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Field analysis of a dielectric-loaded rectangular waveguide accelerating structure

Liling Xiao, Wei Gai, and Xiang Sun
High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois 60439

~Received 23 March 2001; revised manuscript received 2 July 2001; published 19 December 2001!

Recently, there has been some interest in planar or rectangular dielectric accelerating structures for future
high-gradient linear accelerators. In this paper, we present a detailed analysis of the modes of a dielectric-
loaded rectangular waveguide accelerating structure based on a circuit model approximation and mode match-
ing method. In general, the acceleration field in a synchronous acceleration mode is nonuniform in the two
transverse dimensions. We show, however, that by using a series of rectangular structures successively rotated
by 90°, the net accelerating force can be made almost uniform. Characteristic parameters such asR/Q, group
velocity, and attenuation constant forX- andW-band accelerators are calculated. The longitudinal wakefields
experienced by a relativistic charged particle beam in these structures are also presented. These analytical
results are also compared with numerical calculations using theMAFIA code suite demonstrating the validity of
our analytic approach.
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I. INTRODUCTION

The possible applications of millimeter-wave dielect
waveguide accelerating structures to high-energy accele
have received much attention@1–6#. This class of accelerat
ing structures can produce a high accelerating gradient
can easily be fabricated. Dielectric-loaded structures h
also found application in a variety of waveguide compone
such as phase shifters, matching transformers, and qua
wave plates. Any dielectric slow wave structure can supp
traveling-wave luminal accelerating modes, but so far stud
of such structures have mainly concentrated on cylindr
structures operating atX band@6#. In order to avoid break-
down of the structure at higher accelerating fields, it is
sirable to use accelerating structures operating at higher
quencies@7#, such as atW band. On the other hand, whil
higher-frequency cylindrical structures would yield high
accelerating fields and shunt impedances, the stored en
per unit length is very low so that the accelerated beam
rent is limited. Therefore, simply scaling cylindrical geom
etry structures to higher frequencies will not lead to a hig
luminosity accelerator. It also becomes increasingly diffic
to fabricate and tune a high-frequency dielectric-lined cyl
drical structure.

A class of structures, which overcomes these difficulti
uses the slab geometry shown in Fig. 1. Some advantage
the rectangular slab geometry over cylindrical dielect
structures at high frequencies are given.

Tuning: The structure can be easily tuned to correct f
quency error by adjusting the metallic side walls that are f
of dielectric.

Stored energy: For a given frequency and acceleratin
gradient the rectangular structure can store more energy
a cylindrical dielectric structure thus reducing beam loadi

Focusing: The accelerating field is not uniform across t
transverse dimensions, so unlike the TM accelerating mo
in a cylindrical structure the transverse forces on a relati
tic beam do not cancel, but provide a focusing force that a
1063-651X/2001/65~1!/016505~9!/$20.00 65 0165
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on the beam like an rf quadrupole while the beam is acc
erated.

It is necessary to perform a detailed three-dimensio
~3D! field analysis for the rectangular structure. There ha
been some efforts to study slab-symmetric dielectric-loa
accelerating structures at very high frequencies@4,5#. In
these cases, the field calculations for slab geometry con
trated on a two-dimensional analysis that assumes the w
of the structure is infinite. The problem associated with
2D analysis is that it does not accurately describe the fi
profiles in transverse directions to the beam axis. In this
per we calculate 3D field distributions for a rectangular p
tially filled dielectric waveguide, and we present an exa
solution for all the field components in terms of LSM~lon-
gitudinal section magnetic! and LSE ~longitudinal section
electric! modes using a mode matching method. This ana
sis provides a basis for studying the properties of this str
ture as an accelerator. We also present a wakefield calc
tion using the field analysis results. We calculate the sh
impedanceR and quality factorQ for each mode, which in
turn provides the Green functions for the wakefield exci
tions.

II. FIELD ANALYTICAL APPROACH

The normal modes in dielectric-loaded guides are not
general, either pureE or H modes, but rather combination
of those modes. An exception is the case ofH0n modes
where the electric field is parallel to the dielectric slab a
there is no variation of the fields along the vacuum-dielec
interface. In this case, another set of modes can be ado
for dielectric-loaded guides that have noH or E components
normal to the interface. These modes have been design
LSM and LSE modes@8#. This corresponds to assuming th
transverse direction to the interface normal vector to be
direction of propagation.

The cross section of a dielectric-loaded rectangular gu
can be divided into three homogeneous subregions~vacuum
and the two dielectric slabs! as shown in Fig. 1. The genera
©2001 The American Physical Society05-1
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LILING XIAO, WEI GAI, AND XIANG SUN PHYSICAL REVIEW E 65 016505
structure considered here is limited to the case of t
H-plane slabs placed symmetrically. We also only anal
these modes with the longitudinal electric components at
central point since any other modes will not couple to
beam. It implies that the central plane in they-z view is a
magnetic wall, so that only a half section with two subr
gions is needed for the analysis@Fig. 2~a!#. In this paper, the
transverse resonance technique~TRT! is applied to study the
propagation properties in the structure@9#. In each region,
the fields for LSM/LSE modes derive from the electr
magnetic Hertzian potential and satisfy the boundary con
tions at dielectric and vacuum interfaces.

A. Dispersion relations

The transverse equivalent circuit can be established
shown in Fig. 2~b!, and in fact, it holds for both LSM and
LSE modes. Two transmission line sections correspond to
LSMmn or LSEmn mode in the two regions 0,y,a and a
,y,b. The lateral walls aty50 andb correspond to open
and short circuits, respectively. The field continuity at t
dielectric-vacuum interface implies the continuity of both t
voltage and current, and thus is represented by the d
connection of the two equivalent transmission line sectio

For nonzero voltages and currents in the transve
equivalent circuit, the resonance condition must be satisfi

2Z0mn
~0! cot~kymn

~0! a!1Z0mn
~1! tan@kymn

~1! ~b2a!#50, ~1!

where the values of the characteristic impedances will
pend on the type of mode being considered,

Z0mn
~0! 5

kymn
~0!

v«0
, Z0mn

~1! 5
kymn

~1!

v«0« r
~LSMmn!, ~2a!

FIG. 1. Dielectric-loaded rectangular guide.
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Z0mn
~0! 5

vm0

kymn
~0! , Z0mn

~1! 5
vm0

kymn
~1! ~LSEmn!. ~2b!

The transverse propagation constants can be expres
terms of the longitudinal propagation constantbmn using the
following conditions:

kymn
~0!2

5k22S mp

w D 2

2bmn
2 , kymn

~1!2
5« rk

22S mp

w D 2

2bmn
2 ,

~3!

wherek52p f /c is the propagation constant in free spac
Inserting Eqs.~3! and~2a! or Eq.~2b! into Eq.~1!, we can

obtain the dispersion relations of the LSMmn or LSEmn
modes in the dielectric-loaded rectangular guide,

kymn
~1! sin@kymn

~1! ~b2a!#sinkymn
~0! a

2« rkymn
~0! cos~kymn

~0! a!cos@kymn
~1! ~b2a!#50 ~LSMmn!,

~4a!

kymn
~0! sin@kymn

~1! ~b2a!#sinkymn
~0! a2kymn

~1! cos~kymn
~0! a!

3cos@kymn
~1! ~b2a!#50 ~LSEmn!. ~4b!

This is a transcendental equation of the general form
complex function ofbmn and f. For the inhomogeneou
guide considered here, the dispersion relation must be s
at each frequency. Again an infinite number of discrete s
tions exist. We will only solve the first solution for eachm
index at each frequency, corresponding to the LSMm1 or
LSEm1 mode.

B. Field components

1. LSMmn modes

In each region, the fields for the LSMmn derive from an
electric-type Hertzian potential. Using the boundary co
tions at the perfectly conducting guide walls~x56w/2, y
5b! and the boundary condition at the magnetic wally
50), the potential functionce is
it
FIG. 2. The half cross section
of the rectangular structure~a! and
its transverse equivalent circu
~b!.
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cemn5H Amn sin
mp

w S x1
w

2 D sinkymn
~0! ye2 j bmnz, 0,y,a,

Bmn sin
mp

w S x1
w

2 D coskymn
~1! ~b2y!e2 j bmnz, a,y,b.

~5!

The field components for the LSMmn are given by

Exmn5H Amn

mp

w
kymn

~0! cos
mp

w S x1
w

2 D coskymn
~0! y, 0,y,a,

Bmn

mp

w
kymn

~1! cos
mp

w S x1
w

2 D sinkymn
~1! ~b2y!, a,y,b,

Eymn5H Amnkcmn
2 sin

mp

w S x1
w

2 D sinkymn
~0! y, 0,y,a,

Bmnkcmn
2 sin

mp

w S x1
w

2 D coskymn
~1! ~b2y!, a,y,b,

Ezmn5H Amn~2 j bmn!kymn
~0! sin

mp

w S x1
w

2 D coskymn
~0! y, 0,y,a,

Bmn~2 j bmn!kymn
~1! sin

mp

w S x1
w

2 D sinkymn
~1! ~b2y!, a,y,b,

Hxmn5H 2Amnv«0bmn sin
mp

w S x1
w

2 D sinkymn
~0! y, 0,y,a,

2Bmnv«0« rbmn sin
mp

w S x1
w

2 D coskymn
~1! ~b2y!, a,y,b,

Hymn50

Hzmn5H Amn~ j v«0!
mp

w
cos

mp

w S x1
w

2 D sinkymn
~0! y, 0,y,a,

Bmn~ j v«0« r !
mp

w
cos

mp

w S x1
w

2 D coskymn
~1! ~b2y!, a,y,b,

~6!

wherekcmn
2 5(mp/w)21bmn

2 . Note that thez dependence exp(2jbmnz) has been omitted in these expressions for simplic
At the interface between the region 0 and I, the tangential electric and magnetic field components must all be conti

the following conditions are imposed on the solution given by Eq.~6!

AmnKymn
~0! coskymn

~0! a5Bmnkymn
~1! sinkymn

~1! ~b2a!, ~7a!

Amn sinkymn
~0! a5Bmn« r coskymn

~1! ~b2a!. ~7b!

Dividing Eq. ~7a! by Eq. ~7b! yields the dispersion relation, which is the same as Eq.~4a!. From Eq.~7!, the coefficient ratio
can be found, and, when substituted into Eq.~6!, completes the solution.

2. LSEmn modes

The derivation for the LSEmn modes follows the same lines as the one for the LSMmn modes. A magnetic-type potentia
function ch is

chmn5H Cmn

1

j vm0
cos

mp

w S x1
w

2 D coskymn
~0! ye2 j bmnz, 0,y,a,

Dmn

1

j vm0
cos

mp

w S x1
w

2 D sinkymn
~1! ~b2y!e2 j bmnz, a,y,b.

~8!

The corresponding field components are derived from Eq.~8!, ~again omitting thez dependence for brevity!,
016505-3
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Exmn5H Cmn~2 j bmn!cos
mp

w S x1
w

2 D coskymn
~0! y, 0,y,a,

Dmn~2 j bmn!cos
mp

w S x1
w

2 D sinkymn
~1! ~b2y!, a,y,b,

Ezmn50

Ezmn5H Cmn

mp

w
sin

mp

w S x1
w

2 D coskymn
~0! y, 0,y,a,

Dmn

mp

w
sin

mp

w S x1
w

2 D sinkymn
~1! ~b2y!, a,y,b,

Hxmn55 Cmn

kymn
~0!

j vm0

mp

w
sin

mp

w S x1
w

2 D sinkymn
~0! y, 0,y,a,

Dmn

kymn
~1!

j vm0

mp

w
sin

mp

w S x1
w

2 D coskymn
~1! ~b2y!, a,y,b,

Hymn55 Cmn

kcmn
2

j vm0
cos

mp

w S x1
w

2 D coskymn
~0! y, 0,y,a,

Dmn

kcmn
2

j vm0
cos

mp

w S x1
w

2 D sinkymn
~1! ~b2y!, a,y,b,

Hzmn55 Cmn

bmnkymn
~0!

vm0
cos

mp

w S x1
w

2 D sinkymn
~0! y, 0,y,a,

Dmn

bmnkymn
~1!

vm0
cos

mp

w S x1
w

2 D coskymn
~1! ~b2y!, a,y,b.

~9!
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Similarly, the coefficient ratio and the dispersion relatio
can be obtained using the field continuity aty5a.

III. GENERAL ACCELERATION PROPERTIES
OF THE LSM 11 MODE

In general, the relative advantages of accelerating str
tures can be understood with reference to figures of m
such as the ratio of the peak surface electric field to the a
acceleration fieldEs /E0 , the group velocityvg , the attenu-
ation constanta, and R/Q that measures the efficiency o
acceleration in term of the given stored energy, etc. The d
nitions of these parameters will be briefly discussed a
quantified here. In this section, only the results pertaining
the LSM11 mode are given, because the LSM11 mode is the
lowest luminal mode in our considered structures, and
longitudinal electric field is distributed symmetrically in bot
x and y. All other higher-order mode properties can be o
tained using similar methods, although they are only relev
to the wakefield calculations shown in Sec. V.

A. The ratio of surface field Es to accelerating fieldEz

The axial electrical fieldEz in the vacuum region is

Ez5E0 sin
p

w S x1
w

2 D cosky
~0!y cosbz. ~10!
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c-
rit
al

fi-
d
o

ts

-
nt

The ratio of surface fieldEs to accelerating fieldE0 is

UEs

E0
U5UEy~0,b!

Ez~0,0!
U5U S p

wD 2

1b2

kyb
sinkya

U
5

S p

wD 2

1b2

p

w
b

UsinS p

w
aD U. ~11!

It is desirable to have this ratio as small as possible si
the surface field contributes nothing to accelerating the be
but is responsible for breakdown of the structure.

B. The group velocity vg , power flow P, and stored energyU

The relationship between the group velocityvg , power
flow P, and stored energyU in this type of structure is the
same as for a standard waveguide@10#.

ng5
P

U
,

P5
1

2 E E EyHxdx dy, ~12!

U5
1

2L E E E @«0« r~y!~Ex
21Ey

21Ez
2!
1m0~Hx
21Hz

2!#dx dy dz,
5-4
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FIG. 3. ~Color! Dispersion curves of anX-
band dielectric-loaded rectangular guide~a
53 mm, b55 mm, w523 mm, and« r510!.
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whereP is the power flow over the half section under co
sideration andU is the stored energy per unit length in th
half structure.

C. The quality factor Q „ignoring dielectric losses…
and the attenuation constanta

In general, the rf losses in this class of structures are fr
ohmic losses in the walls. Dielectric losses are much low
because high-Q dielectric materials, now commonly avai
able, can be used. Thus, for a given field distribution, a
with the calculated stored energy and power losses on
walls, we have the systemQ as

Q5
vU

Ploss
,

Ploss5RsE E uHW u2ds, ~13!

Rs5
1

dskins
and dskin5A 2

m0sv
,

wheres is the conductivity of the metal wall.
The attenuation constanta is given by

a5
v

2Qng
5

Ploss

2P
. ~14!

D. The normalized shunt impedanceRÕQ

For a linear accelerator system, it is common and v
important for comparison of different types of accelerati
structures to calculate a normalized impedanceR/Q, which
is a measure of overall effectiveness of the accelera
structure.

R

Q
5

E0
2ng

vP
, ~15!
01650
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whereE0 is the maximum accelerating field on thez axis.

IV. FIELD PROPERTIES DISCUSSION AND NUMERICAL
RESULTS

Figure 3 shows the dispersion curves of the low
LSMm1 and LSEm1 modes for a structure witha53 mm,
b55 mm, w523 mm, and« r510. LSM11 and LSE01 modes
are the lowest symmetrical LSM and LSE modes, resp
tively, and the LSM11 mode is the lowest symmetrical syn
chronous mode in this structure with excitation frequency
11.17 GHz~X band!.

Now let us examine the field distributions of a LSM11
mode synchronous with and acting upon an ultrarelativis
electron (b52p f /c5k). In vacuum ~region 0!, kx

252ky
2

5(p/w)2;ky is imaginary and of equal amplitude withkx .
~This phenomenon had been investigated in slab-symme
dielectric structures@4#, but in the limit w→` so that
kx

252ky
250!. This transverse dependence of the fields w

result in focusing in thex direction and defocusing iny; the
dielectric-loaded rectangular guide accelerating structure
thus be thought of as a quadrupole in terms of its focus
properties. Figure 4 gives the normalized longitudinal el
tric field distributions of the LSM11 synchronous mode as
function of x andy using the field analysis method.

When thex dimension tends to infinity, the fields in th
dielectric-loaded rectangular accelerating structure appro
those of the planar dielectric guide described in Refs.@4,5#.
In this limit the LSM11 mode will only have three compo
nents~Ex , Ez , andHy! and be the same as the accelerat
mode in a planar dielectric structure@5#.

As one can see, this field is not independent ofx and y.
This would result in nonuniform energy gain of charged p
ticles passing through different locations. This is differe
than a conventional cylindrical structure. Furthermore, t
nonuniformEz also means that there are transverse forcesFx
and Fy exerted on a charged particle with chargee passing
through the structure. These forces are given by
5-5
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FIG. 4. ~Color! The normal-
ized longitudinal electric field dis-
tribution at transverse section us
ing the field analysis method in
Sec. II ~a53 mm, b55 mm, w
523 mm, and« r510!.

FIG. 5. ~Color! Two orthogonal identical accelerating structures~a! and the net normalized energy gain experienced by a particle in
region 2a,x,a and 2a,y,a ~b!. In the central area, the net energy gain experienced by the beam after passing through t
orthogonal identical accelerating structures is uniform~a53 mm, b55 mm, w523 mm, and« r510!.
016505-6
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Fx5eE0

p

w
cos

p

w S x1
w

2 D cosky
~0!y sinbz,

Fy5eE0~2ky
~0!!sin

p

w S x1
w

2 D sinky
~0!y sinbz. ~16!

Since2ky
(0)5 j (p/w), and assuming thatx andy are very

small, we haveFx52Fy . This can be viewed as a focusin
force on the particle from a quadrupole field and with focu
ing strength}1/w. An array of these structures rotated alte
nately by 90° will provide a net force continuously anal
gous to a simple focusing and defocusing~FODO! lattice.
The integrated acceleration force in the center area will
very close to uniform, just as in a conventional cylindric
iris-loaded accelerating structure.
d
e
in

rg

01650
-
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To simplify the discussion, let us first consider two ide
tical structures~1 and 2! rotated by 90°. These two structure
are not electrically coupled as shown in Fig. 5~a!. Each ac-
celerator section is powered independently with the sa
external rf source. Next we calculate the net energy g
after passing through structures 1 and 2. The accelera
fields in structures 1 and 2 are the same LSM11 mode oper-
ating at the same frequency and amplitude. Due to the
thogonality of the two structures, the field distributions w
corresponding toHy50 in structure 1 andHx50 in structure
2 as we discussed in Sec. II. We will use the notation LSM11

(y)

and LSM11
(x) to indicate the accelerating modes in structure

and 2. Their longitudinal electric field components are giv
in Eq. ~17!.
Ez
15H A11~2 j b11!ky11

~0!,1 sin
p

w S x1
w

2 D cosky11
~0!,1yej 2p f z, uxu,w/2, uyu,a,

B11~2 j b11!ky11
~1!,1 sin

p

w S x1
w

2 D sinky11
~1!,1~b2y!ej 2p f z, uxu,w/2, a,uyu,b,

~LSM11
~y!!

Ez
25H A11~2 j b11!kx11

~0!,2 sin
p

w S y1
w

2 D coskx11
~0!,2xej 2p f z, uyu,w/2, uxu,a,

B11~2 j b11!kx11
~1!,2 sin

p

w S y1
w

2 D sinkx11
~1!,2~b2x!ej 2p f z, uyu,w/2, a,uxu,b,

~LSM11
~x!! ~17!
ld

6

6

whereb1152p f /c5k, andky11
(0),15kx11

(0),25 j (p/w).
This means that in vacuum regions of structures 1 an

the ky11
(0),1 and kx11

(0),2 are imaginary and of equal amplitud
with p/w. The longitudinal electric field components
vacuum regions can be expressed as

Ez
15 jA11~2 j b11!

p

w
cos

p

w
x cosh

p

w
yej 2p f z,

uxu,w/2, uyu,a,

Ez
25 jA11~2 j b11!

p

w
cos

p

w
y cosh

p

w
xej 2p f z,

uxu,a, uyu,w/2. ~18!

After passing through structures 1 and 2, the net ene
gain experienced by a particle in the region2a,x,a and
2a,y,a is

Wz~x,y!5eEz~x,y!L

5eLF jA11~2 j b11!
p

w
cos

p

w
x cosh

p

w
yej 2p f L

1 jA11~2 j b11!
p

w
cos

p

w
y cosh

p

w
xej 2p f LG ,

~19!
2,

y

5eLA11b11

p

w
ej 2p f LS cos

p

w
x cosh

p

w
y

1cos
p

w
y cosh

p

w
xD

5eLA11b11

p

w
ej 2p f L f ~x,y!.

Equation~19! shows that the integrated accelerating fie
is nearly constant in the region of interest in bothx and y
views. Figure 5~b! gives the normalizedWz(x,y) distribu-

TABLE I. Accelerating parameters for the exampleX-band and
W-band structures.

Size
f

~GHz!
b

~rad/m! Q Es /E0 Vg /c
R/Q

~kV/m! a

X band
~analytic!

11.17 234.0 3566 0.5 0.13 12.6 0.2

X band
~MAFIA !

11.17 235.4 3630

W band
~analytic!

92.81 1945 1281 0.4 0.12 106 6.1

W band
~Ref. @5#!

91.41 1400 0.6 0.1 6.8
5-7
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LILING XIAO, WEI GAI, AND XIANG SUN PHYSICAL REVIEW E 65 016505
tions as a function ofx andy calculated from Eq.~19!. One
can show thatf (x,y) is constant to fourth order in smallx
andy offsets. In the case studied here, the maximal and m
mal net energy gain for particles at different transverse p
tions differ by ,0.6%. It could be reduced further if th
beam is confined to a smaller transverse regions as woul
the case in a conventional accelerating structure.

Table I lists the general parameters ofX- and W-band
dielectric-loaded rectangular accelerating structures. AX
band, the dimensions are the same as the structure us
Figs. 3 and 4. At W band, we takea5300mm, b
5550mm, w53500mm, and« r59.5. Note that the param
etersa, b, and« r are the same as the structure described
01650
i-
i-

be

in

n

Ref. @5#. The calculated results using our method diff
slightly from Ref. @5# because the boundary conditions atx
56w/2 are different. We also analyzed theX-band structure
usingMAFIA code@11#. In Table I we only list the longitudi-
nal propagation constantb and the quality factorQ of LSM11
synchronous mode. The analytical results agree well w
computational results fromMAFIA .

V. WAKEFIELD ANALYSIS

Normally, the wakefield calculation is tedious and cum
bersome, and in this respect the rectangular structure is e
more complicated than the cylindrical structure. Howev
FIG. 6. Calculated longitudi-
nal wakefield in anX-band struc-
ture using the field analysis
method in Sec. II~a! and numeri-
cal results fromMAFIA code ~b!.
Results from ~a! and ~b! are in
very good agreement~a53 mm,
b55 mm, w523 mm, « r510,
andsz52 mm, q51 nC!.
5-8
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since we have already obtained the field distribution and
normalized shunt impedanceR/Q of each mode using mod
analysis, the longitudinal component of the wakefield am
tude excited by a charged particle beam traveling on axis
be easily obtained as follows@12#:

E0i5
qv i

4 S R

QD
i

, ~20!

Ezi5E0i sin
p

w S x1
w

2 D coskyi
~0!y cosb iz, ~21!

whereE0i is the on-axis accelerating/decelerating gradien
the i th mode.

We assume a Gaussian longitudinal beam shape~with
bunch lengthsz and chargeq!. The longitudinal wakeWz(z)
at distancez behind the drive electron beam is then given

Wz~z!5
1

A2psz
E

2`

z

(
i 51

`

E0i cosb i~z2z8!

3expS 2
z82

2sz
2Ddz8. ~22!

The transverse forces can be directly calculated fromEz by
using the Panofsky-Wenzel theorem@13#,

]FW'

]z
5e¹'Ez ,

FW x~z!5xW
e

A2psz
E

2`

z

(
i 51

`

E0i

p

w
cos

p

w S x1
w

2 D
3coskyi

~0!y cosb i~z2z8!expS 2
z82

2sz
2Ddz8, ~23a!

FW y~z!5yW
e

A2psz
E

2`

z

(
i 51

`

E0i~2kyi
~0!!

3sin
p

w S x1
w

2 D sinkyi
~0!y cosb i~z2z8!

3expS 2
z82

2sz
2Ddz8. ~23b!
v.

m

01650
e

i-
n

f

In Fig. 6~a!, the longitudinal wakefields obtained usin
Eq. ~19! are shown. For this example, aq is a 1nC bunch
with lengthsz52 mm located atz50 moving along the axis
with a speed of light in dielectric-loaded waveguide. T
dielectric-loaded rectangular waveguide operated atX band
has the same parameters described in Sec. III. The first
symmetric modes are used in the sum over modes; hig
order modes do not contribute significantly. We have co
pared our calculated results with those from direct numer
integration of the Maxwell equations using theMAFIA code.

VI. CONCLUSIONS

In this paper, we studied the dielectric-loaded rectangu
waveguide accelerating structure. A detailed analytical fi
analysis method was presented. In this structure, an inte
ing phenomenon is that the two transverse wave number
the acceleration field in a synchronous acceleration mode
of equal amplitude and one is real and the other is imagin
By using a beam line in which the accelerating structures
alternately rotated by 90°, the net acceleration energy g
experienced by a particle in a small central region can
made almost uniform. We also have analyzed the charac
istic parameters and the longitudinal wakefield in
dielectric-loaded rectangular waveguide accelerating st
ture. Some results are presented and compared with num
cal results from theMAFIA code and are found to be in goo
agreement.

Obviously, when the width of the structure tends to
very large, the dielectric-loaded rectangular waveguide
celerating structure can be thought of as a planar dielec
waveguide, and the effect of the metal walls atx56w/2
should decrease. Pumping ports and tuning plungers ca
located on the metal walls, then without significantly affe
ing the shape of the field. We are currently planning to fa
ricate and test experimentally theX band dielectric-loaded
rectangular waveguide accelerating structure descri
above.
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