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LIST OF SYMBOLS

Throughout ihe paper, boldface letters denote vectors.

Latin letters

'A(f)
A7x

expansion coefficients

coefficients of Eq. (4.23)

beam pipe radius

transverse vector defining an offset of a bunch
expansion coefficients '

expansion coefficients

beam pipe radius

velocity of light

beam pipe radius

expansion coefficients

electric field

Fourier harmonic of the electric field

azimuthal harmonic for mth mode

azimuthal harmonics for mth mode

particle energy

energy loss

particle charge

time Fourier harmonic of the Green’s function
space Fourier barmonic of the Green’s function

= Kiy(rr) + Ii(rr) K¢(rd)/ Io(7d)

= Kp(rr) = Ip{rr) Ko(rd)/Io{rd)

cavity gap

= g/2

taper length

magnetic field

Fourier harmonic of the magnetic field

Hankel functions of the first kind of the mth order
modified Bessel functions of the first kind of the mih order
Bessel functions of the first kind of the mth order
Fourier harmonic of the current density

modified Bessel functions of the second kind of the mth order

= wfe, wave number

= kb _

averaging interval of wave numbers

difference between neighboring resonance frequencies

length of variation of the cavity shape

2



NI I A

r5(2)

wy(s)

w) (s, 1)
w

wy
Tu,lny¥n)2a

longitudinal period of a periodic structure

number of cavities in an array

azimuthal mode number, e.g. monopole m = 0, dipole m = 1, etc.
=901, ..., M — 1, cavity number in an array
the integer closest {o k

the unit vector normal to the surface £
right-hand sides of Eq. (4.23}

= afb, i =1,2

= gk/rey*B?

quality factor of a resonance A

= eN, total charge of 2 bunch

= jr—r| = {z-2)2+r2+r' 2 —2rr' cosf
shunt impedance of a mode A

bunch offset

{ransverse offset of the trailing particle

equation for a boundary in the (r, z) plane

surface

=n 48, surface element

distance inside a bunch

bunch spacing

time

energy stored in a mode A

volume element

eigenfunctions of a mode A

particle velocity

total field energy

longitudinal point wake function

transverse point wake function

longitudinal resistive poiat wake function

transverse resistive point wake function

normalized expansion coefficients

Bessel functions of the second kind of the mth order
longitudinal resistive impedance

transverse resistive impedance

the impedance of a cavity

the impedance of a collimator

the impedance of a step-in

the impedance of a step-out

longitudinal impedance of a taper

longitudinal impedance

transverse impedance
= 4rfc = 3T Q




real part of the impedance
imaginary part of the impedance
narrow-band longitudinal impedance
narrow-band transverse impedance

_Greek letters

6(r)
?(z)

p(s, 1)

= (27ap/L)? + 47ka’p/L

= vfe, relative particle velocity

= £/mc?, Lorentz factor

resonance width of a mode A

resonance width of a mode nm

the Dirac’s radial é-function

step function, ¥(z) = 1forz >0, d{z) = O0forxz <O.
effective surface impedance

local distance in the Nth cavity

parameter of a transition from a cavity regime to a step regime
longitudinal loss factor

loss factor of a mode A

loss factor of a step-in

loss factor of a step-out

transverse loss factor

= nr/g

= VK =VI[d, ImAg >0

= \Jk*-—v}

- WETR

= gk/2

nthrootof Jy, m<im<...<ve
= ghn/2

= afl

normalized longitudinal charge density
Fourier component of the charge density
rms bunch length

transverse rms size of a bunch
resistivity

= k/8

= k% —p? +2ike, €—0
frequency of 2 mode A

~ ¢fa, cutoff frequency

the Laplace operator

terms of the order of €
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ABSTRACT

A systema.tlc rev1ew of t.heoretma.l results for the long:tudlna.l and transverse
ll[lpﬁud&lb& UULd-.I.LIBLI. Uy ulllCI’CI.lb ulUbﬂU(lb lb presenl.eu ].ﬂe papt‘.r CDI[lprlSeS Cle.l'
initions, general theorems, modal analysis, a diffraction model, and analytical
results. Several new results are included. In particular, necessary and sufficient
conditions are given for the independence of the impedance from the beam lon-
gitudinal direction. The impedances of two basic simple structures—that of a
cavity and that of a step—are studied in detail. The transition from the regime
of a cavity to the regime of a step is explained, an approximate formula describ-
ing this transition is given, and the criterion for determining the applicability of
each regime is established. The asymptotic behavior of the impedance for a finite
number M of periodically arranged cavities as a function of M is studied. The
different behaviors of the impedance for a single cavity and that for an infinite
number of cavities are explained as resulting from the interference of the diffracted
waves. A criterion for determining the transition in the impedance behavior from
small M fo large M is presented.

I. INTRODUCTION

The major problem of accelerator physics today is to increase the stored
beam current. This is important for both existing and future high energy accel-
erators, since the rate of events in experiments with high energy particles drops
with the energy £, and increasing the beam current improves the yield.

The current stored in a modern high energy accelerator is limited by col-
lective instabilities {provided, of course, that the single-particle motion is stable,
as is the case for all accelerators). Collective instabilities could arise either from
direct electromagnetic (EM) interaction of particles in the same bunch, or indi-
rectly, since a particle beam in an accelerator generates an electromagnetic field
while passing through discontinuities and variations in the cross-sectional shape
of the vacuum chamber.

Direct interaction between relativistic particles of the same bunch on a
straight trajectory becomes negligible with increasing energy, since the Cou]omb
repulsion between the particles is compensated with an accuracy 1/9® « 1,
v = £/mc?, by their magnetic attraction. All the space-charge effects (such as
the Laslett tune shift [79]), which are dominant at low particle energies, can be
disregarded as ¥ -— oo. The interaction of particles on a bend trajectory com-
prises a very interesting subject [104] but will not be considered here (dee also
Refs. 8, 15, 59, 82, and 98).



Stability of the ultrarelativistic particle motion depends mostly (apart from
the beam-beam interaction) on the interaction of the particle with electromag-
netic wakefields generated in accelerator structures by the particles moving ahead
of it. The wakefields in turn interact with the particles and may cause such collec-
tive effects as single- and multibunch collective instabilities, bunch lengthening,
increase in the bunch energy spread, its emittance growth, etc. [39, 127]. The
" -discussion of the collective effects can be found, for example, in Refs. 16, 17, 54,
and 97. The properties of the wakefields and the methods for their calculation in
the ultrarelativistic limit 4 — oo are the subjects of this paper.

The wakefield can be considered as a linear response of the system to an
‘external excitation produced in our case by a beam current. In general, the
response may be expressed in terms of a Green’s function. However, in most cases
it 1s sufficient to consider the average effect of the accelerator structure: an energy
loss of a particle and a transverse abrupt change in the particle momenta (kick),
which a particle experiences when passing through the structure. Wake functions
describe such average effects of an accelerator structure. They depend both on
the beam current distribution in the bunch and on the properties of the beam
environment.

To find the bunch wake function excited in a given structure by a bunch of
particles, it is helpful first to find the point wake function excited in it by a point
charge. After the point wake function is found, the bunch wake function can be
determined by its convolution with the charge disiribution. Finding the point
wake function requires study of the propagation, diffraction, and interference of
the radiated EM waves.

In general, the point wake function has three components. In what follows,
we distinguish between two types of point wake functions: (1) the longitudinal
point wake function, i.e. its projection on the axis of the structure, and (2) the
transverse point wake function, the two-dimensional vector perpendicular to
the axis of the structure.

The point wake function describes the interaction of a particle with its en-
vironment in the time domain [5]. The same interaction can also be described
in the frequency domain by the Fourier transform of the point wake function—
the coupling impedance [4, 124]. In what {ollows we consider the longitudinal and
transverse impedances.

The range of frequencies w studied here extends up to some high frequency
which is wel]l above the cutoff frequency of the beam pipe of radius a, but is also
such that the corresponding dimensionless wave number is still small compared to
the particle Lorentz factor: 1 « wa/c €« 4. This range is sufficient for studying
the stability of the shortest bunches used in or designed for modern accelerators.
Below the cutoff frequency, impedance is defined by a few eigenmodes and can
easily be found by means of existing numerical codes. For w > cy/a the impedance
falls off exponentially.

From its definition it is clear that the coupling impedance is a property of
the beam environment, but not of the beam itself. This is the main advantage
of the coupling impedance concept. The real (resistive) part of the longitudinal
impedance describes the energy loss. The imaginary part of the impedance is
responsible for an incoherent tune shift and bunch lengthening. If the frequency



shifts of any two low-order synchrotron modes lead to their degeneracy, transverse
mode coupling (also called fast head-tail instability) occurs. Other instabilities,
such as microwave longitudinal instability and transverse fast blowup instability
depend on the absolute value of the impedance. It is worth mentioning that single-
bunch instabilities are due to the high-frequency impedance, whereas multibunch
_ instabilities depend on the low-frequency narrow-band impedance. £

The narrow-band impedance may be described as a sum of narrow reso-
nances. Each resonance is produced by a localized mode whose frequency is below
or not much above the cutoff frequency of openings present in the structure. In
the time domain, this corresponds to a slow-decaying oscillating wake function.
T tha hich fraomnanay rasinn wall b dha ;b o fF foncsiamnrr tha nacanamene Arenw
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lap, producing a smooth frequency dependance of the impedance. In the time
domain, this defines the short-range behavior of the wake function.

The high-frequency impedance describes interactions of particles due to the
presence of abrupt changes of the beam pipe cross section as well as high-frequency
tails of resonant structures such as radio-frequency (rf) cavities, bellows, vac-
uum ports, etc. It is significant if the bunch length is small compared to the
beam pipe radius. Until recently the bunch length in all accelerators was larger
than the beam pipe radius, and consequently the detailed behavior of the high-
frequency impedance was not a major concern. It was usually approximated by
single broad resonance parameters that were estimated from an experiment. This
model of the high-frequency impedance is usually referred to as a broad-band
impedance [55). However, the new generation of accelerators, such as high energy
colliders, synchrotron light sources, storage rings designed to yield large numbers
of mesons (¢ and B-factories), etc., utilizes very short bunches, and therefore the
energy loss is defined largely by the high-frequency impedance. This makes desir-
able a careful analytic analysis of the high-frequency behavior of the longitudinal
impedance [10]. This subject is emphasized here.

This paper is restricted to theoretical methods and results for the impedance,
and does not discuss measurement techniques or purely numerical methods of the
impedance calculations.

The impedance of a given structure can be measured on a test bench either
by using a small dielectric probe and then interpreting the results according to the
Slatter theory [102], or by using a short current pulse sent through a wire [33, 99].
The impedance of the whole accelerator can be estimated from measurements of
bunch lengthening, the coherent tune shifts, etc. Lambertson [77] and Palumbo
and Vaccaro [99] have discussed this subject.

Numerical calculation of the point wake function is not a simple task because
of the singularity of the charge distribution. Numerical methods are more appro-
priate for finding the bunch wake functions for nonsingular charge distributions
{117, 118]. They are also the only methods applicable to complex structures. Nev-
ertheless, such calculations require significant time even with the most advanced
computers.

A more conventional method consists of finding the impedance and using
its inverse Fourier transformation to find the point wake function. Clearly, use of
this method demands knowledge of the impedance up to very high frequencies.



Direct numerical calculation of the impedance similarly faces difficulties from
the enormous number of resonance contributions that should be taken into account
[111], which justifies development of the analytical and semianalytical methods
described here. Such methods not only provide useful formulae for estimating the

irmnadaneca hatt alan sive ingight inta thoe nhvatre Af tha wrlafiald gonerndi
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Whenever possible we check our results by the numeric code TBCI [119],
which allows calculation of the bunch wake functions in the time domain. Another
useful code for this purpose is ABCI [19].

Throughout our discussion we assume that the particle energy is constant
‘and does not change as a result of the radiation in the structure. We also neglect
small oscillations of a particle moving in an accelerator. In other words, we assume
that the vector of the particle velocity v is constant (at least while the particle is
traveling through the structure under consideration) and is directed parallel to the
axis of the structure, which is the z-axis in the coordinate system we have chosen.
The particular case of a beam circulating in a toroidal cavity where {v| = constant
has been considered by Warnock and Morton [114, 115], Ng [86,87], and Ng and
Warnock [88].

We also neglect the resistivity of the metal walls (exception in Section IL.D).
In the ultrarelativistic limit, the resistive corrections are negligibly small and are
outside the scope of this paper. The assumption of superconductivity allows us to
impose simple boundary conditions on the EM field, which substantially simplify
our derivations.

Our main objective is to review the properties of the point wake function
(in the time domain) or, equivalently, the behavior of the coupling impedance (in
the frequency domain). The basic concepts are defined in Section I

In Section 111 several general theorems concerning the impedances are stated.
Here we give the Panofsky-Wenzel [96] relation of the transverse and longitudi-
nal point wake functions, and consequently the relation of the transverse and
longitudinal impedances. We then present the radial dependence of impedance
modes due to Weiland [120]. Two useful results follows: (1) an expression of the
impedance in the high-frequency region in terms of low-frequency eigenmodes,
and (2) a proof of the independence of the impedance from the direction of the
bunch motion along +z.

Section IV is devoted to evaluation of the narrow-band impedance for a step,
a cavity, and a collimator using the field matching technique. A perturbation
method is developed which simplifies calculations, and a hypothesis explaining
the appearance of trapped modes is suggested.

In Section V a simple diffraction approach for evaluating the high-frequency
impedance is developed. For two structures for which exact methods exist and
the impedances are known, this simple approach is shown to give correct results.

In Section VI we present some analytical calculations of the high-frequency
impedance. These can be done only in limited, cylindrically symmetric, simple
cases, such as a cavity or a step in a waveguide cross section. Nevertheless, there
are severa.l reasons to consider these cases analytically.

(1) Analytical considerations improve our understanding of the detaals of
the radiation process.



(2) Analytical results complement the purely numerical results of existing
codes, and provide an answer in parameter regions where existing codes have
difficulties.

(3) Analytical results for a cavity and for a step are interesting in themselves.
Sometimes, other more complicated structures can be considered as combinations
_ of cavities and steps. A good approximation for the coupling impedance of such a
-structure could be a sum of contributions of its parts. Solutions for several inter-
esting structures can be obtained from the two cases studied here. For example,
a cylindrical pipe of radius e ending with an infinite flange is a special case of a
step in a pipe cross section from radius @ to radius b in the limit as b — oc.

- Because of the enormity of the field, we cannot present a comprehensive
description of all the results obtained up to now, nor can we mention all the
relevant papers. Our aim is to provide an introduction to the present status of
the field, with a representive list of references.

II. BASIC DEFINITIONS
A. The longitudinal impedance

The longitudinal point wake function w; is defined as the energy loss A€
of a test particle with charge e, that follows, at a distance 8, a point-like bunch
having total charge ¢ = eN [3, 4]:

A& = equy(s) . (2.1)

If the electric field E excited by the charge ¢ is known, then the point wake
function can be found by integrating the instantaneous work produced by the field
on a trailing ultrarelativistic particle with an offset r:

o

wi(s,r) = -—% / dt v-EBE(z,r,t)izpt-s , v C. (2.2)

-0

Note that the field E(z,r,t) does not include the self-interaction of the particle.
The radiated part of the field satisfies the homogeneous wave equation and the
radiation condition |E| — 0 as z — too [57].

Equations (2.1) and (2.2) can also be derived by considering the energy flow
of the EM field. The field of a particle moving along the axis z of a smooth pipe has
only two nonzero components: the radial electric E, and the azimuthal magnetic
Hy. The energy flow described by the Poynting vector P ~ E x H is directed along
the axis z and remains constant. There is no energy loss in this case. The field of a
particle changes at a discontinuity of the vacuum pipe, causing the energy loss. In
the first approximation, the loss is given by the product of the z component of the
electric field E; at the discontinuity and the unperturbed azimuthal component
Hy. This gives a nonzero radial energy flux, producing Egs. (2.1) and (2.2).

*The dimensions of the longitudinal wake function are V/C (volt per coulomb)
in the MKS system and 1/cm in the CGS system. For this reason we chose not
to call this quantity the wake potential as is usually done. Dimensions of the
longitudinal impedance in these systems are {1 (ohm) in the MKS system and
sec/cm in the CGS system.



In general, the radiated field depends on the transverse offsets of both the
trailing and the leading particles. The dependence on the transverse offset of the
trailing particle r is explicitly indicated in Eq. (2.2).

We define the Fourier harmonic of a function f{¢) by

=

flw) = / dt f(t) et . " @23)

‘The longitudinal impedance Z;{w,r) is defined as a Fourier harmonic of the point
wake function:

Zi{w,r) = % j ds wi(s,r) /v, (2.4)

If the particle velocity has only the longitudinal component v,, the longitudinal
impedance is expressed in terms of the Fourier harmonic of the longitudinal electric

field:

o0
Zg(w,r)z—% f dz E(z,r) e~/ (2.5)

For a single bunch, the energy loss x; per particle averaged over the particle
distribution in the bunch is given by the convolution of the point wake function
with the normalized longitudinal particle density p(s,r), [ ds drp(s,r} = 1:

K = {(wi(s)) = [d’s;dr; dsadry p(s1,r1) p(s2,12) wi(sy — s2,r1,72) . (2.6)

In the case when the transverse dimensions of the bunch are small, p(s,r} can be
approximated by p{s}é(r) and the loss factor is

M= o f d Zy(w) )l . 27)

Here Z){w) = Z1{w,0)} and p(w) is the Fourier harmonic of p(s).
For a particular case of a Gaussian longitudinal distribution of the bunch
density with the rms length ¢

os) = \/‘__ e (2.8)

its Fourier harmonic is real
ﬁ(w) - e—w’o2/2cz ; ) (29)

and there is no need to take the absolute value in Eq. {2.7).

10



For resonant structures such as radio-frequency resonators, cavities, etc., the
impedance has narrow maxima at the resonance frequencies. Hence, the narrow-
band impedance may be represented by the sum of resonances:

1 1
ZVB() = iV ) .
T {w) :?n,\ o T +w+w;+t"y,\ y +(2 10)

where wy, 72, and &), are the frequencies, widths, and loss factors of the Ath reso-
nance, respectively. In the complex w-plane these parameters define the positions
-of the poles and their residues. Equation (2.10) is usually written in the form

NB(y — Aa
27 w) Z‘: LHiQafwa/w ~wfwy) '’

(211)

where ni and v, are related to the shunt impedance R) and the quality factor Q:

w2y o= W)
20, T 2Qa

For example, for the fundamental mode of a typical rf resonator (R/ Q)¢ = 200 2,
and for wy = 500 MHz, the loss factor £ & 0.35 cm™1.* In the time domain, the
point wake function that corresponds to the narrow-band impedance Eq. (2.10) 1s

o = (2.12)

wi{s) = 22.«:5\ cos (wysfv) ewrs/2@v o5 {(2.13)
A

The action of a bunch on a trailing particle at some large distance s is domi-
nated by a few low-frequency higher-order modes (HOM). On the other hand, for
s =101{123],

w(0) = Y ). (2.14)
A

The seeming discrepancy between this formula and Eq. (2.13) is a consequence of
the fundamental theorem of beam loading {123]. The factor 1/2 appears because
a particle is subject to the wake function produced only by the charge preceding
it and hence “feels” on average 1/2 of its own charge. Since there is no EM field
in front of an ultrarelativistic particle, it follows from the causality principle that
wi{s) = 0 for s < 0. The energy loss per particle into a single mode A of an
infinitely short bunch is

A&,
N = e’xl . (2.13)

*Sometimes the loss factor is expressed in units of volts per picocoulomb' (V/pC),
1V/pC=111em™L

11



The loss factor & can be expressed [123] in terms of the eigenfunction E} corre-
sponding to the mode X:

1 _ WP
Ky = Nk (2.16)
] where .
W o= / dzEMz) el (2.17)

and U, is the energy stored in the mode A.

- In practice, the loss factors and the resonance frequencies of the low modes
are found numerically by using a suitable computer code such as URMEL [121],
SUPERFISH [40], AMOS [23] or others for two-dimensional (2-D) structures. For
3-D calculations one can use code MAFIA [74], ARGUS {84] or MAGIC [22].

In the case when the bunch wake functions are excited by a train of equidis-
tant bunches with bunch spacing spg, the interference of the fields excited in the
same structure by different bunches of the train has to be taken into account {124].
The loss factor of a given mode in the limit v — ¢ should be multiplied by a fac-
tor F'(kysp/2Q,,kxsp), where ky = wy/c and @, are the mode wave number and
the quality factor, respectively. The function F of two arguments is

sinhz
F(z,y)

iil

coshz —cosy ~ (2.18)
If Q5 > 1 and the condition for the resonance excitation kysg = 27n, n an
integer, is fulfilled, the loss factor can be substantially enhanced, 1.e.

po i@

27n

(2.19)

Modal analysis is an effective way to calculate the impedance for frequencies
below or comparable to the cutoff frequency w., ~ ¢/a, where a is the beam
pipe radius. For higher frequencies, the density of the resonances increases. In
addition, since such an EM field may propagate in the beam pipe, the widths
of the resonances get large. In this case the impedance as a function of the
frequency becomes extremely complicated. Observable effects though, can always
be described by an expression containing the convolution of the impedance with
the spectral density of the bunch. Hence, only the average impedance plays a role.
Such a high-frequency impedance is a smooth function of the frequency.

B. The transverse impedance

A particle moving in a cylindrically symmetric structure that is uniform in
the longitudinal direction with an offset, generates transverse EM field propagat-
ing with the particle. However, in the ultrarelativistic case, the transverse electric
and magnetic forces cancel each other, and hence the net transverse kick is zero.
Any disruption of the uniformity impairs this balance, and a particle experiences
transverse force that depends on both the bunch and the particle offsets. For a
small magnitude of the bunch offset rq, the transverse EM field is proportional

12



to rg. The dependence on the bunch offset can be removed from all the expres-
sions by dividing them by rg. The conventional definition of the transverse wake
function is done in this way. The price for this is different dimensions of the re-
spective transverse and longitudinal wake functions, loss factors, and impedances.

Correspondingly, the transverse point wake function is defined as the inte-
grated transverse kick caused by the transverse component of the radiated field
"divided by the bunch offset ry:

[+

1 v
wilsx) = —— [ dz (E+ 2 x H)JL (2 ) lemny o - (2.20)
-Q0

The transverse impedance Z (w) is defined as the wth Fourier harmonic of —iw;:

Zy(w,r) = _i f ds wy(s,r) €Y, (2.21)
or, cf. Eq. (2.5),
. Q0
H v .
- x —twz fv
Zi(wr) = ~— [ & (B + " x H‘,,)l e . (2.22)

The transverse loss factor is defined analogously to Eq. (2.7):

wo= () = 5 [l Zuw).- (2.29)
Here Z, (w} = Z, (w,0).

The transverse narrow-band impedance can be represented by a sum over
the pole terms:

zfﬁ(w)=s¥x§( ! ! ) . (2.24)

w—wy + 17 B w+wy + 7
This gives the transverse point wake function

wis) = 22 Ky sin(wysfv) e~“rs/B e 559, {2.25)
A

Similarly to Eq. (2.16) the transverse loss factors x3 can also be expressed [2, 5]

in terms of the eigenfunctions Vj:
L1 ¢ ViViVy

K -
T T

(2.26)
where V; means the derivative over r.

13
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Figure 2.1 Geometry of the waveguide cross-section step and the coordinate sys-
tem: (a) incoming charge, (b) outgoing charge.

C. The loss factor for a step

To illustrate the concept of a longitudinal loss factor, we estimate it here for
a simple example of an abrupt change in the cross section of a circular waveguide
from radius a to radius b (a step); see Fig. 2.1.

We start by considering a particle moving in free space. It is convenient to
direct the z-axis along the particle trajectory. For an ultrarelativistic particle, a
good approximation for the nonzero components of the field in the region r < v/k
is

Euy = & ot (2.27)
- cr

Hyp = 22 gibe (2.28)
cr

The field propagates synchronously with the charge. In the region kr > Sy the
field is exponentially small. The total field energy of the charge is given by

oo oo o cyfr
W = 2r j dt / rdr = (ExH), = ~2nc j rdr / do |Er?.  (2.29)
-—00 8 Fmin 1)
With the field from Eq. (2.27), the integral diverges at small r:
W o i . h (2.30)
Tmin

14



If rmin is the classical electron radius e?/mc?, the energy of the synchronous
component of the field W is of the order of the energy of a particle £&: W ~ £,
and it actually depends on the definition of the electron mass and the charge of a
particle. For a rigid bunch of N particles the contribution of all particles

2q 2 . | . =

2 k{2~ ¥ £

o (E M
ij

can be found by replacing the sum by the integral over the normalized distribution

function p(z):

2Ne
|Eor? = ( ) fdz1 dzy p(z1) p{22) ekm—z) (2.32)
For a Gaussian bunch with rms length o the energy per particle is
2
wo= D¢ 00 (2.33)

\/_0' Tmin

Consider now a particle moving in a circular waveguide of radius a. For
4o > a the energy of the synchronous component of the field moving with the
particle is

Ne? a

In .
v’f—ra Tmin

Suppose now that the particle passes through an abrupt change of the pipe
cross section. Then the change in the energy of the synchronous component of
the field AW is the difference W(a) — W{b}):

2
LN 15

We must distinguish two cases: a particle entering a narrowing pipe (a step-
in) and a particle exiting into a broadening pipe (a step-out). The energy loss in
these two cases is defined by the term AW and the radiated energy A€, qg:

Kl = Afgg— AW, (2.36)

Wie) =

(2.34)

AW =

out Agrcd + AW . (23?)

For the step-in case, the radiation propagates in the direction opposite to
the direction of the partlcle motion. Hence, the interaction of the field with
the particle is small, x| ~ 0. The energy of the radiation is taken out of the
synchronous component "of the field: A&, a = AW. From Eq. (2.37) for the step-
out case, we obtain

2Ne? b
ou, = 2AW = e In . (2.38)

More accurate calculation shows that ! is not exactly zero but has a small nega-
tive value. This corresponds to the gain of energy [14, 67] that can be interpreted
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as the attraction by the image charge. Thus, "iut is less than given by Eq. (2.38).
Nevertheless, the difference is always the constant

ookl = oaw = S b (2.39)
out m \/EG' ’ .
Since below the cutoff frequency of a pipe no radiation occurs, Af,;d =0,
for a long bunch ¢ > a it follows from Egs. (2.36) and (2.37) that &}, = —AW
and «!,, = AW, i.e. the absolute value of the energy loss or gain AW in such
‘a case equals half the value of the energy loss x!, for a step-out. The above

ot
roneidaration for f‘\a energy Inno ig QTL‘P‘\ annlicahls +n tha lanaitndina] imnadancea:
COLSITETauVion 10T tne LIy 35 15 8u50 ADDUICaie WO Wi lvub]uuunllm HNpelance;

see Section IV.C.

K

D. The resistive wall impedance

JUOT .Y W W S U un. SO [N, SV B N, U U, S R
One particular source of the high-frequency 1mpeu4n(.c is the resistivity of

the beam pipe walls. Although the effects of the resistivity in the ultrarelativis-
tic case are small and are neglected here, we present formulae for the point wake
functions and the impedances for comparison with those produced by discontinu-
ities of the waveguide.

The longitudinal point wake function generated by the image current flowing
in the wall of radius e with resistivity o decays asymptotically with the distance
s behind the leading particle as s—3/2 [16, 85]:

3/2
wi(s) = 1 je (%) for s>0. (2.40)

The corresponding resistive impedance per unit length is inductive and increases
with frequency:

Zg w
dra \ 2mop

ZR=(-i) 2 (2.41)

Here Zy = 47 /¢ = 377 ohm.
Similarly, the transverse point wake function decays asymptotically with the

distance s behind the leading particle as s—1/2;
wh = _ z for s> 0. (2.42)
rad OR S

The corresponding resistive impedance per unit length decreases with frequency:

Zh=(1-i) 5 /s

. 2.43
a’ 2r0R W . (249)



1. SOME GENERAL THEOREMS

In this section we discuss several useful general statements regarding the
coupling impedances.

_A. The Panofsky-Wenzel theorem .

The Panofsky-Wenzel theorem [96] gives the relation between the longitudi-
nal and transverse point wake functions: '

Owy(s,r) 1
Js T orp
This relationship follows directly from the definitions of Eqgs. (2.2) and (2.20) and

Maxwell’s equation tkH = V x E, provided that transverse components of the
radiated field are zero at infinity:

Vi ws,r). (3.1}

HmE;(2,r,)=0 as z-— +o0. (3.2)

By applying the Fourier transformation in the longitudinal coordinate s to
both sides of Eq. (3.1), one obtains the expression for the transverse impedance
in terms of the transverse gradient of the longitudinal impedance:

Zu(s,) = o= Vi Zi(sr). (3.3)

B. The radial dependence of the impedance

For cylindrically symmetric structures the radial dependence of the coupling
impedances in the ulirarelativistic case was found explicitly by Weiland [120].
To obtain his result, note that the radiated part of the EM field satisfies the
homogeneous wave equation. For its Fourier harmonic E,, the equation is

VlE,+KE, =0, k= =, (3.4)

c

The synchronous component of the field, i.e. the component whose phase
velocity equals the velocity ¢ of the particle, is then defined as

Ei(r.8) = /dz E.(z,r,9) e~ (3.5)

The boundary conditions for E,(z,r, 8) mix components of Ex(r, #) with different
k. However, for cylindrically symmetric structures, the boundary conditions do
not mix the azimuthal harmonics Ep,, which are the coeflicients in the expansion:

Ex(r,6) = ) En(k,r) ™. (3.6)
Hence, the azimuthal harmonics can be treated independently from each other.
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The equations for the projections of the azimuthal harmonics are easy to
obtain by using Egs. (3.4) and {3.5):

18 8 m? z

( 5T e rz)E’,(,,)(k,r)zo, (3.7)
18 8 (m%1)? |
Gara-T5r) sen =0, &

where E&) = E) £ B, The solutions of Egs. (3.7) and (3.8) which are finite
on the axis r = 0 are

E ) = TE®™, m>0, (3.9)
Dkr) = IQERE, (mx1) 20, (3.10)

where functions Tm)(k) and T (k) are defined by the boundary condition for
Ei(r,8). Under the conditions considered here, the ionglt.udzna.l and transverse

impedances for each mode m can be expressed in term of EE (k r):

(2) (2)
Ly = Enkr) Yo B) m , m20, (3.11)
q q
1 OB (k,r) mY$(k)
o om i) Fml > (3.
Zem > B qk . m>1, 3.12)
. {z) o T2}
Zom = — 2 Em'(kr) _ Mrm—l, m>1. (3.13)
gk r gk

These formulae, which agree with the Panofsky-Wenzel theorem, Eq. (3.3), give
the scaling of the impedance with the offset r of the trailing pa.rtlcle In the
dimensionless form, Zp, ~ (rfa)™ and Zi,, ~ (r/a)™ ! where ¢ is a character-
istic transverse dimension—for example the pipe radius. Usually the transverse
size of the bunch o is much smaller than a {to prevent particle losses, usually
a > (10 to 20)o1 ). Hence, the monopole mode (m = §) dominates the longitud:-
nal impedance, and the dipole mode (m = 1) dominates the transverse impedance.
Higher-order modes m > 2 can dilute the transverse emittance of a bunch. How-
ever, this effect is usually negligible.

From Egs. (3.11) to {8.13), it follows that the longitudinal impedance of the
azimuthally symmetric monopole mode {m = 0) is independent of the coordinate
r. The transverse impedance of this mode is zero. Hence, in this case the longi-
tudinal impedance can be calculated by integrating the field over z at any value
of the coordinate r. In particular, it is convenient to integrate the field along the
pipe wall and its continuation inside the structure. Since the longitudinal field
on the wall is zero, the integration is restricted to the line inside the structure
only. With subsequent rescaling of the respective impedance with the offset r,
this procedure can be applied to any other mode m as well.
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For the dipole mode m = 1 from Eq. {3.12), it follows that

le|r=n
Zy = ol (3.14)
In what follows we consider the longitudinal impedance. The transverse
- impedance can be obtained from it by applying either Eq. (3.14) form = 1, or
the Panoisky-Wenzel theorem for any m.

C. Dispersion relations and the finite frequency sum rule

Several important properties of the impedance can be derived from the an-
alytic continuation of the impedance into the complex w plane. First, the point
wake function is real by definition. Therefore,

Z—w*) = +2}(w), (3.15)

where an asterisk indicates the complex conjugate value. It {ollows from this equa-
tion that Im Z;{0) = 0. [Note that according to the definition of the transverse
impedance Eq. (2.22), Z;(—w*) = —Z_,_( wl}.

Next, causality requires that in the ultrarelativistic limit 4 — oo there is no
field in front of the charge:

w(s) =0 for s<9. (3.16)

Therefore, all the singularities of the impedance must lie in the lower half of
the complex w plane. Provided that Zj{w) tends to zero as jw] — oo, the Cauchy
integral formulae give the following Kramers-Kronig dispersion relations between
Zy(w) and Zy{w), the real and imaginary parts of the longitudinal impedance,
respectively:

Ziw) =2 PV / ”Zz(:;, : (3.17)
2w T Zy{v
Zy{w) = - — PV]dv 1,21_(,3,2 , (3.18)
0

where PV denotes the principal value of the integral. If the impedance tends to a
finite limit as jw| — oo, similar dispersion relations hold for the difference between
the impedances at finite and infinite w. The dispersion relations allow one to find
the impedance by calculating either the real or the imaginary part only.

The dispersion relations can be used to determine the asymptotic behavior
of the impedance from the parameters of its low-frequency resonances [46]. The
derivation of this formula is similar to that of the finite energy sum rule [56).
Analogously, we call this result the finite frequency sum rule.
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Suppose, for example, that the high-frequency tail of the impedance of some
structure decreases with frequency as w=/2, f. Eq. (6.32), and that it can be
expanded for large w into a power series in w™1/? (to the end of Section II1.C, we
restrict frequency w to positive values, w > 0). We know that such asymptotic
behavior has, for example, the 1mpedance of a cavity with side pipes [24 47, 50,

80, 81]. In this case Eq. (3.15) gives .

(1+:)
Vw

.where o and ( are two unknown real constants. We keep here the first few terms
of the impedance expansion.
Consider the difference

Ziw) = o(w™%/%), (3.19)

= all+1i) i
Z = Z —_—— 3.20

@ = 2 - 2D X (3.20)
The function Z(w) decreases asymptotically, at least as w"3{ 2, 1ts real part Z;
satisfies the dispersion relation Eq. (3.17). Its imaginary part Z3 has an additional
pole at w = 0. Hence, the dispersion relation for it must be

Za(w) = PV/d L) (3.21)

NS

To assure the correct asymptotic behavior Zy(w) =~ w=3/2 for |w| — oo, the
following superconvergence relation must hold:

/ dvZi(v) = %C . (3.22)

0

O

Otherwise, Za{w) would fall off as w™!, which is too slow.
Define now a sufficiently large frequency w, such that for any w > w,

Then for any £ > w,, Eq. (3.22) gives

Zdu [z,(u)—%] - fzﬁ[uo(‘:/‘”ﬁ)] , (3.24)

« = ﬁ [fnduzl(y)—’;—c] [1%(\‘/"%)] . (3.25)
0

Note that the right-hand side of this expression is independent of f, since o is a
constant independent of w.

or
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In the region w < ), Zj(w) can be represented as the sum of resonant
terms. Using Eq. (2.10) we obtain

( Y kA -) (3.26)

=

“Equation {3.19) now defines the impedance for all w in terms of the parameters
of several low-frequency resonances:

1 1
ety !
Ziw) = 9@ -w) w;z<:ﬂ " (w —wy + 1t + wtwy+ i‘fl)

+0(w-9)”—2f%{?( Z”*"%)‘ (3.27)

<5}

Here 9(z) is the step function: ¥(z) = 1 for z > 0, and ﬂ(z) 0forz < 0.
The parameters x),w), and 7, can easily be found for any given structure by one
of the existing computer codes, e.g. URMEL. If {1 is large enough, Z;(w) obtained
in this way is independent of the particular choice of (1. The sum

Q) = Y (3.28)

u <l

can be parametrized as

z(n).:-g- 2/ +o( \/ﬁ) (3.29)

from which both unknown parameters a and { can be found.

Figure 3.1 [43] illustrates this procedure. The sum Eq. (3.28} was calculated
with the help of the code URMEL for the CEBAF cavity (the fundamental and
cutoff frequencies are 1.5 GHz and 3.2 GHz, respectively) and is plotted here as a
function of 1. Parametrization by Eq. (3.29) (solid line in Fig. 3.1) gives { = 0 and
shows that a is independent of {2 for §2 larger than, say, twice the cutoff frequency.

D. The directional symmetry of the impedance

The lack of dependence of the impedance on whether the bunch is moving
in the +z or the —z direction is an important feature of an accelerator structure.
Recently Gluckstern and Zotter {29] considered a cylindrically symmetric but lon-
gitudinally asymmetric cavity with side pipes of equal radii. They were able to
prove that for a relativistic particie the longitudinal impedance of a cavity with
arbitrary shape is independent of the direction along the z-axis in which the bunch
travels. Their result corroborates numerical observations of the independence of
the bunch wake function obtained with the code TBCI. Bisognano [11] gives an
elegant proof of the same statement. His approach is based on a reciprocity rela-
tion applied to the tensor Green’s function.

21



! | 1 i L i
3 - —
*
|— #". " — r%
—— +
2 -
G + -
—t L
a |
1 — —
[~ =
0 1, | ! 1 ! !
0 2 4 6
+o ¥2n [GHz] aa7ons

Figure 3.1 The finite frequency sum rule [see Eq. (3.28)]. Crosses represent
results of numerical calculations. The curve is a parametrization by

Eq. (3.29).

We foliow here his idea in a somewhat simpler way [45] to obtain a more
general and physically transparent proof of this property for both longitudinal and
transverse impedances. The result is valid for a cavity with no azimuthal symume-
try, and for arbitrary particle velocity as long as it may be considered constant.
At the same time it is shown that the impedance is directionally symmetric only
if the entrance and exat side beam pipes have the same cross sections.

Consider a cavity of arbitrary configuration and let a bunch travel through
it along the axis z. We attach a subscript, + or -, to all quantities pertaining
to the cases when the bunch travels in the positive or negative direction parallel
to the z axis. To examine both the longitudinal and transverse impedances, we
assume that the bunch trajectory is offset from the axis by a {ransverse vector a.

The current densities have only z-component. The Fourier harmonics are

jors = a8(x—a) expliwz/v), pus = jurt/v, (3.30)
jwr- = —qb(r—a) exp(—iwz[v), pu- = —jus-[v.  (3:31)

Note that
Jo- = =il Pu— = Pug - (3.32)

The fields E., and E_ . excited by such sources satisfy the following wave
equations:

dmiw

2 -
(Vz-i-%) E.,+ = 4xVpuy — 2 | (3.33)
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? dmiw
vis ) Eo- = 47V — 2 jur_ (3.34)

Ew+[tan =0, Ew-]tan =0, - _(33’5)
" “and the radiation conditions for the radiated part of the EM field:

{ EmEP4(z,1, lim(e4aye = 0

as z — too. {3.36)
ﬁmEt.ad(zarst)lt=(z+s_};‘v =9 '

~

The longitudinal impedances Z; and Z_ are, ¢f. Eq. (2.5),

Zi(w,r) = —% / d2Eu(r,z) e %" (3.37)
Z_(w,r) = +§ / dzE.u_(r,z) eti/v, (3.38)
—0C

Let us find out under what conditions the fields E_, and E__ are complex
conjugates of one another. Substituting Eq. (3.32) into Eq. (3.34) and taking its
complex conjugate, we obtain

w? . dmw |
(V2 + ‘67) Eom = 47Vpus = —5 Jut - (3.39)

The boundary conditions shown 1z Eq. (3.35) are also valid for Ej,_. We now
need only one additional assumption, that no incident waves accompany particles

+ and —; then the equations and all the boundary conditions for E},_ and E_ &
are the same, and we may conclude that

E,_=E.:. (3.40)
From the Maxwell equation i{w/c) Hy = V x Ey, it follows that

e = —Ho . (3.41)

We now multiply Eq. (3.33) by E,_ and Eq. (3.34) by E,, subtract the
results, and integrate the difference over the volume of the cavity and the side
pipes bounded by imaginary cross sections at z = +§,£ — 0o. We then obtain
the Lorentz reciprocity theorem {20):

The integration on the right-hand side is performed over the surface enclosing the
volume over which the integration on the left-hand side is performed, i.e. over the
walls of the cavity, the walls of the side pipes, and the bounding cross sections.
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Since the tangential electric field on the walls is zero, it is sufficient to perform

the integration only over these cross sections. The integration over the transverse

coordinates in the left side of Eq. (3.42) is performed easily by using Eq. (3.30).

The remaining integration over z gives the longitudinal impedance, cf. Egs. (3.37)

and (3.38). We obtain the following expression for the difference betweem the
. impedances for two directions of the bunch travel:

T 2
L {7 (01) ~ Zalw,r)] =

| ] dS-[(Ewy xHoe —Eu- x Hoy ) — (Euy x Hye — Eu- x Huy)g], (3.43)

where the subscripts R and L refer to the beam pipe cross section at z = *¢,
respectively. By using Eqs. (3.40) and (3.41) this equation can be rewritten as

T 2
4—cq-[Z_(w,r) — Z(w,r)] =

_/ds " [(EU'I' X H::-[— + E:;-}- X Hw+)R - ( wt X 3 W + E,,,.}. X HW-{-)L} (3.44)

The right-hand side of this equation is real. Hence, the imaginary parts of
the impedances are equal:

ImZy(w,r)=ImZ_(w,r) . (3.45)

The integrals in the right-hand side of Eq. (3.44) have a simple physical
meaning. They give the EM field energy flow through the cross sections of the side
pipes. If these cross sections are far enough from the cavity, then the only part of
the EM field impinging on them is the synchronous component accompanying the
bunch. This is a direct consequence of the radiation condition, Eq. (3.36), which
is assumed to be fulfilled here. For the case when both side pipes have similar
and equal cross sections, the synchronous components of the field at z = oo are
the same. It follows then from Eq. (3.44) that the two longitudinal impedances
are equal. Applying now the Panofsky-Wenze] theorem, Eq. (3.3), we see that the
same is true for the transverse impedances.

However, for unequal or nonsimilar pipe cross sections, the synchronous
components of the two fields are different, even at z = foo. We cannot say
that Eqs. {3.40) and (3.41) are necessarily true. In this case the real parts of the
impedances for two directions may differ by a constant.

In the ultrarelativistic case, 4 -+ oo, for the side pipes with round cross
sections, the difference between the energies of the synchronous components in the
pipes with radii a and b is proportional to the constant In (b/¢) [1], cf. Section I1.C.
Hence, the difference between the real parts of the impedances is proportional to

the same constant. The impedance for such a case is calculated in Section IV.C
[62, 63).
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IV. THE MODAL ANALYSIS OF THE IMPEDANCE

We now turn to the study of the narrow-band impedance given by the sum of
resonant contributions of eigenmeodes, Eqs. (2.13) and (2.14). Effectively, only the
modes that have frequencies below or comparable to the cutoff frequency we o, =
. ¢/a of the beam pipe with radius @ contribute to the narrow-band impedance
[42]. The widths of the resonance peaks above the cutoff frequencies rapidly
become large and their height decreases. The resonance curves overlap, producing
a smooth high-frequency impedance considered in Sections V and VI,

The narrow-band impedance can be found analytically in the case when the
structure may be divided into several parts for which the solutions of the Maxwell
equations are known. The field for the whole structure can then be found by
the field-matching technique [60, 128], i.e. by requiring the field to be continuous
across contiguous regions.

The field-matching technique is described in Section IV.A. With its use,
the exact infinite system of linear equations for unknown coefficients of the field
expansions into eigenmodes is derived. For low-frequency modes, the system of
coupled equations can be solved either by perturbation methods or by series trun-
cation. We demonstrate the method of truncation for a cavity and a collimator
in Section IV.B, and for a step in the waveguide cross section in Section IV.C.
The method of perturbation, applicable for an arbitrary cylindrically symmetric
cavity, is described in Section IV.D. Comparison of the two methods shows good
agreement. In Section IV.E we briefly discuss the problem of trapped modes.

In cases of smoothly varying boundaries, the field-matching technique is
hard to apply. Structures of this type are widely used in accelerators in the
form of bellows. Several methods have been developed for such cases [18, 21,
61, 66, 72, 74-76]. To illustrate an approach for such cases, in Section IV.F we
describe the calculation of the longitudinal narrow-band impedance for bellows
[75]. Calculations of the transverse narrow-band impedance have been published
(72, 76).

A. Field matching

The field-matching technique [60] will be demonstrated for axially symmetric
structures, such as those sketched in Fig. 4.1 for a cavity (a) and a collimator (b).
The symmetry axis is the z-axis. We chose the interfaces to be at z & ¢g/2. The
point charge g is assumed to move on the axis with speed v. The Fourier harmonic
of the current density, ¢f. Eq. (3.30), has only the z-component:

Jwz = qb(r) exp (zkz[B) , (4.1)

where k = w/e, 8 = v/e, and §(r) is Dirac’s radial §-function.

The Fourier components of the solution of the Maxwell equations that satisfy
the boundary condition E,{(z) = 0 on the pipe wall and the radiation condition at
z = oc are known [103]. We denote such a solution for the region z > g/2 by the
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Figure 4.1 Cylindrically symmetric structures of radius b and length g with side
' pipes of radii e; and aj; (a) a cavity, (b) a collimator.

superscript -+ and for the region z < —g/2 by the superscript —. It is convenient
to introduce the following notations:

Q = gk/rxey’g?,
Gi(r,d) = Ki(rr)+ Li{rr) Ko{rd}/Io(rd) , (4.2)

Go(r,d) = Ky(rr) — Iy(rr) Ko(rd)/Iy(7d} , (4.3)

where d stands for ay or a3, and T = k/vB. Ky, K, Iy, and I are modified Bessel
functions of the second and first kind of the zeroth and first order, respectively.
For v >> 1, ¥QG\(d,d) = Z,q/4n?d, where Zy = 377 . With these notations

EZ =~QGi(r,d) exp(ikz/B) —i Y _ By (vn/d)J1(vnr/d)Asn exp(FizAzn) , (4.4)
EZ, = —iQGo(r,d)exp(ikz/B) + > _ By (va/d*)Jo(var/d)exp(izAas) , (4.5)

HE = 4BQG(r, d) exp(ikz/B) — ik Y  BE(va/d)Js(var/d)exp(EizAa,) - (4.6)

Here Jy and Jj are Bessel functions of the first kind of the zeroth and the first
order, and ¥; < v3 < .... < oo are the roots of Jy. The signs of the imaginary
parts of the propagation constants Ag, = 1/k? — v2/d? should be chosen positive:
Im Mg, > 0. Such a choice is defined by the radiation condition, cf. Eq. (3.36).
The first terms in Eqgs. (4.4) to {(4.6) correspond to the synchronous compo-
nent of the EM field. Each term in the sums of these expressions describes either
(a) the nth diffracted wave propagating in the positive z direction, if k > v4/az,
or (b) an evanescent wave, if k£ < v,/a;. Similarly, for the reflected field each
term describes either (a) the nth wave propagating in the negative z direction, if
k > vp/ay, or (b) an evanescent wave, if k < vp/a;. For any given k, there are
finite numbers of propagating waves and an infinite number of evanescent waves.
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We also need to define similar expressions for the region —g/2 < z < ¢/2
with radius b (region 2 in Fig. 4.1):

ES, = 7QGi(r,b) exp (ikz/B) |
— & D (vn/b)1(var [b)Ain [CF explizhpn) — O™ exp(—izden)] 5. (4.7)

ER, = —iQGy(r,b) exp (ikz/B)

+ Y (VE[8) Jo(var/b) [C* explizhin) + C™ exp(—izhsn)],  (4.8)

Hf,a = yBQG1{r,b) exp (tkz/B)

~ ik D (nf) Di(var /) [CF exp(izhen) + C™ exp(—izhin)] . (4.9)

For certainty, the same positive sign is chosen for the propagation constant in
region 2: Im Ap, > 0.

Expansions of the EM field are constructed in such a way as to fulfill the
boundary condition on the wall of the pipe in any region with a constant pipe
radius. Por example, for r = a; and for all z > g/2, E7F(z) = 0. On the other
hand, unknown coefficients B and C% have to be defined by the boundary and
continuity conditions in the planes z = +¢/2 between adjacent cylindrical regions:
(a) the radial component of the electric field on the inner side of the wall should
be equal to zero for all r, and (b) all three components of the field should be
continuous through the opening. '

For example, in the case of a cavity at 2 =g¢g/2 foraz < r < b,

El(r) =0, (4.10)
and for r < ag,

EZ(r) = EL(r), (4.11)

El(r) = EL(r). (4.12)

Analogous expressions can be written for another cavity interface at z =
—g/2, and for a collimator.
Introduce now dimensionless variables:

F o= kb, (4.13)
pi = aifb, 1=1, 2, (4.14)
G = g/2. - . (4.15)

In these variables the propagation constants are
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Aaind = VEZ—2/p?, i=12, (4.16)
Mon = Awb = EE—02. (4.17)

. It is also convenient to redefine the expansion coefficients

xain

fl

za = (inc/26Q) exp [ig(E/B + Aa1n)] By (4.18)
t = (irc/2bQ) exp [-iG(k/B+Xun)] Cr (4.19)
yn = (inc/26Q) exp [ig(k/B — Xsn)l C (4.20)
2 = —(imc/26Q) exp [—ig(k/B — Xa2n)] By (4.21)

The expressions for the field components [63] in the planes z = —g/2 and
z = ¢/2 in these variables are, correspondingly,

Eg, = (2Q/wcb)exp(—irg/B)[(k{2v6%)G1(r, 1)

+ (1/p1)Znznvadr(var/ai)ain) , (4.4a)
ES, = (2Q/ncb)exp(—ik§/B)[(k[2v8°)Ca(r.b)

+ Savali(var /D) hn{tnexpl2ig(k/B+ dsn)] —n}] . (4.80)
ES, = —(2Q/nch)exp(~ikj/B)[(k/27°8°)Go(r, e1)

+ (1/p})Enzarzdo(var/a1)] (4.4b)
ES, = —(2iQ/nch)exp(~ikg/B)[(k/2v"B7)Go(r,b)
+ a2 Jo(var[b}{ta exp2ig(E/B + Mon)] + ¥nl] (4.8)

and i .
E}, = (2Q/ncb)exp(iki/B)[(k/276°)G1(r,a2)

+ (1/pQ)EuZnVnJI(VnTIGZ)xﬂn] s (4.4¢)
El, = (2Q/nch)exp(ikg/B)|(k/2v8*)Gr(r,b)

+ E“vn.}l(vnr/b)xbn{tn - ¥n exp[—?@(fc/ﬁ - :i;m)]}] , (4.8¢)

E}, = —(2iQ/ncb)exp(iki/B)[(k/27*B*)Go(r, a2)

— (1/p3)EazavaJo(var/a)] , (4.44)
EY, = —(2Q/nch)exp(ikg/B)((k/2v*B*)Go(r,b)
+ TovJdo(var/b){tn + yn exp[-23(k/ B + Jsa)}] - (4.84)

These expressions are valid both for a cavity for which p; < 1 and fora collimator
for which p; > 1.
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The unknown coeflicients zy,,yn,ta, and z, are defined by the set of linear
algebraic equations that are obtained by substituting expressions for the field
components into Eqgs. (4.10) to (4.12) for z = g/2, and into similar equations for
the second interface, z = —g/2.

If we introduce a matrix of coefficients -

X! Ty
X2 -
XV = ] = 1, N=1,2314, (4.22)
X3 i
Xt Zn

then the set of equations can be written in a compact form:

INSaANWXY = P, LN=1,2,3,4; ni=1,2,...,00. (423)
Equation (4.23) constitutes an infinite system of linear algebraic equations for
unknown coefficients X¥. The coefficients A%y and tbe right-hand sides P} of
Eq. (4.23) are presented in Table I for a cavity and in Table II for a collimator
[40]. There

Vado(vmp)J1(va)/ (v — p*02) if v # prm ;
$malp) = (4.24)

anlz(vn)/(vn + pvm) if v = prp .
In particular,
Pmn(l} = nmjlz("n)/? .

In a smooth pipe for which p; = p; = 1, all Pi = 0. Since Det|AEfN| # 0,
only the trivial solution X¥ = 0 exists. This means that no radiation occurs in a
smooth pipe.

An equivalent system of equations can also be obtained by matching the
field on the surface r = a [51]. For small openings, matching at z = %g/2 is
preferable because the field in the structure under consideration, in this case, is
close to the field of a pillbox cavity. This type of matching is also the only one
possible when the tubes have different radii. In calculations with equal side-pipe
radii, the two types of matching are in close agreement.

B. The impedance of a cavity and a collimator

Suppose that the coefficients X, defined as the solution of the system
Eq. (4.23), are found. Using definitions Eqs. (4.18) to (4.21), we can mow find
the longitudinal component of the electric field E,(z) from Egs. (4.5) and (4.8).
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TABLE L. Coefficients A%y, and right-hand sides P} of Eq. (4.23) for a cavity.

L
N 1 2 3 4 r
1 203 Aa1nbin(P1) A I3 (V0 Yot —~Xen It (vn)ont Es 0 Jo(upr)/ To(ray v} + (rb)’]
2 vadi ()b —2ptvidu(p)  —2pividn(p)Es 0 —(rb)piids(m)io(ra1) F(ar)/[vf + (ras)’hy
3 0 XonJ(vn )bt E- —indT (vt 2PPAa2081n(p2) Jo(vip2)/ To{raz)leff +(r5)*]
4 0 ~2p3vidu(p2) E- —2P§9'3¢5u1(m) 23 (vn)tn  —(r0)p3n i () lo(Taz) Flaz)/[v] + (1e2)]y
Ey = exp[2i§{x/8 + Xon)], E. = exp|—2i§(x/B ~ Xpn)),

F{a) = Ko(rb)/ Io(rb) — Ko{ra)/lo(ra}, P = a1 /b, pz2 = a2/b, g=g/2.
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TABLE 1l. Coefficients ATy and right-hand sides P} of Eq. (4.23) for a collimator.

L
N 1 2 3 4 Pl
1 Randfnbu 297 Xnbia(pl')  ~207 Aenbtalpi )4 0 ~Jo(vi/p1) fo(ran)lf + (rb)’)
2 7WieulprY) Vi) —vpJ} (va)6n B 0 —(rbyi(v)lo(ray}Fla1)/pllvf -+ (rer )]y
3 0 207 nbialPz VE-  —205 Rendin(P71) ez (vn)bn ~Jo(vi/p2)/ To(raz)lvf + (rb)’)
4 ) ~2 S (v )61 E- —v2 T3 (10 Yo1m ~2p7 vabmi(py") —(r)nJi(wi)o(ra2) Fla2)/p3{vf + (ras)’hy
Ey = exp[2ig(x/8 + Xsn)], E- = exp[~2i§(x/8 — X)),

F(a) = Ko(rb)/Io(rb) ~ Ko(7a)/lo(ra)}, m =a/b, P2 = aafb, g=29/2.




Substituting it into formula Eq. (2.5) and performing the integration in it, we find
Z(k) = = (Zo/%)%n {2a(E/8 ~ Xarn)/[1 + (01/v0)’]

+ ya(k/B+ X) {expl2iG (R — */8)] — 1}/[1 + (vb/va)’]
— ta(k/B = Xs) {expl2ig(h + E/B)] — 1}/11 + (rb/vs)?]
+ za(k/ B + Xaza)/[1 + (raz /pﬂ)ﬂ]} . (4.25)

Quantities k,g, and A are defined in Eqs. (4.13) through (4.17). Formula (4.25)
15 valid for both a cavity and a collimator, if the expansion coefficients 2., ¥y, 5,
and zy in it are understood to be given by the solution of Eq. (4.23) for a cavity
and for a collimator, respectively.

In the ultrarelativistic limit, v — oo, the impedance can be found by inte-
grating the field along any path displaced by r [120], cf. Section HLB:

Z(k) = —(Zo/7) zn{mn(v,.r/al)('é-'jﬂ,,)

+ yaJo(var/b)(k + %) {exp[2iF(% ~ K)] - 1}
— tado(var/b)(k — Xs) {exp[2i5(3s + E)] — 1)

+ znJo(var/az)(k + 'Xm)} : (4.26)

The remarkable feature of this formula is that the right-hand side of it does not
depend on r in spite of its explicit presence there.

In particular, for a cavity with equal side-pipe radii a4, b = pa, a convenient
choice is r = @, since then the regions z > ¢/2 and z < —g/2 do not contribute
to the value of the integral:

Zeas(k) = ~ (Zof) Sudo(vwp) [4(F + %) {expl2iG(% — B)] - 1)

~ ta(F = %) {exp(2ig (% + ) = 1}] - (4.27)

For a collimator a convenient choice is r = b. In this case, the region
—g/2 < z < g/2 does pot contribute to the value of the integral:

Zeatt(k) = —(Zo/7) Enlzado(va/p1)(E = X) + zado(va/p2)(k + M)] . (4.28)

In general, a solution of Eq. (4.23) can be found only numerically. Two
computer codes RCVTY (for the geometry sketched in Fig. 4.1a) and RCLMTR
(for that in Fig. 4.1b) exist for this purpose [63]. Ap approximate solution is found
by truncating the system to a finite size, inverting its matrix and solving for the
coefficients. Such a solution is expected to be valid for modes with wavelengths
larger than the diameter of the opening. For parameter values that are not too
extreme, a matrix size of 20 x 20 is usually sufficient to obtain reasonableaccuracy
for the values of ka in the range 0 < ka £ 3.0. The results are independerit of the
matrix size up to the maximum size of 100 x 100 allowed by the codes.
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Figure 4.2 The real part of the longitudinal impedance of a cavity as a function
of dimensionless parameter ka = aw/c; a = a; = a3, ¢/2b = 0.302,

a/b=0.152.
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Figure 4.3  The same as Fig. 4.2, but for the imaginary part of the impedance.
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The impedance of the same structure was also calculated by Henke [51] who
matched the field on the surface r = a, —¢/2 < z < ¢/2. In Figs. 4.2 and 4.3
[63] we present the real and imaginary parts of the impedance calculated with the
code RCVTY. Good agreement is found with the impedance calculated by Henke
[51] for all frequencies except for a small region around the cutoff frequency of the
pipe ka = 2.405. Other calculations of the narrow-band impedance of“& cavity

“with beam pipes have been published {105, 109, 119, 112, 113].

The dependence of the impedance on the particle energy is illustrated in
Figs. 4.4 and 4.5 [63], where the real and imaginary parts of the longitudinal
‘impedance of a cavity are plotted for several different Lorentz factors y. The
impedance for vy = 100 is indistinguishable from that for v = 0.

I T ] J T 4007 T T T I
400 |- ! 2 - ] I
3
200 - ’ -
— ] K 1 k
=) g r 2 .
- 3
5 200 - 7 o= 4 I\
2 T 0P X = 7
or 1 ~200 - -
5
i 1 1 1 ! . = 1 3 1
2.4 2.6 28 2.4 26 2.8
50 ka = a@/c S508A4 .90 Ka = aw/c 25088
Figure4.4 An illustration of the de- Figure 4.5 The same as Fig. 4.4,
penden:::e of the real part but for the imaginary
of the impedance on «v for part of the impedance.

the same cavity shown in
Fig. 4.2: (1) v = 100,
@)y =10, 3) 7 = 5,
(4)7=2,(8)y=14

To illustrate the behavior of the impedance of a collimator, the real and
imaginary parts of the impedance of a thin collimator for the SLAC geometry are

plotted in Figs. 4.6 and 4.7 {63). The transverse impedance of a cavity has been
calculated {52, 64, 65].
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Figure 4.6 The real part of the longitudinal impedance of a very thin collimator
as a function of dimensionless parameter ka = aw/¢; @ = a3 = ay,
g/2b=10.217, afb = 0.281.
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Figure 4.7  The same as Fig. 4.6, but for the imaginary part of the impedance.
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C. The impedance of a step

Another important case is an infinitely Jong straight pipe with an abrupt
change of its cross section (a step). The coupling impedance of a step for a planar
geometry was considered by Hereward {53]. We give here the calculation of the
coupling impedance of a step in a cylindrical pipe {67, 68]. The geometry and
the coordinate system are sketched in Fig. 2.1. As discussed in Section III:D, one
needs to distinguish two cases when considering a step: a charge coming out of
the bigger pipe of cross section radius ¢ and entering the narrow pipe of cross
section radius b, indicated by subscript in; and a charge exiting from the narrow
pipe and entering the bigger one, indicated by subscript ouf.

Both of these cases are included in the solution derived in the preceeding
section. For example, case in of a charge passing through a decreasing cross section
can be obtained by assuming a; = b (or equivalently, p; = 1), and g = 0, in the
equations describing a collimator. Similarly, case out of a charge passing through
an increasing cross section can be obtained by assuming a; = b (or equivalently,
p1 = 1}, and g = 0, in the same equations,

Using Eq. {4.25) we find that the narrow-band longitudinal coupling

impedance for a charge entering the narrow pipe is

. ——— ZO 1 EY T Y
Zm(k) = "'? ; [:C,,(k - Ac) + z,,(k + Ab)] . (4'29)
For a charge exiting the narrow pipe,
Zz - o~ . o~
Zowlk) = -= [mﬂ(k = %)+ za(k+ 0] - (4.30)
n

Coefficients z, and 2, here are defined by solving an infinite system of linear
algebraic equations which follow from Eq. (4.23) and Tables I and II:

Z [Tlm + 6Im ;\-nf J?(VI)] .9::3 = PI ? (4‘31)
where
P o= ""’(’;‘P) , (4.32)
]
Tim = 4v1p* Jo(vmp) Jo(ip) Z Aon (4.33)
" " (v2 — vZp*) vk - vip?)’

G = —Tm, G = Zm, P = bfa, At = ahar, Ay = bAy; and a = a1, b= a2 for Zia,

b =a;, a = as for Zou.

It is instructive to consider two limiting cases. If there is no step, i.e. & = g,
then P, =0 for all I, z; = 0, 2; = 0 and no radiation occurs. In the opposite
himit, when the pipe is closed, 1.e. b= 0, p =0, one obtains the exact solution

Eﬂ=—

zp =0, 4.34
v3JHvn ) /k%a? - 2 ’ " . (4:34)

which gives the radiation produced in a Faraday cup.
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An approximate solution of Eq. (4.31) has been found numerically by trun-
c_ating its matrix to a finite RiZP, in\_rg}'t.iug it’ and solving for the coefficients, For

¥ & LiLlL VL LU SRAIRE ONL Vil AWFL VEAL W hcesldilua

moderate values of parameters, a 20 x 20 matrix is sufficient to obtain reasonable
accuracy. Since the magnitudes of the coefficients g fall off with increasing m

rather rapidly, the result does not change with larger matrix size. The narrow-
band impedance behavior is illustrated in Figs. 4.8 and 4.9 [67], where 4be real
and imaginary parts of longitudinal impedance are plotted for p = 0.1 as func-
tions of the normalized frequency ka. The resonant character of the impedance is
clearly exhibited.

_ The impedances of narrowing and widening steps are similar except that
the latter is shifted up by a constant. The shift is basically proportional to the
difference between the EM field energies of particles traveling in pipes with radii
a and b. For a narrowing step, the radiated energy is taken out of the excess of
the particle field energy in a wide pipe. As a result, the loss factor is small, cf. the
area under curve 1 in Fig. 4.8. Careful examination shows that the loss factor is
negative, corresponding to the gain of energy. The increase of the particle energy
can be interpreted as a result of acceleration due to attraction by the image charge
in the flange of the step. This effect was also noted by Chan and Schweinfurth
[14]. For a widening pipe, restoration of the particle field takes place. The energy
for this is taken away from the particle energy. Correspondingly, the loss factor is
positive and large, cf. curve 2 in Fig. 4.8.

D. A perturbation method

An approximate solution of Eq. (4.23), obtained by truncation, is discussed
above. Another approximation for the narrow-band impedance of a cavity is
obtained by using a perturbation method {41, 43].

In a cavity with an opening to a waveguide (beam pipe, rf coupler, etc.), a
mode above the cutoff frequency is coupled to modes propagating in the waveg-
uide. This produces a finite width of the corresponding resonance in the narrow-
band impedance (in addition to the width due to the finite wall resistivity). The
narrow-band impedance exists because this coupling is small. A perturbation the-
ory in this small parameter can be developed.

In the zeroth approximation, the field pattern inside the cavity is the same
as that of the closed cavity, and tangential components of the electric field are zero
on the opening. In the first approximation the matching of the normal component
of the electric field defines amplitudes of the longitudinal components of the waves
propagating in the waveguide. The transverse components in the waveguide are
then uniquely defined, which in turn defines the tangential components of the field
on the cavity opening. As a result, the relation between the normal and tangential
components of the field on the opening inside the cavity can be written as

Ern = (n Hoy (4'35)
where the coefficient (n = /1 — (v /kb)? is the eflective surface impedarice of the

opening. For example, the frequency shift of a nth mode caused by the opening
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Figure 4.8 The real part of the longitudinal coupling impedance of a cross-section

step as a function of parameter ka = aw/e¢; b/a = 0.1; the matrix size
is 60 x 60; (1) Re Zin, (2) Re Zous.
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Figure 4.9 The imaginary part of the longitudinal coupling impedance of a step
as & function of parameter ka = aw/c; bfa = 0.1; the matrix size is
60 x 60. The imaginary parts of both Z;, and Z,,; are found to be
equal, in agreement with Eq. (3.45).
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can be calculated by using the well-known result [78] for the frequency shift due
to surface impedance:

_ic_ fdSGH.LP

2 fdS-r(H,|* - |E.[)
The same idea that modes in the cavity with a small opening are almost the
" -same as modes in the closed cavity may be utilized for an effective truncation of
the exact system of equations obtained above. To obtain a set of equations suitable

for the perturbation solution, we exclude coefficients z,, and 2, from Eq. (4.23)
and make the following substitution:

Yo = i(dF +d7) X)) (4.37)

W — Won =

(436)

ta = i(df —d;) et txe) (4.38)

where Xn = gApn/2, With Ay, defined in Eq. (4.17), and g = gk/2. Such substi-
tution corresponds to decomposition of the field into standing waves. Coefficients
d¥ are amplitudes of the longitudinal even (cosine-like} and odd (sine-like) modes.
They satisfy two separate systems of equations:

1 . 1 +
d',i' = o P.sinp+ 5 E Tan d}, coS xm] , (4.39)
s m
and
_ ? 1 _ .
d; = p— P,cosp — 3 g Tonn d, sin xm] . (4.40)

The coefficients Ty, and P, are defined as follows:

4gvl rat Jo(vaa/b) Jo(vma/b)
nm = 5 \T nm > 4.
T = - (b) oD o (4.41)
where
v/ (ka)? — v}
Onm = , 4.42
™= D = (onaftF] BT = el (4.42)
and
Py = (9/2bXn) Jo(vna/8)/2v; J{(va) - (4.43)
For the impedance in terms of d} and d we have
Z
Zw) = - 2 Zﬂ: v2 Jo(vna/b)

The concept of narrow-band impedance presumes that the openings are
small compared to the cavity surface. In this case, the field pattern inside the
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cavity is expected to be perturbed only slightly by the presence of the side tubes,
and to be similar to that of the closed cavity [24]. Therefore, in the vicinity of
the eigenfrequencies of the unperturbed cavity for which

sinxn 0, Xamx n=mr, forneven, (4.45)
X and *
cosxyn 0, Xam®xln=(m+1/2)x, fornodd, (4.46)

only diagonal modes d¥ need be retained in the sums in Eqs. (4.39) and (4.40).
~This gives
& = — aP,:smp , (4.47)
810 Xn + § Tnn €08 Xn

and
tPp cos u

dy (4.48)

COS X — 75 Tan s x,,

Other amplitudes d* where ! # n, describe the mixing of the modes of
a closed cavity and are zero in this a.pproxnma.t:on This approximation can be
refined, however, by substituting Egs. (4 47} and (4.48) into the right-hand side of
Eqgs. (4 39) and (4 .40). This will give d= # 0. Repeating the substitution further
refines the approximation.

Equations (4.47) and (4.48) have the typical resonance structure with width
Ynm and frequency wgm of the resonance given by

4c%y) 4rim?
nm Tﬂﬂ.'} wnm—c b2 +——g.2—

Yam =

449
92wam (4.49)
From this follows the estimate of the external Q-factor: @ = 29nm/wam- The
expression on the right-hand side of the first part of Eq. (4.49) is simply the ratio
of the energy flow Wy, of the mode labeled n,m (which is given by the integral
of the Poynting vector over the cross section of the pipe) to the energy Wy, stored
in this mode:
— W_an
Trm Wom
The loss factor «.,, [cf. Eq. (2.10)] for a mode (n,m) can be found from
Eq. (4.44) and Eqs. (4.47) and (4.48). For a mode x, = mn, it is

(4.50)

16 JE(va/b) Wpmg
fm = 2 = 51
| K.nm g szz( ) I'l % L] (4 5 )

and for a mode x, = {m +1/2)x, it is
16 J3(va/b) Wpm¢
i ] 2 %=

= — . 52
Kvm ¢ Vi) cos” —— . (4.52)
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Figure 4.11
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Figure 4.12
The broadening of the higher
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In calculating the longitudinal impedance, it is instructive to compare two
approximate methods with each other and with purely numerical methods. The
golid line in Fig. 4.10 [43] represents the real part of the longitudinal impedance
Re Z{ka) obtained from Eq. (4.44) by the following procedure. For a given fre-
quency, we find the number ng of the nearest resonance that satisfies Egs. {4.45) or
{4.46): Then we calculate the impedance, retaining in Eq. {4.44) a single term with
the number ng while the coefficients d are defined by Eqs. (4.47) and {4.48). The.
dashed line gives the contribution of the ponresonant modes in some band £An
around the resonance. The parameters used are /b = 0.318 and ¢/2b = 0.600.
Figure 4.11 shows for comparison the real part of the impedance calculated by
truncating the set Eqs. {4.39) and {4.40}. In this example, the width of the band
was An = 10 (in total, 20 eguations were retained). The agreement between the
results shown in Figs. 4.10 and 4.11 could be even better if, instead of one, the two
nearest resonance modes were retained in Eqs. (4.39) and (4.40}. The broadening
of the resonance obtained by the perturbation method for the CEBAF cavity is
illustrated in Fig. 4.12. The real part of the impedance

_ KqTn Kan
Re Z(e)= 2. T torhga 49

is shown here {solid line). The loss parameters %,, and frequencies w, were calcu-
lated with the help of the program URMEL {121]. The widths «, (related to the
external Q-factor) were calculated as defined in Eq. {4.49). The dashed line gives
the impedance calculated with the widths caused by the finite conductivity of the
walls (unloaded Qy).

It is worth mentioning a calculation by Sands {100]—~-closely related to the
subject of the present paper—which gives the low-frequency radiation from a
small hole in a vacuum chamber. Sands’ derivation is based on the perturbative
analytical solution obtained by Bethe {9].

E. Trapped modes

Trapped modes are natrow resonances observed above the cutoff frequency
both in experiments [28] and in numerical calculations [41]. Their field pattern
corresponds to modes localized within a cavity with a relatively large Q-factor. A
trapped mode of the piilbox cavity with side tubes can be seen in Fig. 411 as a
small spike near ke = 4.5. Its amplitude is actually much higher than appears in
Fig. 4.11 if plotted with higher resolution.

Calculations for different tube lengths using URMEL confirmed the existence
of a trapped mode for a cavity with parameters a/b = 0.318, ¢/2b = 0.600. For
the mode with frequency f = 233.3 MHz, which corresponds to ka &= 4.5, the
field outside the cavity goes rapidly to zero, thus conforming to the definition of
trapped modes. The ratio R/ for this mode is unusually small.

The origin of trapped modes is unclear. Several explanations have been
suggested. One maintains that the sharp edges of the cavities can cause multiple
reflection of a wave and, as a result, give a long decay time to the mode. This
explanation seems unsatisfactory, becanse above the cutoff frequency the reflection
rate is relatively small, even for the sharp edges. If the edges are rounded off,
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the reflection rate goes rapidly to zero. The reflection rate becomes exponentially
small when the function describing the edge boundary and its derivatives all are
continuous.

Another hypothesis is that certain modes of a cavity produce waves in the
tube that cancel each other. This assumption is probably also unsatisfactory if
. the modes are to be understood as those of a closed cavity unperturbed by the
beam pipe openings [41]. '

A trapped mode may occur, however, if two degenerate modes of the closed
cavity are mixed by the perturbation due to the pipe openings. One of the mixed
modes may become a trapped mode.

This idea was studied on a mode corresponding to ka = 4.5. The mode
was chosen because at the frequency ka = 4.5 there is only one wave that can
propagate in the tube. This wave is generated mostly by the coupling of the two
degenerate modes in the cavity. The degree of degeneracy of the modes can be
varied by changing the parameters of the cavity. The analytical and numerical
analysis supports the hypothesis of the connection between the mode degeneracy
and the existence of the trapped modes. In particular, with the code URMEL it
is shown that the mode remains trapped in a wide range of the cavity parameters,
provided that the mode degeneracy is maintained.

F. The narrow-band impedance of bellows

Consider axially symmetric and longitudinally smooth periodic variations
of a wall of a waveguide commonly known as bellows. Fig. 4.13 illustrates the
geometry and the coordinate system. In this case application of the field-matching
technique used in previous sections is very difficult. A more appropriate method
for such cases will be described here. In general, all the Fourier harmonics of the
polar angle 8, i.e. modes characterized by the number m, exist. However, our
considerations will be restricted to an axial symmetric mode m = (¢ and only the
longitudinal impedance will be derived. The transverse impedance for the dipole
mode m = 1 has been obtained {72].

r
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Let us assume that the waveguide wall in the plane 8 = consiant is described
by the function

r= rp(2) , (4.54)

which is periodic in z with period L. If the source particle moves along the axis
of the waveguide, ry = 0, only the axial symmetric modes m = 0 are excited. The
series that gives the general solution of the Maxwell equations suitable for this
case is given by Krinsky and Gluckstern [75]. The expansions of the longitudinal
and radial components of the electric field with unknown coefficients B, in the
limit 4 — oo are
. =
39 ks zixpzsL Jolopr/a)
— ¥ ) Bye L (4.55)

ELI’:
Io{ap)

Il

p=-co

(= o)
Eoy = — ¢k (§+ 3 B, ¥ (ko + 2map/L) 5‘-(—“—”"—/-‘-‘-1) (4.56)

Tea Ranll aplo{ay)

where Iy and I; are modified Bessel functions of the first kind of the zeroth and
first order, respectively. The quantity «, is defined by

2rap 2 a
2
apz( T ) +4nkap 7 {4.57)

The expansion coefficients By in this case are defined by the boundary condition
[75]

Euz(re,2) = —Eur(ry, 2)dry fdz {4.58)
which leads to the following infinite set of linear algebraic equations:
> MyB,=N,, n=-00...0, (4.59)
=
where
1 H v dry 2iTnz _
~3 r;,(z)—z; exp{ ~~7— p=90,
an = 2 .
{(EEE) pn+ (2—?-) ka(p + n)](——i—{;iw E(:?)a exp [-——'*-(‘——M nL-—P z]> p¥0,
P
(4.60)
and
__2iza [ a dry(z) Zinnz
Ny = I \n d exp ( T )> . (4.61)

Here the brackets {f) are used to define the value of function f{u) averaged over
its period L. The longitudinal impedance per one period of bellows can be found
by using Eq. (2.5):

Zi(k) = —iZyLBo(k)/ 27 . ' (4.62)

44




The system of Eqs. (4.59) can be solved numerically. The computer code IMPASS
(Impedances of Periodic Axially-Symmetric Smooth Structures [66]) enables one
to calculate coefficients of the field expansions and to find both the longitudinal
and the transverse impedances for rn = 0 and m = 1 in the low-frequency region.
The approach used here is not valid for the high-frequency region, where the
-impedance has a very complicated resonance structure. '
Figure 4.14 [66] presents the coefficient By found with the help of IMPASS
as a function of the normalized frequency ka for three different values of bellows
parameter 2na/ L and for the relative depth of the corrugations d/2a = 0.09. More
“results are given by Kheifets and Zotter [72].

0.6

04

0.2

740 ka = aw /¢ (Y70

Figure4.14 Coefficient By which defines the longitudinal impedance of bellows,
cf. Eq. (4.62), for bellows with the boundary defined by

d¢ 27z

rp(z)=a(l+e+ - cos T)

as a function of parameter ka for three values of the parameter

n=27a/L: (1) n=31.42, (2) #=20.94, (3) 7=12.57. The depth of
corrugations is defined by € = d/2a=0.09.

V. A DIFFRACTION MODEL
FOR THE HIGH-FREQUENCY IMPEDANCE

Here we develop an approximate method that is suitable for studying the
high-frequency behavior of the impedance. The integral equation that is equiv-
alent to Maxwell’s equations is solved by iteration using approximate boundary
conditions [42,89]. This approach is very close to the diffraction models discussed
by Bane and Sands [6,7] and by Palmer [90,92,93).

In Section V.A we define appropriate boundary conditions for the first iter-
ation and study the implication of such a selection for a number of cases. In the
next approximation the field on the boundary is assumed to be the field obtained
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on the previous step. For some structures—such as an array of irises—for which
the interference of waves diffracted on different irises is important, the correct an-
swer may be easily found by such a method (Section V.D). For other structures—
such as a taper—for which no solution is known, the method gives an estimate of
the impedance (Section V.E).

"A. A method of iteration

Consider an arbitrary metal structure with openings. Let its volume be
-bounded by the surface S. The total field inside the volume excited by a relativistic
particle is the sum of its synchronous field and the radiated field E,,H,. The
radiated field satisfies the homogeneous wave equation and its value inside the
volume is defined by the fields on its inner surface [57}:

E, = f dS' [ik(n' x H.) Gx + (0’ -EL)- V'Gx + (0’ x EL) x V'Gi], (5.1)

H, = f dS' {—ik(n' X EL) Gx + (n'-H.) - V'Gi + (0’ x H,) x VGl , (5.2)

where n' is the unit vector normal to the surface pointed inside the volume and
tkR

[
Gk(!’,r‘) = H y

is the Green’s function of the wave equation. It satisfies the equation
(VP4 k) Gr=-6(r—1').

In Eqgs. (5.1} and (5.2) the derivatives in expression V' G are taken with respect
tor,
For £ > 0 the function can also be represented in the equivalent form

R=r—r|=(z—2V+r2 41" 2-2rr" cos8, {53)

Gulrr') = o= [ dp €7 Guofryr), (5.4)
where
. S o AmJm(fr) Hg)(ﬂr’) cos mé for ' >r,
Giplr,r') = { (5.5)
Sooes AmJm () H,g)(ﬂr) cos mf for P <r.

Here A = 1 for m =0, A, = 2 for all other m, and J, and H,(,f) are the Bessel
and the Hankel functions of order m, respectively. Function §¥{k,p) has a cut
along the negative axis in the plane of its argument p. We define it as

Q=k?-p2+4+2ke, £—0.
{1)

Corresi)ondingly, functions Hy,’ of the purely imaginary argument ¢z are ‘defined
as H,(,E (iz) = 2(——£)m+le(z)/7r [38]. For k& < 0, G; is defined by G = G:-k'
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Consider now the azimuthally symmetric structure with a particle traveling
along its z axis with the velocity of light. Let the metal wall of the pipe be
described by r = r3(2). In this case it is sufficient to consider only the monopole
modes m = {. The method can also be extended to a general case m # 0.

The system of integral equations {5.1) and (5.2) can be solved approximately
- _by the method of iteration. The field on the boundaa'y chosen on the first iferation
defines the field on all the successive steps. The choice of the field for the first
iteration is crucial for the convergence of the solution.

To define the field on the surface of a pipe of arbitrary shape, let us first
“consider the sitvation in a straight pipe, ry = a = constant. The EM field is the
sum of the field of the particle in free space and the field of the image current in

the wall {or the induced field). In the ultrarelativistic case, the electric field of
a particle EE,O) has a large radial component (i.e. normal to the beam pipe wall)
and a small longitudinal (tangential) component. The longitudinal component
induces an image current in the wall. Since the image current has only a tangential
component, it produces only a small tangential component of the induced field

EE,I ), which compensates for the tangential co E)onent of the particle field. The
normal component of the induced electric field E, ) and the tangential (azimuthal)

component of the induced magnetic field H, t) are zero on the pipe wall.

We now conjecture that in the high-frequency limit in the first approximation
the boundary conditions for the radiated field in a pipe with a variable shape r =
rp(z) are locally similar to those for a smooth pipe a = constant. The necessary
condition for this assumption to be valid is that the length L of variation of the
pipe shape, dry/dz ~ a/L, has to be large compared to the typical wavelength A:

L>1/k.

In other words, the assumption is that in the high-frequency limit in the first
approximation the boundary condition for the normal component of the mdiated
electric field is zero on any conductive boundary, as it is for a smooth pipe, i.e.

ES)=0 for r=0a(z-0). (5.6)

At the same time, the sum of the tangential component of the synchronous field

of a particle Eff,’ and the tangential component of the radiated field Et(:,) on the
metallic surface has to be zero:

Eﬁ) = —E,(f,) for r=0a(z—-0). (5.7)

Hence, the components of the radiated field on the conductive boundaries are

Eﬁ}} = —E‘(S) sina , (3,,) = —E(f,) cosa , (5.8)
where
E(O) EY sina+ EY cose . (5.9)

Here EX0 is given in Eq. (2.27) and Eg?,,) 2 0. The angle a = a{z} is defined by
tan a = dry(z)/dz.
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The magnetic field in the azimuthally symmetric case has only an azimuthal
component Hy,. It can be shown [42] that from Eq. (5.6) follows

H(l) 0 for r=a(z-0). - (5.10)

. The radiated field on the cross sections z = 0 and z = ¢ is the same as
“that in a straight pipe. This means that for the azimuthally symmetric mode
m = 0, the radiated field is zero. Equations (5.8) and (5.10) specify the field on
the boundary for the first iteration.
Equation (5.1) together with the radiation condition at infinity gives the

component E inside the pipe as the surface integral over the metallic walls of
the pipe:

EY = j ds' % EQG Y. (5.11)

For a smooth pipe rp{z) = @, dS = 27adz, and E( ) is defined in Eq. (5.9).
In this case Eq. {5.11) gives

E,E’) qu'r

I(rr) Ko{ra)e**, fB=1, (5.12)
which agrees with the exact solution for a straight pipe given by the first term in
Eq. (4.5). Note that in this approximation Ip(ra) ~ 1.

Equation {5.1) may be used to find the radiated field in a cavity iteratively.
The field in the cavity found in the first approximation defines the radiated field
on the boundaries, including beam pipe openings. It may be taken as the value of
the field on the boundary for the next iteration. The series obtained in this way
are analogous to the Born’s series of scattering theory. The expansion parameter
of the series is the ratio of the amplitude of the tangential component of the
radiated field E,m to the amplitude of the tangential component of the particle
field in Eq. {2.27). Note that the first approximation allows one to estimate this
parameter and find the amplitude of the diffracted waves in the side pipes.

This method is next used to evaluate the impedance of a pillbox cavity with
side pipes.

B. A diffraction model! for a cavity

Consider a pilibox cavity of length g, and radius b, with side pipes of
radius a. The surface integral Eq. (5.1) for this geometry is the sum of two inte-
grals. The first integral, and the main contribution to the sum, is over the sides
of the cavity at 2 = 0 and z = g for e < r < b. This is given by Eq. (5.11) with

E(o) defined in Eq. (2 27). The second integral is over the cylindrical wall r = bfor
0 < z < g, which gives a negligibly small contribution of order {1/7)%: Similar
considerations are used by Gluckstern and Neri [34-36] to obtain the narrow-band
longitudinal impedance above the cutoff frequency of the beam pipe.
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For the region 0 < r < a,
EX(r,2) = 5 / dp €% (1 - %29 gyar) (HM@8) - BHP(Qa)] . (5.13)

- This expression gives the first approximation for the diffracted field inside the cav-
ity. Hence, to find the impedance as defined in Eq. (2.5}, we have to choose the
path of integration along the beam pipe wall r = g in accordance with the discus-
sion in Section IIL.B {120]. Since on the pipe wall cutside the cavity E,.(a,2z) = 0,
the range of integration in Eq. (2.5) is 0 < z < g. For k > 0, we therefore have

z;(:c)=-2z—:’r / ;‘-"Lp—p Jo(9a) [H) (@) ~ BP0 502 (k—p) . (5.19)

An estimate of the integral in Eq. {5.14) is obtained by Heifets [46]. For the
region of parameters where g € ka? (a cavity regime), it reproduces the Lawson-
Ddme formula {24,80}):

. Z
Zea(k) = (1 +4) 57% -}:’? . (5.15)

For the region of parameters where ka®? <« g <« kb?, there is a transition regime

Zglng

Ztrans(k) = 5; 'E'z‘ ’

(5.16)
and for the region of parameters where g > k¥, one obtains the impedance of
a step found by Balakin and Novokhatski {1] and independently by Kheifets {63],
cf. Eq. (6.79):
Zz
Zs(k) = }2 ln -. (5.17)

The difference between the impedances of a cavity, Eq. {5.15), and a step,
Eg. {5.17), corresponds to different diffraction regimes. For g < ka? the transverse
dimension of the area illuminated by the diffracted wave increases with z as r ~
v/ 22k, which characterizes Fresnel diffraction. For larger ¢ for which r ~ z/ka,
Fraunhofer diffraction occurs.

The real part Re Zj(k) of Eq. (5.14) is produced by the values p in the range
—k<p<k:

Re Zy(k) = ] kd‘*' Jo(9a) [o(62e) - Jo(@)] sin? £ (k=) (5.18)

The results of the numerical integration of Eq. (5.18) are shown id Fig. 5.1
{42], together with the estimate, Egs. (5.15) and (5.17). According to these calcu-
g
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lations, the transition from the cavity to the step regime occurs for values of the
cavity parameters such that

=—39

7= 76— o) =B (5.19)

Let us now evaluate the radial component of the radiated field E‘P). It can

be derived from Eq. (5.1}, where the surface integral has to be taken over the

surfaces z = § and z = g, for @ < r < b. In the high-frequency region ka > 1,
neglecting terms of order of 1/ka, we obtain

2
() = '2% ; z — zy) explikz,)
2x
explikRq{a)] expik R, ()]
* /dg[(a—rcose) Rafa) = (b=rcosh) Rn(b)] 020

where R2(z) = r? 4+ 2% — 2rzcosf + (z — 2,)%, n = 1, 2, and the summation is
performed over two waves radiated from the surfaces z; = 0 and 2z = ¢g. It is
easy to see that the wave radiated from the surface z = 0 does not contribute to

(1) at z = 0. Only the wave scattered from the other surface changes the field in
the next approximation. This is similar to the situation in scattering theory. The
phase of this wave is proportional to the wave vector k and is large for kg > 1,
giving, on average, a small correction. E( )(r,z) has a singularity (r — a)™/? at
r = a as is well known [108]. Note that, at least in this approximation, similar

singularity appears also at r = b. These singularities leave the field energy finite.
They are not essential in evaluating the integral in Eq. (5.1).
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C. Loss factors in the diffraction model

The total impedance of the accelerator vacuum chamber is usually approxi-
mated by the sum of the impedances of its elements. This is equivalent to calcu-
lating the impedance of a given element while neglecting the diffracted EM field

.arising from all the other elements. In general this is incorrect. The interference
of the EM field generated on different elements can be important. This will be
illustrated below for an array of cavities. But, even neglecting the interference,
the estimate of the impedance of a given element is not a simple task, especially
for the high-frequency impedance.

Fortunately, in most cases an element can be represented either as a pillbox
cavity with the beam pipes or as an abrupt change of the beam pipe radius. The
second structure (a step) can be considered as a very long cavity. The estimates of
the impedances for these two types of structures [12] according to the diffraction
mode] discussed above give the correct dependence on all the physical parameters.
This was verified by numerical calculations using the code TBCI over a wide range
of parameters. The results are also valid for a very short bunch where direct
numerical calculations require too much computing time and computer memory.

The high-frequency longitudinal impedance of a pillbox cavity with gap g,
radius b, and side pipes of radii e, which is valid for ka 3> 1, is given by Eq. (5.15).
The impedance falls off as k~1/2 in agreement with the results of Lawson {80, 81]
and Dome [24]. For a short Gaussian bunch, for which o <« a, this high-frequency
tail of the impedance gives the main contribution to the energy loss for a cavity:

xfm(a)=-l—‘%—£él :;a, %ﬁi—):l.m. (5.21)

Equation (5.21) has been checked by TBCI calculations for three different
sets of parameters of CEBAF rf structures: (a) the fundamental power coupler,
a=35¢cm, g =25 cm, b= 55 cm; (b) the higher-order mode coupler, a =
3.75 cm, g = 3.75 cm, b = 5.5 cm; and (c) the gate valve a = 1.75 cm, ¢ = 2 cm,
b = 3.5 cm. The rms length of the bunch o was varied over the range 0.75 to
1.5 mm. The observed agreement is within 10%; see Fig. 5.2 [12].

The transverse impedance can be estimated from the longitudinal impedance
of the dipole mode by using the Panofsky-Wenzel theorem (see Section IILA). The
estimate for the transverse loss factor is

V797 (5.22)

1
Keav(0) = =

This formula also agrees well with the results obtained by the code TBCI; see

Fig. 5.3 {12]. For a very long cavity (a step), Eq. {5.21) is not applicable. The
longitudinal impedance of a step is given by Eq. (5.17). Note that the frequency-
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Figure 5.2 The longitudinal loss factor as a function of the rms bunch length;
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Figure 5.3 The transverse loss factor (kick) as a function of the rms bunch length;
ga=35cm, b=55cm, g=2.5cm.

independent impedance corresponds to a point wake function which is proportional
to a § function. The longitudinal loss factor for a step 1s
2 b
!
= ln—. 5.23

Whio) = 7= Ing (523)
The exact expression for the transverse loss factor of a step is unknown. Bisognano
et al. [12] obtained the following estimate:

b b

2 T
Ké'(d) = -'-\/'-_7;"-2-5 In; 1B ‘a“ . (524)
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These formulae contain both radii ¢ and b, in contrast to Egs. (5.15) and (5.21)
for a short cavity. The regime of the cavity differs from the regime of the step in
that in the second case the signal from the outer wall of the cavity has enough
time to reach a bunch traveling inside it, thus probing the outer radius of the
cavity. If the parameter 5 {cf. Eq. (5.19)] for k ~ 1/c

i 290
"= -ap

is small, n & 1, the formulae for a cavity are valid. In the opposite case, when
7 3> 1, the regime of a step is fulfilled. This is illustrated in Fig. 5.4 {12}, which
gshows the dependence of the longitudinal loss factor x; on the radius & of the
cavity. The longitudinal and transverse loss factors, as functions of the rms bunch
length o, are plotted in Figs. 5.5 and 5.6. In all cases the agreement of the
estimates with numerical calculations is quite good. Egs. (5.21} to (5.25) are
convenient for a fast and reasonably accurate estimate of the impedance budget of
an accelerator. However, Eq. (5.24) should be considered as an empirical estimate.

" (5.25)

D. A periodic array

The EM waves generated in one element of an accelerator propagate into the
elements downstream of the system. There the waves interfere with the locally
radiated field. Even if the impedance of each element assumed to be mutually
independent is known, finding the impedance for the whole system is, in general,
nontrivial.

In the high-frequency region, the previously described method of iteration is
applicable. As an example of its application, we consider here a periodic structure.
For an array of cavities with a large number of cavities, the interference can
drastically change the impedance. Another example where the interference is
important (two adjacent cavities) is considered by Heifets [42].

Let us consider an rf structure of a linear accelerator. It can be approximated
by a periodic array of cavities built of irises in a waveguide. The irises, having
equal round beam holes of radius @, are separated by a distance L. In the high
energy accelerator the signal reflected from the outer cavity wall does not reach the
bunch moving with the velocity of light along the accelerator axis. For simplicity
we therefore assume the outer radius to be infinitely large.

The radial component of the radiated field at location 2z of the accelerator,
to good approximation, is the sum of the field Eq. (2.27) and a field of unknown
amplitude f(k,r) diffracted on the upstream irises:

Egl)(z,r) = -?c% e*/8 9(r —a) + gc‘l flk,r) €% 9a—r). (5.26)

Here ¥(z) is a step function. We use this expression as the zeroth approximation
for E; in Eq. (5.1). For the longitudinal field between the irises, 0 < z < L,
Eq. (5.1) yields

B0er) = 5t [ dpe [1= ] [ar o' - )= ) =)
J, J
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Figure 5.4
The longitudinal loss factor as a
function of b; a = 0.25 m, ¢ =

6.0 m, o = 0.06 m.

Figure 5.5
The longitudinal loss factor as a
function of ¢; ¢ = 1.5 m, b =
20m, ¢ =200 m.

Figure 5.6
The transverse loss factor as a
function of 0; ¢ = 1.5 m, b =
20m,g=200m



—‘?—, [Ju(nr) HO @) 9" — r) + Jo(r') HV () t?(r-—r')] . (5.27)

]

by ]

where = 4/k% — p?. The impedance per cell is

£ =

- / £ sin® 5 (k- p) u(0) B(0) 1+ of(,0)

N

Zi(k) =

o]

-§f Ty S’ 5 (k=) H'(R0) f dr' (') o f(k,r') . (5.26)

-0

The first term here is the same as that for a single cavity, as given by Eq. (5.14),
except for the additional factor [1 + af(k,a)]. We will see that this factor is of
order 1/k. The second term in Eq. (5.28) is small. Hence, the high-frequency
impedance of a periodic array becomes Zi{k) « k%2,

The equation defining function f(k,r) can be obtained from the condition
of periodicity for the radial component of the field E,,(z,r). The expression for

EX(z,r) can be found from the equation V- E = 0 and Eq. (5.27). At z = L
this yields

EQ(L,r) = -4 ] pdp e ] dr' [9(r' — a) — 7' f(') ¥(a — +')]
—_ 0

x [J,(Qr) HO @Y 90 - 1) + H(Qr) BV (Qr) 8(r - r')] . (5.29)

For f(k,r) we thus obtain the following integral equation:

flk,r)=98(r) + /r'dr' ¥(r',r) flk,r) + /r’dr' O(r,r') f(k,r), (5.30)
0 r
where
no L i —i(k-p)L 1)/
¥(r,r') = 7 / pdp e Ji(@r) H/(Qr) (5.31)
and
b
d(r) = -—/dr' W(r,r') . (5.32)

Note that f(k,0) =0.
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Function ¥(r,r') describes the Fresnel diffraction on a circular hole. An
estimate of the integral in Eq. (5.31) in the diffraction zoner ~ a, r'—r > /2L /k
gives "

! o~ # — k {...k_ — e . ¥ = T
Uir,r') > Yy(r,r) = 5T P15 (r—1r") e (5.33)

Equation (5.30) in this approximation simplifies to

flk,r) = So(r) + / Fdr Wolr, ') (k') (5.34)
6
where
bo(r) =~ :%L- air To{r,a) for a—r > +\/2L/k. {5.35)

Function ®p(r), describing the diffraction on a single iris, rapidly oscillates for
(a — 7} > /2L [k, and in this region is negligibly small. A solution of Eq. (5.34)
can be found by an iterative procedure in which the solution f, on the nth step is
found by substituting fo—1 for f(k,r) (with fi = ®p) in the integrand of Eq. (5.34).
Subsequent iterations take into account the diffraction from the consecutive irises
of the array. The iterative solution on the nth step is

ik
falk,r) o exP{m (’”‘-‘1)2} - (5.36)

This function has a width that increases with n as {(a — r) ~ /(2L/k)(n + 1).
Its amplitude decreases rapidly when the width becomes of the order of ¢, 1e.
for n > M 2 ka®/L. Palmer {91] noted that M defines the minimal number of
cavities sufficient for the impedance of a finite array to be approximated by the
impedance of an infinife periodic structure. We discuss this in more detail in
Section VL

Function ¥p(r,r') has a sharp peak as a function of r — r'. In the limit as
k — oo it can be approximated by the é function:

lim oo o(r, ') = % 8(r—1'). (5.37)

The solution of Eq. {5.34) in this limit is f(o0,¢) = ~1/a. For finite but large
k> L/a?, we have | +af(k,a) ~ (1/k), see Eq. (5.41) below. The amplitude of
the radiated field f(k,r) at the iris increases from f=0atr =0to f = —1/a at
r = a, and then decreases as —1/r for r > a. Recall that for a single cavity ES,.}
has a discontinuity at r = @, changing from zero to —1/a. The continuity of the
function f{k,r} and, correspondingly, of the radiated field E‘E,I, at thepoint r =a¢
arises from the interference of the diffracted waves in the periodic structure. This
is the reason that the asymptotic frequency dependence of the impedance for a
single cavity differs from that of a periodic array of cavities.
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To solve Eq. (5.34) numerically, it is convenient to introduce a new function,
F(a — r), defined by

d
p rflk,ry=-AFla-1), {(5.38)

_ where T
A=1+af(k,a). (5.39)
The function F(a — r) satisfies the integral equation

F(a —r) = y/ra Yp(a,r) +/dr' Fla = ') Vre' Uo(r, e, (5.40)
0

with Wo(r,r") defined in Eq. (5.33). Equation (5.40) was sclved numerically for
different wave numbers k. The typical behavior of function r f(k,r) is shown in
Fig. 5.7 [42]. The parameter A(k) has been found from these calculations; its
dependence on ka?/2L is shown in Fig. 5.8. It wobbles around [42]

4zl
Am—— . (5.41)
Function F(a — r) oscillates rapidly (see Fig. 5.9); therefore, the last term
in Eq. {5.30) is small. The remaining term has the same structure as that for a
single cavity, but has an additional factor A o 1/k. Hence, the impedance of the
periodic array decreases with the wave number as £73/2, For the real part of the
impedance we obtain

9 L \3/?
Re Z(k) = Zy 7_;1_— (Ea—?) , (5.42)
while the same quantity decreases as k~1/2 for a single cavity. The same depen-
dence on k, i.e. Re Z(k) x k~3/2, was obtained in the optical resonator model

[13, 58, 101, 106]. A more rigorous analytical derivation of these results is given
in Section VI.D.

E. A taper

Consider a gradual transition—a taper—between two cross sections of the
beam pipe from a smaller radius a to a larger radius b. In such a case the energy
loss of a bunch is expected to be smaller than it would be while passing through
a step. Until recently, no analytic methods for evaluating the effects of a taper
were available. Here we use the method of iteration to estimate the effect of a
linear taper, i.e. a taper in which the slope of the wall is constant. For short
bunches, o € a < b, the energy loss is dominated by the high-frequency modes

kb > ka »» 1. This allows one to estimate the loss and the impedance using
Eq. (5.11).
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Figure 5.7
Function r f{k,r) (see text).

Figure 5.8
Parameter A~! as a function
of ka? /2L (see text).

Figure 5.9
Function aF(a—r) (see text).



Let us characterize the taper by an angle a at which the taper wall is inclined
to the axis 2: cot & = ¢1/(b—a), where g; is the length of the taper. For a step we
have g; = 0 and @ = 7/2. On the basis of the previous discussion, we expect the
main contribution to the impedance to come from the waves with large k diffracted
at small angles. The taper may be expected to reduce the impedance or the loss

- factor of the transition effectively, i its angle is comparable to or smaller than the
Fresnel diffraction angle.

As shown below, for a bunch of rms length o, the loss factor decreases with
“increasing taper length g; until it reaches a minimal value at g, ~ (b — 2)?/o,
and it remains constant with further increases of g;. A short taper, for which
q10/2(b— a)? € 1, is not effective in reducing the energy loss.

Consider a cylindrical cavity of total length g with slanted side walls com-
prising two symmetrical tapers of length g; on both sides. The symmetry of the
cavity significantly simplifies calculations. We follow here the considerations given
by Heifets [42]. Equation (5.11) for such a cavity gives:

b oo

E,E,?(r,z) = %/dr' ] dp &P* [ exp{i(k — p)(+' — a) cot a}
-0

aHM ()

— exp{i(k — p)[g — (r' — a)cot a]}] Jo(f2r) o

(5.43)
Here @ = \/k? — p? and cota = ¢1/(b—a). The two terms in Eq. (5.43) describe
the waves generated at the two tapers: the taper-out at z = 0 and the taper-in
at z = g. For g1 = 0 Eq. (5.43) becomes Eq. (5.13). The longitudinal impedance
of a taper-out can be obtained by integrating the first term over z in the interval
0 < z < L and considering the limit L — oo. A taper-in is considered in a similar
way. This gives

Z(w) = Jim (— %) [ 72 Ja(9a) 1 - exp{Filk - p)L]

= , (5.44)

b
X fdr' exp{zi(k — p)(r' — a) cot a}

where the signs X correspond to a taper-out and a taper-in. In the limit L — oo,

1 ; 1 T
im —— [ =PRI — _—_ 4 -
nggo py 1—e ] P +irb(k—p). (5.45)
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Hence, the impedance is

o (5.46)

b
X fdr' exp{xi(k — p)(r' — a) cot a}

The first term corresponds to the difference in the field energies of a particle
in beam pipes of different radii. It is independent of the angle . The real part of
the second term describes the loss to the radiation, which is the same for a taper-
out and a taper-in. The sum of the impedances of two tapers gives the impedance
of the long tapered cavity; for & = 0, it gives Eq. (5.14). The difference between
the losses for two tapers with the same angle « is independent of a:

2 b

Kl — K, = - 1nE . (5.47)

This was noted in numerical simulations [14]. As shown by Heifets [41], a sub-

stantial contribution for a step is given by the region of variable p, for which
1/b <« 2 < 1/a. Hence, if

b—a
2ka? ’
the exponent in Eq. {5.46) may be replaced by unity and the impedance of a

taper is the same as the impedance of a step. In the opposite case of small a, the
exponent oscillates rapidly unless

(k—p)r' —a) cota <« 1. (5.49)

tana >

(5.48)

Restricting the area of integration by this condition, we obtain for the real part
of the impedance

Re Z(w) = Re Zg(w) - AZy{w) , (5.50)

where Zg is the impedance of a step, Eq. (5.17), and the correction term is

AZ = ‘212 / ld_”z Jo(kay/1 — ) [Jo(krm\/l —22) — Jy(kb —32)] .

(5.51)

Here,
tan o
(b—a)

To estimate the integral, we note that AZ; may be large only if the a.rgu;nent of
the Bessel function in the integrand ¢ = krp,v/1 — 22 is small within the range

*m=G+xp, To= T {5.52)
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of integration. This is possible only if katana < 1. If this condition is fulfilled,
the correction term is

i 1
AZ; = p lnE , | (5.53)
where €
afb if kbtana<l ,
¢ = (5.54)
2ka tan o if 2kb tana>1 .

N The loss factor for a taper may be obtained by the convolution of Eq. {5.50)
with the bunch distribution of rms length ¢. In the case b 3 @, the correction
term to the loss factor is

—-.2% cota, if taneP»oja ,

1

Ak =
'—m 11'12' if tana(a/b .

(5.55)

Thus, the energy loss for a taper-out may be smaller than that for a step-out
(e = 7/2) maximum by a factor of two, even if the angle o is very small [42, 126].
For a long cavity tapered symmetrically from both ends, the correction Eq. (5.55)
doubles, which, for a sufficiently small angle, tan o € o /b, reduces the loss for a
cavity to zero.

The dependence of the longitudinal loss factor of a one-sided taper on its
angle can be approximated by

2 b

i /3!

— _ 12 = .56
Ko = T ( 2 ) ln—, (5.56)
where 17 = min(1.0, n), and

no
n = G—ap " (5.57)

For 91 > 1, the loss factor of a taper reaches half the value of the loss factor for a
step, and it remains constant with further increase of n).

The results of Eq. {5.56) are compared with calculations by code TBCI in
Fig. 5.10 [44] for a cavity tapered from one side, of length g/a = 115, where
a =1 cm. The bunch length is assumed to be o/a = 0.3. Curves are plotted for
the ratios /a = 4.0 and bfe = 2.0. The two sets of results are in reasonably good
agreement.

For a symmetric taper, %; /2 should be replaced by mi:

2 ~ b
Ky = s (1-m) In e (5.58)
A long symmetric taper reduces losses to zero.
The lack of dependence of the losses on the direction of beam propagation
is also confirmed in these calculations.
A quite different approach to the problem of a taper was recently developed
by Yokoya [125].
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Figure 5.10 The longitudinal loss factor of a taper as a function of taper length
qifa;ea=1cm,a/a=023.

VI. ANALYTICAL RESULTS FOR THE HIGH-FREQUENCY
IMPEDANCE

When the structure under consideration can be separated into simple parts
for which the solutions of the Maxwell equations are known or can be found, a
natural method for obtaining the solution for the whole structure is the field-
matching technique. The application of this method for calculating the narrow-
band impedance is discussed in Section IV.A.

Here we use this method to derive arn exact system of equations suitable
for the high-frequency region. Ar approximate solution of the system is ob-
tained for several simple cylindrically symmetric structures. The high-frequency
impedance is found for a step, for a cavity, and for a periodic array of a finite num-
ber of cavities. It is shown that the observed transition from one regime (charac-
teristic of a single cavity} to another regime (appropriate for an infinite periodic
structure) can be explained by the interference of the EM waves diffracted from
different cavities. The criterion governing such a transition is given. The results
agree with the results obtained above with another approximation: the diffraction
" model, This supports the reliability of the approximations, and allows us to use
them in more complicated cases where analytical methods do not exist. For exam-
ple, Gluckstern and Neri [37] used a similar approach to obtain the longitudinal
impedance of a small obstacle.

The situation for a semi-infinite circular waveguide is unique . In this case,
an exact solution of the Maxwell equations can be found in a closed form. The
Wiener-Hopf technique used for that purpose, and the derivation of the longitu-
dinal impedance for that structure, are described in Section VL.F.
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A. The basic system of algebraic equations

The starting point for calculating the high-frequency longitudinal impedance
is a system of linear algebraic equations for unknown coefficients of the field ex-
pansion. We will derive the system of equations for the general case of a periodic

_.array of M equal cylindrical cavities of radius b placed on an infinitely long beam
pipe of constant radius a {48, 49). A particle with charge ¢ and velocity v ~ ¢ (i.e.
B ~ 1) is assumed to move along the axis of the system ro = 0. We choose the
plane z = 0 to coincide with the beginning of the first cavity. Figure 6.1 gives the

-layout of the geometry considered and the coordinate system used.

T
giglinl

Figure 6.1
f l l b | | A periodic array of cavities.
Y CB&? ! The layout of geometry and the
N=i 0 l 1 sae l M-1 | coordinate system.
#50

BO3A1

A particular case of a single cavity can be obtained by assuming M = 1.
Likewise, a particular case of a periodic array of cavities can be obtained in the
limit as M - o0.

For the cylindrically symmetric {monopole) modes, the Fourier harmonics
of the electric field generated by a particle can be written as a sum of the field
of a particle in a pipe and the radiation field due to the presence of the cavities.
The radiation field satisfies the homogeneous wave equation and must be finite at
r = 0. It can be represented as a superposition of cylindrical eigenfunctions with
unknown coefficients A{p). For ihe region inside the pipe, r < q, the radial and
longitudinal Fourier components of the electric field are, respectively,

E=Q1 & Gi(na)=iZ [t 4G) & Dilur/e) €7 (61)
and
Buw=—iQ ¢ Go(ra)+ L [ dp A) dolior/a) €7, (62)

where k = w/c, Q = gk/ncy?, Goa(r,a) are defined in Eqgs. (4.3) and (4.2), and

Xp = afl , Q=/k2—-p2+2%ke, e—0. (6.3)

An infinitely small imaginary part € is added to the wave number k to comply
with the radiation condition.
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The radiation field components inside the Nth cavity, a < r < b, NL <
z< NL+g, are

EY =Y X DY ¢(r) sin (Anln) (6.4)
n=0 Lt
“and

EY =" (uafb) DY g7(r) cos (Anlw) (6.5)

where
98" )(r) = Joa(kar/b) Yo(ua) = Yoa(ear/8) Jolpin) (6.6)
pn=0/k2 =22, A =nnfg, {(v=2z-NL, (6.7)
and DY are unknown coefficients for the Nth cavity, N =0, 1, ..., M —1. Here

Yp,1 are Bessel functions of the second kind, of the zeroth a.nd ﬁrst order. The
field components in Eqgs. (6.1), (6.2), (6.4), and {6.5) are constructed in such a
way that their tangential projections are equal to zero on all the metailic surfaces:
at r = ¢ in the pipe and r = b in the cavities for appropriate values of z, and at
z = NL and z = NL + g for arbitrary values of r in the interval > r > a.

To find the unknown expansion coefficients DY, one can use the field-
matching method described in Section IV.A. Matching the radial components
of the field from Eqgs. (6.1) ard (6.4) in the Nth cavity on the surface r = g,
0 < (N < g, defines the coefBicients DY in terms of the radial component of the
radiation field. After that, matching the z-components of the field, Egs. (6.2) and
(6.5), at r = a produces the following integral equation for the function A(p):

Alp) = 2 ; - Jo(Q; exp {i(k ~ p)NL}

pi

X [ka Valk) +e / dp’' V2 (5') JliXp’) exp {i{{p' — E)NL} A(p’)] , (6.8)

where the following notations are introduced:

{0}
Hn Gn (“)
Cnlk) = 3 (1)(0) ~ 4/k? — A% tan [(5-— a) 4/ k2 — )\,2‘] , {6.9)

Valp) = /dz % cos (Anz) . - (6.10)
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Note that

4p? sin® -i(p An)

2 _
-and that the functions V,(p) exp{—ipN L} are orthogona.l: -
o0
[ 0 Vit®) V(o) expi=ipL(N =N} = sgbombir . (612
The longitudinal impedance is given by the coefficient A(k):
Z(k) = -2 A(K), Zo=3TT9Q. (6.13)

In what follows we assume that b > a, since when b = @ all Cp(k) = 0
identically. Consequently, all A(p) = 0, which means that no radiation occurs in
a smooth pipe.

We seek a solution of Eq. {6.8) in the form

Z 3 B 3‘—’(—(”—) exp{ilk - p) NL} , (6.14)

=0 n=0

which gives the following system of linear algebraic equations for BY:

BY = -;; (k){ Vi(k) + Z Yo oy B”’} (6.15)
N=0 m
Here N =0, 1, ..., M1, and the following notation for matrix elements 'V —¥

is introduced:

Non_ [ dp Dilx) o . N
py- -_i 2 L Vie) Vale) explile— k) LV =N} . (616)

To evaluate this integral, we use analytical continuation of functions in its inte-
grand into the complex plane of the variable p. According to the radiation con-
dition, cf. Eq. (6.3}, the path of integration in Eq. (6.16} must be shifted above
the negative rea) axis and below the positive of that plane. With the path closed
by a circle of large radius in either the upper or the lower half-plane, it is easy to
show that the integral is equal to the sum of residues in the zeros of the Bessel
function Jo(v;) = 0:

N—N' '
rnm = E u“az {

Vi (u)Vim{uy) exp{iL(u; — E}(N — N'}} for N> N’

Va(u)Va(w) exp{~il(u; + k)N — N')}  for"N < N’
(6.17)
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where

ur =

(6.18)

{ VE: = (v]a)? for ¥ < ka

(v1/a)? — k? for v > ka

_All terms with »; > ka in the sum of Eq. (6.17) are exponentially small. “Hence,
the summation over [ may be truncated at »; = ke. The imaginary part of the
diagonal term is

Imax o
ImT3, = Y b [Valwi)]? {6.19)
=0

where the integer hnay on the upper limit of the summation is defined by the
inequality vy, < ka.

The longitudinal impedance in terms of the coefficients BY is

k) = —Zo Z Z Va(k) BN (k). (6.20)

=0 n=0
So far, the system Eq. {(6.15) constitutes the exact set of equations defining the
radiation of an ultrarelativistic particle.

B. The impedance of a cavity in the zeroth-order approximation

In the high-frequency limit, we expect that the system Eq. (6.15) can be
solved by the method of iteration. In the zeroth-order approximation, we neglect
the second term in brackets in Eq. (6.15):

N _ icﬂ(k) *
B, = rka Vo (k) . (6.21)
Then the impedance per cell is
Z
W= (K} Cu(k) - (6.22)

Note that in the zeroth-order appr0x1matlon the impedance per cell given by this
formula does not depend on the number of cells in the array and, as seen shortly,
is the impedance of a single cavity.

For large wave numbers k the impedance, Eq. (6.22), is a fast changing
function of & and goes to infinity at the resonance values

kot = \/ (-’;—")2 + (1(%3‘{3)2 (6.23)

defined by the equation C;, (k1) = 0. The impedance can be presented as a sum
of the resonances with mfimtely small width. With C;1(k) in the vm:mty of a
resonance represented as

C (k) = R}k = kut +ie) (6.24)
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where

[+ 1/2)°

Rﬂf =- kul(b —- a)a (6‘25)
the real part of the impedance is given by the sum of é-functional terms
Z _ ngr 2 ([ +1/2)% + 1 /2)
Re 5 = kalb—ap Z |Va(k)] 5(k — k) - (6.26)

Practically, we are interested in Re Z averaged over some interval of wave numbers
Ak, which should be large compared with the difference between neighboring
resonance frequencies 6k, given by

wl

8k = ko(i41) = knt & *o—ay

(6.27)

We can chose an appropriate Ak in the following way. The factor [V, (k)[?
given by Eq. (6.11) has a maximum value of order {g/2)? for n = ng, where

np = [%9} , (6.28)

and decreases as (n — ng)~* for n # ng. The brackets denote the integer part of
an argument. The main contribution to the impedance is therefore given by mode
ng which, of course, is different for different k. Hence, it is convenient to choose
the interval of averaging as

Ak=7[2g, (6.29)

which s large compared to bk, if k is large.
To estimate the real part of the impedance in Eq. (6.26), it suflices to con-
sider only the term n = ng. The average impedance is then

Z\ _ g Zy = (141/2)?
<R" I\?) = 4ka(b—a)® Ak ; Enot (6.30)
where
k
lpax = (b—a) 4/ — . (6.31)
ng

This estimate of the real part of the impedance, with Ak defined by Eq. (6.29),

differs from the real part of Lawson’s estimate [80]

z . Z 1
-——=(1+z)—£ L

M e Vka

only by 2 factor 7/3. Numerical calculations confirm that this result is indepen-
dent of the size chosen for the interval Ak,

(6.32)
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We conclude that the main contribution to the impedance comes, with good
accuracy, from eigenmodes with eigennumbers

n=nyg and O0<I<lna- (6.33)

This result has a simple physical meaning. The eigenmode with the eigen-
-pumbers {n,{) » 1 is characterized by the wave vector k with components
k1 = xlf(b—a) and ky = nrx/g, corresponding to the wave oumber kq in
Eq. (6.23) and the frequency w/e = k,;. The interaction of a particle with a
mode contributes substantially to the impedance if, in the time of flight through
‘the cavity g/v, the phase slippage is small:

g T

{(w — kyv) " < 7" (6.34)
Substituting v & ¢ and n = ng from Eq. (6.28), we obtain the condition Eq. (6.33)
with Ipax from Eq. (6.31).

The zeroth-order approximation does not take into account either the inter-
ference of the radiation from different cavities or the energy escape into the cavity
openings. We next derive a method that allows us to take into account both these
effects.

C. The high-frequency impedance of a cavity
in the diagonal approximation

We start with the somewhat simpler case of a single cavity, M = 1. In this
case, the interference of the radiation from different cavities plays no role, but the
energy flow into the side pipes must be taken into account. For M =1, Eq. (6.15)
takes the form

a tVr(k
Bn=;§0( { o +Zr } (6.35)

In the zeroth-order approximation, the sum on the right-hand side of this
equation is neglected altogether. In the next approximation, we include the main
diagonal term m = n contributing to the sum. All the other terms give only
small corrections and can be taken into account by the method of iteration. In
this diegonal epprozimation [48, 49], we obtain the following expression for the
impedance:

Wa(k)
Z(k) = ka2 ? - (6.36)

where we define

cot (b — a)y /K2 — AL
yhy =L ci-r ~ 2 [ ] - (6.37)
a a k2 — A% .-

The sum in Eq. (6.36) is again determined mainly by terms n & ng.
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By treatment similar to that of Eq. (6.22), the impedance given by
Eq. {6.36) can be represented as a sum over the resonance terms with finite widths.
The resonance frequencies are now given by the condition Re y(k) = 0, while the
resonance widths are defined by Im I'l,. Evaluation of I'2, has been done [49];
for large k = n7 /g, a good estimate is .

<

. T
r =(-1) % -2% . (6.38)

.The resonance frequency shift given by Re I'S,, is small, and the expansion around
a resonance frequency k,; takes the form

y(k) = Ry (k — kat + i) (6.39)
where
S S— (6.40)
g2 (b~ a)lZ
and

wr‘;}ﬁ (7,%:) ' (6.41)

Hence, in the diagonal approximation, Re Z is not singular as it was in the zeroth
approximation Eq. (6.26}, although it may have rather sharp peaks if 7y, is small.
This is the main qualitative feature of the diagonal approximation for a single
cavity.

The ratio of the resonance width =,; to the distance §k between adjacent
resonances is small {or resonances with | < I,

Tl __ l

Tl - < 1. (6.42)
Therefore, averaging over Ak for resonances with different I may be performed
independently. Since the integral over a resonance curve does not depend on its
width, the real part of the impedance is the same as that given by Eq. (6.32).
The diagonal approximation allows one to estimate correction, given by the next
iteration, and to prove that such corrections are small in the high-frequency limit
149]. Recently, Gluckstern [30] showed that Eq. (6.32) holds for a cylindrically
symmetric cavity of general shape.

D. The high-frequency impedance of an array of cavities

Consider now an array consisting of M identical cells, In this case the
interference of waves gererated in different cells must be taken into account. We
describe the interaction of a particle with each cell in a manner similar to the
previous treatment of a single cavity. Therefore, we consider Eq. (6.15) in the
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diageonal approximation for the lower indices, retaining only the terms m = n =
ng, but keeping the summation over the upper indices N'. This gives [48, 49}

B¥ylk) = %V% + E rN-N'pN" - (6.43)
@%  N=ON'gN i

where N =0, 1, ..., M —1; TN-¥ 5 defined in Eq. (6.17); and y(k) is defined
by Eq. (6.37).

The system Eq. (6.43) is difficult to solve numerically for an interesting
case, namely M ~ ka 3> 1. Indeed, the rank of the corresponding matrix is M.
In addition, the coefficients in Eq. {6.43) oscillate rapidly with a typical period
of 1/M. Therefore, the computational time for the calculation of the averaged
impedance increases with M as M3.

To simplify Eq. (6.43), consider the behavior of its matrix elements given
in Eq. (6.17). All the elements with N < N’ contain factors that oscillate with
large sum frequencies u; 4+ k ~ 2k. After averaging over a frequency interval, their
coniribution is negligibly small. On the other hand, all the matrix elements with
N > N’ contain factors that oscillate with small difference frequencies u; — k.
These terms describe the interaction of a particle with the waves traveling in the
same direction. Therefore, we may assume that

| T"-¥ -0 for N<N (6.44)
and rewrite Eq. {6.43) in the form

B y(k) = k =B+ Z IN-N" BN (6.45)
N'=0

By omitting the terms with N' > N we neglect the interaction of a particle with
the waves traveling in the opposite direction. In particular, we neglect the decay
of the modes inside cavities into these waves. Since we do this in the nondiagonal
terms, for consistency, we should do the same in the diagonal terms as well. In
other words, Im 'Y, in the definition of y(k), Eq. (6.37), should be divided by 2.

Equations (6.45) are the recurrence relations between coefficients BY. Thus
the coefficients can be found sequentially starting with the zeroth one :

o _ Vo
" 7 ka?y(k)

Note that this expression gives the impedance of a single cavity.

1t is also possible to solve the systemn of Egs. (6.45) explicitly. To do this
we note that the Nth coefficient is expressed through coefhicients with indices
N' < N. Although we are interested in only the first M coefficients, the proce-
dure can be formally extended to any N. Since the matrix T¥~¥" depends only on
the differences N — N'| Eq. (6.45) can be solved by applying the discrete Laplace

(6.46)
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transformation. The Laplace transforms of BYY and T'Y, are defined for a complex
argument s as follows:

m .
Bu(s,k) = Y e ¥ BY, ‘ . (6.47)
N=0 i
= 4]
Ta(s,k) = > ™1, (6.48)
N=1

with c = Re s > 0.
Then the Laplace transform of a solution of Eq. (6.45) is

Bu(s,k) = Vo 1 (6.49)
08 = L GRS TaG R —e ) ‘
The inverse transformation now gives the solution of Eq. {6.45):
T4
BN = / fs—eN’B(sk) e>0 (6.50)
n 27r=' n b} 1 * -
—ix+T

Hence, the impedance of an array with an arbitrary number of cells M is given
by the following expression [cf. Eq. (6.20)}:

Z(k) = _ﬁ_i Vi (k)2 ‘T ds ke (6.51)
(k) = 4mrka? d * [y(k) ~ Tn(s, k)] (coshs -1}~
ne= —ix40
Here
= 2 i Vi (w)]?
Tn(s k) = ; o (w45 ) (6.52)
and

u = \/k2 — (mfa)® +2kic, vl (6.53)

The integrand in Eq. (6.51) has the same value on two parallel lines, s =
—ir 4+ 0 and s = +ix + 0,—o0 < ¢ < 0. Therefore, we can add and _sunbtract
integrals over these two lines, thereby extending the contour of integration in the
complex plane s from —oo—in, then from —in+¢ to i1 40, and back to —co+17.
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The integral is then equal to the su : of the residues at the roots of the respective
equations cosh s = 1 and

yi+) =TFals, k) . (6.54)

It is easy to see that all the :oots of Eq. {6.54) are purely imaginary. Using
that fact, we average the impedance over the interval Ak = x/2g, cf. Eq.-(6.29),
“as in Section VI.C for a single ca.ity {47}, The result is

<Rf: (_f’z?)) = ffc%;—ﬁ (%)2 \/”?_“ Ok, M), (6.55)

where
o(k,M) = kng(r f a L M) (‘ M) =, (6.56)
_ sin? (M1/2)
N _arctan{
_a Jilp)
£ = oY Vkrg AR {6.59)
and
p = —-2;;?2 . (6.60)

For an array with only a few cavities (M = 1) the expansion of the expression
Eq. (6.51) was obtained by Heifets and Kheifets [49]. Apart from small corrections,
the impedance per cavity is the same as that for a single cavity, cf. Eq. (6.32).

To evaluate the average impedance for M > 1 we pote that, for large M,
function F(t, M) has a sharp peak at { ~ 0. Hence, 2 good approximation for it is

M if fl<a/M,
Ft,M) =~ ] (6.61)
0 if |t|>x/M.
Then Eq. (6.56) can be simplified to
Mg a
ok, M) = T L (Z) [R(P)+ Ro(P)], (6.62)
where
P
Ri(P) = /pdp =(€1) , *. {6.63)
0
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P
Ry(P) = j pdp Z(t) , (6.64)
1]

_ 8 g il
- & i L)
& = 5T kxg AR {6.66)
and
2xka’
P = I (6.67)

We will evaluate integrals R; and Ry in two regions of the parameter P.
(a) Suppose first that P < 1 or

M>» ki (6.68)
L
Since P « 1, we can expand functions £ and £; in the vicinity of p = 0:
=6 = (a/4L)\/ 7kg. Both values are large for large k everywhere inside the
interval of the integration in Egs. {6.63) and (6.64). Hence, function T~ {72 =
(4L/a)*(1/nkg). For the integrals Ry and R; we get Ry = Ry ~ 16L/gM and
®(k, M) = 1. Thus we obtain

(e (8) - (&5 wwa

In other words, the real part of the average impedance per cell decreases with
frequency as w™3/2,
(b) Suppose now that P » 1 or

2

1<M<£E-—. (6.70)

In this case, the main contribution to the integral R; comes from the vicini-
ties of the roots of J1(p): pm = v1im, where £; = 0. Near the root p,, the function
= can be approximated by
- 1

346 (p—nm)i?

This expression has the correct behavior in the vicinity of the roots p = v, and
decreases as £ far from them. The estimate of the integral R, is then

fe]

(6.71)

rka®

MAML (6.72)

Ri"u“
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where we used the formula [38]

va]%-s—ﬂ—, Ps1.

m=1 T e

"Unlike the situation with Rj, the integrand of R, does not oscillate, and the
relative contribution of Ry to Eq. (6.62) is small it is of order of (gM/L)~1/? « 1
with respect to R)]. The physical reason for such a difference is that the interaction

-of a particle with the diffracted waves is substantial only when both travel in the
same direction. Therefore, in this case

VA Zs [ g [ 2L ka?®
In other words, the real part of the average impedance per cell decreases as
(kaM)~3/2. This result was first qualitatively obtained by Palmer [91]. A re-
sult similar to Eq. (6.73) was later obtained by Gluckstern {31, 32], albeit with a
different coefficient.

An intermediate parameter region M ~ k¢?/L is the transition area. The
transition from one regime to another is illustrated n Fig. 6.2 [49]. The curves
represent function ® versus ka%/M L for different values M, and were obtained by
nummerical integration of Eq. (6.56).

Let us summarize the results [49]. The real part of the impedance per cell
for a small number of cavities decreases with frequency as k~1/2. For a large
number of cavities the asymptotic frequency region is divided into two parts. For
an extremely high frequency, the real part of the impedance depends or frequency
in a way similar to that for a single cavity, i.e. as k=12, but falls off as M ~1/? with
the number of cells M because of the interference of the radiated waves emitted
from different cavities. The interference also takes place for moderate (but still
large} frequencies satisfying the criterion Eq. (6.70}, resulting in a much faster
decrease of the impedance, ~ k~3/%, There is a continuons transition from the
regime where the parameter M satisfies Eq. (6.70) to another where M satisfies

Eq. (6.68). This result agrees both with numerical calculations for a small number
of cavities [7] and with the optical resonator model {13, 58, 101, 106}.

The fast decrease of the real part of the impedance as k=3/2 has a direct
implication for the design of a short bunch accelerator. Indeed, if the asymptotic
decrease of the longitudinal impedance followed the law #~1/2, the main contri-
bution to the total energy loss would be given by the high-frequency tail of the
impedance, and the total energy loss would depend on the longitudinal rms size
of the bunch & as ~1/2. The situation is quite different when the impedance falls
off as k=%/2, In this case the total energy loss is defined by the low-frequency
range of the impedance and is generally smaller.
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05 1.0 1.5 2.0 2.5
5 ka2/ML 03142

Figure 6.2 The transition from a cavity regime to a periodic array regime.
The function @ is plotted versus the parameter ka? /M L for different

values of the number M of cavities. (a) Blowup of the region of small
values ka? /ML of (b). Curves are labeled as follows: (1) M = 500,

(2) M = 1000, (3) M = 3000, (4) M = 10,000, (5) M = 30, 000.

E. The high-frequency impedance of a collimator

The longitudinal impedance of a collimator in the high-frequency region (and
in the relativistic case 4 >> 1) can be found analytically by using formula (4.28).

Since asymptotically A & K, only the diffracted field, i.e. the field depending on
coefficients z,, contributes to the impedance. Physically this arises because only
the diffracted field radiated forward can reach a relativistic particle, Hence,

Zeot(k) = ~2(Zo/7) ¥Zn za Jo (valp) , .- (6.74)

where p = b/a, a is the pipe radius, and b is the collimator radius.
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Coefficients z, can be found from the matrix Eq. (4.23), with the matrix
elements and the right-hand side of it taken from Table II:

~ Jo (v, -7 -
z;lez(w) = —-g_(l,—ifjp_) +2p 2k Sanltm — ymE-) ¢i1m (p 1) 1 - {6.75)
l )
“where quantities ¢, (p?) are defined in Eq. (4.24), and E. in Table II.
Dividing Eq. (6.75) by J&(v), multiplying by Jo{v:/p), and summing over [,
we obtain .

i J§ (ni/p)

+ 2k 5 J2 (v
sz Jf(lq) } J ( f/p)

Tl 2 = -
P

X Jl'2(v:) Lmltm — ymE-) vm Ji(va) (v?n p2 - v?)"l . (6.76)

Summation here can be performed explicitly by using the following particular
form of the Kneser-Sommerfeld formula {27, 116]:

1 J§ (ufp) (vf =" 97 ()

_T Jo(z/p) [Jo(z/p) Yo(z) — Jo(z) Ye(z/p}]
4J9(3:) ’

where Yy is a Bessel function of the second kind. From here it follows that the
second term on the right-hand side of Eq. (6.76) containing coefficients ¢ and
ym vanishes, since the sum over [ is zero. The first sum in Eq. {6.76) according to
the same formula is

i wmfp) 7 Inp

VJZJ%(VI) = Z lim [YO(x) - Yﬁ(z/p)]z—vﬁ = T . (6.78)

(6.77)

Hence, in the high-frequency region, the impedance of a collimator does not de-
pend on frequency and is the following constant:
Z(E) = %2 ln% for y>k>>1. (6.79)

The same expression holds for the high-frequency impedance of a pipe cross-
section step for the case of a bunch exiting the narrow pipe. In the opposite case,
the impedance is zero, cf. Section IV.C.

Formula {6.79) is not valid for ¥ > . In this range of frequencies the
impedance decreases at Jeast as k2.

It is interesting to estimate the total energy loss AE of a charge passing
through a collimator, cf. Egs. {2.1) and (2.15). For a Gaussian bunch of rms
length o, the total energy loss is

" (6.80)
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This expression is valid for ¢ > 1/v, and agrees with the formula for the
total energy loss of a charge passing through a sudden change in a pipe cross
section {1, 63]. N

If Re Z is assumed to be constant for ¥ < - and zero for k > -, as previously
discussed, then the total energy loss of a point charge, o = 0, is proportional to 4.
‘For a charge passing through a hole in a screen, this conclusion is in agreement with
the estimate obtained by Lawson [8§0] and with numerical calculations [25, 26].

F. The impedance of a semi-infinite circular waveguide

Here we describe the application of the Wiener-Hopf factorization method
[107, 122} for calculating the impedance of a semi-infinite waveguide with a circular
cross section of radius a [69, 70]. A similar structure—a semu-infinite circular pipe
inside an infinite circular pipe of larger radius—is considered by Palumbo [94].
These structures have a unique feature: the Maxwell equations in these cases can
be solved exactly. Levine and Schwinger [83] used the same method to obtain an
explicit solution to the problem of the radiation of sound from the end of an open
pipe. _

As discussed in Section II1.D, the impedance in this case depends on the
direction of the charge motion. Consider for example, a charge entering a waveg-
uide whose open end is placed at z = 0. Because of the axial symmetry of the
problem, the current density has only the z component and can be expressed as
the sum of the current densities of the source charge and the induced charge.

The starting point of the method is a set of integral equations for the longi-
tudinal current density distribution induced in the wall of the pipe. The system
can be obtained from Eq. (6.2). In the ultrarelativistic limit v — oo, Eq. (6.2)
can be rewritten as

E.(r,z) = —iQ e**Ko(rr)

o0 .
- g 2 2 (1) ipz
9cka / dp F(p) xp Jo (x,a) Hy7(xp) €%%, (681)
—00

where k = wfe, 7 = kfy, Q = qk/ncy?, and xp, = a\/k? —p? +2kic. In
Eq. {6.81) the unknown function A(p) was replaced by another function F{p)
according to the formula

K

AP) = —5=x3 H(xs) F(p) (6.82)

As shown by Kheifets et al. [70], function F(p) defined in this way can be inter-
preted as the Fourier component of the induced current density. In Eq. {6.81) we
have also replaced Gy(r, a) by Ko(7r) to take into account that the second term
in Eq. (4.4) also comes from the induced current (cf., Section V.B), and thus is
already included in the second term of Eq. (6.81).
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Function F(p) is defined by the boundary condition which here can be writ-
ten as

E.o{a,z) =0, for 2>0. (6.83)
‘We define -
Lip) = mx Jolxp) HE (x) 5 (6.84)
‘then Eq. {6.83) gives
fdpF(p) L(p) exp(ipz) = Q exp(ikz) for z>0, (6.85)
~50

where = —2ik%aKo(ra)/+%. Since there is no metallic surface for z < 0, the
induced current density for negative z is zero

]dpF(p) explipz} = 0, for 2<0. (6.86)
—o0

Equations (6.85) and (6.86) constitute a system of linear integral equations for
function F(p). Provided the functior F(p) is found, the longitudinal impedance
can be found by integrating Eq. (6.81) according to formula (2.5).

The solution of the system (6.85) and (6.86) can be obtained by factoring
the kernel L(p} in such a way as to satisfy the following requirements [107]:

(1) In the upper half-plane of the complex variable p, the product F(p)L(p)
has one pole at pg = k. The value of the residue of this pole is /2ix. In all other

points of the upper half-plane this product is an analytic function. As |p| » =
in the upper half-plane, F(p)L(p) — 0.

(2) In the lower half-plane, F{p) is an analytic function and tends to zero
as |p| — co.

The analytic behavior of F(p) and F(p)L(p) described above causes F(p)
to be the solution of the system defined by Eqs. (6.85) and (6.86). The function
F(p) satisfying both the above requirements is {107}

iQ I'_(pa)
27Ty (ka)Vka (ka— pa)®/?’

F(p) = -+ (6.87)
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where functions Iy are

u? — 2

ka
Ii(u) = [QPIO(P)KO(p)]:HN exp{__ % / ln[ml JO(Ul)Ho(cr])]
0 Lt

+=PV [ o2, i‘;(izif °(°2)]} (6.88)

. ka
where p = 4/u? — (ka)?, oy = 1/{ka)? — 12, and o3 = 1/1? — (ka)?. Note that at
u = ka there is no singularity.

In terms of these functions, the impedance produced by the radiation on the
open end of the waveguide [70] for S~ 1 is

_ ZykaKo(ra) |vh(ra) Ty(ka) 1
Z(k) = 2r 2 Ip(re) | Io(ra) I‘:(ka) *4ka}

(6.89)

Figure 6.3 presents the real part of the longitudinal impedance Re Z(k), Eq. (6.89),
for several values of the Lorentz factor 4.

0 1
0.1 1 10 102 10°
391 ka = an/c 670430

Figure 6.3 The real part of the longitudinal impedance of a semi-infinite circular
waveguide as a function of parameter ka = aw/c for three different
values of the Lorentz factor 4.

In the asymptotic region ka 3> 1, the contribution of the discontinuity to
the longitudinal impedance is

zZ 27y
Z(k) = 5;;1 n7-. . " (6.90)

This result is similar to that for a step with infinitely large outer radius.
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ViI. CONCLUSIONS

Substantial progress has recently been achieved in understanding the physics
of the bunch-environment interaction in modern accelerators and in the develop-
_.ment of analytical and numerical methods of estimating the coupling impedances

and the loss factors. We have tried to describe the present level of understanding
and the main theoretical results in the field. Clearly, the methods presented are
limited to rather simple cylindrically symmetric geometries. Nevertheless, it is
-difficult to overestimate the importance of the comprehension and insight which
they help to develop. Certainly much more work is needed for other geometries
such as tapers, bellows, etc. This is especially true for cylindrically nonsymmetric
structures.
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