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The saturation process of free-electron-laser oscillators (FEL's) in the warm-beam regime is examined, considering
radiation-extraction efficiency and spectral width. The spectral width and conversion efficiency can be estimated
in both high- and low-gain regimes when the laser-oscillator mode population is sparse enough. Under certain con-
ditions, which can be achieved in a relativistic FEL with a Fabry-Perot resonator, a superinhomogeneous-broaden-
ing saturation process is predicted in which a hill-heaping effect will accompany the hole burning in the gain curve.
In an oscillator, the resonator modes will interact and tend to spread both the emission spectrum and the electron-
beam distribution uniformly and over a wide region.

In conventional atomic lasers, there is a known dis-
tinction between two kinds of saturation behavior, ho-
mogeneous broadening and inhomogeneous broaden-
ing.1 In homogeneously broadened lasers (such as
collision-dominated gas lasers), the linewidth of elec-
tronic transitions in any-atom in the assembly of pop-
ulation-inverted atoms is wide enough so that it can
amplify a number of cavity modes. The different
modes in this laser must compete with one another for
the same electrons to make the transition at one mode
frequency or the other. In inhomogeneously broadened
lasers (such as Doppler-broadened gas lasers), the width
of the emission line is due to the presence of many
species of atoms, each having radiative transition at a
different frequency. Thus, in such a laser, the different
cavity modes are amplified by stimulated radiative
transitions of different noninteracting atoms, and
therefore there is no mode competition or mode inter-
action of any sort.

In free-electron lasers in the warm-beam regime, we
predict a new kind of saturation characteristic (different
from homogeneous and inhomogeneous saturation) in
which neighboring modes may interact with one another
in a cooperative way so that the saturation of one mode
will increase the gain of other modes. In such a super-
inhomogeneous laser, there will be a tendency for
multimode operation, and the laser radiation will spread
evenly over a wide spectrum.

The single-pass gain of a free-electron laser in the
high-gain warm-beam regime is given by2
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is the phase velocity of the longitudinal space-charge
electrostatic potential wave that is propagating in the
electron beam of the free-electron laser (ponderomotive
potential in bremsstrahlung FEL's).

This expression applies to various kinds of FEL's,
which differ only with the value of the coupling coeffi-
cient K, which is listed for various FEL's in Ref. 2. 1 is
the laser-interaction length, k20 is the wave number of
the electromagnetic mode, ko = 2ir/L is the wave
number of the periodic structure of the FEL (periodic
magnetic field in magnetic bremsstrahlung FEL), kS
is the Debye wave number of the electron beam, g(vz -
Vo0/uzth) is the normalized longitudinal velocity-dis-
tribution function of the electron beam at the entrance
to the interaction region, uo, is the beam-average lon-
gitudinal-beam velocity, and vzth is the longitudinal
velocity spread. 5ki is the imaginary part of the wave
number of the growing wave.

In the low-gain regime (bhil << 1), the single-pass gain
at the warm-beam limit is given by
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The gain is thus given in both cases by the convolution
of the warm-beam gain curve g'(v, - voŽ/ztth) with a
spectral line-shape function attributed to the wave-
number uncertainty that is due to wave growth (in the
first case) or to the finite interaction length (in the
second case). When the spectral line-shape functions
are narrow enough, both equations give
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Fig. 1. (a) The electron distribution function and (b) the gain
curve before interaction (heavy line) and after saturation
(light line) in a cavity with sparse mode density.
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where, for the case of a TEM wave (kzo = co/c),
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This gain curve is shown in Fig. 1, assuming a Maxwell-
ian velocity distribution:
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Neglecting the effect of saturation on the electron-
distribution function, the laser-oscillation frequency
domain is determined by requiring a positive round-trip
net gain

G(w) - 2alc + ln(RIR2) > 0, (8)

where a is the electromagnetic waveguide loss per unit
length, 4, is the laser-cavity length, and R1 and R2 are
the power reflectivities of the back and front mirrors,
respectively. From Fig. 1 (b) one can see that for gain
considerably larger than the losses, the oscillation
bandwidth is

Aw c- 2Wth. (9)

The laser cavity is usually a Fabry-Perot resonator,
but it can be also a distributed-feedback or a distributed
Bragg-reflector resonator or another filtering (disper-
sive) resonator, which sustains fewer numbers of modes.
All the modes with frequencies within the spectral width
Awo will be excited and will oscillate.

The saturation mechanism of each mode is electron

trapping, which is familiar in plasma physics, for in-
stance, in Langmuir wave saturation.3 During this
process, an electron at velocity bv_ > 0 relative to the
wave-phase velocity Vph will reverse its velocity at full
trapping, and then it cannot contribute more energy to
the wave. Thus, around the phase velocity of each
mode, there will be a plateau formation in the elec-
tron-distribution function, and g'sat(Vph - VOzVUzth) =
0 [Fig. 1 (a)], which can be interpreted as a depletion of
population inversion.

The class of electrons that interacts with each mode
is different in the high- and low-gain regimes, as seen
from Eqs. (1)-(3). In the first case,
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In the second case,
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The radiation-extraction efficiency of a single mode can
thus be estimated from the equation
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This gives, for the nth-order mode in the high-gain,
limit,
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and in the low-gain limit,
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If there are N isolated modes in the oscillation fre-
quency domain, so that the frequency spacing between
the modes Awsnm is much greater than 5a,
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then the total radiation-extraction efficiency is given
simply by summation over the efficiencies of the oscil-
lating modes:
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The spectral width of the oscillation in this case will be
2 Wth [Eq. (6)].

Let us now examine the effect of one mode-saturation
process on the laser gain curve. When a mode at fre-



December 1980 / Vol. 5, No. 12 / OPTICS LETTERS 527

g ( Ilz h . )-
0

.h

Fig. 2. The electron distribution function before interaction
(heavy line) and after saturation (light line) in a cavity with
close mode density.

quency wn saturates, there is a plateau formation in the
distribution function at v, = vphn, and the saturated
curve exhibits from the point of saturation on (within
the interaction length 1) an effect of hole burning as in
conventional inhomogeneously broadening lasers.'
However, in addition to the hole-burning effect, there
is a change in the electron-distribution function that
generates hill heaping on both sides of the holes around
Vph t avz. Thus, if the cavity modes are close enough,
there is an effect of mode cooperation, in which the
saturation of one mode increases, along the interaction
length, the population inversion or the gain seen by a
neighbor mode. Such an effect is unique to free-elec-
tron lasers and cannot occur in atomic lasers, in which
each excited electron can make only one transition and
emits only one radiation mode.

In view of this discussion, it can be predicted that in
a strongly pumped free-electron laser in the warm-beam
regime, whose cavity sustains oscillating modes with
density

A@mn < 25w, (17)

there will be a tendency toward multimode operation.
The mode-cooperation process will tend to wash away
any bumps in the derivative of the distribution function
and will spread its velocity distribution as shown in Fig.
2. The laser spectrum will tend to spread uniformly
over a wide spectrum, which is considerably wider than
2 Wth.

In the most common laser cavity, the Fabry-Perot
resonator, the spacing between modes is

Acn,n+ 1 = c. (18)

Since the cavity length is always longer than the inter-
action length, lc > 1, we see from comparing Eqs. (15)
and (18) that, at relativistic velocities (1 - fo, << 1),
inequality (17) will hold in both gain regimes, and thus
mode cooperation and wide-spectrum oscillation will
take place.

We should note also that, in free-electron lasers op-
erating in the cold-beam regime, an involved radiation
spectrum broadening is likely to happen during the
saturation process, involving (in the highly relativistic
limit) a large number of mutually interacting modes.
The saturation of a cold-beam free-electron laser always
involves broadening of the beam momentum distribu-
tion,4 which in turn would lead to radiation-spectrum
broadening. In addition, other effects in the saturation
process, such as side-band instability,5 will further
conspire to spread the laser spectrum.

Limitations of state-of-the-art electron-gain tech-
nology make it hard to satisfy the cold-beam condition
Vzth/VOz << IozX/(27rl) at short-wavelength (visible)
radiation. This directs our attention to warm-beam-
regime operation of FEL's. The wide-spectrum lasing
(white-light lasing) in this regime is not necessarily a
disadvantage in many power applications of lasers and
may be advantageous in some specific applications, such
as blinding and jamming in electronic-countermeasures
warfare. The radiation produced by such a laser is of
course temporally incoherent; however, it can be highly
bright and collimated and can be used for concentrating
high power on a target almost as efficiently as do con-
ventional lasers, assuming that nondispersive reflective
optics is used. The superinhomogeneous broadening
of such lasers is of fundamental interest as a new kind
of saturation process in laser oscillators. Its full de-
scription and the calculation of conversion efficiency
calls for a more involved nonlinear analysis of the cou-
pling among a large number of cavity modes.
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