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It is demonstrated that a Bragg waveguide consisting of a series of dielectric layers may form an excellent
optical acceleration structure. Confinement of the accelerating fields is achieved, for both planar and cylindrical
configurations by adjusting the first dielectric layer width. A typical structure made of silica and zirconia may
support gradients of the order of 1 GV/m with an interaction impedance of a few hundreds of ohms and with
an energy velocity of less than 0.5c. An interaction impedance of about®@0@@y be obtained by replacing
the Zirconia with (fictitious) material ofe =25. Special attention is paid to the wake field developing in such
a structure. In the case of a relatively small number of layers, it is shown that the total electromagnetic power
emitted is proportional to the square of the number of electrons in the macrobunch and inversely proportional
to the number of microbunches; this power is also inversely proportional to the square of the internal radius of
the structure for a cylindrical structure, and to the width of the vacuum core in a planar structure. Quantitative
results are given for a higher number of dielectric layers, showing that in comparison to a structure bounded by
metallic walls, the emitted power is significantly smaller due to propagation bands allowing electromagnetic
energy to escape.
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I. INTRODUCTION fibers was demonstratdd1,12. In the aforementioned pa-

Indications that solid-state lasers will reach wall-plug toP€rs the configuration considered is of a vacuum tunnel bor-
light efficiencies of 30% or more, make a laser-drivendering a Bragg mirror, i.e., quarter-wavelength alternating
vacuum-accelerator increasingly appealing. Since at théielectric layers. Hence, the resulting propagation modes re-
wavelength of relevant lasers, dielectrics may sustain a sigsémble those of a hollow metallic waveguide. A basic re-
nificantly higher electric field and transmit power with re- quirement for an acceleration structure is that it will support
duced loss comparing to metals, the basic assumption is théhie propagation of a mode with longitudinal wave number
laser acceleration structures will be made of dielectrics(k,=w/c), which will accelerate ultrarelativistic particles. It
Closed optical structures and near-field accelerators with dis one of the purposes of this study to adapt the design pro-
mensions comparable to the wavelength are both being comedure so that this unique mode is confined for a given laser
sidered. Examples of these two dagthe LEAP[1] crossed wavelength\g.
laser beam accelerator where the interaction between the Further insight into the nature of such future acceleration
crossed laser beams and the particles is limited by slits tetructures is gained by analysis of the electromagnetic wake
satisfy the Lawson-Woodward theordth3] and(b) the two-  field generated by a macrobunch traversing the device. The
dimensionaphotonic band-gagPBG) concept where a laser wake field, as a side effect of having charged particles in
pulse is guided in a vacuum tunnel bored in the center of &igh velocity motion, may cause undesirable results. A sig-
two-dimensional transverse periodic struct{dg nificant effort has been directed in recent years to the analy-

Motivated by the low-loss of Bragg dielectqtanar mir-  sis of wakes generated by electron bunches in the vicinity of
rors used in high-power lasers, it is suggested that this cordielectric structures. However, these studies focus on
cept be harnessed in order to confine the laser-field in adielectric-loaded structures withetallic boundaries such as
optical one-dimensional PBG acceleration structure. Its esthe partially dielectric loaded planar transmission line
sence is to form a hollow optical waveguide, either planar o[13,14], the partially dielectric loaded rectangular waveguide
cylindrical, consisting of an almost perfect reflector com-[15,16 and the partially dielectric loaded cylindrical wave-
prised out of an array of dielectric layers. Lithography, whichguide[17,18 (and more recently Ref19]), which are illus-
would result in planar structures, and optical fiber drawingtrated in Fig. 1. Pure dielectric structures were investigated
are manufacturing techniques that seem well suited for sucim Ref. [20], where a vacuum tunnel inside a homogeneous
laser driven structures that have typical dimensions of a fewlielectric material was considered, and in R&fl] a general
microns. method for treating cylindrical structures with a vacuum tun-

The theory of Bragg reflection waveguides was developediel and arbitrary surrounding geometry was presented.
by Yeh et al. [5,6], and recently there has been a growing The organization of the paper is as follows. The first part
interest in using such cylindrical structures as low-loss opti-of this paper treats theomogeneousolutions of the wave
cal fibers in long distance communications. Asymptoticequation within the Bragg reflection waveguide, required for
analysis of these so callethdllow Bragg fibers shows that  ensuring adequate propagation of the accelerating electro-
for large radii the cylindrical structure is strongly analogousmagnetic wave injected from an external source. In Sec. Il
to a planar structurg?7,8]. Investigation of the propagating the acceleration structures are described in detail, and the
modes was also performeg8,10, and fabrication of Bragg homogeneous electromagnetic problem is formulated under
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FIG. 1. Typical closed structure configurations considered in the literature. Left: Partially dielectric loaded planar transmission line.
Middle: Partially dielectric loaded rectangular waveguide. Right: Partially dielectric loaded cylindrical waveguide.

the constraint of longitudinal wave number w/c; this sec-  &", the first layer having a relative dielectric coefficiest
tion provides us with basianalysistools of such a structure. The vacuum region is labeled=0, and the outermost region
Relying on this formulation. we develop in Sec. tesign  extends to infinity inx and is labeledv=N+1. In the frame-
criteria of the structure, so that the required etectromagnetieork of this notation the thickness of each dielectric layer is
field is confined, and characteristics of the confinement aréenoted byA,, whereas the dielectric coefficient is denoted
discussed. In Sec. IV an analysis of the behavior of the proby ¢,. The distance from the center of the structure to the
posed structures as accelerators is presented in terms of theddle of thevth layer is denoted bfp,. Assuming a steady-
accelerator paramete(mteraction impedance, group veloc- state regime(€“!) we focus on the mode having a phase
ity, and maximum electric field and some tradeoffs are dis- velocity equal to the speed of light, or explicitly in the
cussed. In addition to the general analysis, a specific exampleacuum region the required electromagnetic field reads
of a typical structure made out of siliéa=2.1) and zirconia e i(eloz
(e=4) is given. The second part of this study deals with E,=Eee '
nonhomogeneousolutions of the wave equations corre-
sponding to the wake field generated by charges traversing E :jﬂxEoe—j(w/@z

R . . X [
the device. In Sec. V the wake field generated by a single c
bunch as well as a train of microbunches is examined for
both the planar and cylindrical cases. For the case of a line j @ i(wloyz
charge in a planar structure, formulation is provided, and Hy—_EXEoe (1)
additional insight is gained by comparing the result of the o
Bragg structure with those of the dielectric loaded planar In a specific dielectric layer, a wave propagating with
metallic or perfect magnetic conductor transmission lines. Aphase velocityc has the following field components:
qualitative _approach is given for th_e esti_mation of the emit- E,= (A ek 4B gtk X)gril@loz
ted power in the case of a weak mirror, i.e., a small number v v ’
of Bragg layers, and quantitative results are given for differ-

ent numbers of Bragg layers. E = — 1 (A, g7k X B gtk X)gri(wloz
X \/—8,,_ 1 v ’
II. DESCRIPTION OF THE SYSTEM
-1 . ) )
As indicated in the introduction, two types of devices are Hy = Z_(A” ek x_ B gtk X)gmilwloz. (2

4

investigated in this work, one is a planar and the other is a
cylindrical dielectric waveguide. Both devices consist of di-wherein
electric layers surrounding a vacuum region. The planar N
structure is symmetric relative to the central plane, and the Z,= noVe,~ 1, 3
cylindrical structure is azimuthally symmetric. A detailed de
scription of each device is given next, the electromagneuq/a
field in each region is formulated, and the relations betweelé
u

s the transverse wave impedance ang=377(Q is the
cuum impedance. Note that as a functior pthis imped-
ce has a maximum far,=2, a fact which as we shall see

the field components in the different layers are establishe bsequently, is of great significance. Finally

using a matrix formulation.

K é% -1 (4)

14

A. Planar structure

Consider a planar symmetric dielectric waveguidédy is the transverse wave number.
=0), as illustrated in Fig. 2, which will be referred to as the In order to establish the relation between the amplitudes
planar Bragg acceleratdiPBA). The PBA has a vacuum of the various layers, we next defiqg)ék,,(DyiA,,/Z) and
inner region of width B;,, and surrounding alternating peri- impose the continuity o, andH, at each interface between
odic layers. The interfaces between the dielectrics are at cotayer v(#0) and layerv+1; the resulting equations are
stantx planes, and they extend to infinity mandy direc- © ©
tions. The layers are made of two lossless mategaiand A, e 4B, e = A, e+ B, e, (5)
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) - {TN+1,NTN,N—1 ... 73’27'2’1[1)5__)]_1}_1,

(12
we find that for an eigenmode to exist, the following condi-

tion ought to be satisfied, rewriting E¢L1) utilizing defini-
tion (12):

1 - @11

( Fo ):o. (13)

LW
_JEDim =021 [\Ans1

The determinant of the matrix is not zero, but as will be
YJE shown in what follows, it can be made arbitrarily small sub-
ject to a design procedure and according to the number of
layers being used. Moreover, it can readily be shown that the
ratio of the two amplitudes is
FIG. 2. Schematic drawing of the planar Bragg accelerator A 1
ON+L _

(PBA). _ 9 L

— = jZDjp=—. 14
E, O JC |nt®21 (14)

) sy Next, we shall repeat this analysis for a cylindrically sym-
(A, 187X - B, &) metric structure.

(6)

1 ) o)
(A, - B, ) =
v

v+l

B. Cylindrical structure

Further defining the matrices The cylindrical Bragg acceleratg€BA) consists of a se-

e—ix(f) eﬂ'x(f) ries of alternating concentric dielectric layers surrounding a
®) a vacuum region of radiuf;, as depicted in Fig. 3. Each
[ o e-ix(f) /) e+jx<;> ' (@) layer v is of thicknessA, and the average of its internal and
Z, . external radii isR; the dielectric coefficient of each layer is
denoted by, similarly to the PBA. An analysis analogous to
Egs.(5) and(6) can be expressed as the one presented in the previous section is performed in
A A cylindrical coordinates. In the vacuum co(e=0) the re-
D(:)( V) :D(V_ll( V"l) (8)  quired field components are
BV BV+1

EZ — Eoe_j(wlc)z,
Consequently, it is now possible to write the amplitudes in
layer v+1 in terms of the amplitudes in layer i

_Jo —i(wl0)z
E, = = —rEqe (@07,

r
2c
Ao [Di‘m-lpf)(A”) =7 +1vv(A”); ©)
Bv +1 Bv Bv .
. . . H, = 2E giloz (15)
717 being thetransition matrixfrom layer v to layer v " 2y ° '
+1. For the transition from the vacuum regior 0 to layer ) o )
v=1, the continuity equation d&, andH, is It is now worth mentioning that these expressions for the
transverse electric and magnetic fields include a factor of 1/2
Eo that does not appear in the PBA ca&g implying that for a
o :D(—)< 1)_ (10) given gradient on axis, and for the same aperture, the total
- jEDimEO ! B, electric field is larger at the vacuum-dielectric interface than

in the PBA. This issue will be further discussed subse-
In the outermost laye(N+1) there is no inward wave duently. In some layer, the field components read

(Bn:1=0), and the amplitudes are therefore E,=[A, Héz)(k,,r) +B, HE)l)(kV r)]eioz,
A Eo ;
N+L1 | _ ~N+1N~4N,N-1 3,272 (-)7-1 J 2 1 -
= 7N+INFN, T3 ’]{D ] 'w ) E=—AVH()er +BVH()er ej(w/C)Z’
( 0 ) TPy 1Dy = ATk D) B HY G )]
(11

A 4O e R HO (o)
Further defining Hy ZV[A” Hi (k1) + B, HI(k, Dle - (18
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at the specific wavelength,. Its outcome will be a set of
geometric parameters, namely, the thicknesses of the various
dielectric layers, given the available dielectric coefficients of
the materials. Here we extend an approach introduced by Yeh
et al. both for the PBA[5] and for the CBA[6], so that the
specific field distribution prescribed by Eq4) and(15) are
eigenmodes of the structure. Particularly, the significance of
the role played by the width of the first layer is emphasized.

A. PBA design procedure
1. Infinite periodic structure analysis

With the aim of understanding the confinement process,
we examine the propagation in the transverse direction in a
planar structure. For now, we shall assume that the structure
is periodic and infinitein both directions ok. The vacuum
core and the first layefr=1) will be taken into account in
the following subsection. One period of the structure consists
of two layers of widthsA, andA3, and dielectric coefficients
&, and e respectively, in consistency with the definitions of
Sec. Il

The propagation in the periodic structure can be described
by its transition matrix through one period. Transition
through one unit cell of the periodic structure can be de-
scribed by traversing one discontinuity from material 3 to
material 2, propagating the width,, traversing a disconti-

FIG. 3. Schematic drawing of the cylindrical Bragg acceleratornuity from material 2 to material 3, and propagating the
(CBA). width A;. Explicitly this is given by

) - - * _ )
Defining Xi-)é k,(R,xA,/2), the matrice(7) take the T2 (Tn le) _ (e 30 )( %) P2 )

0 o)l-gp g

form Tor Ta
HOOG)  HEPGE) etz 0 ) (ps) py)
() 4 o @v)\ 0 @) (20)
DV = lOHg-Z)(X(i)) lOHgl)(X(i)) . (17) P3 P3
Z, Z, whereinW, 2k A, p* 2 (Z,+2,)/(2Z,), andv=2 or 3; the
On the boundary of the vacuum core the continuity condi-wave impedanced, and the wave numbets, are defined in
tions are Egs. (3) and (4) respectively. The matrix is unimodular
(T11T9o—T45T51=1) for lossless dielectrics, and sinég, ks
Eo A are real(propagating rather than evanescent wavésen
1 “p g =D(l‘)<B ) (18)  Ty,=T,, and T;,=T,,. Propagation characteristics of
2¢ nt=0 1

the system are determined via the Floquet theof2gh by

_ _ _ _ its eigenvalues derived from the conditigii—e/K-1|=0,

and finally, the relation between the amplitude in the outeryherek is the Bloch wave numbek,=A,+A; is the period-

most layer to the amplitude in the vacuum core is given byicity, and KL is the phase advance per cell. Utilizing the
Avi 1 lo 1 above mentioned qualities of the transition matrix, the eigen-

— ==—R.,.—, 19 values are found to be
Eob On 2 CRmtzl 19

. L . - 2
wherein the matrix? is defined similarly to Eq(12). KL= oy 5= (T11'2FT22> + /(T11‘2FT22> ~1, (21)

. FIELD CONFINEMENT and the corresponding eigenvectors are
In order for the proposed structures to support the accel-

erating fields for a particular wavelengkly, transverse con- 1
finement is required. In Sec. Il we have developed the nec- Vip=| k12-Tu |- (22)
essary tools for thanalysisof a multilayered structure. It is Tio

our purpose in this section to develog@signprocedure that
ensures the confinement of the required electromagnetic fiely adding the two eigenvalues we get the dispersion relation
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1 the unit cell of the periodic structure, the longitudinal electric

cosKL) = 2(T11 + T2, (23)  field E, should either peak or vanish at the entrance to the

structure. Moreover, since any discontinuity can be regarded

implying that field confinement is ensured when the absolutas an entrance to a semi-infinite periodic structure, the afore-

value of the right hand side is larger than unity mentioned condition is satisfied ahy boundary between the
T 4T \2 two dielectrics. A general condition on the boundary between
(11_22> 1 (24) layer v+ 0 and layerv+1 can therefore be stated as follows:
2

E,x=D, +A,/12)=0 ifZ,>2Z,,q,

JE 29
2(x=D,+A,/2)=0 ifZ,<Z, .1, (29

Plugging the explicit expressions for the elements of the
matrix T given by Eq.(20) into Eq. (24), we obtain the

condition IX
T+ Tn\2 [ (Z3+2Z,)? and for the discontinuity between the first and the second
—5 )= TSZZCOS(‘I’s +Wy) layers we have
Z-—7 2 2 E(X:D'nt+A1):O ile>ZZ,
- Mcos(qu—qu)) ~1. (25 o

42,7, (30

It is evident that for a given set of dielectric coefficients and

a given frequencyw,, extremum occurs foflV;+W,=l7,  Thatis to say that the first layer should be of such width that
W,;-W,=sm, wherel ands are integers anfl-s| must be at the interface with the next layer, the perfect reflection
odd. For example, taking each layer to be a quarter of transzondition is met. In the first layer the amplitudes are com-

verse wavelength thicKA,=\q/(4Ve,—1),v=2,3] or, in  pletely determined by,,/\o ande' according to Eq(10),
other words, assuming;+WV,=7 and¥V;-V¥,=0, we get or explicitly

JE, .
X(XzDim"‘Al):O if Zl<ZZ'

T +T 1(2; Z L 1 1 Z; .
e B -(-3 + —2>. (26) AVE, = (BY/Ey) = ekl — j= 20D, “rekiPu, (31)
2 lmax 2\Z, Zg 2 2¢c T
Consequently, the attenuation afteperiods is Given the amplitudes, as required by E&O), it is now
N straightforward to determine the points whetg peaks or
(é) Z:< 7, vanishes according to its expressity. (2)]. The resulting
_KLin Z,) " expression for the first layer width reads
CRAHE . (27) j
22 1 1
(Z)’ 23> 22 —arctan —————|, Z;>2,,
: ky 2100
The above choice entails that i_n addition to the frequangy A= 7o C int (32
band gaps of the structure will be created arou3w,
. . . . 1 Zl [Os)
S5wq,* -+, and so on. This formulation is valid regardless of —arctag - ——Djy |, Z1<Z,,
the angle of incidence of the wave relative to the dielectric "1 7o C

discontinuity. In case of a wave impinging perpendicularlywhere the smallest positive value of the arctan function is
upon a planar interface, the impedanc&isy;/ Ve, whereas  chosen. With this regard, the first layer may be conceived as
if the wave has a phase velocityin the z direction, then the 3 matching layetbetween the vacuum region and the subse-

impedance is as given in EB) Z=no\s-1/e. quent periodic structure, as it rotates the amplitude vector
dictated by the vacuum mode, to overlap the eigenvector of
2. Achieving confinement in the PBA the periodic structure. In the first case of E82) the result-

As already indicated, the above description of the conind €lectromagnetic field would be identical fox <Diy,
finement process is of anfinite Bragg reflector. In case of a *+41 if there were metallic walls at=+(Dj,+4,), and the
semi-infinitestructure, as in the PBA, the design constraintsSecond case is equivalent to perfect magnetic conducting
on the first layer are different. For the perfect reflection toPoundaries.
occur, the amplitudes of the outgoing and incoming waves at
the entrance to the semi-infinite periodic structure should be 3. Confinement features

in-one of the corresponding eigenvectpes). (22)] Confinement entails vanishingal part of the transverse

1 1 component of the complex Poynting vector, meaning that in
Vy= (_ 1), Vo= (1) (28)  each dielectric layer there is a standing wave. Takggo

be real without loss of generality, we g&{=B,. It is there-
If Z3<Z, the first eigenvector is obtained, abg achieves fore evident that for the structure to truly support the desired
an extremum at the entrance to the structure, att}ifZ, = mode, there must be an infinite number of layers, otherwise
then E, is zero. In both cases the eigenvalue is the sameenergy would “leak out” and there would be no confinement.
Thus, depending on which dielectric material is first in In a practical structure, the number of layers should be suf-
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ficient so that the outward power flow is negligible. There
are a few methods for estimating the losses in Bragg reflec:  2[
tion waveguideg6,23,9. Generally, the overall influence of o T /\ (\ N ‘
the transverse finiteness of the structure can be expressed lEN Or / \ / N | N /\ A \/\/\x-\——\—ﬁ
an imaginary part of the longitudinal wave numiser

Figure 4 illustrates a typical spatial distribution of the -2
longitudinal electric field as well as the total electric field for
a PBA made of silica(e'=2.1) and zirconia(e"=4), and b : 2 3 x/‘&
Di,:=0.3\q. It shows that, is uniform in the vacuum layer
while oscillating and decaying exponentially in the Bragg 2l
layers. Another feature is th&, vanishes and achieves a — / L

(=}

maximum alternately at the discontinuities, as discussed pre®_ (REEEE N
. . o . s 0r
viously. Accordingly, the transverse electric fidtg, derived =
from E, with respect tox, is maximal and discontinuous
whenevelk, is zero, and zero wheneves, peaks. The total
electric field in turn, undergoes a discontinuity every second 1 2 3 4
interface. X/,
Figure 5 illustrates the confinement for two quantities, the
longitudinal electric fieldE,) and the longitudinal Poynting FIG. 4. A typical distribution of the longitudinal electric field
vector (S, for Djy=0.3\, at instantt=0; the longitudinal (top) and the total electric fieldbottom), Diy=0.3g,&'=2.1,"
component of the electric field is shown in the left frame=4-
being normalized to its maximum value on axis, and the
longitudinal component of the Poynting vector normalizedaverage energy densities. It is evident that the electric energy
by |Eql?/ o is depicted in the right frame. While the former has a maximum in the first layer, the magnetic energy density
peaks in the vacuum and is gradually decaying in the transyanishes every second discontinuigincedE,/ 9x=0), and it
verse direction, the Poynting vector is zero on axis, it in-peaks in between where it is also much larger than the elec-
creases monotonically tgalmosy a peak value at the tric energy density. When the magnetic field vanishes, the
vacuum-dielectric interface and then decays gradually withransverse electric field is also zero, and therefore all the
oscillations. energy density is stored in the longitudinal electric field. This
In order to illustrate the confinement process in more depicture is even better illustrated by the two bottom frames
tail, Fig. 6 presents the variation of the normalizeergy  showing the normalized Poynting vect8xx)/S,(x=Dj,,). It
densityin space for the PBA configuration analyzed above starts from a zero value on axis, it peaks in the first layer, and
Thus, the magnitude of the electric field vector increaseshen it decays exponentially while dropping to zero in each

from a local minimum on axis, to a larger value period of the structure; the bottom-right is a magnification of
the left frame.
Emax =1+ ( 271'Dint>2 (33)
Eo Ao

at the vacuum-dielectric discontinuity; for most practical B. CBA Design procedure

purposes this may also be considered the maximum electric
field—a fact revealed also by the bottom frame of Fig. 4
From this value, the field decays exponentially according t
the expression in Eq27). Assuming, without loss of gener-
ality, that the characteristic impedance in the first region i
lower than in the secon@; <Z,) and for a layer sufficiently

A straightforward periodic structure analysis is unsuitable
'Jor the case of the CBA, where the curvature of the layers
(cylindrical coordinateschanges with the distance from the
S‘axis. Nevertheless, some of the results obtained for the PBA
presented in the previous section apply to the CBA case as
ell.

-1

away from the center we may approximate the location ot . . .
the layer in terms of the number of periods-nL, the ex- we adopt here an approach given in Rél, _and '”_“p'e'
ponential decay of the electromagnetic energy density is pror-T.]ent it for the .deS|gn of '_[he CB.A' As a starting point con-
portional t0(Z,/Z,)2"= (Zy/Z,)*- =& while, in general, S|der_Eq.(9) which, assuming a given gra@ent, entail that the
amplitudes are determined from the inside out. Let us now
No 1 1 eVey,—1 assume that the amplitudes in some layere known, and
Xe= 2\ [ — 1 + e -1 In -1 (34 we need to determine the location of the boundary between
Ve Ve 2Vl this layer and the following onév+1) such that the average
Further insight on the field confinement is revealed by theenergy density in the second layerngnimal Keeping in
top frames of Fig. 7 illustrating the electric, magnetic and themind that the confinement entails that the amplitudes of the
total energy density across the PBA. While the top-left frameoutgoing and incoming waves in each layer are complex con-
illustrates the exponential decay of the average normalizefligates of each other, minimizing the average energy density
electromagnetic energy densitWgw(x)/Wgw(0)] over the is equivalent to minimizing the absolute value of the ampli-
cross section of the structure, the top-right one shows a madude in layerv+1. Performing mathematically this optimiza-
nified region including the electric as well as the magnetiction process results in the condition
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2.5
2
FIG. 5. (Color) Contours of
- the normalized longitudinal elec-
f§ 1.5 tric field (left) and the Poynting
vector (right) at instantt=0 (Dj,;
=0.3\g,'=2.1¢"=4). The di-

electric layers are depicted at the

top of each frame.

‘ il

iy

—4 -2
x/?\,o
Er=R,+A,/2)=0 ifZ,>7Z,.1, “quarter wavelength” condition discussed above since for
large arguments the points where the longitudinal electric
JE, ) (35 . :
a—(r =R,+A,/2)=0 ifZ,<Z,4, field reaches maximum or zero are a quarter of wavelength
;

apart. Another manifestation of this condition is that it im-
plies that the radial component of the Poynting vector van-
ishes at each discontinuity. The design procedure of the CBA
therefore simply a generalization of the one given for the
BA.
An illustration of the distribution of the two quantitie

The boundary between the first and the second layer is set ?dﬂ'd E; in two casesR,=0.3, (top) and 0.8, (bottom), is
Jiven in Fig. 8; the longitudinal component of the electric

Z?g?éé%ﬁzaagﬂghs; f?r?haq_lﬁgtlr:;;smatrgepslae((::gg dS(Iaaqu:a eReld is shown in the left frames being normalized to its value

tially optimally in the sense that confinement is achieved
after a minimum number of layers. Apart from the first layer,

which is the same as ER9) obtained for the PBA. Hence,

it is possible to design the CBA from the inside out. For al
given set of the three parameters, the gradient on axis, t
internal radius, and the dielectric coefficient of the first layer,
the field distribution is completely determined by E8).

o - ’ . S o o't Y
the above condition is asymptotically equivalent to the ° o)

E lli "ll !"\'\ "\

52 /'lﬂr' ‘rl~ -'I i’ “I

10° I 107 i e

g=2.1 - ,,_IWM l| i'WE'i. ' :,l.!.

£H:4.O 0 5 10 0 0.5 1 1.4
x/)»0 x/k0

D._=5.0h
int 0

—
(=]
=

z°int

a
%
"
Sz(x)/S @D )
= =
L [
8_

Normalized Energy Density

0 5 10 0 0.5 1 14
XA XA
10°
0 5 10 15 20 FIG. 7. Normalized energy and normalized longitudinal Poyn-

X/AO ting vector decay across the structf,;=0.3\q,&'=2.1'"=4).

Top left: Normalized total energy. Top right: enlarged interval of the
FIG. 6. Normalized energy as a function of the distance fromnormalized energies, electric, magnetic, and total. Bottom left: nor-

axis x for various values oD;,. The dashed line illustrates the malized longitudinal Poynting vector. Bottom right: enlarged inter-

analytic expression for the confinement parameter(E&4j. val of the normalized longitudinal Poynting vector.
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IE /E,|

Sz/Sx(rzRim)

FIG. 8. (Color) CBA (¢
=2.1¢"=4) contours of normal-
ized longitudinal electric field
(lefty and Poynting vecto(right)
in two casesR;,;=0.3\, (top) and
0.8\q (bottom).

on axis and the longitudinal component of the Poynting vec-of power injected into the system, and it is defined by
tor normalized to its value at the vacuum-dielectric interface INoEg?

is depicted in the right frames. Although the general behavior Zin = ==
of the fields across the CBA resembles that of the PBA, there P
are two differences between the two cases, which are reSPORy . the PBA P denotes the flowing power in treedirection
sible for a stronger confinement in the CBA. The first differ- er unit Ieng'th ofy, and the interaction impedance has units
gnce_is that in the CBA the'decay of the'energy across th f O m, whereas ’for the CBAP denotes the total power
fiber is not purely exponential, but there is also a factor ofy., ing across the fiber, and the interaction impedance is in

_1/r because of the Hankel functions. The _second diff_erenc?l_ Assuming that the materials’ characteristics are known
is that for R,;=D;,, the maximum electric field for a given (s=2.1,4.0 and so is the laser wavelengthy), the only

gradient is given by free parameter left is the dimension of the vacuum region. In
Emax Ry |2 orde_r to have a r(_)ugh estima_te of its_ impact, it is possible to
N =14/1+ (77 T) , (36)  obtain an upper limit on the interaction impedance, by con-

0 sidering an idealized situation in which the energy flux out-
which is smaller than in the PBA for the same half-width; theside the vacuum region is negligible. The quantity obtained

difference is that the radial electric field is smaller by a factordepends only on the form of the fields in the vacuum core,
of 2 than the transverse electric field in the PBA, as wagind on its size. Evaluation of these two upper bounds on the

(37

already pointed out above. interaction impedance results in
NoEol? A
(max) é| o=ol _ oo
IV. ACCELERATOR PARAMETERS Zing 12 m] = Py 4 < Dim)B (38)
= | g Zint
From the perspective of an acceleration structure there are 3m Ao
fchree significant quantities to be determined: t_he interacti(_)%r the PBA, and the CBA expression reads
impedance, the group velocity, and the maximum electric ,
field experienced by the structure. Zmasroy] & INoEol _ o (39)
int 4
P LB
A. Interaction impedance 4 Ao

The interaction impedance is a measure of the accelerata both expression®,, is the power flowing in the vacuum,
ing gradient experienced by the electrons for a given amourdgvaluated by integration over the cross section of the longi-
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FIG. 9. Interaction impedance as a function of the vacuum core dimension for thel&BAand for the CBA(right).

tudinal Poynting vector of the fields given by H@) for the increase the interaction impedance, as seen in the third curve
PBA and Eq.(15) for the CBA. The two above expressions from the bottom of Fig. 9 foe=2.1,25. For comparison, a
are depicted in Fig. 9 and are the top curves in the(REA) partially dielectric loaded waveguide=2.1) has an interac-
and the rightCBA) frames. The bottom two curves in each tion impedance which is almost one order of magnitude
frame show the exact interaction impedance for two casedarger than that of the silica-zirconia Bragg reflection wave-
the lowest curve represents the case wherditelayer is ~ guide (both PBA and CBA, and slightly greater than the

made of a material of higher dielectric coefficigiat=4.0). =2.1,25 structure—still its value is significantly smaller than
A similar interaction impedance is achieved if the first layerthe value of the upper bourij*

is made of the material of lower dielectric coefficiefat The importance of using Materials witigh dielectric
=2.1). Best fit curves are given for 0=8D,/A\,<0.8 coefficientds also shown in Fig. 10, which presents the con-

tours of constant interaction impedance for the PBA in the

plane ofs' ande'". Since no confinement may be expected

when the medium is uniforrte' =¢'"), this impedance is vir-

tually zero on the diagonal. Similarly, when either one of the

Dint | ? Dint |°

+ 4.258( mt) 1. 82:<it> dielectrics is close to unity, the thickness of the layer being
A Ao/’ proportional to 14e-1, implies thick layers, large confine-

ment space, and therefore, low interaction impedance. In be-

Z; D.
—(e'=2.1" =4) =~ 1.124 - 3.564—"")
oMo Ao

Zint. = Dint tween these three minima there are tagymmetriaegions
.y —(e'= =2.1)=1.020-3.078—— of maximum interaction impedance. As indicated above, the
oo 0 asymmetry is due to the choice of which material consists
13 50< )2 1 43(< .m>3 the first layer. According to this figure, the general trend is
' ' that larger impedance may be obtained when the first layer is

(40) of lower value. For example, taking for the CBA caRg;
=0.3\o we getZ;,('=10,&"=30)~ 250012, whereasZ; (&'
for the PBA and for the CBAO.3<R,//Ag=<0.8) the best fit =30,&"=10~2000(). However, this trend changes for a

is different value ofRy,; (Or Djy).
Designing the structure for confinement in a minimum
Zole' =2.16" = 4) = 1.66m0 , number of layers, does not achieve maximum interaction im-
Rint Rt |4 pedance. The attenuation per unit cell of the transverse peri-
(3 648_) (2'07_0> odic structure is given in Eq27) as a ratio between the two
materials’ transverse impedances. Maximum attenuation is
14 therefore obtained when choosing one of the dielectric ma-
([ In— 8o i = i indi
Z(e'=4,"=21) = terials to haves=2, since, as already indicated, the trans-
1+ <3_7R|_'nt) (1 95Rﬂ> verse impedancieq. (3)] has a maximum for this value. The
0 other dielectric should be as large as possible, or as close as

(41) possible to unity. This will indeed create maximum attenua-
tion per unit cell, however, the interaction impedance de-

Although the two bottom curves of the PBA seem to coin-pends on the total flowing power outside the vacuum layer,
cide, there is a slight advantage to a lower dielectric coeffiwhich tends to grow when low dielectric coefficient materi-
cient in the first layer up t@®;,;= 0.5\, starting from which als are used and the layers become thicker. For instance,
the relation is reversed. In the CBA case there is an obvioushoosing one dielectric material to have2 and the other as
advantage to the lower dielectric coefficient in the first layer.small as possible would result in high attenuation per period,
Higher contrast between the two materials can significantlybut very low interaction impedancesee Fig. 19 Conse-

016505-9



A. MIZRAHI AND L. SCHACHTER

quently, there exists a tradeoff between creating high contrast
between the two materials, and using low dielectric coeffi-
cient materials. This tradeoff is responsible for the pattern

seen in Fig. 10, in which for a certais there could he
several values of'" for which the interaction impedance has
the same value.

B. Energy velocity

PHYSICAL REVIEW E 70, 016505(2004)

700
2600
500
400 FIG. 10. (Color) Contours of
: constant interaction impedance
300 Zn/ N[ Q] in the (&',e") plane,
with Dip=0.3\.

200
100
0

Rint

)

0

v
ﬂ(s
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'=21g"=4)=0.379+ o.oo7<a
) 2
+0.06E<%> ,

A

Rint

oo

0

0

424)
R.

@(s' =4,"=21 = 0.350+o.ooeé St
C )\0

A similar approach may be adopted for the analysis of theand clearly, the choice of the dielectric in the first layer has
energy velocity, which generally equals the group velocitysome effect although not significant.

[24], and in this case it is of the first TM mode in the struc-
ture atk,=wq/c.

Before we proceed it is instructive to point out the relation
of a parameter frequently quoted {microwave accelera-

Defining for the PBA the time average energy per unittors’ literature, namely, thB/Q of the structurgR being the

area adVey 2 =, dx wey(X), wherewgy, is the energy den-
sity, or for the CBAWgy, = 275 dr rwgy(r) per unit length,
the energy velocity reads

P
CWenm

UVEN

C

L

(42)

The energy velocity illustrated in Fig. 11 may be approxi-
mated by a best fit for the PBA ,
)2

|

(43)

Dint int

o)

UEN(gl =0 16" =4) ~0.342 + o.29é—
c 0 Ao

int int

D D
UEN(ol= 46" =2.1) = 0.305 + 0.32€—) - 0.065(
c \o N

0

A best fit for the CBA energy velocity is given by

shunt impedance an@ the quality factoy to the parameters
presented above. Specifically, in case of a standing wave
structure it is shown in Appendix A thatR/Q

= B enZint/ (2m\o).

C. Maximum electric field

The last parameter of interest is the maximum field sus-
tained by the structure before breakdown. For avoiding
breakdown it is assumed that the fluence threshold of the
material given by[25]

144732, 7, [psed > 10,
F[J/en?]=12517 "%, 0.4< 7, [psed < 10,
2, 7, [psed < 0.4,

where 7, is the pulse duration, limits the maximum field to
about 2 GV/m. For example, taking'=4,vgy=0.6c and

7,<0.4 psec, the maximal field is given b{26] Epx
=\JF/(0.5¢08'venTy) = 2.5 GV/m. Therefore, bearing in
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FIG. 11. Energy velocity as a function of the vacuum core dimension for the (RBt#A and for the CBA(right).
mind that the gradient of interest is of the order of 1 GV/m (47)
[26], then according to Eq33) the half-width of the vacuum
core in the PBA needs to be no larger than

J,(x,z,t) == q'vé(x)8(z— vt),

wherein(-q’) is the charge per unit length. The electromag-

E

=20 Djy=0.28¢ (45)
Eo
and according to Eq.36) for the CBA
E
—=20 Ry = 0.55q. (46)

Eo

netic field can be derived from the nonhomogeneous wave
equation of the magnetic vector potentjabrentz gaugge

2
{VZ _ ig—]AZ(X,Z,t) = - 1o J,(X,Z,1). (48

c?9t?

In Appendix B the solution of the wave equation is formu-
lated dividing the electromagnetic field into two contribu-

As already discussed, the CBA is less vulnerable to breakions. The field generated by the line charge in free space is
down, and the maximum internal radius allowed is twice ascalled the primary field, and the remainder, which is due to
much the internal half-widtiD;,, for the same gradient. In the effect of the surrounding structure, is called the second-

Table | (PBA) and Table II(CBA) a few typical values of
interest are presented fef=2.1 and&'"=4 implying that
X.=2.68\¢ andL=0.38\,,.

ary field. Assuming that the material adjacent to the vacuum
region has a dielectric coefficiest, it is convenient to de-

fine the relation between the outgoing and incoming waves
just outside the vacuum tunnel as a function of frequency

V. WAKE-FIELD ANALYSIS R(w). This reflection coefficient is directly dependent on the
The last topic that needs to be considered in the presesiurrounding layers and their dielectric constants.

study is an estimate of the wake field generated by a train of For the casé&k =0, i.e., a vacuum tunnel within a homo-
microbunches in such a dielectric structure. In a recent studgeneous material with', the secondary field is evaluated to
[21] a general formulation of the wake field for an arbitrary obtain the decelerating field on the moving line charge
dielectric structure with a cylindrical vacuum tunnel was
given. Based on this formulation, we next determine the
(symmetrig wake field of a line charge moving in a general
planar structure, and obtain analytical results for some
simple cases. Results for the Bragg structures, both the PBA
and the CBA are given.

— q/
2meDint

(@21
xRe{j |n<1+jL,1)}.
&

A. Wake field in the PBA It is evident that below the Cerenkov velocity=c/¢'"), the

The current density of a line charge in free space, infinitedecelerating force is zero. It increases monotonically with
in y and moving in thez direction with a constant velocity ~ the velocity, and for the ultrarelativistic regintg— ) the
is given by decelerating field

§2E¥(x=0,z=vt,t) =

(49)

TABLE |. Exact parameters of the PBA for several internal half-widths of the vacuum; the materials are
g'=2.1 ands" =4 implying thatx,=2.68\y and a structure periodicity=0.38\,.

Dint=0.3>\0 Dint:O"D\O Dint:O-45\O Dim=0.5}\0 Dint:0-55\0
Zin/ N[ Q] 147.13 99.230 81.87 67.94 56.77
Ben 0.424 0.448 0.460 0.471 0.483
Emax/ Eo 2.134 2.705 2.999 3.297 3.598
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TABLE II. Exact parameters of the CBA for several internal radii of the vacuum tunnel; the materials are
£'=2.1 ands" =4 implying thatr.=2.68\, and for a(“planar”) structure period=0.38\,.

Rint=0.3\g Rint=0.4\¢ Rint=0.45\¢ Rint=0.5\0 Rint=0.5%\¢
Zinl Q] 267.46 173.73 140.62 114.27 93.29
Ben 0.410 0.420 0.427 0.434 0.442
Emax’ Eo 1.374 1.606 1.732 1.862 1.996
! T 1 1
e — (50) . K7 0
27Dint 2 LE=T"=| ki=Tuky=Ty n
2
T12 T12
is /2 times the radial field of a static line charge at distance Ky—Tqq
Di.- Although this expression was calculated for a simple Ty, -1 T
structure consisting of a vacuum core in an otherwise uni- X T —. (53)
form dielectric, in case of an ultrarelativistic line charge it is utKay ek
valid also if the structure has surrounding layg24]. Cau- Ti2

sality arguments may be shown to lead to the conclusion thafaking into account the effect of the first layer, which as

re_fle_ctions caused by such layers reach the axis only after.”lS(plained above is not part of the periodic structure, the re-
original source has moved away. In other words, the reac“”ﬂection coefficient reads '

(deceleratingfield on an ultrarelativistic particle itself ig-
dependenbf the details of the structure layers, and it de- E_gl e‘zJ'(“"C)\"‘m A

pends only on the charge and the size of the vacuum core. T
L. 22
From here on we shall focus on the ultrarelativistic re-
gime, and it is demonstrated in Appendix B that the expres- _ 1 (k- i)y = Tug) (ko= Tao) o 2i(loNe-18;
sion for the longitudinal electric field within the vacuum tun- Tio K(ky=To0) = K3(kp = T1p)

nel is independent ot and is given by the inverse Fourier 54
transform integral (54)
Given the reflection coefficient as a function of frequency,

the wake field can be computed numerically according to Eq.

ES(F) = q' }fw doalor 1+1 (51). For a specific geometrj\=50 layers,D;,;=0.3\o, &'
z 270 Dini 2J _o, 1+jw)-(1-jw)R’ ;221 ande' =4, the reflection coefficient is depicted in Fig.
(51) '

Analytic expressions for the ultrarelativistic wake field
can be obtained for some simple cases. For the Bas®
the wake field in the vacuum tunn@l) is easily evaluated

where w= wve'-1D;,/(e'c) is the normalized frequenc _ : )
@-oNe in/ (&0) q y to show exponential decay behind the moving charge, or

and 7 is the normalized space-time such that=w(t—2z/v).

Moreover, the fields outside the vacuum tunnel within theexpIICItIy
first dielectric layer are similarly given by Egs) _ q We—@—z/c)s'c/(Dim\fE)u(t_Z/C)1 55
27eq Dint
! 1 _ — 1 whereu(t) is the unit step function defined b
EQ(x,7) = _a _f doe o : . (t) p y
2meg Dine 2J ., (1+jw)-(1-jo)R 0, t<o0,
X [€71AXDin) 4 Rl AXDind], (52) u(t) £40.5, t=0, (56)
1, t>0.
whereA £ |w]e'/ Dy Hence, fort=z/c we obtain once again E¢50). For com-

Describing explicitly the electromagnetic field reflected parison with the PBA we shall also consider a partially
from the layers of the PBA, it is necessary to resort to theelectric loadedplanar transmission line with either metallic
transition matrix formulation developed in Sec[Hg. (20)] (0—) or perfect magnetic(u,—) boundaries. The
subject to similar constraints of wave numljéq. (4)] and  vacuum tunnel will have the same width as the PBA, and the
transverse impedang¢g&g. (3)], since an ultrarelativistic par- dielectric layer width is set so that the structure supports the
ticle imposesk,= w/c. If we assume a finite PBA structure fundamental mode for the laser frequengy This condition
comprised ofh periods(N=2n layers, using the eigenvalues is equivalent to determining the first layer in the PBA, ex-
and eigenvectors of the transition matrix, the total transitiorpressed explicitly in Eq(32), where the cas&;>Z, is
is found to be analogous to the metallic case, ang<Z, to the magnetic
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FIG. 12. Absolute value of the reflection coefficient as a func-
tion of the frequency. FIG. 13. A snapshot of the longitudinal wake fiel normal-
ized by q'/(2megDiy) at time t=0 of a vacuum tunne{R=0),
walls case. Evaluation of the longitudinal wake field for thePBA’ and patrtially dielectric loaded metallic as well as perfect mag-
metallic transmission line is given in RdfL4]. In Appendix netic transmission lines. In all case5=2.1, and the PBA has'
C it is shown that the formulation presented here results in=4' For the first region all four curves coincide.

the same expression given by causality, for example, the wake field of a PBA witi> 10

is exactly the same as thé=10 wake field for the interval

Egs)z d — codw;(t—2z/c)] shown, as the more distant layers do et influence the
2e0 Ding 1+2 sin‘z(%) field in the vacuum core. An interpretation of the the wake-
2 field as a sum of lossy modes in the PBA is given in Appen-
u(t - ZIc), (57) dix C. Comparison between the metallic wall transmission

line and the PBA can also be seen in Fig. 14, where a picture

whereina£ 2¢'A,/D;,,, and the frequencies, are solutions in the x-z plane of the two longitudinal wake fields is given.
of cotlaw/2)=w. A similar expression is given in Appendix
C for the magnetic wall case. ) )

In Fig. 13 a snapshot of the wake fieldtat0 (the charge . It was d|scus_,s_eq above that the decelerating force on a
is at z=0) is given for theR=0 case, the PBA case with smgle. ultrarelativistic charg_e does not depend on the sur-
N=10, and the partially dielectric loaded metallic and mag_rou_ndlng structure. In practice theacrobunchof a future
netic transmission lines. In all cases the material surroundin%lpt'Cal acceleration structure may consist of a train of
the vacuum tunnel has'=2.1, and in the PBA the second M(~1000 microbunches separated by a wavelengty) of
material has:"' =4. Due to this choice, the width of the me- the driving laser field. On pure acceleration grounds, in order
tallic transmission line is the same as that of the PBA, and® Maintain a reasonable energy spread, the typical bunch
different than that of the perfect magnetic transmission linel€ngth ought to be smaller thaxy,/12. Typically, the first

Governed by causality, the reflections from the transvers@iscontinuity has no effect on the leading microbunch since
discontinuities contribute, each in its turn, to the wake fieldreferring to the previous causality discussion, the first effect
observed within the vacuum tunnel. All four curvesincide ~ occurs only after a distance\2ye' -1 behind the front of the
for some distance behind the moving charge, starting froninicrobunch. The expression for the first layer widtq.
the decelerating field valug0) for z=0, jumping to twice (32)] implies thatA;<\o/(4Ve'-1), so that the first reflec-
that value forz=0" and then decaying exponentially. Since tion reaches the axis at a distance smaller th@2 behind
the transverse wave number for all waves Ik the charge. Although the total power in case of a single mi-
=(w/c)\e—-1, it is evident that the transverse group velocity crobunch is not affected by the PBA, the field spatial distri-
is ¢/ \e—1 in each material. Therefore, taking into accountPution trailing the particle is obviously strongly affected, and
the charge velocity =c, the first reflection in the PBA or SO is the power emitted by the train of micro-bunches, as will
the metallic transmission line is observable in the vacuunPe discussed next. L
layer at a distance/2\='—1 behind the charge, and both of L€t us considem ¢ ultrarelativistic line charges, each
these curves become separated at this point from the othBaving charge per unit lengtyc, divided into M mi-
two. Contributions from farther layers in the PBA are thencrobunches, as shown in Fig. 15. An estimate for the emitted
seen to affect the vacuum wake field evag/2, and reflec- POWer per unit length assuming that all the charge is located
tions from the metallic walls affect the wake field in this casel" @ single microbunctiM=1) is given by Eq.(50)
every 24,\s'-1. Similarly, the curve for the magnetic wall v o
transmission line is separated from the=0 case according Py = 276D 2
to its first layer width, which is larger than that of the metal- 70 Hint
lic wall and the PBA, and therefore occurs behind them.On the other hand, if thé\,c line charges are randomly
From the above discussion it can be concluded that due tdistributed such that the average field they generate is zero,

B. Emitted power in the PBA

(Nica/o)?. (58)
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FIG. 14. (Color) A snapshot of
] the longitudinal wake field, nor-
malized byq'/(2mwegDj,) at time
0 t=0 of the PBA(left), and a par-
tially dielectric loaded metallic
transmission line (right). Both

2 cases have'=2.1, and the PBA
hase''=4.
-3
-4
, =5
204 02 0 02 04
x/?»o
then the total emitted power N ¢ times the power emitted v(q)? 1 f" _ 1+R
i i i P=—""—= T —
by a single line charge, i.e., 220D 2 . 2 (1 +ja) - (1-jo)R
v T sinc EM i
Pve=l 5 5 5 )2}N : (59) ) o
Mo {27780 Dy 2 ¢/ [Te x{ sind == @ -1 (61)
(O] . w
sinc| m—

A qualitative expression foM =1 may be evaluated for the @0

case of a “weak mirror{R~0), by neglecting the effects of . e _. _ )
the microbunches on each other. In this case the total powdf€re sintx) =sin(x)/x andw is as defined before. Simula-

is M times the power of one microbunch of chargetions indicate that if = << #/2 the power is virtually inde-
NLc0{ /M, which results in pendent ofx and within a good approximation it is inversely

proportional toM. Figure 16(left) illustrates the normalized
power P2 P(u(q/ o)?NZc/2meqDin) ™ for a PBA with N
_ { v 77( NLqu,_C)Z:| _P =10, 20, 30, 40, and for the no-reflections case. It shows that
= — M=—. (60 : : :
27eg Dine 2 M M for a stronger confinemeritarge N) the power emitted is
higher, but is more moderately dependent on the number of
bunches. For a small number of bunches, it is seen that the
With the exception ofD;y, the last expression is virtually general behavior is ~M in correspondence to Eq60).
independent of the parameters of the structure, and it desimilarly to the wake-field curves previously discussed, the
scribes best the case where the vacuum core is surroundgdwer curve coincide for smal’s, and split one at a time,

with homogeneous material, i.e., there are no dielectric laythe curves of less layers first. The point where a curve splits
ers. The expression in E@60) exhibits two limiting cases,

bearing in mind that £M =<N_: for a single microbunch

(M=1) the emitted powerP=P; is maximal, and if M X =

=N.c the emitted poweP=P;/N, ¢ is minimal. The last

expression is valid also in the case when the line charges ar r%
randomlydistributed, and the mutual average effect is zero, > 2D [y -
as discussed before. Clearly EG0) represents both the re- L ¢

gimes of “spontaneous” as well as the “stimulated” emission
of radiation ofN,¢ line charges. =
In Appendix D it is shown that the electromagnetic power
generated by a microbunch of total charge per unit leggth FIG. 15. A macrobunch consisting of a train of microbunches.
distributed toM microbunches, each one being(a/2m) N line charges, each havimgj. amount of charge are arranged in

long, is given by M microbunches.
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FIG. 16. Normalized power generated by a trairvbficrobunche$D;;=0.3\o,&' =2.1 £'' =4) for the PBA(left) and for the CBA with
Rnt=0.3\¢ (right).

from the higherN curves is the point behind the first mi- through the propagation bandsee reflection coefficient in
crobunch where the transverse finiteness of the structure Isig. 12), the trailing bunches are less affected by the wake
first felt. Following the transverse path of the waves emittedield, and hence the emitted power is smaller. This clearly
from the particle, we find that the time it takes for the wavesreveals the significant advantage of a PBA over any other
to be reflected from thél+1 discontinuity(not including the  closed structure.

vacuum-dielectric interfageassumingN is even, is

28, N2 20) 2001 N

AtN = ,
vy vy vy c 2c

C. Wake field and emitted power in the CBA

Analysis of the wake field in the CBA is quite similar to
the analysis presented above for the PBA with a few minor
(62) differences. For the CBA the secondary force on axis for an
ultrarelativistic chargé—q) is [21]

whereinv,2c/\e'-1 andv 2c/\e"-1 are the transverse

group velocities in each material. It is sufficient to consider q { ZJQO B 1+R(w) -

only the widths of the second and third layéss o) since the ES = | = o—————
rest of the layers are periodic with the same quarter of trans- dmeRi [ ™) Ytjo= (¢ -jo)R(w)
verse wavelength thickneszsol(4v‘sT1). As the particle (65)
moves, for all practical purposes, at the speed of lgtihe
distance this reflection occurs behind itAgc. Keeping in
mind that the microbunches are one wavelength apart, the

the angular frequency being normalized according«to
(wRin/C)Ve—1/(2¢) unlike the PBA case, the normalized

number of microbunches for which a curve splits from thedelay = is =(t-2/0)(c/Rn)(2e)Ne=1; o)
higher N curves is therefore given by rounding e di-  =—jH\?(2we)/H3(2we) and for large argumentg(w> 1)
vided by\q, or explicitly =1. The power emitted by a single point charge is
Al —— 2
My=|220 Ve — 1 +N/2|+ 1. 63) =92, (66)
Ao 47780Rint

A significant difference between the PBA amtosed and the qualitative analysis detailed above for the case of a
structures is seen in Fig. 17, where the curves for “weak mirror” applies here as well. Similarly to E1), the
=50,80,120, as well as the curves for the metallic and themitted power expression is given by
magnetic wall structures are plotted. The curvesNef80

andN=120 almost coincide, indicating that this is the limit- __vg? 2 (7 — 1+R(w)
ing curve when the number of layers is increased. In the AmegRl, ). Ytjo- (¢ - jw)R(w)
closed structure case, the emitted power is of the f(zae o
Appendix D _ sinc{wMg}
sinc{wﬁM] XSi”Cz(%g)—ﬁo : (67)
_ (@)% TS w, Sincz(i“ﬁ) wo @0 sinc’-<7r§)
27780 Dint 2 i : 250 ) C2 : ’ wo
sin 7750 and it is illustrated in the right hand frame of Fig. 16 reveal-

(64) ing great resemblance to the PBA; in this case the power is
normalized toP2 P(vgZNZ/4meoR%,) ™, where Ny is the

Unlike the two top curves of the magnetic and metallic casespumber of electrons andg, is the electron charge. As op-

the PBA allows for energy to escape out of the structureposed to the PBA case, where an analytic expression for the
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entail a larger number of layers for achieving good reflection
in comparison to the case of a perpendicularly impinging
wave.

Relevant acceleration parameters have been investigated
and it was found that for parameters, corresponding to zirco-
nia (e=4) and silica(s=2.1), the interaction impedance var-
ies[EQgs.(40) and(41)] between 20 and about 2@&5 for the
CBA, according to the internal radius of the vacuum tunnel.
In case of the PBA, the interaction impedance per wave-
length varies between 25 and 180 It was shown that with

0 o e o regards to confinement in a minimum number of layers, best

M results are achieved by choosing one layer witt?2 and the
other as high as possible. However, the interaction imped-
ance is not maximal for this choice as seen in Fig. 10. Most
importantly, it was demonstrated that if the other dielectric is
as high ass > 25, the interaction impedance reaches values
reflection coefficient is available, computation of the refec-of about 100Q2 for the CBA,; clearly this material needs to
tion coefficient is performed by utilizing the matrix formula- sustain intense electric fields and facilitate construction of
tion presented in Sec. Il B the submicron dielectric layers in good contact with silica.

Another parameter of interest is the energy velofiiys.
(43) and (44)]. For the parameters mentioned abofe
=2.1,4) the energy velocity varies between 0c3d 0.48

In the present study we have designed and analyzed far the CBA according to the internal radius—Fig. 11. For
hollow-fiber acceleration structure based on a Bragg reflectahe PBA the variation is between 0&20 0.5%. A third
consisting of a series of lossless dielectric layers. It is anticiparameter of interest is the maximum field sustained by the
pated that their inherent symmetry provides a significant adstruycture before the probability of breakdown becomes sig-
vantage, in what regards emittance growth, over the twonjficant. Since for most practical purposes the maximum
dimensional photonic band gap structure that supports fleld may be assumed to occur at the vacuum-dielectric in-
nonsymmetric field in the axis region or planar metallicterface, this quantity may be evaluated analytically—Egs.
structures with similar propertie§26]. Conceptually, by (33) and(36). Moreover, if we assume a gradient of 1 GV/m
analogy to an optical fiber, for confining an electromagneticand that the fluencg25] imposes a maximum electric field of
wave around a vacuum tunng@l=1), it is necessary to en- 2 Gv/m, then the maximum internal radius allowed is
sure that at the operating frequency the effective dielectrig 55\, for the CBA, and 0.28, for the PBA.
coefficient of the surrounding material is smaller than unity  Within the framework of the mode propagation analysis,
(e<1). In fact, it is convenient to distinguish between threetwo additional important analytic results have been shown
main regions: the vacuum tunnel, on the one hand, and thexplicitly: first an explicit expression for the necesstrigk-
“periodic mirror”, on the other, are the two straightforward nessof the first layer in the PBAA,, was establishefEq.
regions consistent with the optical fiber view. However, we(32)] in terms of the size of the vacuum tunnel and the op-
have found that the third important region is the first layererating frequency. Secondly, tikenfinement parametgEqg.
which does not have to be of the same dimensions as eith¢B4)] describing the exponential decay of the field in the
one of the other layers. Its role is actually to magetectro-  periodic structure has been established in terms of the dielec
magnetically between the “vacuum region mode” and thetric coefficients and the operating wavelength.
eigenmode of the periodic structure. The resulting mode is In the second part of this study, we examined the electro-
equivalent to having either metallic or perfect magneticmagnetic wake field and the power generated by a train of
boundaries around the first layer at the operating frequencynicrobunches in both the PBA as well as the CBA case. The
In this study it was indeed shown that a Bragg structure carotal emitted power was demonstrated to be limited by two
support a mode with longitudinal wave numbgrw/c, as  extreme cases. THewer limitis set by the power emitted by
required for acceleration purposes. Extending this approach train of bunches moving along a vacuum tunnel bored in a
to cylindrical layers [Eq. (35)], a better confinement was dielectric medium that extends to infinity. In this case any
found relative to the PBA because of the additional 1/ radiation generated by a given bunch is emitted outwards,
transverse energy decay, and because the total field is smallgid it practically does not affect trailing bunches. Although
at the vacuum-dielectric interface. In either the CBA or thethere is a nonzero wake on axis, its influence on trailing
PBA structure, if the wave impinges upon the mirror perpen-bunches is negligible, as the wake decays exponentially. In
dicularly each layer must be a quarter of wavelength thickhis configuration(or for a small number of layeyshe emit-
Ao/ (4\e), whereas in our case the wave has a significanted power was found to be proportional to the square of the
component parallel to the reflection plaiie,=w/c), and  number of electrons in the macrobun@i), and inversely
therefore, the thickness of each layer has tofé4ys—1).  proportional to the number of microbunch@d < N). This
From the manufacturing perspective this leads to the conclusower is also inversely proportional to the square of the in-
sion that the effectively lower dielectric coefficieris—1) ternal radius of the structure for the CBA, and to the width of

FIG. 17. Normalized power generated by a train Mf mi-
crobunchegD;,;=0.3\q,e'=2.1,¢"=4) for the PBA.

VI. DISCUSSION
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the vacuum core in thc PBA. Thepper limitcorresponds to |Eq|? |Eq|? |Eq|?
. . . A — —

a closed structure, namely, a dielectric loaded waveguide Zehunt= ~ = = : (A4)

. .. . . dP/dZ PD 2(1)0 tan&WE
where the size of the tunnel is identical to the previous case,
and the dielectric layer is set so that at the operating wavewhereinP is the flowing power in the direction. In a similar
length the mode has phase velocityThe ideal metalor  way, the quality factor reads
perfect magnetic wallat the boundary, causes all the Ceren-
kov radiation emitted by the particles to be reflected back to N woWem _ Wem (A5)
the axis, and as a result there is a significant impact on trail- Po 2 tand Wg
ing microbunches. The power emitted by the Bragg structure ) . . )
is between these two limits since there are frequency rangd¥éhere Wey is the time average energy per unit length. Fi-
in which the radiation is confined, whereas for others, the"ally: using the definitions of the interaction impedaig®)
electromagnetic energy leaks out without affecting trailing@nd the energy velocity42), the ratio between the shunt
bunches. impedance(denoted byR) and the quality factor takes the

In addition to the pass-band structure of the Bragg layerorm

the power generated by a macrobunch is determined by the B2 BenZ
macrobunch’s length, the radial extent of the structure, and RIQ= =0 - M, (A6)
the causality of the reflections reaching the axis. For ex- woWem  27Ng

ample, if there are only a few microbunchsay 5 but many
layers, radiation reflected by all the layers which are beyon
say 10 layergbeyondr ~ 2\ for the silica-zirconia structuje
will not affect the trailing microbunches. As a result of this APPENDIX B: FORMULATION OF THE WAKE FIELD IN
causality thresholdEq. (63)], the power emitted by a mac- A PLANAR STRUCTURE

robunch in a Bragg structure was shown to be significantly

: ) . ’ The starting point in establishing the wake-field in a pla-
different than th"’?t emitted in a closed structure. SyStem""t'har structure is to realize that the electromagnetic field gen-
cally, the former is lower than the latter.

erated by the current densit47) in free space, namely the
primary field, is given by

a’VhereﬂEN: UEN/ C.
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jacent to the vacuum region has a dielectric coefficiénthe
effect of the surrounding structure is referred to as the sec-
APPENDIX A: THE RELATION OF  R/Q TO Zjn; AND Vey ondary field, and its form is dictated by the primary field to

For deriving the relation betwed®/Q and Z;, vey, it is be
assumed that the relative dielectric coefficient where the q o 1
wave propagates is of the forexe,—jg;, and the loss tan- A§S>(x,z,t) =- ﬂf dw eJ'w(t—ﬂv)F

gent is given by am J_.,
. E o Ag coshI'x), [X| < Dint,
tand= —= , (A1) % N
Eyr WEQEY — —2_(C0e‘jAX+ DoejAX), X > Dint,
where o is the effective conductivity. The dissipated power Be
density is (B2)
1 - - 2w whereA 2 (|w|/c)Ve'- B2 ande 2 &' - 372 This solution of
Po=ZoE E= % = 2w tanswe,  (A2) (ol/c)e -f* ande=s -

2 g the wave equation is assumed to hold only in the first layer
] ) ) . adjacent to the vacuum region, and due to the symmetry, it is
wherew is the time average electric energy density. Furthefgyficient to consider only one side of the dielectric structure.
assuming that the loss tangent is approximately identical iThe reflections from the surrounding structure are repre-
all the dielectric materials comprising the structure, the dissented by the amplitudd,.
sipated power per unit length afis given by Based on Eq(B1) it is possible to establish the electric
scalar potentiakb using the Lortenz gauge. Derived from
Pp=2wgtan 5] J da we = 2wq tand We (A3)  both potentials we obtain the primary fields in the vacuum
region |X| < Din
whereWg is the time average energy per unit length. Next, , m : 1
Eq. (A3) is substituted in the definition of the shunt imped- Egp)(x,z,t) =— M’f do eiw<t—ﬂv><1_‘°2)_e—FXI,
ance to obtain Am ). ¥B?/T
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q'uo [* RN ” 1 1 a
HP(x,z,t) = - —f do elet20) =g TKsgr(x). f d ==In , B9
y 2= 0] de &SI o ad-1 b a-1 (B9)

(B3) Eq. (49) is obtained. An expression for the longitudinal elec-

I . o tric field in the ultrarelativistic regime can be derived from
In a similar way, the secondary fields within the vacuum core, o secondary field EqgB4) and (B7) by replacinge? P

are with the two leading terms in the Taylor series and then
9 o [~ _ taking the limit y— o0, resulting in Eqs(51) and(52).
EQ(x,zt) = - —f dw eJ‘““‘Z’”)( 5 )Ao coshI'x),
4 J_, yzﬂ APPENDIX C: WAKE FIELD IN TERMS OF THE
STRUCTURE EIGEN MODES
(B4)
The expression of the ultrarelativistic wake field into the
o q o [~ » ( 1) accelerating structure eigenmodes is discussed in what fol-
HY (x,zt) = - A f do elet2v) Ao sinh(I'x), lows. It is first instructive to rewrite Eq51) as
and the secondary fields o > D;, are EY = q—,}fw daej“"; (Cy
Y n ©2meDp2) T 1-R@
E¥(x,zt) = - %I dw ej‘”(“””)< iw2F> 1+ R(_)
T Jw VB The denominator in the integrand is denoted by
X (Coe M+ Dyel), 1-R(@)
Flo)2 —— +jo. (C2
’ o | 1+ ]R(w)
- g'A
HOx, ) = Mf do er(t—z/u>(_ 1—) o N . _
y 4 J_. woy 2p%l This is in fact the dispersion function fég=w/c, such that

. . zeros of this functior(poles of the integrandare eigenfre-
X (Coe ™+ Do), (B5)  quencies of the structure. Should this function satisfy the
onditions for the residue theorem to hold, it is possible to
rite the above integral as a sum of the eigenmodes or, ex

plicitly,

It is possible to establish a relation between the outgoing an
incoming waves in the first dielectric layer in terms of the
geometry of the rest of the structure. Explicitly, this is de-
scribed by

Ed=—T— =32
: 27780Dmt22 ’”F( )

e, (C3)

R £ Do e2ADint (B6) ) o ] .
Co where the prime denotes derivative with respecbtand o

. . . . - . ) are the zeros ofF (w).
implying thatR is the reflection coefficient just outside the |, case of a metallic partially loaded transmission line, the

vacuum tunnel, and it depends on the layers arbitrary Congafiaction coefficient idi = —e12® wherea2 2¢'A,/D,,, and
figuration. Imposing the continuity oF, and Hy on the o dichercion function is "
vacuum-dielectric interface, the solution for the amplitudes

in the vacuum region is F(w)=-j coflawl/2) + jw. (Co
2(1-¢p) All poles of the integrand are on the {m}=0 axis on the
A= (1 +{p) - (1= p) (B7) complex w plane. Based on the causality requirement, for
P p ‘>0 the integration is carried out in a path enclosing the
Whereg__ng/%g\,g andp2 1-R/1+R. upper half complex plane, including the poles, whereas for

For the cas&® =0, i.e., a vacuum tunnel within a homo- ‘7<0 the result is zero. On the mOVIng charge ItSe'HO the
geneous material Wltl@', the secondary field is next evalu- integral is therefore the average of these two values. Exploit-
ated to obtain the decelerating field on the moving lineing the complex conjugate symmetry of the dispersion func-
charge. Beginning with the expression EB4) and substi- tion, the resulting wake field is of the form
tuting into it Eq.(B7) andt-z/c=0 we get

ES= W, co C5
5H E(S (x=0,z=vt,1) ‘ 2meg Dlmﬂ-; (). ©3
—q P C o Jf do 1 whereW, are weights given by
2m 7ﬁ 0 1+§P ezrDint—l 2
1-2p i T\ (C6)
1+ 22 22
(B8) 2 2
SinceR=0, we havep=1, and using the relation and
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Sw=1. () 1 :

0.8 B 1

) ) . 06
In the dielectric layer|x| > D;,) of the metallic wall trans- §
mission line it can be shown in a similar manner that the & %4

longitudinal wake field reads

EG = q’ SIN[A{(Dex = X)]
z = m i
27egDiny 7 SINLAj(Dexi— Ding ]

cogw;7) u(7),

(C8) 038

whereDe, = Din*+A;. Implementing the same method to the & 6
magnetic wall transmission line we get for the dispersion g o4

function 02
F(o) =] tanawl/2) + jo (C9Y ) 1 2
) . . . Re(m/(no}
and the wake field inside the vacuum core has the expression
, > 1 FIG. 18. The dispersion function lggF(w)| for number of pe-
E(ZS> -4 P + > — codw D riodsn=1,2,3,4N=2n). The dark areas indicate zeros of the func-
27&0 Dint 1+ a 142 COS_2<ﬂ> tion which are poles of the wake-field integrand.
2 2 2

erence, e.g., the macrobunch front. Consequently, the power
Xu(?). (C10 emitted by the macrobunch is

When the structure is not bounded by metallic or perfect
magnetic walls, energy can escape. In the simplest Base
=0, the dispersion function has one zerodr¥j, which
results in an exponential decgsee Eq(55)], which is con- _ ) _
sistent with the above formulation. In Fig. 18 the function P_v; o E(r—7)=
log,o/F(w)| is plotted in the complex plane showing that for a
structure that has a Bragg reflector of one pefivdl) there 1 Jm dor 1+R(w) S qdon
are poles that have an imaginary part, indicated by the dark 2).., w1 +jo—(1 —jajﬂ%(aj‘ i G
spots(zeros of the dispersion functiprAdding more periods
to the structure(n=2,3,4), it is seen that more poles are
added, representing the additional reflections. It is therefore
possible to represent the wake field in a Bragg structure as a

sum of the residues, meaning that the wake field is given bythe |55t term may be simplified subject to two assumptions:

an infinite sum of lossy modes. An analytic expression for(i) there areM microbunches andi) each microbunch has a
the residues is easily obtained by substituting the Bragg rez|ative length(a/2m)\, thus

flection coefficient Eq(54) into the dispersion function, and
performing the derivative.

v

27T80 Dint

2]_

(D2)

APPENDIX D: POWER EMITTED BY A TRAIN g M-1 1 [2mvrel2 S
OF MICROBUNCHES > qeei=— —J dxe'a,
i M v=0 ¥J271-al2
Our goal here is to determine the power generated by a o M-1
train of M microbunches of a relative lengti/27)\. In the :Q_’ sin aw D ez,,,,j_i
case of a single particle the wake on axis is given by Eg. M 2w/ im0 “0
(51), and this may be extended to include the effect of many _
particles B sinc[ WM;} B
£ = 1 =q’ sinc(%g — 0 gimMnz
2meq Dint @0 SihC(ﬂ'g)
- 1+R() 0
x| | do—= felelm) | (D3)
{J_w Tl A- R~

(D1)

g/ stands for the charge of théh particle andr represents whereq’ is the total charge. Substituting in EqD2) we
its “delay” in the macrobunch relative to some arbitrary ref-finally obtain
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(@)%
= W,
v(g')? 1foc — 1+R(w) 2meq Dint W; I
=—— V5| do—= :
2meo Dint | 2) . 1+jw-(1-jw)R(w) o
X\ { cog =(x.—x) [U(x,— Xx») , (D6)
w
. 0 vl u
sinc WMﬂ whereiny is the relative phase on the scale of the fundamen-
) aw g tal angular frequency. In what follows it will be demon-
X sin¢? 5= — (D4 strated that
(O] . w
smcz( 77:) -
@o cog — (X, = X») | Ulx. = X)
(0] 7
for the power emitted byl microbunches separated by one Sing[WgM}
wavelength of the fundamental frequency. smc’- o w| o (D7)
If the structure under consideration is closed such that the wy) . o\
wake field of a single line charge is given as a sum of propa- sin¢ 775_
gating modegC5), then the previous expression has poles on 0
the integration path. In this case the total power will be for-implying
mulated slightly differently, beginning with a sum over all o
charges and all the contributing modes, given by ) sinc?[w:'M}
_ (q )v @o
E W, sin@| =2 —_—,
27780 Dint 2 2 wq . wj
siné| 7—
= 2 q,LE q,m E W @o
&0 Dint " (D8)
xcogwi(r, = 7,)Ju(r,— 7,), (D5)  a being the length of one microbunch, normalized as a phase

relative to the fundamental wavelength. In order to demon-
strate Eq.(D7) we assumeM microbunches each one of a
which can be reformulated in terms of average contributionphasea

. 1 M-1 1 M-1 1 [2mral2  q (2anral2 .
005[5'(xﬂ—xy)} u(x, — x.) VYR f dx f dy cos{:‘(x—y)} u(x-vy)
0 vl w n=0 m=0 2mn—al2 27mn-al2 0]

1 M-1 1 +al2 o
= —J dy cos) = [2m(n—m) +x-y] ¢ u27(n—m) +x -]
=0 &

wo

1 M-1 1 al2 1 al2 o
=— Re 2 uu>m) = f dx_f dyé(wi/wo)[2w(n—m)+x—y]
M? n=0 @ Joap A2

ML ez q o2 o
+ 2 dx—J dyd (@00 Yy(x - y) (. (D9)

n=0 &J-aq2 QAJ_4p2

In this last step we took advantage of the fact a charge in one of the microbunches affects all the trailing bunches. The
integration oveix andy is straightforward leading to

o ao\l 1 _|'S S 1
<<CO{5—O(XM—XV)} U(XM_XV)>V>#:Si”C2(§f) MZR > u(n > m)el2m@ile(n-m +N } (D10)

0 n=0
m=0

The term in the square brackets may be sh@using geometric seri¢$o equal
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@
M-1 . siné| 7—M L
Re >, u(n > m)e2m@l@o-m =5 M2—— 0 = oM (D12)
— PRy
n=0 sin&(rr:‘)
m=0 wo
leading to Eq(D7) and consequently to E¢D8).
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