, <r'y = (^/?;)1/2, Px>v and e*x y are the
values of the beta functions and the emittances at the IP, respectively, and ffOi> are the pinch
enhancement factors which are functions of the so-called disruption parameters Dxy of a bunch.
In section 2, we demonstrate a general procedure to determine the beam parameters from the
constraints at the interaction point (IP). In sections 3 and 4, we talk about the efficiencies
of transferring the rf power to the beam, and the constraints on the accelerating structure
misalignments to limit the luminosity reduction. In sections 5 and 6, new machine parameter
lists for TESLA, SBLC, NLC (JLC), CLIC and an S-band superconducting linear collider are
proposed.

12.2 Constraints from IP

When two head-on colliding electron and positron beams penetrate each other, every particle
in each beam will feel the electromagnetic field of the other beam and will be deflected. This
deflection process has several effects. Firstly, the deflected particle will lose part of its energy
due to the synchrotron radiation, as " beamstrahlung", which will increase the energy spread
of the colliding beams, and hence increase the uncertainty of the experiments. Secondly, after
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the collision particles will change their flying directions with respect to the axis by an angle 6xy

(assuming the particle is parallel to the axis before the collision). If this angle is large enough
the particles after the collision will interfere with the detection of small-angle events. Finally,
the deflected particles will emit photons, hadrons, etc., which will increase the noise background
level in the detector. In the following we discuss these effects in detail.

The beamstrahlung fractional energy spread 8B is expressed as [1],

where re = 2.82 x 10"I5 m is the classical electron radius, R = (T*x/Oy is the aspect ratio
of the bunch, 7 is the ratio of electron energy to its rest energy, F(R = 1) = 0.325, and
F(R >> 1) 23 1.3/R. It is obvious that in order to keep SB small it is better to make the beam
flat. In the following discussion we assume always R >> 1. If 6B is the maximum tolerable
beamstrahlung energy spread, one has

Ne _ WBa1 m
( 3 7

)

During the collision the collective fields of one beam will deflect the other beam. The effect is
equivalent to that of a thin lens with the focal lengths in both the horizontal and vertical planes
expressed as fx>y = (T2/Dxy, where Dxy are called disruption parameters [2].

lK,y(K + aD

If the colliding particles are parallel to the axis before collision, the disruption angles 9xy are

If 6* is the maximum tolerable disruption angle, one has

£ = * * (12.6)

K 2re

The mean number of beamstrahlung photons per incident particle is [3] [4],

5e*2<xz , 1 0 7 l

ny ss — To (12.7)
2 r 7

where o is the fine structure constant. If To << 1 and the beam is very flat (R » 1)[4],

n, » ^ (12.9)

If the number of the maximum tolerable beamstrahlung photon is n*, one has,

^ = -?$- (12.10)

<r*x 2are
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The number of hadronic events per crossing, iVHod is [5][6],

AW = / - ( ^ T ) a-\nDn\a^Hai (12.11)
y

where cr^^Had is the 77 —> hadron total cross section. If the maximum tolerable NHad is denoted
Nffad, one gets the maximum aspect ratio R*(HDy is almost a constant, about 1.5 within the
range of Dy which will be discussed later),

From constraints expressed in eq. 12.6 and eq. 12.10, one can find out the maximum Ne/a*x

value depending on which constraint is the more stringent one. Assuming that one has to take
n* more seriously which is of order unity [7][8], one can find the minimum bunch length <r* in a
linear collider from eq. 12.3 and eq. 12.10,

In order to fix the beam parameters from n* and NHad, we will go back to eq. 12.4 to see the
constraint on the maximum disruption Dy (since Dx <C Dy). It is well known that when the
disruption is too large (Dy > 20) the pinch enhancement factor HDy is very sensitive to the
misalignment of the colliding beams due to the kink instability [7]. It is found, however, that
when Dy is about 9, the sensitivity to the offsets is reduced by a maximum factor of 2 [9]. If
the constraint, Dy = 9, is included in eq. 12.4, one gets the relation between CT* and az.

One sets as usual
/ ? ; « < (12.15)

due to the "hourglass effect", and assumes the beta ratio at IP to be equal to the emittance
ratio,

which corresponds to equal horizontal and vertical beam envelope divergence angles. Finally, to
determine the value of frepNb, one can express eq. 12.1 in the following way

/ in.. . \

(12.17)

It is obvious that for the same luminosity, the same backgrounds, frepNb is a constant for the
different machine designs. Finally, we arrive at the stage that once 7, n* , Nffad and Lo are given,
one can determine the values of cr*, <r', R', a", jVe, /?*, c*, /?*. 6*, and frepNb. The difference
between different machine designs (different frequency choices and normal or superconducting rf
structures) is interpreted by the different combination of frep and Nb while keeping their product
constant (assuming that the detector can distinguish the background noise of each bunch which
in fact is not the case of NLC and .ILC).
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12.3 AC Power to Beam Power Transfer Efficiency

12.3.1 Normal conducting linear accelerators

Knowing the beam parameters, one should make a choice between a conventional and a
nonconventional linear accelerator system (Two Beam Accelerator, for example), and estimate
the ac power to run the linear collider. In this subsection, we consider the discrete modulator-
klystron powering system. To our knowledge the efficiency of converting the ac power to the
rf power rfa{ by means of modulators and klystrons is about 30% to 35%, and therefore, it is
sufficient to answer this question by calculating the efficiency of transferring the rf power to
the beam. Since this efficiency is accelerating structure dependent, we will start with constant
gradient travelling wave structures which are used in SBLC, NLC, JLC, and maybe later in
CLIC (constant impedance structure used at present). The average rf power needed to create
an accelerating field Eo along the total active beam path L

< P >rf= rrffre n
E\_7T,L (12.18)

where rrf is the rf pulse duration, JR,/, is the shunt impedance per unit length, Eo is the average
accelerating field strength without beam loading, r is the attenuation of the structure, and L is
the machine length (2 linacs). In the following we distinguish two cases. Firstly, if the duration
of the bunch train (re) is larger than the filling time of the accelerating structure, the total
machine length L can be calculated as

W W
L = —22- = VL™. (12 19)

where Wcm is the center of mass energy, k is the accelerating mode loss factor, e is the charge of
the electron, TjiU is the filling time of the accelerating structure with Trf = TJM + re, and Eejj is
the effective accelerating field strength including the beam loading. The rf to the beam power
transfer efficiency rfcj is

Secondly, if re < TfiU

eR>hNbNe(l - e~ 2 r ) ( l - ekNeNbTfiU(l + e~ „ - . - „ , 2 Q

W W
j

eE.n e(2-Te/TfUt)E0(l

„ _ eRshNbNe(l - e-2T)(l - e(2 - re/rfiU)kNeNb(l + e)/2E0)rjrf - — (12.22)

The total ac power is

Pac = ^ (12.23)

where < P >b= eWcmfrepNbNe is the total average beam power.
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12.3.2 Superconducting linear accelerators

As far as superconducting standing wave structures are concerned, as in the case of TESLA,
the rf power to the beam power transfer efficiency is simply

tf, = ^ (12-24)

where rr] = ̂ -In4 + re is the rf pulse duration, QL and u are the loaded quality factor and
the angular resonance frequency of the accelerating cavity, respectively. It is clear that when
QLln4/u < re one can get a high rf to beam power transfer efficiency.

12.3.3 Two beam accelerator scheme (TBA)

For a TBA scheme, the power transformation efficiency from the ac power to the rf power
to be injected into the main linac is very difficult to estimate in a general way, since it depends
very much on the detailed process of the transformation. Taking the CLIC scheme for example
[10][ll], one has to transform, firstly, the ac power to an rf power of 350 MHz by using klystrons
in cw mode, secondly, to transfer the rf power to the drive beam power, and finally, to convert
the drive beam power to the 30 GHz rf power required by the main linac, by means of transfer
structures. The total transfer efficiency will be the product of the efficiency of all the three
processes. In this paper some handy formulae are given to find out the drive beam parameters
starting from the main linac power requirement. If frf, Prf, rrj, and frep are the rf frequency,
the peak rf power, the rf pulse duration, and the rf pulse repetition rate of the main linac, the
drive beam has to be composed of Nrf trains with Tri = TjiUNd, where TJUI is the filling time of
the transfer structure. The repetition rate of these Nrf trains is frep. The total electric charge
in each train is Qd which can be determined as

„._{*<*?„ _Y" •

— Qt (12-26)

where Q$ is the quality factor of the transfer structure, n0 is the number of the main beam
accelerating structures powered by one transfer structure, rd and kd are the attenuation and
the working mode loss factor of the transfer structure. When the charge Qd is the sum of nd

bunchlets, the electric charge in each bunch should be qd = Qd/nd. The average power of one
drive beam is

< P >d
b= WdqdndNdfrep/e (12.27)

where Wd is the drive beam's energy which has to be large enough to keep the longitudinal
and transversal stabilities. Assuming that Sw is the maximum tolerable energy spread within a
bunch train of the drive beam, the minimum drive beam injection energy can be determined as

(12.28)

F= 2-jf-, r;<Tfiu, (12.29)
'till
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where LT
d is the total active length of the transfer structures, T* is the time duration of the nd

bunchlets. If nd ̂ > 1, the average power of one drive beam can be expressed as

< P >t= -^ffrCr>PrSrrjNl (12.30)

where N£ is the total number of the main linac accelerating structures. It is clear that <
Prj > m = frepPrfTrjN^ is the total average main linac rf power, and

VrJ'm = &w/F (12.31)

is the transfer efficiency from the total drive beam power to that of the rf power of the main
linac and it is connected with the drive beam linac. A good drive beam linac design corresponds
to a maximum rfj'm value. If superconducting structures are used to accelerate the drive beam
with very high rf to beam transfer efficiency, the total ac power will be approximately (the ac
power for the refrigerators is not included)

Pac = ̂ f/rlZ (12.32)
T]ac T)d

where rfjc
yd is the transfer efficiency from the ac power to the average rf power of the drive beam

linac. Taking the CLIC transfer structure for example[10][ll], one has frf =30GHz, P r /=40MW,
r r / = 11.2ns, Nd=4, n0 = 2, rfw = 2.8ns, v%/c - 0.595, Qi = 3808, kd = 0.156V/pC/m, one
finds from eq. 12.25 that Qd = 1.765/tC. If nd = 43, qd = 0.04^C (or 2.5 x 1011 electrons).
Assuming 6W = 50% and L=6.4km, one gets from eq. 12.28 and eq. 12.31 that Wd = 3.2GeV,
< P >*= 36.5MW, and r(J'm = 33%, respectively.

12.4 Emittance Growth and the Tolerances

With the properly designed damping rings the required single bunch emittances £* can be
obtained at the entrances of the main linacs (a different machine has a different damping ring,
since frep and iV<, are different from one machine to another). Due to the misalignments of
the accelerating structures, the quadrupoles, the beam position monitors (BPMs), the injection
offsets, and the ground motions, etc., the trajectories of the particles are not always on the axis of
the accelerating structures, and as a consequence, the bunch train will undergo the single bunch
and the multibunch emittance growths due to the short range and the long range wakefields. To
keep these emittance growths within a certain range one has to use BNS damping to compensate
the short range wakefields due to the coherent betatron oscillations caused by injection errors,
to detune and damp the higher order modes excited inside the accelerating structures to reduce
the long range wakefields, and to use different emittance correction techniques to release the
alignment tolerances. Assuming that the long range wakefield induced multibunch emittance
growth is made less than the single bunch emittance growth by means of damping and detuning,
or by means of increasing the bunch separation, one knows that the luminosity reduction is

AL0 UAt'y\ l ^ j V « / r y ( A r y / o , > < < ) V a

where airi, is the average iris radius of a constant gradient structure, Ayc is the rms misalignment
error of the accelerating structures, and /?0 is the maximum beta function value at the entrance
of the main linac. The constant C in the formula can be determined by numerical simulations,
and it is found that C « 1 x 10~70F2s6rn~5. Eq. 12.33 assumes that the same beta function
scaling law has been applied to different machines.
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12.5 New Parameter Lists

As stated in section 2, NHad and ny are connected with background level in the detector, and
once they are determined the beam parameters can be obtained from the analytical formulae
derived in section 2. Now assuming that the physical constraints at IP for TESLA, SBLC, and
CLIC are those shown in Table 1, one can determine the beam parameters shown in Table 2 by
using eqs. 12.10, 12.12, 12.13, 12.14, 12.15, 12.16, and 12.17. Since the bunch length is very
short (CT* = 187/xm), the three corresponding projects can use the same beam parameters even
if they use different rf frequencies. The possibility of choosing different rf frequencies comes
from the fact that in Table 2, frep and Nb can take different values while keeping their product
constant. As for the X-band projects NLC (JLC), the constraints are shown in Table 3, and
the corresponding beam parameters are shown in Table 4. The fact that the constraints of the
NLC (JLC) are a little bit different from those of the previously mentioned projects is due to
the short distance between two adjacent bunches in the bunch train.

In the following, we will give the new parameter lists denoted SBLC*, NLC*, CLIC*, and
TESLA* with the beam parameters shown in Tables 2 and 4, and compare them with the latest
corresponding project parameter lists (LC95). SBLC^1' and SBLC'2' in Table 5 are the versions
from refs. 12 , 13 and 14. NLC(1) and JLC in Table 6 and CLIC(1> in Table 7 are the versions
from refs. 13 and 14. In Table 8, TESLA*1 > and TESLA(2> are the versions from refs. 12, 13
and 14, respectively.

It is obvious that with the new beam parameters the ac power consumptions of TELSA,
SBLC and CLIC are reduced while the structure misalignment tolerances (not the quadrupole
tolerances) are almost the same or even greatly released in the case of TESLA. In fact the new
beam parameters for NLC* are not very different from the latest version of the NLC, however,
they are listed and used to compare with the other new parameter lists.

12.6 Choice of the Rf Frequency of Superconducting Structures

Different from the normal conducting structures, superconducting linacs are more sensitive
to the dark current problems. The theoretical critical accelerating fields at which the field
emission electrons begin to be captured in standing and travelling wave accelerating struc-
tures are proportional to the operating frequency, or explicitly. Efr*^(MV/m)= 12/(GHz), and
E^(MV/m)= 6/(GHz), where SW and TW stand for standing wave and travelling wave, re-
spectively. Fig. 12.1 shows the accelerating fields of the existing projects compared with the
critical accelerating fields. It is clear that TESLA is the only project under the danger of dark
current and one has to push the operating frequency higher to avoid the problem. An S-band
(3 GHz) Superconducting Linear Collider (SSLC) seems interesting and merits to be a candi-
date which has a critical dark current accelerating field of 36 MV/m which is much higher than
25 MV/m and close to the 40 MV/m envisaged to upgrade Ecm to 1 TeV. The field emission
electron phase capture regions for 1.3 GHz and 3 GHz standing wave structures are shown in
Fig. 12.2. To compare the machine performances of TESLA and SSLC, we recall some basic
knowledges about superconducting cavities. It is known that the accelerating mode quality fac-
tor is inversely proportional to the cavity surface resistance R, which consists of two parts, BCS
surface resistance and residual surface resistance (Rues a"d Rre»id.)- F°r Nb cavity at T=1.8
K, one has[16]

R-s = R.BCS + R-rptid.
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Si
0.03 i 0.3 9

V-n-Hiad (m2)

4.2xlO"35
Wem (GeV)
500

Lo with pinch (cm"2s"1)
5xlO33

Table 12.1: The constraint parameters at IP of TESLA', SBLC*, and CLIC*.

Ne/a'x (1/m)
2.43xlO16

Ne

1.43xlOln

KM
5.9xlO~7

1.9xlO-?

5.82xlO-9

K (m)
1.87x10-"

< (m)
1.87x10-"

7«* (m rad)
8.98x10-"

R
101

7tJ (m rad)
8.86xlO"8

1.5

/ rep^ (1/8)

7000

Table 12.2: The beam parameters at IP of TESLA*, SBLC*, and CLIC*.

S'B
0.03 0.84 0.146 9

Vi-l-tHad (m2)

4.2xlO"35
W ĉm (GeV)
500

Lo with pinch ( c m " V )
5xl0 3 3

Table 12.3: The constraint parameters at IP of NLC* (JLC*).

NJ°l (l/m)
2.04xl016

Nt

0.7xl010

o*x (m)
3.4xlO"7

01 (m)
1.31xlO"2

K (m)
3.45x10-'

^ (m)
1.32x10""

<7* (m)

1.32x10""

7f* (m rad)
4.37xlO"6

R
99

7t* (m rad)
4.4xl0~8

HDy

1.5
r /̂"i i 1 / e l

J rep o v / /

10150

Table 12.4: The beam parameters at IP of NLC* (JLC*).
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(12.34)

where Tc = 9.2 K, and u> is the angular rf frequency. The dependence of R, on the rf frequency
is shown in Fig. 12.3. It turns out that at T = 1.8 K, the quality factor Qo of a 3 GHz cavity is
about half of that of a 1.3 GHz cavity. The resultant shunt impedance R,h is almost a constant
with rf frequency shifting from 1.3 GHz to 3 GHz.

In this paper a parameter list of an SSLC has been proposed and shown in Table 8 (denoted
SSLC*). In Fig. 12.4 the ac power consumptions for TESLA", SSLC* and a superconducting
machine working at 4.2 GHz have been compared with those of SBLC, NLC* and CLIC*. The
corresponding higher order mode loss factors and the short range wakefields have been calculated
by using the analytical formulae established in ref. 17. For the bunch length as short as 187 fim,
one has to calculate more than 104 higher order modes to make the total loss factor converge.

The challenging technical problem with a SSLC might be the larger total number of the
main and higher order mode couplers. However, this inconvenience will be well balanced by the
lower static heat load, smaller cryostat volume, and smaller Lorentz force induced mechanical
deformations. Of course, more detailed R&D towards SSLC are needed.

12.7 Conclusion

Four new parameter lists have been proposed for TESLA, SBLC, NLC, and CLIC to re-
duce their ac power consumptions and to make them have the same luminosity and the same
background level. For the normal conducting linear colliders the optimum frequency is located
around 10 GHz (X-band) due to its relatively high gradient and the lower ac power consumption.
The frequency of the superconducting linear collider seems interesting also at 3 GHz (S-bandJ
due to the elimination of the danger from the dark current at 25 MV/m, small cavity and cryo-
stat dimensions, higher rf to beam power transfer efficiency, moderate higher order modes, lower
static heat load, and lower ac power consumption. (For niobium cavities at 1.8 K, the shunt
impedance and the quality factor of a 3 GHz cavity are almost the same as and the half of that of
a 1.3 GHz cavity, respectively). A parameter list of an S-band Superconducting Linear Collider
has been proposed, and the detailed calculation procedure will be shown in another paper.
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Energy (c. of m.) (GeV)
RF frequency (GHz)
Luminosity w/pinch (1033cni-2s~1)
Linac repetition rate (Hz)
No. of particles/bunch (1010)
No. of bunches/pulse
Bunch separation (nsec)
Beam power/beam (MW)
7«*/7€* (m-radxKT8)
fi/p; (mm)
<T*/<7* (nm) before pinch

<r'z G " m )
«:/**
Disruptions D r/Dj,
HD

To
SB (%)
n7 per electron
N/fad per crossing
Unloaded gradient (MV/m)
Beam loaded gradient (MV/m)

T/itl (/*»)
Tr / (/fS)

Wavelength (m)
Average shunt impedance (Mfi/m)
<2o
Attenuation (neper)
Iris size (a/A)
Structure length (m)
Klystron power (MW)
Structures per klystron
Number of klystrons (two linacs)
Number of structures (two linacs)
Average pulse current (mA)

A>(m)
tij (%)
rfJL (%)
nl (%)
Rf power (MW) (two linacs)
AC power (MW) (two linacs)
Structure misalign, tolerances (jum)
Structure misalign, tolerance relax factor

SBLC(1)

500
3
3.65
50
2.9
125
16
7.26
1000/50
22/0.8
670/28
500
1.34 x 10~3

0.36/8.5
1.64
0.04
2.8
1.8
0.8
21
17
2
0.8
2.8
0.1
55
12000
0.55
0.16-0.11
6
150
2
2517
5034
292
20
30
32
9.6
48.4
151
30
1

SBLC(2>
500
3
5
50
1.1
333
6
7.26
500/25
11/0.45
335/15
300
1.11 X 10"3

0.32/7.1
1.69
0.03
2.7
1.5
0.3
21
17
2
0.8
2.8
0.1
55
12000
0.55
0.16-0.11
6
150
2
2517
5034
294
20
30
32
9.6
48.4
151
67
2.24

SBLC<*>
500
3
5
50
1.43
140
8
4.02
898/8.86
19/0.187
590/5.82
187
3.15 x 10"3

0.0878/9
1.5
0.057
3
1
0.3
21
17
1.1
0.8
1.9
0.1
55
12000
0.55
0.16-0.11
6
150
2
2517
5034
290
20
24
32
7.7
33.6
105
41
1.36

Table 12.5: The parameter lists of three SBLC versions. SBLC(1) comes from LC93 G. Loew's
table, SBLC(2) from refs. 13 and 14, and SBLC* is proposed in this paper.
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Energy (c. of m.) (GeV)
RF frequency (GHz)
Luminosity w/pinch (1033cm"2s-1)
Linac repetition rate (Hz)
No. of particles/bunch (1010)
No. of bunches/pulse
Bunch separation (nsec)
Beam power/beam (MW)
fe*x/j€* (m-radxlO"8)
/?*//?' (mm)
<7*/<r* (nm) before pinch
a; (/zm)
a*xjat

Disruptions D r /D y

To
SB (%)
n7 per electron
Nnad per crossing
Unloaded gradient (MV/m)
Beam loaded gradient (MV/m)
re (/is)
Tfiti (ns)
Trf (MS)
Wavelength (m)
Average shunt impedance (Mfi/m)

Qo
Attenuation (neper)
Iris size (a/A)
Cavity length (m)
Klystron power (MW)
Structures per klystron
Number of klystrons (two Hnacs)
Number of structures (two linacs)
A> (m)
Vrf (%)
rfj, (%)
Vac (%)
^comp ^

Average Rf power (MW) (two linacs)
AC power (MW) (two linacs)
Structure misalign, tolerances (/im)
Structure misalign, tolerance relax factor

NLC*1)
500
11.4
8.2
180
0.65
90
1.4
4.2
500/5
10/0.1
320/3.2
100
3.2 x 10~3

0.073/7.3
0.095
2.4
0.84
0.146
50
37.6
0.126
100
0.25
0.0263
81
6669
0.51
0.22-0.15
1.8
50 (x3.6)
2
3940
7880
10
28.3
32
6.3
70
29.7
133
16
1

NLC'*)
500
11.4
5
180
0.7
56
1.5
2.83
437/4.4
13.1/0.132
340/3.45
132
2.58 x 10-3

0.09/9
0.068
3.
0.84
0.146
50
37
0.083
100
0.183
0.0263
81
6669
0.51
0.22-0.15
1.8
50 (x3.6)
2
3940
7880
10
26
32
5.8
70
21.8
97
13
0.828

JLC
500
11.4
5.6
150
0.63
85
1.4
3.2
330/5
10/0.1
360/3
90
2.9 x 10~3

0.095/8.2
0.12
3.2
0.72
0.0956
73
53
0.12
110
0.23
0.0263
71
6669
0.4
0.2-0.14
1.22
135 (x2)
4
3608
7216
10
19
32
4.3
70
33.6
150
19
1.22

Table 12.6: The parameter lists of two NLC versions and a JLC version. NLC(1) and JLC come
from refs. 13 and 14, and NLC* is proposed in this paper. In the table rfr°pp is the efficiency of
the rf pulse compression system.
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Energy (c. of m.) (GeV)
RF frequency (GHz)
Luminosity w/pinch ( lO^cm^s"1)
Linac repetition rate (Hz)
No. of particles/bunch (1010)
No. of bunches/pulse
Bunch separation (nsec)
Beam power/beam (MW)
7€*/7t* (m-radxlO~8)
0*/f3* (mm)
er*/(7* (nm) before pinch
o*t ifim)

Disruptions D r /D y

To
6B (%)
Ry per electron
Ni/ad per crossing
Unloaded gradient (MV/m)
Beam loaded gradient (MV/m)

T/M (ns)
Trf (/IS)

Wavelength (m)
R (Megaohm/m)
Qo
Iris size (a/A)
VgjC
Attenuation (neper)
Cavity length (m)
Rf power per transfer struc. (MW)
Structures per transfer struc.
0o (m)

VrJ (%)
rfjc (%)
vi (%)
Average Rf power (MW) (two linacs)
AC power" (MW) (two linacs)
Structure misalign, tolerance (/im)
Structure misalign, tolerance relax factor

CLIC (1)

500
30
0.89
2530
0.8
1
-
0.8
300/15
10/0.18
247/7.4
200
1.24 x 10"3

0.29/9.7
0.072
3.5
1.33
0.27
80
78
-
11.6
0.0116
0.01
109
4100
0.2
0.078
0.27
0.27
80
2
14
6
20
1.2
26.6
133
2.4
1

CLIC(*>
500
30
1.79 (5.37)
2530
1.43
1(3)
-
1.46 (4.38)
898/8.86
19/0.187
590/5.82
187
3.16 x 10"3

0.09/9
0.068
3
1
0.3
80
75 (65)
-
11.6
0.0116
0.01
109
4100
0.2
0.078
0.27
0.27
80
2
14
10 (27.47)
20
2 (5.5)
29.2 (32)
146 (160)
1.1
0.44

Table 12.7: The parameter lists of two CLIC versions. CLIC(1) comes from refs. 13 and 14, and
CLIC* is proposed in this paper. **: The refrigerator power is not included in this ac power.
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Energy (c. of m.) (GeV)
RF frequency (GHz)
Luminosity w/pinch (lO^cm"^"1)
Linac repetition rate (H»)
No. of particles/bunch (1010)
No. of bunches/pulse
Bunch separation (nsec)
Beam power/beam (MW)
-yeWrt'y (m-radxlO"8)

fc/0'y (mm)
<7*/<r* (nm) before pinch
a* (nm)

Disruptions Dx/Dy

To
BB {%)
ny per electron
Nj/arf per crossing
Unloaded gradient (MV/m)
Beam loaded gradient (MV/m)

Te (A*S)

Tfill (/«)
Trf (/«)
Wavelength (m)
R/Q (Ohom/m)
Unloaded Qo

Loaded Qi
Iris size (a/A)
Cavity length (m)
Klystron power (MW)
Structures per klystron
Number of klystrons (two linacs)
Number of structures (two linacs)
Average pulse current (mA)

A> (m)
vb

rf {%)
Vac (%) Ac power of refrigerators is excluded
Vac (%) Ac P o w e r of refrigerators is excluded
Average Rf power (MW) (two linacs)
AC power for the rf power (MW) (two linacs)
AC power of refri. (MW) (two linacs)
Total AC power (MW) (two linacs)
Structure misalign, tolerances (/Jtn)
Structure misalign, tolerance relax factor

TESLA(1)

500
1.3
6.5
10
5.15
800
1000
16.5
2000/100
25/2
1000/64
1000
1.0 x 10"3

0.54/8.5
0.021
2.7
2.7
1.5
25
25
800
500
1300
0.23
1080
3 x 109

3 x 106

0.15
1
3.25
16
1202
19232
8.24
66
61.1
32
20
54
169
40
209
500
1

TESLA(2>
500
1.3
6
5
3.63
1130
708
8.2
1400/25
25/0.7
846/19
700
1.2 x 10~3

0.25/11
0.02
2.9
1.3
1.0
25
25
800
500
1300
0.23
1080
3 x 109

3 x 106

0.15
1
7.1
32
604
19232
8.24
66
61.1
32
20
27
84
40
124
424
0.85

TESLA(*>
500
1.3
5
5
1.43
1400
300
4.02
898/8.86
19/0.187
590/5.82
187
3.16 x 10~3

0.09/9
0.068
3
1
0.3
25
25
420
500
920
0.23
1080
3 x 109

2.6 x 106

0.15
1
2.5
32
604
19232
7.7
66
45
32
14.3
18
57
25
82
1215
2.43

SSLC*
500 (500)
3 (4.2)
5(5)
5(5)
1.43 (1.43)
1400 (1400)
800 (1200)
4.02 (4.02)
898/8.86
19/0.187
590/5.82
187
3.16 x 10~3

0.09/9
0.068
3
1
0.3
25 (25)
25 (25)
1071 (1680)
257 (198)
1328 (1878)
0.1 (0.071)
2484(3489)
1.5(0.9) x 109

3.5(3.76) x 106

0.15(0.15)
0.5(0.355)
1.2(1.1)
32 (64)
1250 (880)
40000 (56320)
2.88 (1.92)
17 (10)
81 (89)
32(32)
26 (28.5)
10.1 (9.2)
31.5(28.7)
41 (60)
72 (88.7)
195 (92)
0.39 (0.185)

Table 12.8: The parameter lists of three TESLA versions and an S-band Superconducting LC
version. TESLA<!) comes from LC93 G. LoewWable, TESLA*2' from refs. 13 and 14, TESLA*
and SSLC* is proposed in this paper. The efficiency of the refrigerator is assumed to be rjrefri =
20%rjcamot = 0.0012.



Chapter 13

An S-Band Superconducting Linear Collider

In this paper a parameter list is proposed for an S-band (3 GHz) superconducting linear
collider (SSLC) which escapes from the dark current problem at an accelerating gradient of
25MV/m. Detailed beam dynamics simulations are carried out, which reveal the main features
of a 3 GHz SSLC.

13.1 Introduction

Nowadays there are six projects for future linear colliders, TESLA, SBLC, NLC, JLC,
VLEPP, and CLIC, among which the TELSA project is the only superconducting machine.
Since the TESLA designed accelerating field 25MV/m is far above the electron emission capture
field strength 15MV/m, the captured electrons may be accelerated to a very high energy before
finally hitting the cavity walls (the distance between the two adjacent quadrupoles will be almost
50 meters at the end of the main linac). This intrinsic defect can be avoided by pushing the
rf frequency higher because the critical capturing electric field strength increases linearly with
the rf frequency. In this paper we propose an S-band superconducting linear collider. In section
2, beam parameters are determined from the physical constraints at the interaction point. In
section 3, superconducting cavity parameters and the critical field for electron capture varying
with the working frequency are discussed. Wakefield calculations and beam dynamics are shown
in sections 4 and 5, respectively.

13.2 Beam Parameters

The luminosity of two gaussian head-on colliding beams is given by

f M. Af2

e fj if / i o i \

where /rep is the repetition frequency of the bunch train, Nb is the number of bunches in the
train, Ne is the number of particles per bunch, <r* = (f*/?*)1/2, cr'y — (fy/^)1/2, /?*„ and €xy are
the values of the beta functions at the IP and the emittances, respectively, and HDr v are the
pinch enhancement factors which are functions of the so-called disruption parameters Dxy of a
bunch. According to ref. 1 one can determine the colliding beam parameters starting from the
physical constraints at the IP:

a' =
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0.03
n7

1
Nhai
0.3 9

0-n-tHad (m )
4.2X10-35

Wcm (GeV)
500

Lo with pinch (cm~2s ')
5X1033

Table 13.1: The constraint parameters at IP of SBLC.

* 4.6<%a2

(13.3)

(13.4)

(13.5)

(13.6)

(13.7)

(13.8)

(13.9)

(13.10)

(13.11)

(13.12)

- - 1 O . 4 « D , W < l 3 ' 3 )

where re = 2.82 X 10"15 m is the classical electron radius, a is the fine structure constant, 7 is the
ratio of the colliding particle energy to its rest energy, <Tiy^Had is the 77 —• hadron total cross
section, 8B is the maximum tolerable beamstrahlung energy spread, n*, is the mean number of
beamstrahlung photons per electron, Nnad is the maximum tolerable number of hadronic events
per crossing, and Hoy is almost a constant, about 1.5 with Dy = 9 which is used later in this
paper. Finally, we arrive at the stage that once 7, n7 , NHad and Lo are given, one can determine
the values of <r*, a*, R', o*, Ne, /?*, /?*, «*, e*, and frepNb. Given the constraints shown in Table
1, one gets the beam parameters shown in Table 2.

al 2are

frepNb =
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NJa; (1/m)
2.43xlO16

Ne

1.43xlO10

KM
5.9xlO"7

«(m)
1.9xlO-2

5.82xlO"9

«(m)
1.87X10"4

< (m)
1.87xl(T4

76* (m rad)
8.98xlO"6

R
101

7f* (m rad)
8.86 xlO"8

1.5

/repiVb (1/s)
7000

Table 13.2: The beam parameters at IP of SBLC.

13-3 Choice of the Rf Frequency of Superconducting Structures

Different from the normal conducting structures, superconducting linacs are more sensitive to
the dark current problems. When the field emitted electrons are captured by the rf field, these
electrons can be accelerated to a very high energy before hitting the superconducting cavity
walls or being over deflected by the quadrupoles. Since the distance between the two adjacent
quadrupoles is very large, especially for the end half of the main linac, the probability for these
electrons to be accelerated and lost inside the low temperature cavities is very large. The energy
deposited by the electrons on the cavity wall demands extra refrigerator power to maintain the
working temperature, or even causes quench. The theoretical critical accelerating fields at which
the field emission electrons begin to be captured in standing and travelling wave accelerating
structures are proportional to the operating frequency, or explicitly, Ef r^(MV/m)= 12/(GHz),
and E™(MV/m)= 6/(GHz), where SW and TW stand for standing wave and travelling wave,
respectively. Fig. 13.1 shows the accelerating fields of the existing projects compared with the
critical accelerating fields. It is clear that TESLA is the only project under the danger of dark
current and one has to push the operating frequency higher to avoid the problem. An S-band (3
GHz) Superconducting Linear Collider (SSLC) seems interesting and merits to be a candidate
which has a critical dark current accelerating field of 36 MV/m which is much higher than the
designed 25 MV/m accelerating gradient of TESLA and not far from the 40 MV/m envisaged
to upgrade Ecm to 1 TeV. The field emission electron phase capture regions for 1.3 GHz and 3
GHz standing wave structures are shown in Fig. 13.2.

To compare the machine performances of TESLA and an S-Band Superconducting Linear
Collider (SSLC), we recall some basic knowledges about superconducting cavities. It is known
that the accelerating mode quality factor is inversely proportional to the cavity surface resistance
R, which consists of two parts, BCS surface resistance and residual surface resistance {RBCS

and Rresid)- For Nb cavity at T = 1.8"K, one has[3]

R, — RBCS retid.

6.64 x 10"25

-1.75^) + 10(nft) (13.14)

where Tc = 9.2 * K, and u> is the angular rf frequency. The dependence of R, on the rf frequency
is shown in Fig. 13.3. At T = 1.8 K, the dependence of the quality factor Qo and the shunt
impedance R)h on the operating frequency of a 3 GHz cavity is shown in Fig. 13.4 and Fig.
13.5, respectively.

Finally, let's talk about the rf power to the beam power transfer efficiency. Since the rf power
deposited on the cavity wall is very small compared with the power transfered to the beam, one
finds

r£, = — (13.15)
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Figure 13.1: The accelerating fields of different projects vs operating frequencies.
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Figure 13.2: The field emission electron phase capture regions vs the accelerating field for the
1.3 GHz and 3 GHz standing wave accelerating structures.
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Figure 13.4: The quality factor Qo vs frequency at 1.8 K.
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Figure 13.5: The shunt impedance vs frequency at 1.8" K.
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Figure 13.6: Disk-loaded accelerating structure

173



where TTJ = ^-inA + re is the rf pulse duration, re is the electron bunch train duration, Qi and
u> are the loaded quality factor and the angular frequency of the accelerating cavity, respectively.
It is clear that when QLln4/u; < re one can get a high rf to beam power transfer efficiency.

13.4 Wake field Calculations

The wakefields in an accelerating structure can be calculated in the time domain or in the
frequency domain by using numerical codes like ABCI [4], KN7C [5] and TRANSVRS [6]. In
this paper we will use the analytical formulae developed in ref. 2 to calculate the wakefields in
a disk-loaded structure as shown in Fig. 13.6. The advantages of this method are that one
calculates the wakefields of a very short bunch easily and that one knows the full range loss
factor spectrum which contributes to the short range wakefields without the necessity to jump
to the diffraction model. The delta wakefield functions of a point charge traversing a disk-loaded
structure are obtained by using the following formulae

m=0n=l (=0

oo oo oo

m=0 n = l 1=0

oo oo oo

m=On = l (=0

where

' " 0 cos(m^) cos(awr) (13.19)

Wr,mnl{T) = 2m - ) [ -* I cos(m<f>)sin(wmn,r) (13.20)

(13.21)

" ( ( ^ ) ' + (T)')
where r = s/c, s is the distance between the driving charge and a test charge, r , is the transverse
coordinate of the driving charge and c is the velocity of light in vacuum. For a Gaussian bunch
of charge q and bunch length at one can calculate the integrated wakefiejds from delta wakefield
functions T

WG,,(T)= I Wt{T-t)I{t)dt (13.23)

WG,r(T)= f Wr{T-t)I(t)dt (13.24)
J — oo

WGAT) = f W*(T - t)I(t)dt (13.25)
J—oo

where / 2 v

(13.26)
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If r > 3<7t eqs. 13.23, 13.24 and 13.25 can be replaced by the following expressions:

%^) (13.27)£
m=0 n=l 1=0

oo oo oo

»,r(r) = E E E W^r) exp(-^L) (13.28)
m=0n=l 1=0

m " ' ' ) (13.29)
m=0n=l (=0

For the mth mode the total loss factor of a Gaussian bunch will be

*»(*•) = E E ̂  exP(-u2
mnrf) (13.30)

The general expression for the loss factor kmni corresponding to the mnlth passband is

k 2^<n^(^a) (SW + Sjx,)*}
iemn( _ —— _ - - ̂  ^ y ( IJ .JI ;

where

* = < W".T£o (13-32)

.5(x) = ̂ ^ (13.33)

and

(13.34)

(13.35)

Now, we discuss the scaling laws of the wakefields with respect to the frequency, the bunch
length, the cavity length and the iris radius. It is usually stated in the literatures that the
monopole mode and the dipole mode wakefields scale with the frequency as WQ and u>%, respec-
tively, where the subscript 0 denotes the fundamental mode. However, the scaling condition,
az/X0 =constant, under which these scaling laws apply is often omitted. As for the scaling laws
with the bunch length, one knows that at high frequencies the wake resistance i?(u>) oc u~1^2,
and as a consequence, the monopole mode and dipole mode total loss factors kot and ku scale
with the bunch length as o~ll2 and o\12, respectively. In this paper we combine the two scaling
laws together by taking the scaling condition stated above into account, and find finally that

and
JL „ ,3.5 1/2 /-in nj\

with <T2/A0 < 0.1, where Ao is the wavelength of the fundamental accelerating mode. To verify
the scaling laws stated in eqs. 13.36 and 13.37, three accelerating structures working at 1.3 GHz,
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3 GHz and 30 GHz in 27r/3 mode have been calculated by using the ABCI and the analytical
formulae shown above. Fig. 13.7 shows that when az/\0= constant, itot oc u>$. However, by
keeping simply uz= constant, kot scales with win a complicated way as shown in Fig. 13.8.
Choosing cr2/A0 = 0.001 to ensure high frequency components dominating the total loss factor,
a 27r/3 mode 3 GHz structure has been used as an example to show the scaling laws of kot with
respect to the cavity length h and the iris radius a. As shown in Fig. 13.9, kot is proportional
to h° 57 which is very close to h° 5 predicted by the diffraction model. Fig. 13.10 shows the
variation of the kQt with iris radius a. When a/A0 > 0.01, it is found that Ajoe oc a""1 044. When
a/A0 < 0.01, this scaling law will deviate greatly from the real values, however, one can use a
new scaling law in this region, kot oc exp(-aC) as shown in Fig. 13.10, where C is a constant.
The kOt{a = 0) value shown in this figure is obtained for the first time. The singularity problem
embedded in the diffraction model when a —t 0 is therefore resolved by using eqs. 13.30 and
13.31.

Back to a 3 GHz S-band standing wave structure, with a=0.015m, R=0.039m, h=0.04m,
D=0.05m and az = 187/xm, one finds the spectra of the monopole (fcOn<) and dipole modes (fcinj)
loss factors shown in Fig. 13.11. The variation of the total monopole mode loss factor with
respect to the bunch length is found to be kot(V/pC/m)= 38.3(7z(mm)"-°544 as shown in Fig.
13.12. This result confirms again the scaling law kot oc alj7 predicted by the diffraction model.
The short range and the long range wakefields are shown in Figs. 13.13 and 13.14, respectively.

13.5 Beam Dynamics

The focusing channel for the main linac is a FODO type with the beta function scaling as
PoiihoY'2, where /30 and 70 are the beta function and the normalized beam energy at the
beginning of the main linac. Since the length of the cryostat can not vary in a continuous way,
this scaling law is followed step by step. With the Pa.max = 17m and the phase advance \i — n/2,
one needs eight different types of FODO structures. The half lengths of this eight FODO cells
are l/0, 2/0, 3/0, 4/0, 5/0, 6/0, 7/0, and 8/0i respectively, where /0 = 5m. The number of the
corresponding FODO cells are 38, 32, 30, 28, 28, 27, 27, and 24, respectively. By using the
improved program (the old version has been used in ref. 7) with the beam parameter shown in
Table 2, one gets the multibunch and the single bunch emittance blow-up behaviours. Assuming
that the quadrupole and structure misalignments are 40/im and 180/xm, respectively, and the
quality factor of the first dipole mode is Q01 = 4x 104, one gets the multibunch emittance growth
of 6%. Figs. 13.15a, 13.15b, and 13.16 show the multibunch phase space, the bunch center
displacement at the end of the main linac, and the particle trajectory inside the main linac. Fig.
13.17 demonstrates that the quality factor of the first dipole mode should be damped below 105

by the higher mode couplers (HOM) which is discussed in more details in ref. 8. As for the
single bunch emittance growth, a single bunch has been divided into 100 slices. Assuming that
the quadrupole and structure misalignments are 10/xm and 180jxm, respectively, one gets single
bunch emittance growth up of 100% after one-to-one correction. If the Dispersion Free and Wake
Free correction techniques are used, the single bunch emittance blow-up can be reduced by more
than an order of one (which has not been done in this paper). We conclude that the structure
and the quadrupole tolerances are in the order of 200/tm and 20/xm, respectively. The energy
spread with a single bunch is about 0.3% which is ten times smaller than the beamstrahlung
energy spread. Figs. 13.18(a), 13.18(b), 13.19, and 13.20 give the detailed information about
the single bunch beam dynamics at the end of the main linac.
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13.6 Conclusion

In this paper we propose a 3 GHz S-band Superconducting Linear Collider (SSLC) to escape
from the dark current problem at 25 MV/m accelerating gradient (since it has a critical capture
field of 36MV/m). A beam parameter list has been proposed which is used in the machine
design considerations. It is suggested that the HOM quality factor be damped lower than 105,
the quadrupole and the cavity misalignment tolerances be about 20 fxm and 200 ̂ m, respectively.
The energy spread within a single bunch is about 0.3%. The peak rf power through the main
coupler is 36kW, and the total wall plug ac power (including the refrigerator power) is less than
80 MW.
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Energy (c. of m.) (GeV)
RF frequency (GHz)
Luminosity w/pinch (1033cm~2s~1)
Linac repetition rate (H2)
No. of particles/bunch (1010)
No. of bunches/pulse
Bunch separation (nsec)
Beam power/beam (MW)
^txf^ey (m-radxlO~8)
/?*//?* (mm)
<7*/c* (nm) before pinch
a* (nm)

<*:/**
Disruptions D^/Dj,
To

n7 per electron
Nflod per crossing
Unloaded gradient (MV/m)
Beam loaded gradient (MV/m)
re (/xs)

r r / (us)
Wavelength (m)
R/Q (Ohom/m)
Unloaded Qo

Loaded QL

Iris size (a/A)
Cavity length (m)
Klystron power (MW)
Structures per klystron
Number of klystrons (two linacs)
Number of structures (two linacs)
Average pulse current (mA)

/Mm)
t, (%)
rfj. (%) Ac power of refrigerators is excluded
•qb

ac (%) Ac power of refrigerators is excluded
Average Rf power (MW) (two linacs)
AC power for the rf power (MW) (two linacs)
AC power of refri. (MW) (two linacs)
Total AC power (MW) (two linacs)
Structure misalign, tolerances (/im)

SSLC
500
3
5
5
1.43
1400
800
4.02
898/8.86
19/0.187
590/5.82
187
3.16 x 10~3

0.09/9
0.068
o
o

1
0.3
25
25
1071
257
1328
0.1
2484
1.5 x 109

3.5 x 106

0.15
0.5
1.2
32
1250
40000
2.88
17
81
32
26
10.1
31.5
41
72
195

Table 13.3: SSLC is proposed in this paper. The efficiency of the refrigerator is assumed to be
lfre/rl- = 20%rjCarnot = 0.0012.
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Chapter 14

Conclusion

The research works presented in this memoir are oriented not only to the R&D programs to-
wards future linear colliders, but. also to the pedagogic purposes. The first part of this memoir
(from Chapter 2 to Chapter 9) establishes an analytical framework of the disk-loaded slow wave
accelerating structures which can be served as the advanced courses for the students who have
got some basic trainings in the linear accelerator theories. The analytical formulae derived in
this part describe clearly the properties of the disk-loaded accelerating structures, such as group
velocity, shunt impedance, coupling coifficients k and /?, loss factors, and wakefields. The second
part (from Chapter 11 to Chapter 13) gives the beam dynamics simulations and the final pro-
posal of an S-Band Superconducting Linear Collider (SSLC) which is aimed to avoid the dark
current problem in TESLA project.

This memoir has not included all the works conducted since 22 April 1992, such as beam
dynamics simulations for CLIC Test Facility (CTF-2) and the design of High Charge Structures
(HCS) (IITT/12 mode) for CTF-2, in order to make this memoir more harmonious, coherent and
continuous.
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Rrsuino

Les résultats de mes recherches présentés dans ce mémoire s'orientent non seulement vers In
l{ & I) pour 1rs futurs collision neu rs linéaires, mais aussi vers un but pédagogique. La premien*
partie de ce mémoire (du Chapitre 2 an Chapitre 9) a établi une structure théorique de la
structure "disk-loaded" qui peut, être utilisée dans les cours avancés pour les élèves qui ont
suivi les cours élémentaires d'accélérateurs linéaires. Les formules analytiques dérivées dans
relie partit" décrivent clairement, les caractères d'accélératrices, tels que la vitesse de groupe,
l'impédance shunt, les coefficients de couplage Jfc et /3, les facteurs de perte, et les champs de
sillage. La seconde partie (du Chapitre 11 au Chapitre 13) présente les résultats de la simulai ion
de la dynamique des faisceaux et. la proposition d'un collisionneur linéaire de supraconducteur
à la bande-S qui vise à éviter le problème du courant d'obscurité dans le projet TESLA.

Ce mémoire n'a pas inclus tous les travaux effectués depuis Avril 1992, tels que les simulai ions
<le la dynamique du faisceau pour "CLIC Test Facility H" (CTF-2) et la conception de "High
Charge Structures (HCS)" (11 TT/ 12 mode) pour CTF-2, afin de maintenir ce mémoire plus
harmonieux, cohérent et continu.
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-Collisionneur linéaire
-Accélérateur linéaire
-Chain p de sillage
-l'acteur de perte
-Dynamique de faisceau
-Coupleur à mode supérieure
-Accélératrice décalé à fréquence et. amorti à mode supérieure


