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Energy stored in a resonant medium may be used to amplify the Cˇ erenkov radiation generated by a small
driving bunch. The hybrid eigenmode of the system is a combination of Cˇ erenkov radiation and eigenmode of
the resonant medium. In the vicinity of the resonant frequency of the medium and when Cˇ erenkov condition is
satisfied, the eigenfrequency has an imaginary part. The latter occurs in a relatively limited range of energies
of the driving bunch and it depends on the guiding geometry and on the population inversion. Simulation
results of electron acceleration using this eigenmode are presented.

PACS number~s!: 41.60.Bq, 42.50.Gy, 96.50.Pw, 41.75.2i

The present generation of accelerators is driven by micro-
wave radiation that is injected either in cavities or in a peri-
odic structure where they accelerate the particles. Require-
ments of a future system, namely, high-energy, compactness,
and cost, impose gradients that are at least one order of mag-
nitude higher than today’s gradients. This translates into a
surface electric field approaching the 1-GV/m level that, in
turn, is very difficult to sustain without occurrence of break-
down.

In order to overcome this limitation it was suggested to
utilize a concept introduced first by Tajima and Dawson@1#,
that is, to accelerate electrons by a space-charge wave that
propagates in plasma. The various schemes being investi-
gated may be divided into several categories according to the
driver. The latter is the energy supplier: in the case of a laser
wake-field acceleration~LWFA! @2–11# this is a short and
intense laser pulse, for a plasma beat-wave accelerator
~PBWA! @12# these are two long laser pulses oscillating at
slightly different frequencies, and in the case of plasma
wake-field acceleration~PWFA! @13–16# the driver is an in-
tense electron pulse.

Another acceleration scheme that is related to that consid-
ered here, and to some extent to those previously discussed,
is the Čerenkov wake-field acceleration~CWFA!. In this
case a driving bunch is injected in a vacuum tunnel of a
dielectric loaded waveguide. The Cˇ erenkov radiation gener-
ated by this bunch may be used to accelerate@17# another
bunch that trails behind. All the initial energy is initially
stored in the driving bunch and is converted into an acceler-
ating field by thepassivedielectric structure.

In the past we suggested@18,19# to combine the concept
of a wake-field associated with a bunch moving in a dielec-
tric medium with the principles that enable the operation of a
laser. Its essence was to inject a bunch of charged particles in
an active medium and, in this way, energy stored in the
medium can be transferred directly to the moving particles.
This scheme was called particle acceleration by stimulated
emission of radiation~PASER! and it may be conceived as
the inverse of Frank-Hertz effect. For the regime correspond-
ing to the Frank-Hertz experiment, namely, a single electron-

atom collision ~in average!, the phenomenon was demon-
strated experimentally a long time ago@20#; the efficiency of
the accumulative process is yet to be proven experimentally.
More recently, we have shown theoretically@21# that the
wake generated by a~driving! bunch moving in an active
medium may be amplified by the medium and then used for
acceleration of another bunch that trails many wavelengths
behind. This mechanism has the advantage that the longitu-
dinal electric field is inherent to the excitation mode contrary
to the regular ‘‘vacuum’’ mode that its longitudinal electric
field is limited by the Rayleigh diffraction length. This last
problem is partially solved in LWFA by generating plasma
channels that facilitate focusing of the laser field over several
Rayleigh lengths@2,3,5,9#.

Using an active medium for particle acceleration suggests
that this mechanism may be conceived as theinverse laser
effect. In the past, a variety of mechanisms, which in ‘‘natu-
ral’’ conditions generate radiation, were considered for ac-
celeration of particles. For example, Palmer@22# suggested
what is today known as the inverse free-electron laser
~I-FEL! @23#. A similar scheme was suggested by Pantell and
co-workers@24# but in this case with Cˇ erenkov radiation and
finally, the Smith-Purcell effect@25# may be used to acceler-
ate particles@26#. An overview of many of the schemes men-
tioned here may be found in Ref.@27#.

In this study we analyze the hybrid eigenmode that leads
to the amplification of Cˇ erenkov radiation. This mode is used
for electron acceleration since inherently@21# it has a longi-
tudinal electric field; the characteristics of the acceleration
are also investigated.

Envision a gas that its dielectric characteristics may be
represented by the following frequency-dependent dielectric
coefficient:

e~v!511(
n

vp,n
2

v0,n
2 2v212 j vv1,n

, ~1!

where v0,n are the resonance frequencies of the medium,
v1,n is associated with the loss parameter in the medium and
it is responsible to the attenuation of an electromagnetic
wave when the medium is not inverted. The numeratorvp,n
is the angular plasma frequency associated with the density
of atoms that have this specific resonance~n!; in the case of
an inverted mediumvp,n

2 is negative. Several comments are
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