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The interaction of electromagnetic radiation with free electrons in the presence of an active medium
has some appealing outcomes. Among them is particle acceleration by stimulated emission of radiation
�PASER�. In its framework, energy stored in an active medium �microscopic cavities� is transferred directly
to an e-beam passing through. We have developed a two-dimensional analytic model for the evaluation of
the energy exchange occurring as a train of electron microbunches traverses a dilute resonant medium.
Efficient interaction occurs at resonance—namely, when the frequency of the train matches the resonance
frequency of the medium. It is shown that the energy exchange is � independent for relativistic energies
and it drops dramatically with an increase of the beam’s radius. Based on this model, we have evaluated
the relative change in the kinetic energy of a 0.1-nC 45-MeV macrobunch traversing an excited CO2 gas
mixture—the former being modulated at the CO2 laser wavelength. Good agreement is found between the
theoretical predictions and the results of the PASER experiment performed recently at Brookhaven National
Laboratory.
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I. INTRODUCTION

It is well known that at the macroscopic level, an electron
moving at a constant velocity in free space does not gain or
lose energy. However, if the electromagnetic wake-field at-
tached to this moving electron encounters a medium with
characteristics different from the vacuum, the electron will
experience a field scattered by the medium. As an example,
let us briefly consider the interaction of a moving electron
with three different media.

First, let us consider its motion along a vacuum channel
embedded within a dielectric material. Provided that the
electron’s velocity exceeds the phase velocity of a plane
wave in the medium, Čerenkov radiation is generated. What
a remote observer measures as an electromagnetic energy
comes at the expense of the electron’s kinetic energy or, in
other words, the electron is decelerated. Second, envision an
electron moving in a vacuum channel within a lossy
medium—a metallic structure characterized by a positive
conductivity. In this case, the moving electron induces eddy
currents in the metal. The heat generated by these currents
comes at the expense of the electron’s kinetic energy, and
therefore, it is decelerated.

To have a better understanding of this deceleration force it
is necessary to examine the electromagnetic wake-field dis-
tribution in the vicinity of the electron. Ignoring for a mo-
ment the presence of the passive medium �dielectric or
metal�, an electron generates in its rest frame of reference an
electrostatic field, which transforms in the laboratory frame
of reference into an infinite spectrum of evanescent waves—
this field may be referred to as a primary field. As these
waves hit the discontinuity between the vacuum channel and
the medium, a so-called secondary field is generated. This

field is actually the reaction of the medium to the presence of
the electron. In both cases mentioned above, it is the action
of this secondary field which decelerates the electron. Imag-
ine now that we replace the passive medium by an active
medium �negative conductivity�—this notion is conceived to
represent a medium that amplifies radiation, contrary to a
passive medium which causes radiation absorption. Subject
to this substitution, the secondary field reverses its phase,
leading to acceleration of the electron. In other words, en-
ergy stored in the medium may be transferred to the moving
electron.

Motivated by the aforementioned third case, we now take
a closer look at the interaction of charged particles with an
active medium. For this purpose, let us consider an ensemble
of atoms, each one being modeled by a two-level quantum
system. As already indicated, the primary field consists of a
broadband spectrum of evanescent waves—including the
resonance frequency of this two-level system. These waves
may be conceived as a spectrum of virtual photons continu-
ously emitted and absorbed by the electron. When a virtual
photon corresponding to the resonance frequency impinges
upon an excited atom its effect is identical to that of a real
photon. Therefore, it stimulates the atom, and as a result, two
identical phase correlated photons are emitted. Being phase
correlated, the stimulated photon can be absorbed by the
moving electron, causing the latter’s acceleration. The in-
verse process is also possible: if the virtual photon encoun-
ters an atom in the ground state and excites it, then the mov-
ing electron loses energy; i.e., the electron is decelerated. We
may expect a nonzero net acceleration only if the number of
atoms in the excited state is larger than that in the lower
state; i.e., the population is inverted. From the description
above, the acceleration force is a result of a stimulated radia-
tion and accordingly the acronym PASER stands for particle
acceleration by stimulated emission of radiation �1–7�. Ob-
viously, efficient interaction occurs only in the close vicinity
of the resonance. Therefore, from the perspective of a single
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