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On the basis of the theory of the average motion of an electron in the
field of two radio-frequency waves [A. V. Gaponov and M. A. Miller,
Sov. Phys. JETP 7, 166 (1958); M. A. Miller, Izv. Vyssh. Uchebn
Zaved. Radiofiz. 2, 438 (1959); Sov. Phys. JETP 9, 1358 (1959)] the
starting and working currents, as well as the efficiency of the generator
are calculated. The permissible velocity scatter of the electrons and the
degree of incoherence of the pumping is determined. It is shown that the
energy parameters of the existing high-power radiation sources and of
relativistic electron beams are sufficient, in principle, to realize a
hydrodynamic regime of induced Compton scattering with an apprecialbe
increase of the frequency at high efficiency.

PACS numbers: 42.55.Bi, 42.50. + q

1. Although the problem of generation of coherent radiation by induced Compton
scattering of an electromagnetic wave by relativistic electrons has been extensively
discussed in the literature (see Ref. 2 and the review"’), the problem of the optimal
parameters of a Compton laser remains open. Yet, a nonlinear theory of such a gener-
ator can be constructed in elementary fashion by using the known results of Ref. 1. In
fact, assume that the field of two waves Re{E, expi(ws—kr)+E, expi(wt—kr)}, in
an inertial reference frame X' that moves in the same direction as the translational
motion of the electrons (the z axis on Fig. 1) with phase velocity Vpn=4{2/k, of the
combined wave, where

=0, ~0;, =k, -k;,(k, =k, cosg + k; cose;),

FIG. 1. Diagram of Compton laser: 1-—electron beam; 2—mirrors of signal resonator; 3—mirrors of pump
resonator.

has a single frequency:E’'=Re{E'(r')expiwt'}. If the electron velocity v’ in this system
is much smaller than the speed of light ¢, then the averaged motion of the electron
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constitutes drift under the influence of the effective force F' = — (e2/4ma’)v'|E'|2,
which at constant E; and E_ is determined only by the combination wave'" (the expres-
sion for F' is given here for the simplest case—when there is no longitudinal focusing
magneto-static field). Accordingly, in the laboratory frame, the averaged motion of the
electron is described by the same equations as in a traveling-wave tube (naturally, with
the electric field of the traveling-wave tube replaced by the effective field of the com-
bined wave):

d dé
_.JZ— =—'S.iﬂ0, E:A—u, (1)

which in turn are identical to the equations of a pendulum d *6/d§ *—sin6=0". In (1)
we have

(=k,zy? Vpa;a], v=Vp/a;a), w=(1=yly),

0=(xkr =Qt), A= y(f)(l - vph/vo)/\/l.tai a, a; s = el Ei, sl‘/Tm“"i,s
p=1+(y ¢ )%

y is the ratio of the electron energy to the rest energy mc?, and v, is the initial velocity
of the electron. For electrons making up a stationary monoenergetic beam, the bound-
ary conditions for (1) take the form

u(0) =0, 6(0)=0,. 0g6 <2n, Q)

and the electronic efficiency is determined by the relations

_ - 1 2m
ﬂe"v(aias;ySu({k) s U=— u(Ck- Go)deo'
4 o

where

Le=Ce=L)=M/Vpag,

is a quantity proportional to the interaction length L.

2. According to (1), to form a compact bunch of electrons in the decelerating
phase of the combined wave it is necessary that the kinematic ({4 ) and dynamic (§,u)
displacements of the electrons relative to the wave be quantities of the order of 7. The
electronic efficiency is then maximal at field intensities that satisfy, in order of magni-
tude, the relations (compare with the results of numerical calculation shown in Fig. 2)

Va,al ~ w g ~ M7 (3)

and the optimal phase velocity of the combined wave is determined by the expression
Vo—Vpp)/Vo~M Yy 2, Accordingly, the optimal signal frequency deviates from exact
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FIG. 2. Dependence of the optimal parameters and of the corresponding values of the relative electronic
efficiency on the relative interaction length.

synchronism (4 =0)
w: - o, 1+ (v, /c)cos ¢,

1-(v /c)cos ¢, 4

by an amount on the order of w, M ™. It is clear from (3) that optimal intensities E, and
E, of the pump and signal fields can be attained only in systems with sufficiently large
(M > 1) interaction lengths (this condition is necessary also for the applicability of the
averaging method).

In the stationary regime, the output power of the Compton laser greatly exceeds
the consumed pump power (the number of scattered pump photons is equal to the
number of signal photons, but the energy of the latter is approximately 73 times larger,
so that w,S4y2w), so that the power balance equation takes the form
w, |E |?

S

Qs 47

where Q.=27(L /A )5 " is the quality factor, S, is the area of the mirror, L, is the
length of the resonator, A, is the signal wavelength, &, is the loss coefficient of reflec-
tion from the mirror, and 7 is the beam current. In the small-signal approximation,
when the electronic efficiency of the Compton laser is equal to

S;L, = qemczyo(l/e), ®)

S

n, = \/(ai as/p) {: qS'(ek) s ¢(9k) =~(1- c050k) /20:,9,‘ ékA; (6)
we obtain from (5) an expression for the starting current
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I, 8,90, S; S 2
= e eeo - . %)
kY, M3(P‘. /P ) )\3 A, we(6,)
In (7), I,=mc*/e=17 kA, Po.=m’c*/e*=8.7 GW, P, is the pump power, and S; is the
effective area on which the pump was focused.

st

Since the current corresponding to the maximum efficiency, 1,,, =1 (& 2 /P (6,),
is several times larger than the minimum starting current (Fig. 2), it follows that in the
operating regime the generated-frequency band is close to the value Aw ,~w M de-
termined by the fundamental tuning band (27>6,>0). This band contains ~y3(L/L )
longitudinal modes of the resonator.

3. The hydrodynamic formulas (6) and (7) remain in force so long as the synchro-
nous-frequency scatter due to the initial scatter Ay of the electron energies, to the non-
coherence of the pump Aw, and to the angle divergence of the incident and scattered
waves A¢, ; (the energy and angle spreads of the photons) does not exceed the generat-
ed-frequency band: Aw, SAw,. This limitation holds if the length parameter M does
not exceed (y,/4y) and
AwiéwiM_lv Ag; él/Mtg(qSi/Z), A¢s§,1/M}’°f(y°¢>s ), (8
where f(x)=2x/(1 +x?). The more these conditions are violated, the larger the number
of electrons exluded from synchronism with the combination wave and the efficiency
decreases (the kinetic stage®*').

The requirements imposed on the coherence of the pump are easy to satisfy even
when powers from independent generators are added. As to the energy scatter of the
electrons in high-density beams, which are needed to obtain the highest-frequency
radiation to satisfy the corresponding restriction it is apparently necessary to use ion
compensation of the space charge.

4. A relativistic Compton laser is most suitable for generation of radiation in a
frequency band that is not readily accessible to classical devices of the ordinary type as
well as for lasers. Thus, by using a beam with parameters close to those already
realized, namely y,~ (5-20), Ay/ys~(1-0.1)%, a current density ~(10°~10") A/cm?
and a CO,-laser pump (4,=10.6 zm) with power ~(10'*-10'") W much lower than the
attainable, it is possible to attain lasing with a tunable frequency in the range (2000~
100) A at the level ~10* W.

The authors thank A.V. Gaponov, A.G. Litvak, A.V. Smorgonskii, and E.V.
Suvorov for useful discussions.

UThe derivation of (1) is simplified if the invariance of F, and the integral of the averaged energy,' equal in
the Ls. to kE — £2, = const, are taken into account. From the quantum point of view this integral reflects
the fact that the changes of the electron energy and momentum in the elementary scattering act (with
absorption of a pump quantum and emission of a signal quantum) are equal to (#if2) and ( — i),
respectively.
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