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A Proposed Dielectric-Loaded Resonant Laser Accelerator
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A laser-pumped accelerator utilizing a resonant, periodic, dielectric structure is proposed. The
electromagnetic fields due to a side-injected laser beam impinging on this structure are calculated
in a two-dimensional standing-wave approximation, leading to an estimated accelerating field in excess
of 1 GV/m for accessible experimental parameters. The longitudinal dynamics of injected electrons
in the device are discussed, as are the first- and second-order transverse focusing effects inherent to
this structure. Similarities and differences between this scheme and conventional and other advanced
accelerators are examined.

PACS numbers: 29.17.+w, 41.75.Ht, 42.62.—b, 42.82.Et

Advanced acceleration techniques [1—7] are an active
area of basic research, motivated by a range of appli-
cations spanning from high energy physics to radiation
generation and medicine. In particular, there have been
numerous advances in the acceleration of electrons us-
ing the large electric fields available in high power laser
pulses. As the electric field is naturally transverse in
a laser pulse, in order to impart energy gain secularly
to an electron, either the electric field must be rotated
to have a longitudinal component, as in the laser wake-
field accelerator [1], the inverse Smith-Purcell effect [2],
and the inverse Cerenkov accelerator [3], or the elec-
tron trajectory must have a periodic transverse component,
as in the inverse free-electron laser [4]. These schemes
have a common drawback, however, in that they demand
very high peak laser power to obtain large acceleration
gradients.

More promising schemes employ resonant excitation of
a structure to build up large field amplitudes. Resonant
accelerators utilize smaller peak powers to excite the
acceleration fields, and can be efficiently beam loaded
by long pulse trains, leading to higher average output
currents and efficiencies. Perhaps the best example of
this sort of scheme which uses lasers is the plasma beat-
wave accelerator [5], in which the accelerating fields
are provided by resonantly exciting electrostatic plasma
waves. Unfortunately, because of the presence of free
plasma electrons and associated currents inside of the
beam channel, the transverse and longitudinal fields in
this scheme are not of as high quality for accelerating
low energy spread and emittance beams as conventional
accelerators [6]. Problems in maintaining beam quality
are not unique to plasma-based schemes, but are also
present in laser accelerators with asymmetric geometries
such as gratings [2].

To remove these objections to present laser-based
acceleration schemes, we should therefore look for a
resonantly excited, symmetric, purely electromagnetic
structure. Plasma waves do not easily provide such a
structure, since plasmas must be driven nonlinearly to

remove all the electrons from the beam channel [6]. A
laser-pumped resonant accelerator may be easily con-
structed, however, using simple periodic metal or dielec-
tric structures. As dielectric systems are attractive from
the point of view of lower losses at optical frequencies,
we will examine a dielectric-based system in this Letter.

To begin the description of the structure, we must first
consider the trapping of laser power in a cavity, which can
be thought of as the gap in a Fabry-Perot interferometer
made of a pair of highly refIective dielectric or metallic
mirrors. In a pulsed system, the power incident on this
mirror pair is initially nearly entirely refIected, while in
steady state, the cavity fills with energy to the level where
equilibrium is established, nearly all power is transmitted
by the mirror-cavity system. A large stored energy U,
and thus large electromagnetic field amplitudes in this
cavity system, can be obtained with low external power
P by having a large quality factor Q = Uto/P. The Q
of the cavity system operating at angular frequency co

also controls its exponential filling time, rf = Q/to. In
general, it is desirable to have a large Q, and filling
time, but the laser pulse length may be limited by laser
damage effects. Recent studies by Du et al. of optical
damage in Si02 [7] have shown that for ultrashort laser
pulses, ~t ~ 1 ps, the damage threshold of laser energy
per unit area Ut/A has been found to scale as rt ', while
for longer pulse lengths the threshold and the pulse length

l/2
dependence of the threshold become ~& . This implies
that the peak allowable power per unit area is proportional—l/2to 7.

I for ~~ ~ l ps, and ~I for 7.I ~ lo ps, scalings
which strongly favor shorter pulse lengths and thus the
choice of Q and operating frequency. It is also important
to note that a resonant laser accelerator, while requiring
peak power scaling as Q ', would suffer breakdown at
the same held level as a nonresonant structure, as it is
the field amplitude which dictates the material damage
through avalanche ionization. For an example relative to
our present discussion, at ~& = 2.5 ps, the limiting energy
IIux is approximately 3 J/cm [7], with an associated peak
field amplitude of 2.5 GV/m.
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To create an accelerating electromagnetic field profile,
in addition to resonantly storing the power, the field
component in the direction of the electron motion must
be modulated. This modulation must have a spatial wave
number equal to the free-space wave number of the laser
light ko = ~/c, in order to create a traveling wave spatial
harmonic component [8] of the field having phase velocity
equal to the speed of light which can secularly accelerate a
relativistic (v = Pc = c) electron. There are many ways
of introducing a phase modulation, including periodic
boundaries (e.g. , an undulating wall), and period changes
in the medium. Here we discuss a variation on the latter
scheme, the use of a dielectric mask with a permittivity
which is a periodic function of z, having a period d =
Ap = 2w/kp, the free-space wavelength. Furthermore, for
the purpose of a model calculation, let us assume the
following form of the permittivity within the mask:

3 (z) = K + (Aa/2) cos(koz), (I)
where K = (s;„+e,„)/2and Ae = e,„—e;„.The
geometry of this system, which is taken to be effectively
infinite in the x dimension, is shown schematically in
Fig. 1, with metallic mirrors chosen to allow the bound-
ary condition outside of the outer dielectric to be approxi-
mated as perfectly conducting. This solution to this
problem can easily be generalized to include any periodi-
cally varying permittivity.

In this model, we can find the symmetric TM modes
of the structure by assuming a separable form of the
longitudinal electric field E, = Eo Y(y)Z(z)e' ', ignoring
the x dependence which occurs on a scale much larger
than Ao. The familiar wave solution obtained for the y
dependence of E, is, assuming a field null at the mirror-
mask boundary,

Y(y) = sinikY[y —(b + a)]), (2)
where the vertical wave number ky is an as yet unde-
termined separation constant. The z dependence of E,
within the dielectric is then given by

which can be recognized as the Mathieu equation. In
order to maximize the first higher spatial (accelerating)
harmonic, the solution to Eq. (3) of present interest must
have two zeros in a period interval. This Mathieu function
can be written approximately as [9]

cos(2kpz)
Z(z) = cos(koz) —&~

12

cos(3koz)+ Aa
384

19cos(koz)
288

+ 0 b, s
(4)

The amplitude of the component of this standing wave
having phase velocity c (the forward wave k, = ko spatial
harmonic), relative to the other spatial harmonics, is maxi-
mized for Ae « 1. From this point of view, it is best to
choose 4e as small as possible, consistent with coupling
of the incoming laser light to the TM accelerating mode,
as this minimizes both the field amplitude and power loss
associated with unuseful spatial harmonics. The details
of coupling are beyond the scope of this Letter, but a
simple estimate of optimum coupling can be obtained by
requiring that the relative modulation of the phase of an
incident plane wave due to differing optical path lengths
between the regions of highest and lowest permittivity is
maximized, [qa,„—qe;„]kob

Once the value of 5e is chosen based on these
considerations, limiting the field to three significant spatial
harmonics (k, = 0, +.ko), the vertical wave number is then
given by

5
ky

=—ko K —1 + 4~De

If the thickness of the dielectric mask is also chosen to
yield k~b = n~/2, n odd, then BE,/By = 0 vanishes at
the vacuum-dielectric interface. This allows for a smooth
transition to the k, = ~ko spatial harmonic within the gap
which, since they correspond to ky: 0 are independent
of y, and the acceleration due to the k, = + ko spatial
harmonic is independent of transverse position in the gap.
The gap half-width a is constrained by the relation koa =
m~, I integer, which enforces mirror symmetry about
the y = 0 plane of the fundamental (kY = ko, k, = 0
in the free-space gap region) spatial harmonic. Inside of
the gap, the largest component of the field is the k, = ko

standing wave whose forward component can secularly
accelerate relativistic electrons with average force,
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FIG. 1. Schematic representation of the top half of one period
of a side-injected laser resonant acceleration structure using a
modulated dielectric mask and a metallic mirror.

where I is the incident laser intensity, the average is over
a period of the structure, and we assume that the coupling
of the laser to the cavity is unity.

An example list of parameters is given in Table I which
describes the salient characteristics of this laser-based ac-
celerator. The shortness of the laser pulse (which at
2.5 ps is chosen to give high breakdown threshold) com-
pared to the electron transit time through the structure
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TABLE I. Example parameters for a high gradient, resonant
side-injected laser accelerator.

Laser wavelength (Ao)
Average permittivity (e)
Permittivity contrast (Ae)
Dielectric mask thickness (b)
Gap half-height (a)
Laser illumination dimensions (I„l, )
Quality factor (Q)
Fill time (ri)
Laser intensity (I)
Laser pulse length (r, )
Average acceleration gradient (eE,)

1.05 p, m
5.00
1.41

1.66 p, m (n = 15)
1.575 p, m (m = 3)

20 pm, 2cm
500

0.28 ps
8.4 GW/cm

2.5 ps
1.0 GV/m

(67 ps) introduces an additional problem of requiring a
correlation between the transverse and longitudinal laser
intensity profile to ensure that the accelerating fields are
present at the correct time in the structure. This can be ac-
complished through use of a dielectric or metallic "stair-
case" echelon to produce the necessary 45 angle in the
laser intensity profile. Spatial filtering of the spurious
transverse Fourier harmonics of the intensity profile gen-
erated by this component must be performed, however, as
these harmonics affect the phase fronts of the laser light,
and thus the acceleration process. The maintenance of co-
herence of the accelerating field is critical to this scheme,
but this task is aided by the spatial coherence of a light
source based on a laser oscillator, subsequent spatial fil-
tering, and the rejection of temporal phase fIuctuations by
the resonant structure.

It should be noted that this type of accelerator is con-
ceptually similar to a drift-tube linac [10], in that the
component of the accelerating field which can secularly
interact with a relativistic electron is created by periodi-
cally diminishing a zero-mode excitation. Although only
the forward wave component of this standing wave im-
parts net acceleration to high energy electrons, the back-
ward wave component provides second-order transverse
focusing for these electrons, as discussed below.

The longitudinal dynamics of electrons in this struc-
ture are more interesting than in high gradient radio-
frequency (rf) accelerators, because phase slippage is
significant even for fairly relativistic electrons, due to the
shortness of the wavelength. This slippage can be coun-
teracted at low energies, by tapering the periodicity of the
dielectric mask in z to satisfy k, (z) = 2'/d(z) = ra/v(z),
thus matching the phase velocity of the accelerating com-
ponent of the field to the velocity of the electrons. If the
field amplitude is also ramped positively in the transrela-
tivistic injection region, then an initially nearly monochro-
matic, continuous beam of low energy electrons may be
adiabatically captured into small regions of phase, al-
lowing for very short microbunches with minimal energy
spread. This type of capture and acceleration scheme is

in fact typical of proton linacs (such as an RFQ [10], or
a drift-tube linac), where the transrelativistic region also
has many spatial periodicity lengths.

In addition to longitudinal focusing, the transverse
focusing associated with the capture section can be used
to match the beam's vertical phase space. This is due to
two mechanisms arising from transverse electromagnetic
forces, which for small vertical displacements can be
written as F~ = ey BE,/Bz Th.ere is a transverse focusing
force first order in Fo whenever there is a transient
increase in this amplitude, and second-order focusing due
to the electron encountering periodic field variations [11].
Generalizing the analysis in Ref. [11]to include the first-
order focusing, and assuming transverse field variations
only in y, we obtain an equation for the vertical motion of
an ultrarelativistic electron,

y" +
I

—y'+ + —
I

—'
y = 0. (7)

Here the prime indicates the derivative with respect to
distance along z, and we defined the average normal-
ized energy gain y'(z) —= —eE, (z)/m, c2. The term pro-
portional to y' corresponds to adiabatic damping of the
motion, and the terms proportional to y" and (y')2 are due
to the first- and second-order electromagnetic focusing,
respectively.

As a practical example of this focusing, we take the
parameters listed in Table I: eE, = 1 GeV/m ultimate
average acceleration, rising linearly over 0.5 cm (7" =
7',„/L„).We note that the betatron wave numbers (kp)
associated with the first- and second-order focusing are
approximately equal for the case y = 7, with the com-
bined focusing P function of 0.5 cm. This is a desirable
condition, as when p~ = L„it is straightforward to match
the beam's transverse phase space to a focusing channel
[12]. A matched beam envelope is indeed possible un-
der conditions of constant acceleration, with rms beam
size e. ,s

= (2)trsger„/Z', sshere er„is the normetized
rms vertical emittance. To further illustrate this point,
the envelope equation corresponding to the above exam-
ple, with po = 2, yy = 7, and 8y„:10 '0 mrad, is inte-
grated, with the results shown in Fig. 2.

In this example, it is the electromagnetic focusing
which allows the beam to propagate through the gap of
the structure. The physical basis of this effect, however,
is beneficial only in symmetric structures. In asymmet-
ric systems such as the inverse Smith-Purcell accelerator,
transverse electromagnetic forces will produce uncompen-
sated deAections, not focusing effects. It is also apparent
from the example that the ey„required for this scheme
is very small, well below the transverse emittances in-
jected into present electron rf linacs. This is a general
feature of acceleration at optical wavelengths, as the beam
size scales with the accelerating wavelength. Likewise,
the pulse length and longitudinal emittance of an electron
bunch adiabatically captured in an optical wave would be
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FIG. 2. Evolution of rms envelope (solid line) in a linearly
rising field region (L„=5 mm) with all other parameters given
in Table I. The dashed line gives the envelope in the absence
of the focusing and accelerating electromagnetic field.

much smaller than that achieved in rf devices. This scal-
ing can be viewed alternatively as a technical challenge,
and as a desirable result of laser acceleration, since beams
of such small phase space volume would undoubtedly lead
to many advances in electron beam-based sciences.

In addition to independent particle dynamics, collective
effects must be examined as well, most importantly the
space-charge fields of the beam at low energy, and the
beam-excited transverse modes in an accelerator, which
can lead to an instability known as beam breakup (BBU)
[13]. The geometry of the beam, which is much larger
in the x than the y dimension, by itself will mitigate the
space-charge effects in comparison to a round beam [10].
However, short wavelength structures inherently couple
more strongly to the beam current due to the proximity
of the walls of the structure to the beam axis. Since
the structure under consideration is open horizontally
and furthermore is overmoded, it only confines well the
mode being externally pumped, and any beam excited
transverse modes should radiate away quickly. Thus this
structure should have a relatively high threshold current
for BBU, which is important in allowing high levels of
beam loading, and therefore high power efficiency.

The promise of the system we described in this Letter
is to obtain a compact, laser excited, high gradient, inex-
pensive electron accelerator with attractive injection and
transport properties. It is conceptually similar to present
day accelerators, but with innovations in the structure and

coupling to adapt to much shorter wavelength operation.
Most of the demands on the laser system, which in the
example uses only 200 p,J per pulse, can be met with
commercial products. We note that, while our example
assumes use of a 1 p, m laser, initial proof-of-principle
experiments should be performed at longer wavelengths,
easing the structure manufacturing, as well as the stringent
injected electron source requirements. However, there is
no reason to believe that these structures are overly chal-
lenging to build; nanofabrication techniques developed in
recent years, for advanced applications such as gradient
index optics [14] and microcavity lasers [15], can also
meet most of the requirements for construction of the di-
electric masks.
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