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Single-Mode Operation of a Bragg Free-Electron Maser Oscillator
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Detailed studies of the spectral characteristics and spatial mode structure of a single-mode, high-
power Raman free-electron maser (FEM) oscillator operating with a Bragg resonator are reported.
The FEM oscillator generated approximately 1MW of microwave power in a single axial mode at
27.47GHz, with an electron beam energy of 320keV and a transmitted current of 30A, yielding
an efficiency of 10.3'7&, in good agreement with nonlinear simulations, These results indicate that a
Raman free-electron maser can operate at high power and efficiency with stable single-mode output
in the long pulse (equilibrium) regime.

PACS numbers: 41.60.Cr, 52.75.Ms

Free-electron lasers (FELs) or masers (FEMs), as they
should be termed for the microwave region of the spec-
trum, are tunable sources of intense coherent electro-
magnetic radiation [1,2]. Some of their most remark-
able properties include tunability [3], wide bandwidth [4],
high gain [5], and the large phase shift that the resonant
beam-wave interaction induces on the amplified electro-
magnetic wave [6]. Potential applications of FEM am-
plifiers and oscillators are numerous, and include their
use for radar and plasma heating. Operation of the
FEM oscillators in a single mode at high efIiciency is of
paramount importance for these applications; thus the
avoidance of mode competition effects, which are known
to be prevalent in FEM and FEL oscillators [7], becomes
a primary concern. This paper reports on the successful
single-mode operation of a high-power FEM oscillator.
AIode competition results are discussed in the context
of multimode oscillator theory [7] and previous experi-
ments [8].

Several past experiments on FEM oscillators have been
reported. Pioneering work at Columbia [9] and NRL [10]
showed the possibility of generating high power mi-
crowave oscillations by providing feedback to the grow-

ing electromagnetic waves amplified by the FEL interac-
tion. More recently, FEM oscillators employing Bragg
resonators have been described [11,12]. The work at
Hughes [11] is especially relevant as it demonstrated sta-
ble, long-pulse, moderate power operation of a Bragg
FEM oscillator in the Compton regime. Other experi-
ments [12] were in the Raman regime, but at short pulse
and wide bandwidth. In contrast to earlier long-pulse
experiments [11],the present experiments [13] are in the
Raman regime and at high power, and, in addition, a
careful study of the spectral properties of the FEM radia-
tion has been carried out. In particular, the detailed spa-
tial (transverse and axial) and temporal (mode competi-
tion) [7] structure of the operating mode has been stud-
ied experimentally. In the present experiment, the axial
modes of the Bragg resonator have been clearly identified,
and very good agreement between the theoretically pre-
dicted eKciency and the experimentally measured output

power has been shown. Most previous experiments with
free-electron masers operating in the Raman regime have
operated with short pulses. Those experiments have ei-

ther run with pulses of 10 to 100 ns duration or have
had large () 5%) voltage and current variations on that
time scale. The present experiments have operated with
flat (( 0.25% ripple) voltage and current pulses in the
microsecond regime, which is long compared with the
cavity equilibrium time for both growth of modes and
mode competition. As described below, the long pulses
of the present experiment provide a critical test of the
mode competition effects in a highly overmoded cavity.
Such a test is important if the FEM is to find practical
applications.

The evolution of the mode spectrum in optical FELs
is generally characterized by the slippage parameter, e,
which is a measure of the difference between the wave

group velocity and the beam velocity. The slippage is

defined by e = (L/L, )(v~/v~~
—1), where L and L, are the

length of the gain section and the length of the cavity,
respectively, and where vg and v~~ are the wave group
velocity and the beam parallel velocity, respectively [7].
For optical FELs, the time required for the cavity fields

to reach equilibrium is of order 7 Q/ioe2. This time
may be quite long compared to the beam pulse lengths
found in most FEL experiments [8], because the slippage
is generally quite small.

In contrast to the case of optical FELs, for millime-

ter wave FEMs operating with waveguide resonators, the
slippage may be quite large. Consequently, one may ex-
pect a rapid evolution of the mode spectrum of the res-
onator into a final stable state. Moreover, in addition to
this enhanced communication between different segments
of the radiation pulse due to the larger slippage, the ad-
dition of dispersion in the resonator is known to signifi-

cantly shorten the time required to reach an equilibrium
state [14]. The distributed nature of the feedback pro-
vided by the Bragg reflectors which constitute the end
reflectors for the Bragg resonator result in highly dis-

persive reflection and a cavity which is highly frequency
selective. This special property of the Bragg resonator
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modifies the physics of mode competition in the FEM
oscillator because the dispersive effects induced by the
resonator now dominate over slippage, which has been
identified as the main mode-selection mechanism in low

gain Compton FEL oscillators operating with optical cav-
ities [7,8,14].

In this experiment, depicted in Fig. 1, the Bragg res-
onator consists of a straight section of circular wave-

guide together with two end reflectors which provide feed-
back in the transverse circular TEii mode at frequencies
(w/2z 27.4GHz) considerably higher than the cut-
off frequency (a, /2vr 11GHz). The corrugated sec-
tions provide feedback by coupling forward propagating
waves (f+, k~) to backward propagating waves (f, k ),
where f~ are the respective slowly varying complex am-

plitudes of the waves, and k+ are the axial compo-
nents of the respective wave vectors. The coupling oc-
curs when the wave number matching (Bragg) condition,
~k+~ + ~k

~

= k~, is satisfied. Here, k~ = 2vr/A~ and
Ag = 5.84mm is the wavelength of the corrugations in
the reflector. For small amplitude corrugations, Bragg re-
flectors and resonators may be modeled by coupled mode
theory [15,16].

The eigenmodes of a Bragg resonator may be ob-
tained by solution of the coupled mode equations for the
field amplitudes f+(z) and f (z) subject to appropriate
boundary conditions. Solution of the eigenvalue prob-
lem for complex frequency u yields both the eigenvalues
w = ~„+i~,and thereby the diffractive Q, Q~ = ~„/2u,,
as well as the eigenfunctions f+ and f for the cold-

cavity fields in the resonator. The field profiles deter-
mined in this manner may then be used to calculate the
energy transfer from the beam to the wave in nonlin-

ear simulations. The solution for the complex eigenfunc-
tions f+ and f for the primary mode at 27.4 GHz are
shown in Fig. 2. The solution for ]f+ + f ]

is shown,
together with

] f+] and
] f ],which are proportional to

the traveling-wave power in the forward and backward di-

rections, respectively. The diffractive Q for the primary
mode of the Bragg resonator employed in this experiment
is Q = 453. Three other axial modes, which also have

TEqq transverse structure, are also present in the theoret-
ical spectrum of the resonator: modes at 27.1, 28.1, and
28.3 GHz. For the three lower frequency modes observed
in the experiment, all three had starting currents lower

than the beam current at the nominal operating beam

energy of 310—320 keV. For this reason, mode competi-
tion is a significant issue for the present experiment.

The overall experimental setup is illustrated by Fig. 1.
Apart from the Bragg resonator, the other main com-

ponents of the device are the high-voltage modulator,
the thermionic electron gun, the solenoids which pro-
duce the axial magnetic field, and the helical perma-
nent magnet wiggler. The system operates with a flattop
pulse length ~ = 1p,s. Beam compression to a radius
of 4mm was achieved with minimal (( 5%) scalloping,
in good agreement with adiabatic theory. The beam ax-
ial energy spread, before injection into the wiggler inter-
action region, is inferred from experimental data to be

Ap~~/p~~ ( 0.5%. The beam is transported through the
interaction region by an axial magnetic field of magnitude
2.35 kG. A permanent magnet helical wiggler with 3cm
period and 500G amplitude is used to provide the per-
pendicular momentum of the interacting electrons. To
ensure stable high-quality group I helical orbits in the
interaction region, the wiggler has a 10-period long lin-

early tapered introduction. The resulting equilibrium
orbits at 320keV beam energy have theoretically calcu-
lated P~ = 0.18, P~~

= 0.76, and a wiggler parameter
C = 1.1 [17]. The Bragg resonator is entirely located in
the constant amplitude wiggler region. The large reflec-
tivity Bragg reflector (on the gun side) has Ni = 68 pe-
riods, and the outcoupling reflector has Nz = 22 periods.
The cavity itself, between the corrugated sections, is very
compact with a length of 10cm. The mean radius of the
reflectors and cavity is 8.3mm. The output microwave
circuit is composed of a TEii directional coupler and a
well-matched (reflection ( 0.25%) load.

The operating point yielding the high power output of
P+ = 990k& was obtained for the following parame-
ters: beam voltage V = 320 kV, injected current It, = 49
A, transmitted current Ii ——30 A. The loss of current
in the transport is believed to be due to two effects: (1)
transverse Geld errors in the solenoidal focusing magnets,
and (2) the relative proximity of the FEL cyclotron res-
onance. Such losses are believed to occur in the trans-
port syst;em upstream of the Bragg resonator because
the beam propagated through the wiggler uptaper and
through several regions of solenoid field error before en-
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FIG. l. Overall experimental setup and schematic of the
Bragg resonator.

o 2—
E
O

Z',

0
-0. I 0

l i I

0.2 0.4
Axial Position z(fn)

[.
0.6

FIG. 2. Bragg resonator eigenmode profiles.
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FIG. 3. Microwave power (diode signal) and voltage wave
forms.

FIG. 4. Measured IF spectrum of FEM output, showing

single-mode operation.

tering the Bragg resonator.
For the electron beam parameters given above, the sys-

tem operates in a single mode at a frequency u/2z' =
27.47GHz, with a linewidth b'u/2z' ( 10MHz. The
diode signal corresponding to the power measurement,
and the corresponding beam voltage wave form are shown
in Fig. 3. The overall experimental uncertainty on the
output power level is +0.5 dB. These measurements were
confirmed by calorimetry. The corresponding electronic
efficiency, defined as rl = P~+~/VIi, is rl = 10.3%. Mea-
surement of the far-field radiation pattern confirmed op-
eration in the TEii mode.

The frequency of the FEM output power was measured

by mixing the output signal with a tunable local oscillator
and then sampling and Fourier transforming the resulting
intermediate frequency (IF) with a 2 gigasample per sec-
ond digital storage oscilliscope. This technique allowed
identification of the mode of oscillation of the cavity Th. e
IF spectrum for the main operating mode at 27.4 GHz is
shown in Fig. 4.

The oscillator starting current was also measured; re-
duction of the cathode temperature decreased the beam
current in the FEM interaction region and permitted a
measurement of the starting current. The starting cur-
rent for the mode considered here is measured to be
I, = 4 A. A peak efficiency of 12.5% was also achieved
for a transmitted current It, ——23 A, at a power level of
P+ =920kW.

Single-mode operation of the FEM on two additional
axial modes of the Bragg resonator was also obtained
at frequencies of 27.1 and 28.1GHz, by tuning of the
electron beam energy. The primary mode at 27.4GHz
was excited for beam energies from 308 to 323 keV, the
27.1 GHz inode was excited for beam energies from 297 to
306 keV, and the 28.1 GHz mode was excited for energies
from 330 to 340 keV. For each of these energy ranges, the
FEM operated in a single mode. For beam energies in the
narrow range kom 306 to 308 keV and 323 to 330 keV,
low-power multimode operation was present. The ex-
perimentally observed oscillation frequencies correspond
very closely to the theoretically calculated frequencies of
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FIG. 5. Comparison of nonlinear oscillator simulations
with experiment. The experimentally measured forward out-
coupled power of 990kW is seen to agree we11 with the simu-
lation for a spread of b.pi/pi = 170.

the Bragg resonator eigenmodes. A systematic frequency
shift of b,u/2n = 70MHz as compared with the calcu-
lated resonant frequency is observed. Whether this is
due to a nonlinear frequency pulling or due to cavity ma-

chining errors cannot be determined with certainty. The
tolerance on the Bragg period was +0.9%, which could
produce a shift of the Bragg eigenmode frequency by up
to 250 MHz if the error were systematic. The cold tests of
the resonator agreed with the calculated eigenmode fre-

quencies to within the error of the cold test, which was

k~/2zQ = 60MHz.
The nonlinear Raman FEL amplifier code RAMFEL [18]

has been modified to model the present results. This code
is a one-dimensional single-mode code which takes into
account the longitudinal spacecha-rge waves. It couples
single particles describing helical trajectories under the
combined efFects of the wiggler and guide magnetic fields

to the slowly varying amplitude and phase of the TEii
cylindrical waveguide mode. To model steady-state op-
eration of a Bragg oscillator, the field equations are re-

placed by a fixed field profile corresponding to the eigen-
mode calculated from the coupled-mode theory analysis
of the Bragg resonator. The axial variation of the field is
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prescribed by the eigenmode; however, the amplitude of
the Field in the cavity is determined self-consistently by
power balance. The results of this analysis are presented
in Fig. 5 for a beam of 30A and 320keV. In Fig. 5, the
solid curves represent the calculated beam power loss as
a function of the peak traveling-wave power in the cavity
[P+ oc ]f+(z = 0.5m)[ ] for difFerent spreads. The load
line, which has a slope of u W/Q P+ = 0.91 where W is
the stored energy, is also shown. The stable operating
point for the cavity is determined by satisfying energy
conservation:

selective nature of the feedback provided by the Bragg
structure strongly modifies the physics of mode compe-
tition in the FEM oscillator. The slippage parameter for
the present experiment is e = 0.16, corresponding to a
characteristic time to equilibrium of r ~ Q/ae 100ns
for the primary mode at 27.4 GHz. In addition, it is an-
ticipated that the dispersive effects induced by the Bragg
resonator reduce this time even further, in a manner anal-
ogous to that demonstrated theoretically for a conven-
tional optical resonator in [14].

This work was supported by Thomson Tubes Electron-
iques and the U.S. Department of Energy Contract No.
DE-FG02-89ER14052.

where (p;„—p,„t,) is the normalized average electron en-

ergy loss in the cavity, Ii is the beam current propagat-
ing through the cavity, and P+ and P„arethe forward
and backward outcoupled powers, respectively. The right
vertical axis is related to the left vertical axis by the frac-
tion of forward outcoupled power to the total outcoupled
power, which can be seen from Fig. 2 to be 0.77. The
stable operating points of the oscillator are determined
for different values of the beam axial energy spread in the
wiggler. We see that for very large spreads (& 5%) there
is no operating point, which indicates that the beam cur-
rent is smaller than the corresponding starting current.

The observed experimental efficiency indicates that the
effective energy spread in the wiggler is Ap~~/p~~ —1%.
This spread results from a combination of wiggler field er-
rors, guide field errors, beam emittance, and space-charge
effects; this spread is consistent with computer trajectory
simulations. We also note that the Q of the resonator is
properly matched to optimize the total output power for
the load line shown. However, there is a significant loss
of power out the back of the Bragg resonator, thus low-
ering the operational efficiency as defined by the ratio of
forward coupled power to beam power.

In conclusion, we have designed and operated a stable
Raman free-electron maser oscillator with a Bragg res-
onator. The FEM oscillator generated 990 kW (+0.5 dB)
of microwave power in a single axial mode at 27.4GHz
with a beam voltage of 320 kV and a transmitted current
of 30A, yielding an efficiency of 10.3%, in good agree-
ment with nonlinear simulations. The microwave power
pulse had a length equal to that of the transmitted cur-
rent pulse, thus indicating the possibility of scaling the
device for long-pulse operation. The starting current of
this mode was measured to be 4 A, and a peak eEciency
of 12.5% was observed for It, ——23 A and P„=920 kW
The system was operated with three of the four axial
modes of the Bragg resonator.

We do not observe any competition between these ax-
ial modes over the range of voltages for which each is
strongly excited. Each axial mode can be excited sep-
arately by varying the electron beam energy. This re-
sult suggests that the highly dispersive and frequency-
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