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An unconventional design is described for a free electron laser with optical pumping, in which 
the pump frequency is Doppler-shifted "downward" with low gain in the Compton 
regime. It is shown that the conditions imposed on the quality of the electron beam in this 
design are substantially less severe than in conventional free electron laser designs with upshifted 
frequency. Free electron lasers with downshifted frequency are promising for applications in 
the IR wavelength range. O 1994 American Institute of Physics. 

The creation of high-power sources of tunable coherent 
radiation in the IR range of the spectrum is a pressing prob- 
lem in laser physics. The use of radiation in this wavelength 
range is attractive for carrying out a number of fundamental 
and applied investigations in the physics of the solid state, 
high-temperature superconductors, and biophysics. Free 
electron lasers (FELs) are regarded as a promising IR source: 
the frequency range in which FELs emit is not restricted by 
the discrete energetic structure of atoms or molecules, and 
the radiation wavelength can be tuned over a wide range. 

Conventional designs for FELs are based on induced 
scattering by a relativistic electron beam (REB) of an oppo- 
sitely directed electromagnetic pump wave. Because of the 
"upward" Doppler shift in frequency the amplification of the 
signal occurs at wavelength (@I) 

where yl= (1 -&) -'" is the "longitudinal" relativistic factor 
of the electrons; here cp, is the electron velocity in the di- 
rection of the beam and hi is the wavelength of the pump 
radiation (in the case of a static wiggler with period h, we 
have the correspondence Ai=2A,). In FEL technology mag- 
netostatic wigglers with period A,-2-10 cm are usually em- 
ployed, so that in order to produce lasing in the IR spectral 
range REB sources with relatively high (tens of MeV) elec- 
tron energy are needed (rf and induction linacs or 
mi~rotrons"~). As the energy increases, however, the gain of 
a FEL rapidly decreases (- y-3). The resulting increase in 
the length of the wiggler and beam current imposes severe 
restrictions on the quality of the REB. In order to overcome 
these difficulties a number of promising designs for submil- 
limeter and IR FELs have been proposed and are currently 
being implemented, based on the micro-undulator 
t e ~ h n i ~ u e ; ~ - ~  the two-section FEL should also be noted.'' 

In the present work a fundamentally different scheme is 
reported, which makes use of a "downward" Doppler shift in 
the pump frequency. In a FEL with downshifted frequency1' 
a high-power electromagnetic pump wave propagates in the 
same direction as the REB. The amplified signal then moves 
in the opposite direction and its wavelength is determined by 
the relation which is inverse to (1) (qI+-l): 

This scheme is based on a certain symmetry in the processes 
of induced absorption and emission when a pump wave is 
scattered by an electron beam. Relations (1) and (2) are con- 
sequences of the resonance between the REB and the com- 
bination wave of the ponderomotive potential formed by the 
signal and pump waves. The high-frequency component is 
amplified when the electron velocity is slightly above reso- 
nance. In the opposite case, when the electrons lag slightly 
behind the combination wave, in contrast to the previous 
case the high-frequency component of the field is absorbed 
and the low-frequency component is amplified. The energy 
of the high-frequency wave is thus redistributed between the 
beam electrons and the low-frequency signal. 

FELs with downshifted frequency are promising for ap- 
plications in the IR wavelength range: if we assume that the 
pump is a high-power laser with radiation at Ai=1.06 pm (a 
neodymium laser) and y-5 then we have As-100 pm. Thus, 
it is possible to cover the entire IR spectral range by using 
relatively low-energy high-current accelerators. A further ad- 
vantage of this design is the absence of a static wiggler; at 
the same time, existing laser systems have sufficient power 
to provide effective pumping. 

The main properties of lasing in FELs with downshifted 
frequency can be clearly exhibited in the low-gain Compton 
regime, where simple analytical solutions are possible. In 
particular, in what follows we will derive the gain, the satu- 
ration intensity, and the efficiency of the device. We will 
show that the conditions imposed on the quality of the elec- 
tron beam are considerably less severe for this device than 
for conventional designs with upshifted frequency. 

We restrict ourselves to the case of collinear interaction 
geometry, so that the problem reduces to one dimension. Ne- 
glecting the effect of the self-fields of the electron beam (the 
Compton regime) and harmonic generation effects, we can 
represent the potential of the electromagnetic field as a su- 
perposition of the pump (i) and signal (s) waves: 

where in accordance with the assumed geometry the vector 
potentials will be taken in the form of plane waves with 
circular polarization: 

&(z,t) = e-A,(z)exp{i(w,t + kg)} + C.C. 
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(e,=e,+ie,,). A uniform relativistic electron beam propa- 
gates in the positive z direction (together with the pump 
wave Ai) with velocity cp, . In the low-gain regime the am- 
plitude of the signal is a slowly varying function 
( k ~ , ) - ' d A ~ d z 4 1 .  The intensity of the pump wave needed 
to achieve an effective interaction should be relatively high, 
so that we can neglect its depletion in the course of the 
amplification, A i(z) =const. 

We will take the pulse lengths rb of the beam current, q 
of the pump, and 7, of the amplified signal to be large in 
comparison with the time of flight of an electron through the 
interaction region L : 

so that the problem becomes quasistationary. 
With these approximations the electron dynamics is de- 

scribed by a one-dimensional kinetic equation1' 

Here e and m are the electron charge and rest mass, 
f (z,p, ,t) is the factored beam electron distribution function, 
and p,=m yp,c is the dynamical electron longitudinal mo- 
mentum (in real light fields the mass shift is negligible, 
~mlm-e2A21m2c4<1). The boundary condition for Eq. (6) 
is given in the form of the steady momentum distribution at 
the input to the interaction region (z = 0): 

We will use the resonance approximation, retaining in 
(6) only the terms corresponding to electrons synchronized 
with the combination wave of the ponderomotive potential: 

where o=wi-w, and k= ki+k, are the frequency and wave 
number respectively of the combination wave. 

The kinetic equation (6) is to be solved together with the 
wave equation describing the evolution of the low-frequency 
signal. In the weak-signal and low-gain approximation the 
solution to the problem is completely analogous to the case 
of a conventional scheme with upshifted frequency.12 To first 
order in perturbation theory we have for the power amplifi- 
cation of the signal 

Here ro is the electron classical radius, Ii is the pump radia- 
tion intensity, n,  is the electron density in the beam, and we 
have written 7=pL/2;  p=olcp,-k is the parameter 
which specifies the detuning from resonance. The formal 
analogy between (9) and the corresponding result of Ref. 12 
for schemes with upshifted frequency is due to the symmetry 
in the induced processes of energy exchange between the 
pump and signal waves mentioned above. 

By virtue of (9) the absorption and emission lines are 
below the resonance p-0, which, as is easily seen, deter- 
mines the relation (2) for the wavelengths of the pump and 
the low-frequency signal. 

Maximum gain is achieved in the regime in which ho- 
mogeneous line-broadening dominates, and in one pass 
amounts to 

r i n ~ ~  Ii d sin r)  
G = ~ L ' L ~ ~ T '  zr - - . 

mi d~ 

To reach this regime we must satisfy a condition on the elec- 
tron beam quality, since it is just the electron momentum 
distribution which determines the magnitude of the inhomo- 
geneous broadening. We can easily find the necessary condi- 
tions by analyzing the integrand in (9). Accordingly, the ini- 
tial spread of the beam electrons, Ay in energy and (A#) in 
angle (related to the beam emittance), must satisfy the in- 
equality 

where N=LIAi is the effective number of periods of the 
dynamic wiggler formed by the laser pump wave. 

It is clear that for a fixed value of N and a beam of a 
specified quality, the criterion (11) can be satisfied only 
above some value of y. The possibilities for raising the elec- 
tron energy, however, are limited by the condition that the 
length of the interaction region should be substantially 
greater than the wavelength of the generated signal, L+A,. 
As a result, the right-hand side of Eq. (11) is small compared 
to unity. 

Thus, a FEL with downshifted frequency has an unques- 
tionable advantage: the requirements on the REB quality 
here are substantially less severe than in conventional laser 
designs. This makes it possible to use wigglers with a con- 
siderably larger number N of periods (up to values N Z  1 04), 
and in view of the scaling G - N ~ ,  Eq. (10) gives rise to a 
corresponding increase in the gain. 

The saturation intensity can be estimated from the con- 
dition for complete trapping of the REB by the combination 
wave. Saturation occurs when the spread in electron energy 
A y* that develops in the course of generating a useful signal 
causes a spread in the detuning parameters on the order of 
the width of the amplification waveband: 

The pump wave energy is transferred as a result of induced 
scattering to the beam electrons and the signal wave: 

where AIi,, are the changes in the pump and signal wave 
intensities respectively. Here, however, we should also take 
into account the conservation of photon number in an el- 
ementary Compton scattering event: 

We finally obtain for the saturation intensity of the low- 
frequency signal 

An interesting feature of this FEL design should be em- 
phasized: in the process of amplifying the signal the electron 
beams are accelerated, which follows from relation (13), 
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whereas in conventional designs with upshifted frequency 
energy is extracted from the REB. The maximum relative 
increase in the electron energy is given by 

where Al,=GIs is the increase in the signal intensity in one 
pass. Consequently, the efficiency of a FEL with downshifted 
frequency should be defined relative to the pump wave, not 
to the electron beam. However, it is easy to see that the 
maximum of the device (assuming total depletion of the 
pump) must be less than 

Let us make some estimates. Assuming that the pump 
consists of radiation from a neodymium laser (Xi=1.06 pm) 
with intensity Ii=5.10t3 w/cmZ, for a REB with y=3.5 and 
electron density n,=1012 cm3 (which corresponds to a beam 
density -5 kA/cm2) we find a gain coefficient -30% per 
pass through an amplification region of length L ==2 cm. The 
wavelength of the emitted signal then lies in the IR region of 
the spectrum, As-50 pm, and the saturation intensity is 
1,-0.3 hfYV/cm2. Typical pulse lengths of high-powerlasers 
and high-current electron beams are tens of nanoseconds; 
consequently, it is possible to design multipass generators 
with ~ ~ c / 2 L  - 1 02- 1 03. Assuming that the conditions for 
focusing the pump radiation determine the size of the ray 
caustic equal to the length of the interaction region -2 cm, it 
is easy to see that to reach the necessary pump intensity level 
a laser pulse energy -10 J is required with pulse lengths 
rp-10 ns. Laser systems with such parameters are not too 
exotic and are reasonably compact.13 

Thus, a FEL with downshifted frequency may offer a 
very promising source of high-power coherent IR, tunable 
over essentially the entire IR spectral range. This scheme 
does not require cumbersome special-purpose accelerators 
and is relatively compact. An additional advantage is the 
absence of a static wiggler, and also the small interaction 
region, which makes it substantially easier to implement ex- 
perimentally. 

The possibility of raising the gain is evidently related to 
increasing the pump intensity and/or the length of the inter- 
action region. Both approaches take us outside the assump- 
tions made in the present work (the amplification of the sig- 
nal can then no longer be assumed small) and require further 
study. Furthermore, new physical factors come into play. In 
particular, under the condition 

where w,, is the beam electron plasma frequency, collective 
modes of the REB develop and the Raman mechanism for IR 
signal generation can become dominant. 

In conclusion, we note that the efficiency of a FEL with 
downshifted frequency can be increased by phase- 
modulating the pulse of the pump radiation. The mechanism 
for this increase is completely analogous to the case of a 
magnetostatic wiggler with variable parameters:'32 for a cor- 
responding adiabatic increase in frequency during the pump 
pulse the electron remains in phase with the ponderomotive 
potential combination wave and takes part in generating a 
useful signal throughout the entire interaction region. 
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