
PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 9, 051301 (2006)
Thermal scaling laws of the optical Bragg acceleration structure
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The temperature distribution and heat flow in the planar optical Bragg acceleration structure, fed by a
train of high-power laser pulses, are analyzed. Dynamic analysis of a high-repetition rate train of pulses
indicates that the stationary solution is an excellent approximation for the regime of interest. Analytic
expressions for the temperature and heat distributions across the acceleration structure are developed.
Assuming an accelerating gradient of 1 GV=m and a loss factor similar to that existing in communication
optical fibers 1 dB=km �tan�� 10�11�, the temperature increase is less than 1 K and the heat flow is of the
order of 1 W=cm2, which is 3 orders of magnitude lower than the known technological limit for heat
dissipation. Obviously, using materials with a significantly higher loss tangent may lead to unacceptable
temperatures and temperature gradients as well as confinement difficulties and phase mismatch.
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I. INTRODUCTION

Motivated by the availability of solid-state lasers with
increasing wall plug to light efficiencies, optical accelera-
tion of charged particles is a subject of recent interest.
Acceleration is facilitated by laser light rather than by
microwave radiation, and accordingly, the acceleration
structure must be made of dielectric materials as these
have lower loss and are less susceptible to breakdown
compared to their metallic counterparts. An example of
an open optical structure is the LEAP [1] crossed laser
beam experiment where the interaction between the
crossed laser beams and the particles is limited by slits to
satisfy the Lawson-Woodward theorem [2,3]. Another ex-
ample is the traveling wave acceleration structure, where a
laser pulse is guided in a dielectric structure with a vacuum
tunnel bored in its center. This concept can be implemented
by a two-dimensional photonic band-gap structure [4], and
recently it was suggested [5] to use Bragg reflection wave-
guides [6–8], designed specifically for the speed-of-light
mode.

In Ref. [5], it was demonstrated that optical Bragg
acceleration structures, either planar or cylindrical, having
typical transverse dimensions of a few microns, exhibit
high performance as acceleration structures and, therefore,
seem to be promising candidates for future optical accel-
erators. In this study, we focus on the planar optical Bragg
acceleration structure illustrated in Fig. 1. The laser light is
guided in a vacuum core of width 2Dint, so that the wave
propagates along the z axis, and no variations are assumed
along the y axis (@=@y � 0). The core is surrounded by
dielectric layers with alternating permittivity, having
a width equal to the transverse quarter-wavelength
[�=�4

��������������
"r � 1
p

�] with the exception of the innermost layer.
This first layer is a matching layer whose width is deter-
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mined so that the structure supports the speed-of-light TM
mode required for the acceleration process [5].

Transition from operation at radiation wavelengths of a
few centimeters to a few microns requires examining a
wide spectrum of phenomena which are insignificant in the
former regime. For example, structures that operate at a
wavelength of a few centimeters are machined today with
an accuracy of microns. In the future, it will not be possible
to maintain a difference of 4–5 orders of magnitude be-
tween the operating wavelength and the achievable toler-
ance, since this would entail engineering of a surface at the
atomic level. As a result, the size of irregularities may be of
the same order of magnitude as the microbunches, and they
may generate wake fields [9,10] that, in turn, may alter the
dynamics of electrons. Fortunately, the electromagnetic
properties of materials at wavelengths that are significantly
smaller than 0:1 �m do not differ dramatically from these
of the vacuum. Consequently, a reduction on the sensitivity
to manufacturing tolerances may be expected.

Another aspect that may have a critical impact on the
performance of a dielectric acceleration structure and will
be investigated here is the heat dissipation and the tem-
perature increase associated with electromagnetic power
loss. As a central component of a future optical accelerator,
the acceleration structure ought to withstand the manifes-
FIG. 1. Planar optical Bragg acceleration structure.
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tations of the most important constraint imposed by the
machine specifications, namely, the luminosity. Being a
measure of the number of colliding particles per second at
the interaction point, the luminosity sets the lower limit to
the energy level the particles are exposed to. Together with
the constraint of single mode operation, they determine the
minimal electromagnetic energy density in the acceleration
tunnel and its close vicinity. While, obviously, the average
number of particles per second is at least as in a machine
designed to operate at microwave wavelengths, in an opti-
cal acceleration structure, the volume where most of the
electromagnetic energy is confined is reduced by several
orders of magnitude. Consequently, the potential damage
due to heat flow or temperature increase may become a
significant obstacle, and it is our goal in this study to
determine the main scaling laws of these processes.

Before examining the heat dissipation in an acceleration
structure, it is instructive to briefly review previous work
on related topics. Attention to the thermal effects induced
by the overheating of laser structures grew along with the
progress made in high-power laser systems more than 20
years ago. Thermal considerations gradually became a
limiting factor on the laser performance. Studies by
Eggleston et al. [11] and Kane et al. [12] analyzed phe-
nomena such as thermally induced stress, thermo-optical
modification of the refractive index, birefringence, and
thermal ‘‘lensing’’ in a slab geometry laser. The thermal
stress and the refractive index modification [13,14], along
with the birefringence [15,16] and the thermal lensing
[17,18], were further investigated. Evidently, the damage
caused by the thermal effects can be controlled by proper
cooling. A number of practical cooling setups for laser
systems were experimentally tested [19,20]. Diamond
films proved to be particularly useful in cooling schemes,
being an excellent heat conducting material [21,22].

Two traditional theoretical models describe the cooling
process. In the first case, the so-called Newton’s law of heat
transfer, the amount of heat extracted from a cooled sur-
face is proportional to the temperature difference between
the surface and the coolant. The proportionality factor h is
the heat transfer coefficient, which is a measure of the
cooling efficiency. Xie et al. [23–25] studied the factors
that affect the heat transfer coefficient and its relation to the
thermal effects inside the laser structure. The second theo-
retical model describing the cooling process is the heat
sink, according to which the temperature at the outer
surface is identical to the temperature of the adjacent
heat sink. This is, in fact, the first model in the limit
h! 1.

Analysis of thermal effects requires establishing the
temperature distribution inside the structure. Koechner
[26] was among the first to derive single pulse and multi-
pulse solutions for an infinitely long and pumped uni-
formly in the longitudinal direction laser rod. A more
realistic analysis, considering single and multipulse tem-
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perature distributions in a finite rod with an arbitrary
distribution in the longitudinal direction of the pumping
energy, is given in Refs. [27,28]. The steady-state solution
for a finite laser slab was developed [29], and the steady-
state problem of a laser rod subject to a cylindrically
symmetric and longitudinally homogeneous pumping
was solved [16]. The steady-state heat distribution caused
by longitudinally inhomogeneous pumping was recently
studied as well [30].

All studies mentioned above consider single-layered
structures. Heat conduction in multilayered structures has
also been investigated. For example, the thermal profile of
a multilayered structure heated by a scanning laser or by an
electron beam [31–34] has been determined, both being
common processes in fields such as magneto-optical me-
dia, electron beam lithography, and ion implantation. A
similar problem was solved in order to describe the photo-
thermal deflection of a laser beam passing above heated
multilayered media [35]. In recent years, there has been an
increasing interest in the heat transfer in multilayered
structures [36–39]. In Ref. [36], a solution of the heat
conduction equation for a two-layered cylindrical structure
heated by a short laser pulse was introduced. The transient
[37] and the steady-state [38,39] 3-dimensional heat con-
duction in multilayered structures was studied. Further
extensive analysis on the transient heat transfer in multi-
layered structures was also performed recently [40–43].

In the present study, we aim to determine the scaling
laws regarding heat flow and temperature increase in the
planar optical Bragg acceleration structure. We focus on
the temperature developed due to the propagating laser,
rather than including the wakefield as a source of heat
dissipation and consequently obtaining a temperature rise.
The part of the wakefield that propagates at the fundamen-
tal speed-of-light mode is therefore tacitly included in the
estimation given here, whereas the high frequency content
of the wake is not expected to significantly change the
general picture. In the next section, we examine the ther-
mal energy flow in the structure illustrated in Fig. 1 when a
train of laser pulses in injected into it. Each pulse is
assumed to have an electromagnetic power profile which
is based on an analytic estimate. Assuming similar thermal
properties to the various layers, it is demonstrated that, for
the set of parameters of interest, the deviation of the peak
temperature or heat flow from the time-averaged value is
extremely small. Analytic expressions for the average
temperature and heat flow are developed. These are the
important quantities that provide an excellent description
of the thermal process since the latter occurs on a much
longer time scale comparing to the electromagnetic
processes.

In Sec. III, we establish the time-averaged temperature
and heat flow in the Bragg structure and develop corre-
sponding analytic expressions. In Sec. IV, we discuss two
possible configurations using the tools developed in
1-2
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Sec. III. In the last section, we briefly examine the thermal
stress developed in the dielectric layers of the Bragg ac-
celeration structure.

II. APPROXIMATE DYNAMIC ANALYSIS

Consider the planar optical Bragg acceleration structure
shown in Fig. 1. The structure may support an accelerating
gradient of the order ofEA ’ 1 GV=m at a typical radiation
wavelength of �0 ’ 1 �m. We assume that a train of laser
pulses is injected into the acceleration structure, and it is
the goal of this study to establish the temperature dynamics
within the structure. For simplicity, it is assumed in this
section that the dielectric layers have identical thermal
characteristics (single layer), and the dissipated power
across the device is approximated by its general behavior
as given in Ref. [5]. Consequently, we may develop an
analytic result, which is an approximation of the exact
solution. In the following section, the different thermal
characteristics of the layers and the exact behavior of the
electromagnetic field are accounted for.

The power propagates at the speed-of-light mode, hav-
ing a transverse profile X0�x�, which is determined by the
detailed geometric and electrical characteristics of the
structure as well as the vacuum wavelength. For the planar
optical Bragg acceleration structure, the transverse profile
may be approximated by [5]

X0�x� ’ exp
�
�2

x�Dint

xc

�
; (1)

where xc � ��0=4���"1 � 1��1=2 � �"2 � 1��1=2	 


jln�"1�"1 � 1��1=2="2�"2 � 1��1=2	j�1; "1 is the permittiv-
ity of the layer adjacent to the core, and the remainder of
the layers are alternating with materials "2 and "1. Each
pulse has a time duration Tp which is of the order of
picoseconds, and they are separated by intervals of Trr

that, in turn, may vary from microseconds to nanoseconds.
The pulses travel at a group velocity Vgr, and have a
temporal profile of T0�t�, so that for the simple case of a
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rectangular pulse, the temporal profile of the power density
may be represented as a Fourier series T0�t� �P
�f� exp�j2��t=Trr�, where f� � �Tp=Trr� 


sinc���Tp=Trr� and sinc��� � sin���=�. The temperature
developed inside the structure is due to the dissipated
electromagnetic power given by

Ploss �
1
2!"0"r tan��jE2

xj � jE
2
z j�; (2)

where tan� is the material’s loss tangent. Consequently, the
dissipated power may be written in the form Ploss �

P0X0�x�T0�t� z=Vgr�. Based on Ref. [5], the field in the
vacuum tunnel, having a time dependence of ej!t, is of the
form Ez � EA exp��j !c z�, and accordingly, the peak
value of the dissipated power may be approximated by

P0 ’
1

2
!"0"1 tan�E2

A

�
1�

�
1

"1

!
c
Dint

�
2
�

; (3)

note that the expressions in Eqs. (2) and (3) tacitly assume
time average over one period of the radiation field.

All the characteristic time parameters of the electromag-
netic problem are orders of magnitude shorter than that
corresponding to the diffusion process. The latter controls
the temperature variation �T throughout the system de-
scribed by �

@
@t
�

1

D
r2

�
�T �

1

D�T
Ploss; (4)

where D is the thermal diffusion coefficient, and �T is the
thermal conductivity. It is assumed that at the boundary of
the outermost layer x � Dext the structure is in thermody-
namic equilibrium with a ‘‘heat sink’’ which maintains a
constant temperature at that boundary, i.e., �T�x �
Dext� � 0. In addition, there is no heat flow from the
dielectric to the vacuum core, and thus we ignore radiative
heat transfer and assume �@�T=@x	�x � Dint� � 0.
Subject to the above conditions, the diffusion equation
may be solved to obtain
�T�x; z; t� �
P0

�T

Tp

Trr

X1
���1

sinc
�
��

Tp

Trr

�
exp

�
j2��

t� z=Vgr

Trr

� X1
m�0

cos
�
��m� 1=2�

Dext �Dint
�x�Dint�

�
2

Dext �Dint




�
j

2��
Trr

D�
�
2��
Trr

1

Vgr

�
2
�
�2�m� 1=2�2

�Dext �Dint�
2

�
�1 Z Dext

Dint

dx0X0�x0� cos
�
��m� 1=2�

Dext �Dint
�x0 �Dint�

�
: (5)
The transverse heat flow may be derived from the temperature byQ � ��T@�T=@x. Two quantities of interest are readily
evaluated: the average change in temperature ��TAV� over the repetition rate period of the pulse �Trr� at the vacuum-
dielectric interface �x � Dint�, and second, the average heat flow �QAV� at the external layer �x � Dext�. These two
quantities were evaluated to read
1-3
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�TAV �

�
P0

�T

xc
2
�Dext �Dint�

� Tp

Trr

�
1�

xc
2�Dext �Dint�

�
�
P0

�T

xc
2
�Dext �Dint�

Tp

Trr

QAV �

�
P0
xc
2

� Tp

Trr
; (6)
1.00004

1.00008

 / 
∆T

A
V

where the right-hand side of the top equation was evaluated
assuming thatDext �Dint � xc=2, a condition that may be
dictated in part by the requirement for mechanical strength
of the structure. Assuming �Dext �Dint� � xc=2, the
thermal transconductance has a very simple form,
QAV=�TAV ’ �T=�Dext �Dint�, which is virtually inde-
pendent of the electromagnetic characteristics of the struc-
ture �xc�. In order to investigate the above results, we shall
consider a silica-zirconia structure �"1 � 2:1; "2 � 4�with
a set of parameters given in Table I. Figure 2 illustrates the
two quantities QAV and TAV as a function of the core half-
width Dint. The curves are computed assuming that the
field on axis remains constant �EA � 1 GV=m�, so that the
dissipated power P0 of Eq. (6) changes withDint according
to Eq. (3). Both quantities are linearly dependent on
TABLE I. Parameters used for the simulations shown in
Figs. 2– 4.

Structure parameters Pulse and thermal parameters

�0 1 �m Tp 1 psec
"1; "2 2.1, 4.0 Trr 1 nsec
xc 2:68 �m �T 1:4 W=m K
Dext 10 �m D 1:2
 106 s=m2
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FIG. 2. The average change in temperature �TAV and the
average heat flow QAV as a function of Dint, for a silica-zirconia
structure with the parameters given in Table I. Both quantities
are normalized by their value at Dint � 0:2 �m, �TAV�Dint �
0:2 �m� � 1:94
 108 tan� [K] and QAV�Dint � 0:2 �m� �
3:21
 109 tan� [ W=cm2].
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the material loss tangent and their value at Dint �
0:2 �m is �TAV � 1:94
 108 tan� [K], and QAV �
3:2
 109 tan� [W=cm2]. Evidently, for the range of core
half-widths shown in Fig. 2, if tan� < 10�8, the tempera-
ture rise in the structure is less than 15 K, and the average
heat flow is about 250 W=cm2.

While the average quantities ��TAV; QAV� do not seem
to pose a difficulty provided that tan� � 10�8, it still
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FIG. 3. A snapshot �t � 0� of the temperature variation at x �
Dint normalized by its average value as a function of z. The core
half-width is Dint � 0:6 �m, and the other parameters are given
in Table I.
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FIG. 4. The relative change in temperature maxj��T �
�TAV�=�TAVj as a function of the pulse separation Trr. The
structure parameters excluding Trr are given in Table I.
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remains to determine whether the peak temperature or heat
flow do not impose any stringent constraints. For this
purpose, the expression in Eq. (5) is plotted in Fig. 3,
showing a snapshot of the temperature at the core boundary
as a function of the longitudinal coordinate, for a structure
having the parameters listed in Table I and Dint � 0:6 �m.
The decay of the temperature behind each pulse is linear,
as the diffusion time for this structure is of the order
of 10�4 s, thus much larger than Trr and Tp, and the
maximal relative change in temperature, maxj��T �
�TAV�=�TAVj< 10�4, is extremely small. This last quan-
tity is depicted in Fig. 4 for different values of pulse
periodicity Trr, while the remainder of the parameters are
as given in Table I. For a higher repetition rate (shorter Trr),
the excitation is closer to a cw signal, and therefore the
temperature fluctuations are smaller. Even for a repetition
rate of 10 MHz �Trr � 10�7 s), the relative change in
temperature is less than 1%. Clearly, for most practical
purposes the deviation from the average values is minis-
cule. Therefore, in what follows, only the dc component
�v � 0� in Eq. (5) will be considered.
III. STEADY-STATE SOLUTION

In the previous section, it was established, based on a
simplified model, that at the high-repetition rate regime,
the resulting temperature is to a very good approximation
the solution of the steady-state problem, in which a cw
signal is injected into the waveguide. In this section, the
steady-state solution �@=@t � 0� of the diffusion equation
[Eq. (4)], which becomes Poisson’s equation, is developed
for the exact configuration. Evidently, the steady-state
solution of the heat dissipation problem is independent of
the longitudinal coordinate �@=@z � 0�. Moreover, for de-
veloping a realistic solution, a convective cooling mecha-
nism is taken into consideration.
A. Exact steady-state solution

At this point, we are in a good position to establish the
impact of the detailed geometry which facilitates the elec-
tromagnetic field confinement (see Fig. 1) on the steady-
state solution. In each dielectric layer, the longitudinal
electric field is of the form [5]
Ez;n � �An exp��jknx� � Bn exp�jknx�	 exp
�
�j

!
c
z
�
;

(7)
and, assuming that the field is confined, the amplitudes
may be derived by imposing the boundary conditions,
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beginning from the vacuum core, where the field profile
is known; kn � �!=c�

�����������������
"r;n � 1

p
is the transverse wave

number in the nth layer. With that in mind, the explicit
form of the average dissipated power density is

Ploss;n �
1

2
!"0"r;n tan�n

�
"r;n

"r;n � 1
�jAnj2 � jBnj2�

�
"r;n � 2

"r;n � 1
2<�A
nBn exp�2jknx��

�
: (8)

In each layer, Poisson’s equation with the time-averaged
dissipated power density term 1

D�T
Ploss

Tp

Trr
must be solved,

so that the change in the temperature in the nth layer
satisfies

@2

@x2
�TSS;n � �

1

�T;n

Tp

Trr
Ploss;n�x�: (9)

At the transition from one layer to another, both the tem-
perature change and the heat flow ought to be continuous.
Special attention is required at the vacuum-dielectric inter-
face and at the outermost layer. The former is left as in the
dynamic analysis case, namely,

@�TSS;1

@x

��������x�Dint

� 0: (10)

For the external layer, we shall generalize the idealized
assumption of a heat sink �TSS;Njx�Dext

� 0 to include the
impact of a convective cooling process; therefore

�TSS;Njx�Dext
� �

�T;N

h
@�TSS;N

@x

��������x�Dext

; (11)

h being the convective heat transfer coefficient, and values
of 3 to 20 W=cm2 K are considered in what follows. Values
of this order were demonstrated to be achievable in cooling
schemes of microelectronic devices [44–47].

B. Approximate steady-state analytic solution

In addition to the exact solution presented above, it is
instructive to develop an approximate analytic expression
relying on Eq. (1) and solving Eq. (9) subject to the
boundary conditions in Eqs. (10) and (11). This is similar
to the one layer model discussed in Sec. II, but only the dc
term [� � 0 in Eq. (5)] is taken here, and, in addition, the
presence of the various layers is accounted for effectively.
For this purpose, we shall assume a uniform thermal re-
sistance, which is the serial resistance of the two layers,
namely, we may define the effective thermal conductivity
��T;eff� as �1��2

�T;eff
� �1

�T;1
� �2

�T;2
. The analytic expressions for

the local change in temperature and heat flow read
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�TSS;app�x� �
P0

�T;eff

Tp

Trr

xc
2

�
�Dext � x� �

xc
2

�
exp

�
�2

x�Dint

xc

�
� exp

�
�2

Dext �Dint

xc

��

�
�T;eff

h

�
1� exp

�
�2

Dext �Dint

xc

���

QSS;app�x� � P0

Tp

Trr

xc
2

�
1� exp

�
�2

x�Dint

xc

��
;

(12)

and, consequently,

�TSS;app�x � Dint� �
P0

�T;eff

Tp

Trr

xc
2
�Dext �Dint�

�
1�

xc=2� �T;eff=h
Dext �Dint

�

QSS;app�x � Dext� � P0

Tp

Trr

xc
2
; (13)
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FIG. 5. Temperature profile for different values of h in the
silica-zirconia structure, the parameters of which are given in
Table II. For each value of h, the dashed line is the approximate
curve, and the exact solution is indicated by square markers. The
dissipated power profiles, approximate (dashed line) and exact
(solid line), are also plotted. All quantities are normalized by
their maximal approximate value.
which for h! 1 are identical to those of a uniform layer
discussed above [Eq. (6)]. The term �1� xc=2��T;eff=h

Dext�Dint
� in

Eq. (13) expresses the temperature rise above the value
dictated by the heat sink idealization, caused by a subopti-
mal convective coolant.

The approximate solution may be further improved by
using �P0 instead of P0, where � is a form factor given by

� �

RDext
Dint

dxPexact�x�RDext
Dint

dxP0 exp��2 x�Dint

xc
�
; (14)

Pexact�x� being the exact dissipated power profile according
to Eq. (8). By this, we require that the total dissipated
power across the structure is identical in the approximate
and the exact expressions, and since this is the source of the
temperature rise, a better approximation is obtained.

IV. ANALYSIS OF TWO CONFIGURATIONS

Silica-zirconia.—In this section, we examine the tem-
perature distribution and heat flow as obtained by the two
solution methods introduced in the previous section.
Figure 5 illustrates the steady-state temperature variation
across the silica-zirconia acceleration structure for a set of
parameters listed in Table II. The exact solution (Sec. III A)
is represented by square markers, and the approximate
solution (Sec. III B) is represented by a dashed line—the
two are virtually indistinguishable. For the simulation
purposes of the exact solution, it was assumed that the
loss tangent of each material is the one corresponding to a
conventional optical fiber made of that material, and hav-
ing an attenuation of 	 �dB=km	 � 1. Attenuation coeffi-
cients of this order and less were, in fact, measured in silica
fibers [48,49]. For convenience, we illustrate also the exact
dissipated electromagnetic power profile, as evaluated
based on Ref. [5], and the exponential decay approxima-
tion as given in Eq. (1). Each quantity is normalized by its
maximal approximate value; the relevant normalization
constants are listed in Table II. The maximum values are
given in terms of the loss tangent of the first material
(silica) denoted by tan�1. The accuracy of the approximate
05130
solution of the temperature is better than 0.5% relative to
the temperature maximal value, and the accuracy of the
approximate heat-flux solution, shown in Fig. 6, is better
than 2% relative to its maximal value.

Three values of the convective heat transfer coefficient h
were examined, showing the role of the cooling mecha-
nism in reducing the maximal temperature (see Table II).
For the unnormalized curves, the effect of a different h is to
add an offset to the entire curve according to Eq. (12).
However, the heat-flux profile, which is depicted in Fig. 6,
is independent of h, as revealed by the approximate ana-
lytic expression of Eq. (12). Moreover, the heat flow is
independent of the thermal conductivities, since according
to Eq. (9), in conjunction with QSS � ��T@�TAV=@x, we
may readily conclude that the heat flow satisfies the equa-
tion @QSS=@x � �Tp=Trr�Ploss�x�, subject to the vacuum-
1-6



TABLE II. Parameters used for the simulations presented in Figs. 5–8, and maximum values of the temperature and heat flux.

Silica-zirconia structure Silica-silicon structure
SiO2 ZrO2 SiO2 Si

�0 1 �m
Dint 0:6 �m
Dext �10 �m
Tp�Trr� 1 psec (1 nsec)
"r 2.1 4.0 2.1 11.6
xc 2:68 �m 0:55 �m
� 0.93 0.86
�T 1:4 W=m K 1:8 W=m K 1:4 W=m K 148 W=m K
tan�@1 �m 2:5
 10�11 1:8
 10�11 2:5
 10�11 1:1
 10�11

Qmax 9:22
 109 tan�1 1:74
 109 tan�1

�Tmax�h � 3 W=K cm2� 356
 107 tan�1 66:4
 107 tan�1

�Tmax�h � 20 W=K cm2� 94:7
 107 tan�1 17:2
 107 tan�1

�Tmax�h! 1� 48:6
 107 tan�1 8:49
 107 tan�1
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dielectric interface boundary condition QSS�x � Dint� �
0, showing that the heat flow indeed depends only on the
dissipated power profile. This is expected since, in the
steady-state solution, no energy is accumulated in time at
any point in space, implying that all the dissipated power
must leave the system.

Assuming that the values of the loss tangent are as given
in Table II �tan�� 10�11�, and even for the repetition rate
examined of 1 GHz, the temperature rise in the silica-
zirconia structure is less than 1 K, and the heat flow across
the external surface is a fraction of 1 W=cm2. For com-
parison, the acceptable technological limiting value of
passive heat extraction is of the order of 1500 W=cm2.
Therefore, in the framework of this operation regime, the
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FIG. 6. Heat-flux profile in the silica-zirconia structure, the
parameters of which are given in Table II. The dashed line is the
approximate curve, and the exact solution is indicated by square
markers. The dissipated power profiles, approximate (dashed
line) and exact (solid line), are also plotted. The two quantities
are normalized by their maximal approximate value.
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system works orders of magnitude below the limit of heat
extraction and well within the range of feasible tempera-
ture stabilization. Clearly, if the materials exhibit higher
losses by a few orders of magnitude, the temperature rise
and the heat flow would attain unacceptable values accord-
ing to the linear relation presented in the last four rows of
Table II.

Silica-silicon.—A structure having a much better con-
finement and, consequently, higher interaction impedance
(see Ref. [5]), is a silica-silicon acceleration structure,
having a transverse decay parameter of xc � 0:55 �m,
rather than xc � 2:68 �m of the silica-zirconia structure.
It follows that, for the silica-zirconia structure, more layers
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FIG. 7. Temperature profile of different values of h in the
silica-silicon structure, the parameters of which are given in
Table II. For each value of h, the dashed line is the approximate
curve, and the exact solution is indicated by square markers. The
dissipated power profiles, approximate (dashed line) and exact
(solid line), are also plotted. All quantities are normalized by
their maximal approximate value.
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TABLE III. Thermomechanical properties of fused silica and
silicon [50].

Fused SiO2 Si

E [GPa] 72.6 162
	 [10�6 K�1] 0.51 2.62
v 0.164 0.22
�f [MPa] 110 130
�Tmax [K] 2483.7 238.9

0.6 2.0 4.0 6.0 8.0 9.9
0.0

0.2

0.4

0.6

0.8

1.0

1.2

x/λ
0

N
or

m
al

iz
ed

 h
ea

t f
lu

x

P(x)/P
0

Q(x)/Q
max

FIG. 8. Heat-flux profile in the silica-silicon structure, the
parameters of which are given in Table II. The dashed line is
the approximate curve, and the exact solution is indicated by
square markers. The dissipated power profiles, approximate
(dashed line) and exact (solid line), are also plotted. The two
quantities are normalized by their maximal approximate value.
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are necessary for a similar confinement to that of the silica-
silicon structure. The temperature profile for this structure
is given in Fig. 7, and the heat-flux profile is depicted in
Fig. 8, while the simulation parameters are presented in
Table II. Since the transverse decay of the electromagnetic
power is much stronger than that of the silica-zirconia
structure, the approximate exponential decay describes
less accurately the power fluctuations, and consequently,
the factor � [see Eq. (14)] is smaller. As a result, the
accuracy of the approximate solutions is also lower; the
accuracy of the analytic estimate of the temperature is
better than 1% relative to the temperature maximal value,
while the accuracy of the approximate heat-flux solution is
better than 10% relative to its maximal value.

Having assumed throughout the simulations that the
acceleration longitudinal field remains constant, it follows
that in the silica-silicon structure less power is dissipated,
and, consequently, the temperature and the heat flow reach
lower values, as can be seen in Table II. This clear prefer-
ence is further supported by the high thermal conductivity
of the silicon.

Two comments are in place before concluding this sec-
tion. First, it is important to emphasize that no attempt has
been made here to optimize materials but rather to dem-
onstrate the main physical scaling laws. For example, a
loss parameter of the order of tan�� 10�11 has been
reported for silica. Yet, it is not obvious that in the process
of making the Bragg structure this parameter is not altered.
However, this should be the focus of an experimental study
which is beyond the scope of the present one. Second, it
was tacitly assumed that the thermal properties of the bulk
material are valid even at an infinitesimal distance from the
interface with another material. Deviation from the bulk
05130
values of the thermal properties may occur due to misalign-
ments of the two lattices and due to the fabrication process
of the dielectric layers. Since, if it occurs, this process takes
place in an infinitesimally small volume, we may assume
that its relative weight is negligible. A change in the loss
tangent at the interfaces may be effectively taken into
account by redefining the form factor in Eq. (14).
V. THERMALLY INDUCED STRESS

When the temperature distribution across the structure is
inhomogeneous, the structure becomes subject to thermal
stress. A theoretical foundation of the stress profile in
single-layered laser rod and slab geometries has been ex-
tensively studied [11,14,18,24]. It has been established
[11] that, for the temperature distribution of a cross-
sectional dependence, �T � �T�x�, the stress profile is
given by

�xx � 0; �yy � �zz �
E	

1� v
��T�x� � �TSA	;

(15)

where, E [Pa] is the elastic modulus, 	 [K�1] is the thermal
expansion coefficient, v is Poisson’s ratio, and �TSA �

1
Dext�Dint

RDext
Dint

dx�T�x� represents the space-averaged tem-
perature. The maximal temperature rise above average
which can be tolerated by the material without fracturing
is known as the thermal shock resistance and is given by

�Tmax�K	 �
�f�1� v�

E	
(16)

with �f [Pa] representing the flexure strength, i.e., the
maximum stress tolerable by the material. The thermome-
chanical parameters of fused silica and silicon [50] are
listed in Table III.

It is evident from the values listed in Table III that the
thermal stress does not pose a severe limitation factor on
the system performance with this set of materials. For
example, the maximum temperature increase allowed
based on thermal stress considerations is more than 3
orders of magnitude larger than the anticipated temperature
increase.

When dealing with multilayered structures, a possible
stress induced limitation factor may occur due to the mis-
1-8
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match of the thermomechanical properties on both sides of
the interface between the inner layers, which may create
cracks. Relaxation of the thermal mismatch induced stress
[51] and designing crack-free Bragg mirrors [52,53] were
addressed in recent years. In the case of a Bragg accelera-
tion structure, the temperature where these effects become
significant is prohibitively high from the perspective of
radiation confinement and phase control, due to changes
in the dielectric coefficients, since the change of the re-
fractive index with the temperature, @n=@T, is of the order
of 10�4–10�5 K�1 [54,55].
VI. CONCLUSION

In conclusion, we have analyzed the temperature and
heat flow across the planar optical Bragg acceleration
structure. An approximate dynamic analysis showed that,
for the range of parameters of interest, it is sufficient to
consider the steady-state problem, rather than account for
high-repetition rate pulses. Approximate analytic expres-
sions for the steady-state temperature and heat variations
were given [Eq. (12)]. These expressions were tested
against the exact solutions and their accuracy was found
to be better than 1% for the temperature, and better than
10% for the heat flux, relative to their respective maximal
values. With these approximate solutions, it is possible to
estimate, accounting only effectively for the dielectric
layers, the maximal change in temperature at the internal
boundary and the heat flow at the external boundary.
Assuming an accelerating gradient of 1 GV=m and a
low-loss material similar to that existing in communication
optical fibers 	� 1 dB=km, resulting in a loss tangent of
the order of tan�� 10�11, the temperature increase is less
than 1 K, and the heat flow is of the order of 1 W=cm2. This
heat flow is 3 orders of magnitude lower than the known
technological limit, implying that a proper choice of ma-
terials may eliminate thermal considerations from the list
of obstacles for the operation of an optical accelerator. In
this regard, the wavelength, which we have taken arbi-
trarily to be 1 �m, is another important parameter that
should be optimized in order to achieve the lowest dissi-
pation possible in the materials involved.
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