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Field analysis of a dielectric-loaded rectangular waveguide accelerating structure
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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 parametersRi@hgeup
velocity, and attenuation constant f& 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 usingisi code suite demonstrating the validity of
our analytic approach.

DOI: 10.1103/PhysRevVE.65.016505 PACS nuni®erd1.75.Lx, 29.17+w, 42.82.Et, 84.40:x
I. INTRODUCTION on the beam like an rf quadrupole while the beam is accel-
erated.

The possible applications of millimeter-wave dielectric It is necessary to perform a detailed three-dimensional
waveguide accelerating structures to high-energy acceleratésD) field analysis for the rectangular structure. There have
have received much attenti¢fi—6]. This class of accelerat- been some efforts to study slab-symmetric dielectric-loaded
ing structures can produce a high accelerating gradient ar@ccelerating structures at very high frequendids]. In
can easily be fabricated. Dielectric-loaded structures havi€se cases, the field calculations for slab geometry concen-
also found application in a variety of waveguide componentérated on a two-dimensional analysis that assumes the width

such as phase shifters, matching transformers, and quarté)rf— the structure is infinite. The problem associated with the

wave plates. Any dielectric slow wave structure can supporgD gnalyss is that it dpes not accurately desc.nbe thg field
rofiles in transverse directions to the beam axis. In this pa-

traveling-wave luminal accelerating modes, but so far studie8 : P
g g er we calculate 3D field distributions for a rectangular par-

of such structures have mainly concentrated on cylindricaf ; . , .
. . ially filled dielectric waveguide, and we present an exact
structures operating & band|[6]. In order to avoid break- solution for all the field components in terms of LSn-

down of the structure at higher accelerating fields, it is de- itudinal section magneticand LSE (longitudinal section
sirable to use accelerating structures operating at higher fr Slectrio modes using a mode matching method. This analy-
quencieq7], such as atV band. On the other hand, while g nrovides a basis for studying the properties of this struc-
higher-frequency cylindrical structures would yield higher e as an accelerator. We also present a wakefield calcula-

accelerating fields and shunt impedances, the stored energyn ysing the field analysis results. We calculate the shunt
per unit length is very low so that the accelerated beam cufimpedanceRr and quality factorQ for each mode, which in

rent is limited. Therefore, simply scaling cylindrical geom- tyrn provides the Green functions for the wakefield excita-
etry structures to higher frequencies will not lead to a highetjons.

luminosity accelerator. It also becomes increasingly difficult
to fabricate and tune a high-frequency dielectric-lined cylin-
drical structure.

A class of structures, which overcomes these difficulties, The normal modes in dielectric-loaded guides are not, in
uses the slab geometry shown in Fig. 1. Some advantages géneral, either pur& or H modes, but rather combinations
the rectangular slab geometry over cylindrical dielectricof those modes. An exception is the caseHy, modes
structures at high frequencies are given. where the electric field is parallel to the dielectric slab and

Tuning The structure can be easily tuned to correct fre-there is no variation of the fields along the vacuum-dielectric
quency error by adjusting the metallic side walls that are freénterface. In this case, another set of modes can be adopted
of dielectric. for dielectric-loaded guides that have Hoor E components

Stored energyFor a given frequency and accelerating normal to the interface. These modes have been designated
gradient the rectangular structure can store more energy thay8M and LSE mode§8]. This corresponds to assuming the
a cylindrical dielectric structure thus reducing beam loadingtransverse direction to the interface normal vector to be the

Focusing The accelerating field is not uniform across the direction of propagation.
transverse dimensions, so unlike the TM accelerating modes The cross section of a dielectric-loaded rectangular guide
in a cylindrical structure the transverse forces on a relativiscan be divided into three homogeneous subregi@asuum
tic beam do not cancel, but provide a focusing force that actand the two dielectric slapss shown in Fig. 1. The general

Il. FIELD ANALYTICAL APPROACH
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The transverse propagation constants can be expressed in
terms of the longitudinal propagation constght, using the
following conditions:
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FIG. 1. Dielectric-loaded rectangular guide.

structure considered here is limited to the case of two

H-plane slabs placed symmetrically. We also only analyzevherek=2=f/c is the propagation constant in free space.
these modes with the longitudinal electric components at the Inserting Eqs(3) and(2a) or Eq.(2b) into Eq.(1), we can
central point since any other modes will not couple to theobtain the dispersion relations of the L§Mor LSE,,

beam. It implies that the central plane in thez view is a  modes in the dielectric-loaded rectangular guide,
magnetic wall, so that only a half section with two subre-

gions is needed for the analy$isig. 2(a)]. In this paper, the

transverse resonance technidqli®T) is applied to study the kgln)msw[ K mi(b—a)]sink{% a
propagation properties in the structyi@. In each region, ) )

the fields for LSM/LSE modes derive from the electric/ erkimncogkin a)cogkin(b—a)]=0 (LSMpy),
magnetic Hertzian potential and satisfy the boundary condi-

. . ; _ (4a)
tions at dielectric and vacuum interfaces.
A. Dispersion relations k§/?nn5”[k(1)n(b— a)]sin k;?%na_ k§/1n)m‘305{ kg/?’r)]rfa)
The transverse equivalent circuit can be established as Xcos{k“)n(b a)]=0 (LSEqp). (4b)

shown in Fig. 2Zb), and in fact, it holds for both LSM and
LSE modes. Two transmission line sections correspond to the
LSM,,,,, or LSE,, mode in the two regionsQy<a anda This is a transcendental equation of the general form of a
<y<b. The lateral walls ay=0 andb correspond to open complex function ofB,,, and f. For the inhomogeneous
and short circuits, respectively. The field continuity at theguide considered here, the dispersion relation must be solved
dielectric-vacuum interface implies the continuity of both theat each frequency. Again an infinite number of discrete solu-
voltage and current, and thus is represented by the diretions exist. We will only solve the first solution for eaah
connection of the two equivalent transmission line sectionsindex at each frequency, corresponding to the L,$Nr

For nonzero voltages and currents in the transverseSE,; mode.
equivalent circuit, the resonance condition must be satisfied.

Zg?r)mcot(k(o) na)+ZB}%ntar[k§,lr%n b—a)]=0, (1 B. Field components

1. LSM,,, modes

In each region, the fields for the LS} derive from an
electric-type Hertzian potential. Using the boundary condi-

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

(0) ) tions at the perfectly conducting guide walls=+=w/2, y
Zg%n:y_’m‘, Zg}%nzy_’“” (LSM,,,), (2a) =b) and the bo.undary.cond}tlon at the magnetic wall (
WEq 0€r =0), the potential functiony, is
ry
!
iIeg P
: = b © - FIG. 2. The half cross section
i 0 a ] ! Omn Z of the rectangular structule) and
"""""" T T T o its transverse equivalent circuit
y i H (b).
i 0 1
; 0 [y
@ (b)
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. 7 wy | (0) g
Amnsin——| x+ = |sinkyye 1Bmr? 0<y<a,
Vemn= mar W _ 6)
BnSin——| x+ 5 coskip(b—y)e hm a<y<b.
The field components for the LSM are given by
mm (0) mmr W (0)
AmnTkymncosW x+§ coskymy, 0<y<a,
E =
xmn ma mar wy
B W kymncosW X+ sinkym(b—y), a<y<b,
, . mm Wi o)
AmnkcmnsmW x+§ sinkymy, 0<y<a,
Eymn: mar w
ankgmnsinW X+ o coskip(b—y), a<y<h,
: © ain [ W (0)
Amn(—]ﬁmn)kymnsmW x+§ coskympy, 0<y<a,
Ezmn=
B (—ig kD sin [ wa Y sink® (b b 6)
. mT w\ (0)
—AmnwsoﬁmnSIHW x+§ sinkymy, 0<y<a,
Hymn= mar W
~Bnnweoe SmaSin——| x+ cosk{(b—y), a<y<b,
Hymn=0
. mm mar W) | (0)
Amn(sto)WcosW x+§ sinkymy, 0<y<a,
H —
zmn _ mm  mm w "
an(]wsosr)wCOSW X+E COSkymn(b—y), a<y<b,

Wherekgmnz(mw/w)2+,8ﬁm. Note that thez dependence exp(j 8,2 has been omitted in these expressions for simplicity.
At the interface between the region 0 and I, the tangential electric and magnetic field components must all be continuous so
the following conditions are imposed on the solution given by &4.
AmnK{Thncoski® a= B, kb sink(h) (b—a), (7a)

AmnSink{9 8= Bpe, coski) (b—a). (7b)

Dividing Eq. (7a) by Eq.(7b) yields the dispersion relation, which is the same as(Ba). From Eq.(7), the coefficient ratio
can be found, and, when substituted into E), completes the solution.
2. LSE,, modes

The derivation for the LSk, modes follows the same lines as the one for the Lgkhodes. A magnetic-type potential
function ¢, is

1 mar w 0 .
C”‘”WCOSW X+ > cosk{) ye 1AmZ  0<y<a,
0
Pnmn= 1 m (8
T Y aink® B
DmnmCOSW X+ sinkym(b—y)e 1Fm,a<y<b.

The corresponding field components are derived from(B)j.(again omitting thez dependence for brevity
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. m w
Cmn(—J,G'mn)cosW(x+E coskiy, 0<y<a,
Exmn= mar W
Do =i Bma)cos— - | x+ > |sinkn (b—y), a<y<b,
Ezmni=0
mm  mm w (0)
Cm”TS'nW x+§ coskympy, 0<y<a,
Ezmni= mm  m w\
DmnTsm— X+E sinkyn(b—y), a<y<b,
KO mr  mm w
mnjafzzwsin— X+ sinkihy, 0<y<a, ©
Hni= KV mr  mn w
Y2L — sin— | x+ - |cosk(H (b—y), a<y<b
™ o W sin X+ 5 coskym(b—y), y<b,
k2 mar w
Cmnja‘;m’;cosw X+ cosk{fy, 0<y<a,
H —
ymn K2mn M w\ o
Dm”jw cos— | x+ 5 sinkh(b—y), a<y<b,
ﬁmnkilcl)”r)m mr w . 0
Cm”TOCOSW X+ > sink{%y, 0<y<a,
Hzmn= (1)
BmnK mar w
mn% S| X5 coskip(b—y), a<y<h.

Similarly, the coefficient ratio and the dispersion relation  The ratio of surface fiel& to accelerating field, is
can be obtained using the field continuityyat a.

aa 2+ 2
EJ |E,(0b)| |lw A y
Ill. GENERAL ACCELERATION PROPERTIES Eo |EA00| | kB sinxya
OF THE LSM ;; MODE )
In general, the relative advantages of accelerating struc- (W) +B° -
tures can be understood with reference to figures of merit = sin| wa 11

such as the ratio of the peak surface electric field to the axial
acceleration fieldes/Eq, the group velocitw, the attenu- w
ation constanty, and R/Q that measures the efficiency of
acceleration in term of the given stored energy, etc. The defi
nitions of these parameters will be briefly discussed an
quantified here. In this section, only the results pertaining to

the LSM;; mode are given, because the L§\hode is the  B. The group velocity vy, power flow P, and stored energyU
:owe_stdl_umllnzlil m_odf(_a I'S.OL('; C(_)t?mdgred struc_turﬁs,_ agd r:ts The relationship between the group velocity, power
ongitudinal e eCtI’IC. leld s distribute symmgtnca yinboth 4, P, and stored energy in this type of structure is the
X fand y. AII othe_r higher-order mode properties can be ob-g; e as for a standard wavegujde.

tained using similar methods, although they are only relevant P

to the wakefield calculations shown in Sec. V. o=

It is desirable to have this ratio as small as possible since
the surface field contributes nothing to accelerating the beam
ut is responsible for breakdown of the structure.

YR

. . o 1
A. The ratio of surface field E to accelerating fieldE, P= Ef f E,H,dx dy, (12
The axial electrical field, in the vacuum region is

u=ifff[808r(y)(E§+E§+E§)

+po(HZ+H2) Jdx dy dz

w
X+ =

5 cosk{”y cospz. (10)

. T
E,=Eg smw
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FIG. 3. (Color) Dispersion curves of aix-
band dielectric-loaded rectangular guid@
=3 mm, b=5 mm, w=23 mm, ands,=10).

A — e

whereP is the power flow over the half section under con-whereE, is the maximum accelerating field on tkeaxis.

sideration andJ is the stored energy per unit length in the

half structure.

C. The quality factor Q (ignoring dielectric losse3

and the attenuation constanta

IV. FIELD PROPERTIES DISCUSSION AND NUMERICAL
RESULTS

Figure 3 shows the dispersion curves of the lower

In general, the rf losses in this class of structures are fronfkSMm1 and LSE,; modes for a structure wita=3 mm,
ohmic losses in the walls. Dielectric losses are much loweP=5 mm,w=23mm, and,=10. LSM,, and LSk, modes
because higiy dielectric materials, now commonly avail- are the lowest symmetrical LSM and LSE modes, respec-
able, can be used. Thus, for a given field distribution, andively, and the LSM; mode is the lowest symmetrical syn-
with the calculated stored energy and power losses on thehronous mode in this structure with excitation frequency of

walls, we have the syste@ as

wU

= 1
Ploss

Ploss= RSJ f |ﬁ|2dS,
d Syin= 2
an skin— \/ P

whereo is the conductivity of the metal wall.
The attenuation constaatis given by

Rs=

SskinT

__ @ :Ploss
“T2Qu, 2P

(13

(14

D. The normalized shunt impedanceR/Q

11.17 GHz(X band.

Now let us examine the field distributions of a L$M
mode synchronous with and acting upon an ultrarelativistic
electron @=2mf/c=k). In vacuum(region 0, ki=—k;
=(7T/W)2;ky is imaginary and of equal amplitude wiit) .
(This phenomenon had been investigated in slab-symmetric
dielectric structureg4], but in the limit w—o so that
ki=—k;=0). This transverse dependence of the fields will
result in focusing in thex direction and defocusing iy; the
dielectric-loaded rectangular guide accelerating structure can
thus be thought of as a quadrupole in terms of its focusing
properties. Figure 4 gives the normalized longitudinal elec-
tric field distributions of the LSM, synchronous mode as a
function of x andy using the field analysis method.

When thex dimension tends to infinity, the fields in the
dielectric-loaded rectangular accelerating structure approach
those of the planar dielectric guide described in Refs5].

In this limit the LSM,;; mode will only have three compo-
nents(Ey, E,, andH,) and be the same as the accelerating

For a linear accelerator system, it is common and verynode in a planar dielectric structuig].

important for comparison of different types of accelerating As one can see, this field is not independenk @ndy.
structures to calculate a normalized impedaR¢®, which

is a measure of overall effectiveness of the acceleratioficles passing through different locations. This is different

structure.

E: E(Z)Vg
Q wP’

(15

This would result in nonuniform energy gain of charged par-

than a conventional cylindrical structure. Furthermore, this
nonuniformE, also means that there are transverse foFges
andF, exerted on a charged particle with chagpassing
through the structure. These forces are given by
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FIG. 5. (Color) Two orthogonal identical accelerating structut@sand the net normalized energy gain experienced by a particle in the

region —a<x<a and —a<y<a (b). In the central area, the net energy gain experienced by the beam after passing through the two
orthogonal identical accelerating structures is unifgens 3 mm, b=5 mm, w=23 mm, ande, = 10).
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To simplify the discussion, let us first consider two iden-
cosk{?y sin gz, tical structureg1 and 2 rotated by 90°. These two structures
are not electrically coupled as shown in Figa)s Each ac-
sinkg,o)y singz. (16) celerator section is powered independently with the same
external rf source. Next we calculate the net energy gain
) ©)_: . after passing through structures 1 and 2. The acceleration
Since—ky = j(m/w), and assuming thatandy are very  fig|qs in structures 1 and 2 are the same LSMode oper-

small, we haver, = —F, . This can be viewed as a focusing 44ing at the same frequency and amplitude. Due to the or-
force on the particle from a quadrupole field and with focus~y, 1,0ty of the two structures, the field distributions will
ing strength=1Av. An array of these structures rotated alter- corresponding téi, =0 in structure 1 ané, =0 in structure
nately by 90° will provide a net force continuously analo- 2 as we discusseé in Sec. I1. We will use >t(he notation (>$M
gous to a simple focusing and defocusiffgODO) lattice. X) o s ) . &

The integrated acceleration force in the center area will b@"d LSM? to indicate the accelerating modes in structures 1
very close to uniform, just as in a conventional cylindrical @nd 2. Their longitudinal electric field components are given
iris-loaded accelerating structure. in Eq. (17).

LW
X pa—
2

F e a
=eE,—cos—
X EOw w

w
X+ =

Fo=eEy(— k(o))sinz
y y w 2

: cm[ W o
A= Bt sin e | ooskiZye™,  [x|<wiz, ly|<a.
E;= W (LSMYY)
Byl —j Bkt sin | x+ = | sinkDA(b—y)ei2™z  |x|<wf2, a<l|y|<b
1( =1 P1)Kyar SINTY 2 y11 y , ; y|<Db,

o .
As(— | Brkdr?sin coskiZrxe?™%,  y|<wi2, |x|<a,
EZ= (LSMYY) (17)

m w )
Buu(—iBukay*sing | y+ 5 |sinkgiib—x)el?7™% - |y|<wi2, a<|x|<b,

w
yt>

where81,=2mf/c=k, andk{};'= k()= j(m/w). T | T ™
This means that in vacuum regions of structures 1 and 2, =eLAnfu e cosx coshy
the k{}}" and k{3}* are imaginary and of equal amplitude

with 7/w. The longitudinal electric field components in +cosz coshz
vacuum regions can be expressed as wy WX
El—in ; T T he gizntz T _i2afL
2= 1Au(—]B1) | cosx cosh oy &=, =eLApBre?H (xy).

x|<wi2, |y|<a, . . o
Equation(19) shows that the integrated accelerating field

, _ T T is nearly constant in the region of interest in bottandy
Ez=1Awn(—]B1)  cosy coshv—vxe’ e, views. Figure B) gives the normalizedV,(x,y) distribu-
Ix|<a, |y|<wir2. (19 TABLE I. Accelerating parameters for the exampléoand and

) W-band structures.
After passing through structures 1 and 2, the net energy

gain experienced by a particle in the regiera<x<a and f B R/Q
—a<y<alis Size (GHz) (rad/m Q Es/Ey Vg/c (kQ/m) «
Wz(x,y)=eE,(x,y)L Xband 11.17 2340 3566 05 013 126 0.26
(analytig
B . . T T T oL X band 11.17 2354 3630
=el|jAu(—jB1) Wcoswxcoshv—vyej (MAFIA)
Wband 9281 1945 1281 0.4 0.12 106 6.16
) ) T T (analytio
+iA1( =B o cosy coshoxe?7it ), Whband  91.41 1400 06 0.1 6.8
(Ref. [5])

(19
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tions as a function ok andy calculated from Eq(19). One  Ref. [5]. The calculated results using our method differ
can show thaf(x,y) is constant to fourth order in smatl  slightly from Ref.[5] because the boundary conditionsxat
andy offsets. In the case studied here, the maximal and mini= =w/2 are different. We also analyzed tKeband structure
mal net energy gain for particles at different transverse posiusingMAFIA code[11]. In Table | we only list the longitudi-
tions differ by <0.6%. It could be reduced further if the nal propagation constagtand the quality facto® of LSM;
beam is confined to a smaller transverse regions as would synchronous mode. The analytical results agree well with
the case in a conventional accelerating structure. computational results fromIAFIA.

Table | lists the general parameters ¥f and W-band
dielectric-loaded rectangular accelerating structures.XAt
band, the dimensions are the same as the structure used in
Figs. 3 and 4. AtW band, we takea=300um, b Normally, the wakefield calculation is tedious and cum-
=550um, w=3500um, ande,=9.5. Note that the param- bersome, and in this respect the rectangular structure is even
etersa, b, ande, are the same as the structure described irmore complicated than the cylindrical structure. However,

V. WAKEFIELD ANALYSIS

3.4x10° T T T T T T T T T
(a)
2.08x10° » 'u —
7.6x10* - r L % H -1
E -5.6x10° | ﬂ H w A
S ‘
B L’ ﬂ
-1.88x10° | r\‘ \&
-3.2x10° ] i ] 1 ] 1 | ] | FIG. 6. Calculated longitudi-
’ nal wakefield in anX-band struc-
0 10 20 30 e 50 ture using the field analysis
2(cm) method in Sec. I(a) and numeri-
cal results frommariA code (b).
Results from(a) and (b) are in
%10° | very good agreementa=3 mm,
] b b=5mm, w=23mm, ¢,=10,
J n (b) ando,=2 mm, q=1 nO.
1x10° = V N J N n
e 0 ]
S |
= ] ’J
-1x10° _ A N JI
-2x10° ey . r T
0 10 20 30 40 50
z(cm)
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since we have already obtained the field distribution and the In Fig. 6@), the longitudinal wakefields obtained using
normalized shunt impedan& Q of each mode using mode Eq. (19) are shown. For this example,cpis a 1nC bunch
analysis, the longitudinal component of the wakefield ampli-with lengtho,=2 mm located az=0 moving along the axis
tude excited by a charged particle beam traveling on axis cawith a speed of light in dielectric-loaded waveguide. The

be easily obtained as follow42]:

(O R
EOi:qT(a) ; (20

w (0)
X+ = |cosky;'y cosp;z, (21

2

T
E,i=Eq smw

whereE; is the on-axis accelerating/decelerating gradient of

theith mode.
We assume a Gaussian longitudinal beam sh@ayth
bunch lengthr, and chargey). The longitudinal waké&V,(z)

dielectric-loaded rectangular waveguide operateX a&and

has the same parameters described in Sec. lll. The first five
symmetric modes are used in the sum over modes; higher-
order modes do not contribute significantly. We have com-

pared our calculated results with those from direct numerical

integration of the Maxwell equations using thiaFiA code.

VI. CONCLUSIONS

In this paper, we studied the dielectric-loaded rectangular
waveguide accelerating structure. A detailed analytical field
analysis method was presented. In this structure, an interest-

at distancez behind the drive electron beam is then given bying phenomenon is that the two transverse wave numbers of

’ 21 Eqj COSBi(z—2)

1
Zmay )i

272
X — "
ex;{ 202) dz (22

z

Wz(z)=

The transverse forces can be directly calculated fEonioy
using the Panofsky-Wenzel theorgd®],

aF,
oz ~eViE
Fd=%—— | 3 Egcos | x+
Z)=X— i COS— | X+ —
X N2mo, J —»i=1 o 2

12
x cosk(('y cosp;(z—2' )exr{ - F) dz’, (233

z

- e (7 <
Fy(2)=y Egi( — k(Y
v(2) y\/go_z 70021 0i( yi )

oo W\ o) ,
><smw X+ > sinky;’y cosBi(z—2')
2/2
Xexp{ - 2(Tz)dz’. (23b
z

the acceleration field in a synchronous acceleration mode are
of equal amplitude and one is real and the other is imaginary.
By using a beam line in which the accelerating structures are
alternately rotated by 90°, the net acceleration energy gain
experienced by a particle in a small central region can be
made almost uniform. We also have analyzed the character-
istic parameters and the longitudinal wakefield in a
dielectric-loaded rectangular waveguide accelerating struc-
ture. Some results are presented and compared with numeri-
cal results from thevariA code and are found to be in good
agreement.

Obviously, when the width of the structure tends to be
very large, the dielectric-loaded rectangular waveguide ac-
celerating structure can be thought of as a planar dielectric
waveguide, and the effect of the metal wallsxat =w/2
should decrease. Pumping ports and tuning plungers can be
located on the metal walls, then without significantly affect-
ing the shape of the field. We are currently planning to fab-
ricate and test experimentally th¢ band dielectric-loaded
rectangular waveguide accelerating structure described
above.
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