VOLUME 60, NUMBER 4

PHYSICAL REVIEW LETTERS

25 JANUARY 1988
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A three-wave, free-electron laser was operated with a powerful 8.4-GHz electromagnetic “pump”
wave replacing the usual magnetostatic wiggler. The presence of a uniform axial magnetic field By pro-
duced cyclotron-harmonic “‘idler” waves. Peaks in the emission spectrum corresponding to cyclotron
harmonics were observed covering a frequency range from 16.5 to 130 GHz. The frequency spectrum of
this novel free-electron laser mechanism was tuned continuously by variation of B.

PACS numbers: 42.55.Tb, 52.75.Ms

In recent years there has been strong interest in free-
electron lasers (FEL’s) for the production of high-power,
coherent, tunable electromagnetic radiation. Both two-
wave FEL’s!"* and three-wave FEL’s’~’7 have been
demonstrated, and have exhibited great potential for ex-
tending the available range of wavelengths and power
levels of coherent sources while maintaining high operat-
ing efficiencies. Three-wave FEL’s consist of an idler
wave on the electron beam, a pump wave, and a radia-
tion wave. Typically, the pump wave is created via a
static, periodic magnet (wiggler). However, any field
that induces a transverse electron oscillation would, in
principle, function as a pump field. For example, a static
periodic electric field® or an electromagnetic field® could
be used.

In experiments where a solenoidal guide magnetic field
is present in addition to the wiggler field, either beam
space-charge waves or beam cyclotron waves act as idlers
in a three-wave FEL. The case of an FEL with a space-
charge wave idler was carefully studied in the experi-
ments of Fajans et al.'® The effect of electron cyclotron
motion on FEL operation has been studied both theoreti-
cally'' and in experiments.'>"!* The three-wave FEL
with a magnetostatic wiggler and a fundamental
cyclotron-frequency idler was studied experimental-
ly,!>!* and that work is closely related to the present
study.

In backward-wave oscillator experiments using intense
relativistic electron beams to generate high-power mi-
crowaves at a wavelength of several centimeters and
peak power levels of =100 MW, powerful radiation was
also observed at millimeter wavelengths.'>!® In the
present work, we present for the first time the spectrum
of the millimeter-wave radiation which is observed in
very high-power backward-wave oscillators and use the
features of the observed spectrum to deduce the radia-
tion mechanism. We found the unexpected result that
the millimeter-wave spectrum is composed of an array of
regularly spaced peaks. The frequencies of the peaks
and their variation with the strength of the axial guide
magnetic field indicate that the spectrum is due to a

three-wave FEL interaction with cyclotron-harmonic
beam waves acting as “idlers” and with the backward-
wave oscillator radiation at a frequency of 8.4 GHz act-
ing as the pump wave.

The experimental configuration is shown in Fig. 1 in
which an annular electron beam (625 kV, 2 kA, 100 ns)
is guided through a corrugated-wall, slow-wave struc-
ture.!’”!° The slow-wave structure allows the electron
beam to couple kinetic energy from the beam into the
propagating electromagnetic modes of the structure.
The pump wave is the n = —1 spatial harmonic of the
TMy; mode,'® which propagates antiparallel to the elec-
tron beam.

An electron beam with an axial velocity vy supports
natural modes of oscillation, which can act as idler waves
in a three-wave FEL; viz. the slow space-charge wave
mode with dispersion relation

w; =kiv —wpy/ 71, q))

and the slow cyclotron-harmonic modes with dispersion
relation

w; =kiv—1Q, )

either of which may act as idler waves in the generation
of coherent electromagnetic radiation. Here w; and k;
are the frequency and wave number of the idler wave,
w, =(ne*/meoy) 12 is the relativistic electron-beam plas-
ma frequency, Q =eBo/ym is the relativistic electron cy-
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FIG. 1. Experimental configuration (not to scale).
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FIG. 2. The measured spectrum of the electromagnetically
pumped FEL with cyclotron-harmonic idler waves for two ap-
plied magnetic fields, 9.89 and 10.31 kG.

clotron frequency in the guide magnetic field, and / is the
cyclotron harmonic number. The relativistic energy fac-
tors y and y; are defined by y=I[1—(v/c)?>— ./
¢)?1 72 and yy=I1— (v4/c)?] ~'2, where v . is the elec-
tron velocity perpendicular to the axis.

A three-wave FEL is a parametric amplifier. Conser-
vation of energy requires

o, =0;+ o, 3)

where o, is the pump wave frequency and o is the fre-
quency of the amplified FEL output wave. Conservation
of momentum requires

k, =k; +k, 4)

where k,,, k;, and k are the axial wave vectors of the
pump wave, the idler wave, and the FEL wave, respec-
tively. Combining Egs. (2), (3), and (4) gives

w=kv”+ww(l+v||/vph)+lﬂ, (5

where vph =,/ |k, | is the phase-velocity magnitude of
the pump wave, and we have assumed pump wave propa-
gation counter to the electron beam.

The amplified FEL wave propagates inside the drift
tube, which acts like a waveguide so that its frequency
and axial wave number must satisfy

w’=k’c*twl, (6)

where wp, represents the cutoff frequency of the
waveguide mode with azimuthal eigennumber p and ra-
dial eigennumber n. Radiation growth occurs near fre-
quencies corresponding to the crossing points of the
dispersion curves represented by Egs. (5) and (6). Solv-
ing Egs. (5) and (6) simultaneously yields the frequen-
cies of two unstable classes of modes; viz.
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FIG. 3. Simplified dispersion relations of the waveguide
mode [Eq. (6)] and the cyclotron-harmonic mode down-shifted
by the electromagnetic wiggler [Eq. (5)].

where

10
NRLLLE
Bic’ (8)

1+ -2
Uph

Keﬂ'=
o

Bi=v,/c, and the plus or minus signs in Eq. (7) represent
the up- or down-shifted interaction branches. Note that
“down shifted” refers to a family of interaction frequen-
cies and that they are generally higher than the 8.4-GHz
pump frequency.

The expression for the radiation frequencies of a two-
wave FEL with a magnetostatic wiggler of period / is the
same as Eq. (7) except that K. is replaced with
kw=2n/l. We also note that the radiation frequencies of
a cyclotron-harmonic autoresonance maser?® (for which
we coin the acronym CHARM) are also given by Eq.
(7) with wo=0, i.e., Keg=1Q/Byc.

The measured spectrum of the millimeter-wave radia-
tion exhibits a distinct line structure, part of which is
shown in Fig. 2; the frequencies of the spectral peaks are
in good agreement with calculations of the down-shifted,
electromagnetically pumped FEL with cyclotron-har-
monic idlers corresponding to the negative sign in Eq.
(7). Figure 3 is a graphical representation of the disper-
sion relationship given by Egs. (5) and (6). Harmonic
numbers /=1 and 5 through 14 were identified during
the scanning of most of the spectrum between 7 and 130
GHz. Furthermore, the locations of the measured spec-
tral peaks move with axial magnetic field, which would
not be expected in the FEL with space-charge idler.
Adequate microwave diagnostics were not available for
the range from 18.6 to 50 GHz where harmonic numbers
1=2,3, and 4 were predicted to appear. Figure 4 shows
the excellent match between the theoretical predictions
for the frequency shift and the experimental results; only
the modes corresponding to odd cyclotron-harmonic
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FIG. 4. Theoretical prediction (solid lines) and experimen-
tal data (plusses) for electromagnetically pumped FEL with
cyclotron-harmonic idlers including waveguide effects.

numbers are shown to avoid overcrowding the figure. A
similar set of data has been generated for even harmonic
numbers.

Another mechanism with a somewhat similar spec-
trum is a counterwave cyclotron-harmonic autoresonant
maser?® (counterwave CHARM). However, the coun-
terwave CHARM has a significantly different spectrum
at low harmonic numbers. Specifically, radiation with
that mechanism should be produced at 12.5 and 18.2
GHz (for an applied field of 10 kG), but in an intensive
spectral search from 7 to 18.6 GHz, microwave radiation
was only detected at 8.4 GHz, the frequency of the pump
wave, and at 16.5 GHz, the /=1 harmonic of the elec-
tromagnetically pumped FEL with cyclotron-harmonic
idler. Also, measurements of the electron-beam parame-
ters indicated that g, < 0.05, which is insufficient for the
production of radiation via a CHARM-type interaction.
Finally, when a smooth metallic liner was inserted into
the drift tube to eliminate the periodic wall, no elec-
tromagnetic radiation at any frequency could be detect-
ed.

The relative linewidth of the FEL emission spectrum
was measured (see Fig. 2) and found to be AAL/A=2.5%.
It is expected that the measured 8.4-GHz electromagnet-
ic pump linewidth (=0.2 GHz) will translate into the
FEL linewidth according to

(AMM)peL = (AA/A)pume (Apump/AFEL), 9

which is in good agreement with the experimental re-
sults. The resolution of the spectrometer is AA/A==1.5%.

The power in the emission at 16.5 GHz corresponding to
I=1is =250 kW with decreasing power level for emis-
sion lines corresponding to larger values of /.

We have demonstrated that electromagnetic pumping
in the presence of a uniform axial magnetic field resulted
in a three-wave FEL interaction involving cyclotron-
harmonic idler waves. This mechanism produced coher-
ent, powerful, millimeter-wave radiation with a relatively
modest value of the uniform magnetic field. A continu-
ous tunability over a very wide frequency range is a dis-
tinguishing feature of this FEL mechanism.
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FIG. 1. Experimental configuration (not to scale).



