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Trapped electromagnetic modes in a waveguide with a small discontinuity

G. V. Stupakov and S. S. Kurennoy
Superconducting Super Collider Laboratory, 2550 Beckleymeade Avenue, Dallas, Texas 75237
(Received 23 June 1993)

We demonstrate that a small discontinuity (such as an enlargement or a hole) on a smooth
waveguide can result in the appearance of trapped modes localized in the vicinity of the disconti-
nuity. The frequencies of these modes lie slightly below the cutoff frequencies of the corresponding
propagating modes in the waveguide. We find the distribution of the electromagnetic field in the
modes and calculate their damping rate due to a finite conductivity of the walls. The contribution
of the trapped modes to the longitudinal impedance is calculated.

PACS number(s): 41.75.—1i, 41.20.—q

I. INTRODUCTION

Previous computer studies of the impedance of a cav-
ity coupled to a beam pipe indicated that the longitudi-
nal impedance of a small chamber enlargement exhibits
sharp narrow peaks at frequencies close to the cutoff fre-
quencies of the waveguide [1-3]. No theoretical explana-
tion has been given for this phenomenon. Only recently
Balbekov treated this effect in terms of equivalent circuits
associated with a small enlargement, and calculated the
parameters of the peaks [4].

In this paper, we want to demonstrate that from the
point of view of electromagnetic theory these peaks can
be attributed to trapped modes localized near a small dis-
continuity at a smooth waveguide. First, we show that
a small axisymmetric enlargement on a waveguide cre-
ates localized transverse magnetic (TM) modes having
the frequencies below the cutoff frequencies of the corre-
sponding propagating modes. Having found the electro-
magnetic field distribution in those modes we are able to
calculate their damping rates due to finite conductivity of
the walls and to find a corresponding contribution to the
longitudinal impedance. We also discuss requirements on
the wall conductivity for these modes to exist.

Another important practical example of a beam-pipe
discontinuity is a small pumping hole. The low-frequency
impedance of a hole (at frequencies well below the cutoff
frequency) has been studied in Refs. [5,6]. Calculation of
the impedance at frequencies compared with or above the
cutoff frequency requires knowledge of the eigenmodes of
the waveguide with a hole. As a first step in this direc-
tion, we show that, similar to the case of the axisym-
metric enlargement, a hole also creates localized modes.
A physical mechanism responsible for appearance of the
localized modes in both cases is the interaction of the
induced magnetic moment of the discontinuity with a
slowly propagating mode near the cutoff frequency.

The paper is organized as follows. In Sec. II we con-
sider the case of an axisymmetric enlargement and de-
velop a method based on the use of the Lorentz reci-
procity theorem for evaluating the frequency of the
trapped mode. In Sec. III, we apply this method to the
case of a small hole in the wall, assuming that the hole
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size is much smaller than the pipe radius. Consideration
in Secs. IT and III is restricted to the case of axisymmetric
TM modes only. In Sec. IV, we present the results for the
nonaxisymmetric TM trapped modes for both the cases
of the enlargement and of the hole. Section V is devoted
to consideration of the trapped TE modes and Sec. VI
summarizes our results.

II. AXISYMMETRIC ENLARGEMENT

In this section, we restrict our attention to an axisym-
metric electromagnetic field having nonzero E, compo-
nent, because only this field contributes to the longitu-
dinal impedance. In a cylindrical waveguide with per-
fectly conducting walls, such a field is represented by ax-
isymmetric TM modes with the following components of
the electromagnetic field [we omit the factor exp(—iwt)
throughout this paper]:

EMm = éJo (H—m—r) exp(FLmz) ,

= b2 b
(m) _ HmKm HmT .
o (T )exp(;thmz) . (1)
(m) ﬁiwﬂm HmT .
ZoHy™ = — =k g, (-—b )exp(?nm ).

where Zy = \/ﬁﬁo = 1207 2 is the impedance of free
space, Jo and J; are the Bessel functions of the zeroth
and first order, p,, is the mth root of Jy, m = 1,2,....
and b is the radius of the waveguide. In Egs. (1) k,, =
w2 — w?/c, where wy,, = pme/b is the cutoff frequency,
and we assume w < w,, so that k,, is a positive real
number, and the upper (lower) sign corresponds to waves
“propagating” in the positive (negative) z direction.

We will assume that the characteristic dimension of
the discontinuity is much smaller than the pipe radius
b (see Fig. 1). As a consequence, the frequency of the
trapped mode Q,,. 2,, < wn,, will be very close to the
cutoff frequency w,,. Defining the wave vector &, =
Vw2, — Q2 /c associated with €,,, one can write down

asymptotic expressions for the field of the mth trapped
mode Ez(m). Er(m), and H((;m) choosing the signs in Egs. (1)
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FIG. 1. Cylindrical waveguide with an enlargement. The
dotted line shows the integration surface in the Lorentz reci-
procity theorem.

so that the field goes to zero when |z| — oo:

2 s
£ = Lo gy (B0 exp(—kml2])

b2 b
(m) _ Hmkm o (Bm? _
g, sgn(z) A Ji ( b ) exp(—kmlz]) , (2)
(m) _ _iwum UmT _
Zomg™ = -~k g, (——b )exp( koml2]) -

Strictly speaking, Eqs. (2) are valid in the limit |2] > b;
for |z| ~ b one has to add terms with m’ > m on the
right hand side of Egs. (2), which exponentially decay on
the distance of the order of b. Our theory is based on the
assumption that

Enb< 1, (3)

in other words, the trapped mode is spread along the axis
of the pipe over the distance k;;! > b. The asymptotic
dependencies given by Egs. (2) as functions of z (for a

given r) are shown in Fig. 2. Both £™ and ’Hém) turn
out to be continuous at z = 0. Noting that the character-
istic scale on which they change is large compared with
b, we can conclude that in the region where Egs. (2) are
not formally applicable one can still use the first and the
last of them to represent the components £™ and ’Hf(,m)
(see Fig. 2). The error arising from using these equations
in the region |z| < b is small, of the order of k,b. As for

the Er(m), it departs appreciably from its asymptotic form
in this region (see Fig. 2). However, as this component is
relatively small (f,'r(m) ~ kmbé'z(m)), it will not be needed
in what follows.

To find the eigenfrequency of the trapped mode we

EH,
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z
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FIG. 2. The fields in a trapped mode. Solid lines show

asymptotics given by Eqgs. (2); dashed lines are for the exact
solutions (qualitatively).

will utilize the Lorentz reciprocity principle, which states
that for any two solutions of Maxwell’s equations without
sources the following equality holds [7):

/dsn(E1 xHy —E; xHy) =0, (4)

where the integration runs over a closed surface S consist-
ing of the surface of the waveguide wall and two plane
end surfaces in the zy plane, S; and S, as shown in
Fig. 1. The unit vector n in Eq. (4) is normal to the
surface S and directed outward. We now let E;, H; be
the field of the trapped mode, and E;, H, be the TM
mode having the frequency €2,, of the trapped mode and
exponentially decaying proportional to exp(—k,,z) in the
positive direction. This casts Eq. (4) into

/dSn (E™ x HOW _EC ™y =0 (5)

Moving the surface S; far enough from the discontinuity,
we can make its contribution to the integral (5) vanishing
because both fields exponentially decay when z — oo.
As for the surface S;, we choose to place it in the region
where one can use the asymptotic expansion (2) for the
trapped mode. A simple integration over S; yields

211 12, ke

Turning to the integration over the wall surface, note first
that due to the perfect conductivity of the wall we have
the boundary condition € (™) x n = 0, which makes the
first term in Eq. (5) vanish. The remaining term also
vanishes at the cylindrical part of the waveguide, r = b,
because there E{™) xn = 0. Hence the only contribution
from the wall surface comes from the region of the wave-
guide enlargement and has the form — [dSn - E(™) x

#(™). As was noted above, the magnetic field in the
trapped mode with desired accuracy is given by the
asymptotic formula (2) (where one has to put r = b
and z = 0 because of the assumed smallness of the en-
largement). For the z component of E(™) we use the
first of Egs. (1) with z = 0 and expand the Bessel func-
tion in the small ratio (r — b)/b, namely, Jo(umr/b) ~
—pmJ1(pm)(r — b)/b. We also neglect Ef™ as a small
quantity. Performing the integration one finds

2miQ i A
——ZOLZbT—Jf(#m) ) (7)

where A is the area of the cross section of the enlargement
in the 7z plane. Note that A enters Eq. (7) with its sign;
e.g., for an iris that protrudes into the pipe, A would
have a negative sign.

Combining Egs. (6) and (7) gives an equation for k,,,

2
B A
k'rn = B3 (8)

which can easily be solved for the frequency €,
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2 A 2
As mentioned above, in the case of an iris A < 0 and
Eq. (8) cannot be satisfied because its left and right hand
sides have different signs. This means that the trapped
mode arises only if the integrated waveguide cross section
increases due to the presence of the discontinuity.

To check our analytical results, namely, Eq. (9), we
have carried out numerical computations of the lowest
eigenfrequency in a long cylindrical resonator with a
small pillbox by means of the code SUPERFISH [8]. The
waveguide cutoff frequency w; corresponds to the eigen-
frequency of the Ep;p mode in the smooth (without pill-
box) resonator with the same radius. The presence of
a small pillbox shifts this eigenfrequency down. To ex-
clude the influence of the side walls and make possible
the comparison with the theory, one has to choose length
L of the resonator to be large, L > k;'! = b%/(u24).
It means that the resonator length is larger than that of
the region where the trapped mode is localized. We have
used b = 2 cm, A ~ 0.1 — 0.5 cm?, and L from 30 cm
to 100 cm to satisfy the inequality above. In Fig. 3 the
frequency shift is plotted versus the area of the pillbox
cross section. It is seen that our numerical and analytical
results are in good agreement. Figure 4 shows the elec-
tric field lines for one of the resonator eigenmodes that
corresponds to the trapped mode in the waveguide with
the same small pillbox cavity.

The calculations above were performed for a perfectly
conducting pipe. Let us assume now a finite, though
large, conductivity of the walls. As a result of energy
dissipation in the walls, the trapped mode frequency
acquires a negative imaginary part, Q,, = Q. — ivm,
Ym > 0. The damping rate 7, can be easily computed
using the given field profile [Egs. (2)] as half of the energy
absorbed in the walls per unit time divided by the total
energy in the mode [9]. This gives the following result:

Wm0

26

where § = /2/(poowsm) is the skin depth in the pipe

wall whose conductivity is o.

Ym = (10)

ot/ (%)

0.6

A (cmP)

FIG. 3. Frequency shift versus the pillbox area
(Af = fo — f, where fo is the cutoff frequency and f is the
frequency of the trapped mode). The solid line corresponds
to Eq. (9).

=

=

FIG. 4. Electric field lines in a trapped mode.

At this point, we have to note that the damping with
the decrement +,, can also be treated as a frequency
spread ~ 7,, associated with the trapped mode. Should
this spread be compared to or larger than the gap be-
tween 2,,, and the cutoff frequency of the mode w,,, the
frequency content of the mode would include harmonics
above the cutoff frequency. These harmonics are able to
propagate along the pipe, destroying the initially trapped
mode. Hence we expect that the mode should disap-
pear when ~,, becomes comparable to or greater than
(Wm — Q). A more detailed study should predict an
exact ratio of v, /(wm — ), above which the trapped
mode ceases to exist.

Calculating the longitudinal impedance as that of a
cavity with given eigenmodes (for example, see Ref. [10]),
one can find the longitudinal impedance produced by the
trapped mode:

) 2iQ Ym B
Lm = - . 11
(w) wz . (in _ Z’Ym)2 ( )
where the shunt impedance R,, is
_ 4Z0P"mA43 (12)

™ T w65 T (i)

We have to emphasize here that Eq. (11) describes
only the contribution of the peak to the longitudinal
impedance; the propagating modes in the pipe are not
included. It is important that in the limit of perfect con-
ductivity, 6 — 0, Eq. (11) gives an infinitely high and
narrow peak. This kind of resonance near cutoff frequen-
cies of the waveguide with a small pillbox and perfectly
conducting walls has been observed in Ref. [1] in nu-
merical computations using the field-matching technique.
An integral equation method [2] has shown similar reso-
nances slightly below cutoffs, with the same dependence
of R,, on the wall conductivity ¢ (R, x 6 ! x /o)
as predicted by Eq. (12). Finally, in a recent paper [4]
based on the equivalent-circuit method, the equations for
the resonant frequency and impedance have been derived
that agree with our Eq. (9) and with Eq. (12) within a

numerical factor.

III. TRAPPED MODE DUE TO A HOLE

As another application of the method developed in the
preceding section we will show here that a small hole
in the pipe wall also creates localized axisymmetric TM
modes. We assume that the dimensions of the hole are
much smaller than the pipe radius. Again, we begin from
consideration of a perfectly conducting waveguide.

Most of the derivation of the preceding section, in-
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cluding Egs. (1)-(5), is applicable to the case of the hole
without any changes. The integration in Eq. (5) now
goes over the cylindrical surface r = b bounded by the
end surfaces S; and S2. The contribution from the end
surfaces is the same as given by Eq. (6); however, instead
of Eq. (7) one has to perform the integration in Eq. (5)
over the hole.

Considering the integrand in Eq. (5) at the hole, note
that the first term vanishes because E(™) x n = 0 at
7 = b. Hence the integral reduces to [dSn-£™) x H(™).
The magnetic field H(™) has the azimuthal component,
n is directed along the radius, and the integral can be
written in the following form: Hém) J dsel™. (We put
H gm) in front of the integral, neglecting its variation over
the hole.) The distribution of the tangential electric field
in the hole can be related to the surface density of the
magnetic current Ky, introduced formally in the problem
of diffraction by small holes [11], £™ = —K{™ /2. This
allows one to reduce the integral to

1 m m
S HS )/dSK; ) (13)

Now, noting that [dSK{™ = —iwuoMp, where My is
the 6 component of the induced magnetic moment of the
hole, and introducing the magnetic susceptibility of the
hole ap as My = agHy, one finds that the expression

iQ2 2, I (m) e
2ZQCsb2

(14)

should substitute Eq. (7) in the case of the hole. Com-
paring Eq. (14) with Eq. (7), we conclude that all of the
results of Sec. II remain valid for the hole if we put the
quantity ag/(47b) in Egs. (7)—(12) instead of the area of
the enlargement cross section A:

Qg

A_>Z7r_b'

(15)
It is interesting that the area A can also be treated
as related to the magnetic susceptibility of the enlarge-
ment. Indeed, if we equate the magnetic energy in the
enlargement mpobAHZ to the energy of a magnetic mo-
ment M immersed into magnetic field Hy, poMHg/2,
we find that the magnetic moment of the enlargement is
M = 2wbAHg. This gives for the susceptibility of the
enlargement 2wbA, which agrees with the relation (15)
within a factor of 2.

According to Egs. (9) and (15), the frequency of the
trapped mode created by the hole is

sz%[l_ﬁf_n_<a9 )2] . (16)

2 \47b3

Magnetic susceptibility of elliptic holes can be found
in Ref. [7]. For a round hole, ag = 8a3/3, and the fre-
quency gap (wm — Q) is proportional to (a/b). The
same scaling law is also valid for other hole shapes if a is
understood as a characteristic dimension of the hole.

Radiation through the hole in the outer space creates
another channel of damping of the trapped mode in ad-

dition to the damping due to a finite conductivity of the
walls. This damping can be estimated as follows. As-
sume that the radiated field propagates freely away from
the waveguide, and use for the estimate of the radiated
energy the formula Zo(w/c)*M}/24x for the energy loss
of an oscillating magnetic dipole in the empty space. (We
have included an additional factor of 1/2 in this formula,
counting only the radiation that goes outside the wave-
guide.) Dividing this quantity by the double total en-
ergy in the mode we can find the damping rate 7.4 in
the following form:

3 .2
R

365 an

Yrad =
In addition to the radiation into the outer space the
trapped mode also loses energy via coupling effects by
inducing propagating modes having cutoff frequency be-
low ©,,. This coupling can be considered as radiation
into the waveguide with a damping rate which, within
a numerical factor, can also be estimated as that given
by Eq. (17). Comparing v;aq with the frequency of the
trapped mode we find that

o R

which reads that for small m the radiation damping
is small compared with the frequency gap between the
mode and cutoff frequency. Hence the radiation does not
destroy the trapped mode due to the broadening of the
resonant frequency, as described in the preceding section.

IV. HIGHER-ORDER TM MODES

In the previous sections, we presented a detailed
derivation of the axisymmetric trapped modes. The same
method can be applied without any changes to the nonax-
isymmetric TM modes having the azimuthal dependence
on 0 as sine or cosine of nf. Below we give without deriva-
tion the field distribution and equations for the frequency
of these modes.

The electromagnetic field in the trapped mode is now
given by the following expressions:

2
(nm) _ Hnm 5 (Hn,mT
£ b2 In ( b )
X exXp(—Fkn,m|z|) sin(nf + ¢) ,

Za) = W g (MnnT)

cb b
X exp(—kn,m|z|) sin(nd + ¢) , (19)
(nim) _ _ W 5 fnmT
2ot cr J"( b )

x exp(—kn,m|2|) cos(nb + ¢) ,

where the new index n is associated with azimuthal vari-
ation of the field, p, . is the mth root of the Bessel

function J,, knpm = w,zlym — Qﬁ,m/c, Wn,m is the cut-

off frequency of the (n,m) mode, and €, ,, is the fre-
quency of the trapped mode. The arbitrary phase ¢ in
Egs. (19) reflects the rotational symmetry of the cylin-
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drical waveguide. The other two components of the field,
£m™ and Eé"’m), are small compared with glrm iy
parameter k, ,,b.

Strictly speaking, Eqgs. (19) give the asymptotic field
expressions valid for |z| > b; however, as a matter of fact,
they are also valid in the region |z| ~ b, as explained in
Sec. II.

For the axisymmetric enlargement, the equation for
kn m takes the form completely analogous to Eq. (8),

2
A
g = S22 (20)

For the hole, an additional factor 2 appears in the equa-
tion for the k, ., compared with the axisymmetric case,

k Mi,mae

™ ohd
The polarization of the trapped mode is associated with
the location of the hole at the wall. Choosing § = 0 at
the position of the hole, the trapped mode is polarized
so that ¢ = m/2 in Eq. (19). It means that Hén’m) in the
trapped mode reaches the maximum value at the location
of the hole in its azimuthal variation.

(21)

V. TRANSVERSE ELECTRIC TRAPPED MODES

Both small enlargements and holes can also trap TE
modes in the waveguide. The derivation of the trapped
TE modes is fully analogous to that of TM modes and
will be briefly outlined below.

The electromagnetic field in the (n,m) TE mode is
given by

u/2 #/ r
Z[)Hén’m) — n,m J" n,m’

b2 b
X exXp(Fhn,mz)sin(nd + ¢) |
. !
Einvm) — @Jn (M)
cr b

x exp(Fhrn.mz) cos(nd + @) ,

i o
Eén,m) - _ Hpm J! (M ) )

chb " b
X exp(Frn,mz)sin(nd + ¢) . (22)
’ /
%) Kn,m H r
7 H(n'm) _ n,m s Jl n,m
ofl, + b n ( b >
X exp($h‘,n‘mz) sin(n9 + (15) .
’
(n,m) TlK,n‘m lu‘n,mr
Z()Ho =F " Jn ( b )

X exp(Frn,mz) cos(nd + ¢) ,

where u; . is the mth root of J, and knm =

\/u’fhm/bz — w?/c2. The asymptotic expressions for the

components of the trapped mode H™"™, g™™), S(g"’m),

H™™) | and ’Hé"’m) are obtained from Eq. (22) by chang-
ing exp(FkKn,mz) — exp(—kn,m|z|) and putting —sgn(z)
instead of F in the last two equations.

With Eq. (22), the integral in Eq. (4) [where E,, H;
represent the field of the trapped mode, and E,, H, are
now the TE mode having the frequency 2, ,, of the
trapped mode and exponentially decaying proportional
to exp(—kn,mz) in the positive direction] can be easily
calculated for the surface S;, yielding

where 6, ¢ is the Kronecker symbol.
For the pillbox, the contribution from the enlargement
surface comes only from the term — [dSn - EMmm) %

H(™™)  For calculation of this integral we can ne-
glect 7 and # components of the magnetic field because
they are small in the parameter k,,,b. As a result,

only the E(g"’m) component of the TE mode is left and
since this component vanishes at r = b, we have to ex-
pand the Bessel function in the small ratio (r — b)/b.

- 2
E™™ ~ —am g1y ) (r —b)sin(nd + ¢). The mag-
netic field H(™™ at the wall of the enlargement has r
and z components (the § component can be neglected as
being small in the parameter ky.,b), so that the cross-
product H(™™ x n has only a 6 component that can
be expressed through the surface current density ip at
the wall, (’H("’m) x n)g = ig. Now, let us define a z
component of the magnetic moment (per unit length of
the pipe circumference) induced by the trapped mode on
the pillbox as M, = (1/2) [ig(r — b)dl, where the inte-
gration goes along the pillbox contour in the r-z plane.
This magnetic moment is proportional to the magnetic
field at the pipe wall so that one can introduce the mag-
netic susceptibility a, (per unit length) in the z direction,
M, = asz(m’"). As a result, one obtains the following
equation for the enlargement contribution to Eq. (4):

27t o kirm (1 Ony0)
Z()Cbs

" 5 (B ) I (B ) -
(24)

Together with Eq. (23) this gives the following equation
for the ky m:

o 12
2/‘1“ 'n,'mO‘Z

e (25)

kn,'m =

Note here that the parameter o, can be found using con-
formal mapping technique as it has been shown in Ref.
[12] for the calculation of the electric polarizability.

For the hole, the calculation similar to that performed
in Sec. IV gives the following result:

lez 'maz
= : 5 (26)
2mb4 (1 + 8n0) (1 — n2/p'2,,)

nm

kn,m
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VI. DISCUSSION

We have proven the existence of trapped modes in a
smooth waveguide with a small discontinuity, such as an
enlargement or a hole. Such discontinuities are typically
present in any vacuum chamber of an accelerator. The
physical mechanism of the trapping is the interaction of
a mode having the frequency close to the cutoff with the
magnetic moment of the discontinuity induced by the
magnetic field in the mode. If the induced magnetic mo-
ment is directed along the magnetic field (the case of
the enlargement and the hole), the interaction lowers the
frequency of the mode below cutoff, making the mode
nonpropagating. However, for a discontinuity having the
magnetic moment directed against the magnetic field of
the mode (such as an iris), the interaction does not bring
about a trapped mode. The field in trapped modes ex-
ponentially decays away from the discontinuity on a dis-
tance large compared with the radius of the pipe.

So, with respect to the trapped modes, small enlarge-
ments or holes are very different from discontinuities that
protrude into the chamber. It is interesting to com-
pare this fact with their behavior at low frequencies,
where these two kinds of discontinuities are very similar
since they both produce inductive contributions to the
impedance. The reason for such a difference is that the
low-frequency impedance is due to both the induced mag-
netic and electric dipole moments, which have opposite
signs. (See [12] for the case of axisymmetric discontinu-
ities and [5] for holes.) For a chamber enlargement (e.g.,

a pillbox) the magnetic contribution to the impedance
is larger than the electric one; for a chamber contrac-
tion (e.g., an iris) the situation is reversed, but both the
moments change sign. As a result, the imaginary part of
the impedance at low frequencies has a fixed sign. Unlike
that, the appearance of the trapped modes is caused by
the interaction with the induced magnetic moment only
and depends on its sign, as explained above.

The importance of the trapped modes for accelerator
physics is motivated by the fact that they can produce
high and narrow peaks in the coupling impedance. The
formulas derived in the present article refer to the case
of a single discontinuity; however, in reality, trapped
modes can interact with many discontinuities simulta-
neously (for example, in a liner with a regular array of
pumping holes). In this case, the contribution of the
trapped mode into impedance can be substantially am-
plified. A detailed study of this effect will be presented
in a separate paper.
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