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It is demonstrated that recovery of the electromagnetic energy of the fundamental mode at the output of an
acceleration structure leads to a significant efficiency enhancement. When using a single bunch, the number of
electrons accelerated is rather small. In fact, this number is virtually identical to the case when no feedback
loop is employed. To increase this number, in parallel with the efficiency enhancement associated with the
feedback loop, it is necessary to split the bunch into a train of microbunches—this last process leads to
suppression of high-order modes.
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I. INTRODUCTION

To a large extent, the fate of any future electron accelera-
tor will be determined by its efficiency. Typically this is only
a few percent; therefore, the natural question is whether it is
possible to significantly increase the overall efficiency of the
system. In principle, the answer is positive since concepts
similar to those employed in microwave vacuum tubes may
be applied to accelerators. To envision an existing implemen-
tation consider a beam of electrons generated on a cathode to
which a negative potential is applied, say −400 kV. If in the
(grounded) interaction region, 20% of the kinetic energy is
converted into microwave radiation, then, in principle, ap-
plying a negative potential of −320 kV on the collector, may
lead to an overall efficiency approaching the 100% level.
This is the so-calleddepressed collectormethod and it was
applied in the past to traveling wave tubes and klystrons and
more recently to free electron lasers and gyrotrons[1].

Conceptually, a similar method may be applied to “short”
accelerators although its implementation is quite different,
since clearly the decelerating potentials are not available. In
1965 Tigner[2] suggested decelerating the accelerated bunch
by reinjecting it into a periodic structure, thus forcing it to
generate radiation and use the latter in order to accelerate a
different bunch of electrons. In other words, energy isindi-
rectly “recycled” after being recovered from electrons that
are eventually dumped. A recent experiment at Jefferson
Labs demonstrated an energy recovery efficiency of 75%
[3,4], making the energy recovery linac(ERL) a leading can-
didate for a new generation of high-brilliance x-ray sources
[3–6].

Three main ERL configurations for x-ray generation are
being currently considered in the United States: one is a col-
laboration of Cornell University and Jefferson Labs[7], a
second one is at BNL[8], and a third is at LBL[9]. In the
long run the Cornell ERL is planned to deliver a 7 GeV
beam with 100 mA of current but as a proof of principle a
down-scaled system 100 MeV–100 mA is being explored at
this stage. The proposed BNL system aims at less than half
the energy s3 GeVd but somewhat higher current
s100–200 mAd, whereas the LBL intends to focus on very
short pulses(femtosecond scale) at energies comparable to
the BNL machines2.4 GeVd. Each one of these sets of pa-

rameters emphasizes the importance of the energy recovery
concept. Taking as a figure of merit the Cornell group long
term plan, the 7 GeV–100 mA beam entails 700 MW of
power which without an energy recovery scheme is a pro-
hibitively high average power.

Another aspect that has a profound impact on the concept
presented here is the advantage associated with recent
progress in solid-state technology, indicating that this may
reach wall plug to light efficiencies of 30% in the relatively
near future. In order to envision the advantage of operating
in the optical regime, it is sufficient to extrapolate the scaling
law developed for microwave machines to the optical re-
gime: the gradient is proportional to the square root of the
power and inversely proportionally to the wavelengthG
~ÎP/l. Consequently, reducing the operating wavelength by
five orders of magnitude(from 10 cm to 1mm) implies a
reduction of power of ten orders of magnitude provided the
gradient is kept the same. As an example, let us consider
qualitatively the next linear collider(NLC) design: the an-
ticipated gradient isG.100 MV/m, the power injected(af-
ter compression) in a single acceleration module is of the
order ofP.250 MW, and roughly the operating wavelength
is l.3 cm; these parameters correspond to an interaction
impedanceZint.sGld2/P,36 kV. If for the sake of the
present discussion we assume thatZint remains the same
when the system is scaled to operate at 1mm with a gradient
of 1 GV/m then the necessary power is less than 30 W. In
practice, as we shall discuss in more detail in what follows,
the interaction impedance of an optical structure is three or-
ders of magnitude smaller and, as a result, the peak power is
by three orders of magnitude higher. Nevertheless, several
kilowatts of laser power are definitely within reach, making
the optical schemes particularly appealing. Although we
hinted at the resemblance between a microwave and an op-
tical acceleration structure, there is a profound difference
between the two as reflected in this study: at optical wave-
lengths, dielectrics sustain higher electric fields and therefore
future acceleration structures are anticipated to be made of
dielectrics.

It is our goal in this publication to demonstrate that the
recycling concept is not limited only to “small” machines but
may be implemented in a full optical collider bydirectly
recovering the electromagnetic energy within each accelera-
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