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Employing a simple analytic model, we demonstrate that electrons oscillating in a Penning trap may

drain the energy stored in an active medium. For this process to happen, the electrons must become

bunched, and the energy imparted to these electrons allows them to leave the trap resulting in a train of

bunches, their angular frequency corresponding to the medium’s resonance.
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Motivated by Bohr’s postulate regarding discrete energy
states in an atom, Franck and Hertz (FH) were the first to
demonstrate experimentally [1] in 1914 that electrons in
atoms can absorb energy from a moving free electron only
in discrete quanta. They have shown that a bounded elec-
tron in a mercury atom is raised from a lower to a higher
quantum state at the expense of the kinetic energy of a
free electron moving nearby. Later, in 1921, Klein and
Rosseland [2] coined the phrase ‘‘collision of the first
kind’’ for this process. A decade later (1930), Latyscheff
and Leipunsky (LL) demonstrated experimentally the in-
verse process [3]. Relying on the fact that stimulated
absorption of radiation manifests itself as a transition of
the atom’s outer electron from a low to a higher energy
state, they illuminated vapors of mercury with light from a
mercury lamp. When a free electron was injected into the
vapors, they found that it may gain energy in quanta
corresponding to that stored in the mercury atoms. In this
process, the excited outer electron has dropped to the lower
energy state delivering the energy to the free electron,
enhancing its kinetic energy—the process known as a
‘‘collision of the second kind.’’ In both FH and LL experi-
ments, the vapors’ pressure was designed such that, on
average, there was only one collision of a free electron
with a mercury atom, and, consequently, the average elec-
tron’s energy gain or loss was of the order of a few eVs.

It was only in 1958 that Schawlow and Townes demon-
strated [4] that energy stored in atoms may be used for
amplification of radiation by a series of multiple collisions
of photons with excited atoms. Today this process is known
as light amplification by stimulated emission of radiation.
Recently [5], we have demonstrated that a train of relativ-
istic bunches of electrons may be accelerated by an en-
semble of excited atoms provided that the resonant
frequency of the medium corresponds to the frequency of
the bunches. In the particle acceleration by stimulated
emission of radiation (PASER) experiment [6,7], a signifi-
cant fraction of electrons gained about 200 [keV] implying
that such an electron has encountered on the order of 2�
106 coherent collisions of the second kind. In the experi-
ment performed at the Accelerator Test Facility of
Brookhaven National Laboratory [6], relativistic electrons
were bunched in a wiggler by an intense CO2 laser.

In this Letter, we present a novel paradigm which relies
on the possibility that nonrelativistic electrons confined by
a Penning trap will experience collisions of the second kind
leading to bunching of part of the electrons at the resonant
frequency of the medium. The bunched electrons drain
energy from the active medium, and the resulting kinetic
energy allows them to escape the trap.
To envision the concept we need to bear in mind that,

essentially, collisions of the second kind facilitate coupling
between two independent processes: storage of charged
particles in a Penning trap and storage of electromagnetic
energy in an active medium. In the absence of the latter,
electrons oscillate in the trap for a time duration (Ttrap)

determined by the cross section of scattering with the
atoms present in the vacuum vessel; these collisions will
be ignored. In the opposite case, when only the active
medium is present, the population inversion density decays
back to equilibrium with a characteristic time Teq � Ttrap.

From the electrons’ perspective, the energy transfer facili-
tated by collisions of the second kind may be conceived as
a monochromatic wave, oscillating at the resonant fre-
quency of the medium, causing electrons to become
bunched, leading to an enhanced decay rate of the popu-
lation inversion density.
At the more classical level, it is instructive to indicate

that the process described here may be conceived as the
inverse of an optical version of a reflex klystron [8].
Specifically, in the latter, electrons oscillating in an ini-
tially empty macroscopic cavity become bunched at the
resonant frequency of the cavity by the electromagnetic
mode excited by the electrons. In other words, kinetic
energy is converted into electromagnetic energy filling up
the macroscopic cavity. In our case the process is reversed:
Electromagnetic energy stored at the microscopic level is
converted into kinetic energy when the electromagnetic
field bunches the electron beam. As the beam becomes
bunched, its constituents are accelerated, and in the process
it drains energy from the medium.
In what follows, our goal is to estimate the maximum

energy exchange between the active medium and the elec-
trons oscillating in a trap since this allows one to evaluate
the energy-exchanged time. Confined by two ideal mirrors
located at z ¼ 0; L, the active medium is described by a
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