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Saturation of Bunch-Wave Interaction in an Active Medium
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We determine the set of equations which describe the dynamics of electrons in the presence of a wave
propagating in an active medium. Simulation results indicate that, even when virtually all the energy
is drained from the medium, electrons remain trapped by the accelerating wave. In spite of saturation,
gradients of a few GV�m may become available.
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Acceleration of electrons by radiation at optical wave-
length is one of the most promising alternatives for fu-
ture electron acceleration. Generally speaking, the optical
schemes may be divided into two main groups: In the
case of plasma based schemes, a laser pulse is injected in
plasma where it excites a space-charge wake that may in
turn accelerate a trailing bunch of electrons [1–4]. Another
group corresponds to the various inverse radiation pro-
cesses such as inverse Cherenkov [5–7], inverse free elec-
tron laser [8,9], and inverse transition radiation [10,11].
In the case of an inverse radiation process, the laser pulse
is injected at identical conditions as when the radiation is
emitted by electrons propagating in the structure. In all
these schemes, energy stored in an active medium is trans-
formed into radiation in the cavity of the laser, and the
output radiation is injected in a different structure for ac-
celeration of the electrons.

Recently, it was suggested [12,13] to use energy stored
in an active medium for acceleration of electrons. Specifi-
cally, it was demonstrated that a Cherenkov wake gener-
ated by a small trigger bunch may be amplified by the
medium and the amplified wake, in turn, may accelerate
a second bunch trailing behind; see Fig. 1. This concept
was originally demonstrated in the framework of a linear
theory. In this Letter, we formulate a set of equations that
determine the nonlinear interaction of electrons and waves
in an active medium.

In order to envision a typical system, consider a Nd:YAG
rod with a small vacuum tunnel bored along the axis where
the bunch of electrons is injected. An adjacent flashlamp
generates the population inversion of the medium, and for
the initial synchronization of the electrons with the radia-
tion field, a relatively weak field is assumed to be generated
by a trigger bunch. Both the flashlamp and the Nd:YAG
rod are surrounded by a metallic resonator illustrated in
the top-right frame of Fig. 1.

The analysis that follows focuses on a single mode that
is assumed to interact with the electrons, and therefore this
assumption needs justification since the typical transverse
dimension of a rod is much larger than the wavelength,
e.g., 6 mm diameter vs 1 mm wavelength. Single mode

operation is a result of a double selection process: syn-
chronism between the electromagnetic mode and the fil-
tering linked to the long lifetime of the metastable state
(.200 ms) that determines the width of the spectrum of
amplification. With these assumptions in mind, we may
rely on the theory of the beam-wave interaction in a pas-
sive electromagnetic structure that may be summarized by
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Here, j � z�d is the normalized coordinate, d is the inter-
action length, E � eEzd�mc2 is the normalized electric
field that interacts with the electrons, V � vd�c is the
normalized angular frequency, and a is the normalized

FIG. 1. Conceptual schematics of the system under considera-
tion. A dielectric rod (Nd:YAG) excited by a flashlamp forms an
active electromagnetic structure; both are surrounded by a metal-
lic cavity that ensures efficient excitation of the medium and
confinement of the electromagnetic mode as may be concluded
from the cross section view (top right). The wake generated by
the trigger bunch is amplified by the medium, and in parallel
this wake accelerates another group of electrons trailing behind.
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