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The effects of electron-beam prebunching on the radiation buildup process in a free-electron maser oscillator
operating in the frequency range of 4–5 GHz were studied. An electron beam of 10 keV, 1 A was prebunched
by means of a microwave tube section, accelerated to 70 keV, transported through a drift region by a solenoidal
magnetic field and injected into a linearly polarized wiggler in which a free-electron laser interaction takes
place. Single-frequency selection and locking due to electron-beam prebunching was demonstrated; we show
that by tuning the electron-beam prebunching frequency we can set the oscillator frequency at any of the
resonant frequencies of the cavity within the net gain bandwidth. An appreciable speedup of the oscillation
buildup due to prebunching was also observed; the buildup time of radiation in the presence of prebunching is
shortened compared to the case of the free-running oscillator.@S1063-651X~96!00609-5#

PACS number~s!: 41.60.Cr, 42.50.Fx, 84.40.Ik

I. INTRODUCTION

In a free-electron laser~FEL! oscillator, as in any laser,
the radiation may be self-excited and starts to grow sponta-
neously from noise if the round-trip small-signal gain of the
radiation exceeds its round-trip loss@1#. Typically, the gain
bandwidth is larger than the frequency interval between the
natural frequencies of the resonant cavity. This means that a
number of different longitudinal modes of the resonator
compete with each other for extracting energy from the same
electrons in the electron beam in the stimulated emission
process. In the linear regime, when the radiation in the os-
cillator starts to grow, the radiation spectrum may be com-
posed of a large number of different frequencies. However,
as the signal grows further on and upon entering the nonlin-
ear regime, negative coupling between the longitudinal
modes increases theeffective gainand enhances the buildup
of the mode of highest power, suppressing the gain of the
other modes whose power gets diminished, until a single-
mode oscillation emerges@2# with extremely high coherence
of the emitted radiation@3#. Under certain conditions~of
strong pumping! the mode competition process may evolve
into chaos and multifrequency noisy radiation output will
emerge from the oscillator@2#. This mode competition pro-
cess, which takes place during the oscillation buildup period
of every FEL oscillator, has been the subject of recent theo-
retical and experimental investigations@2,4–6#.

In oscillators that start the oscillation buildup process
spontaneously from noise, the mode that has the highest gain
will generally win the mode competition process. This con-
clusion is based on the assumption that the initial noise
power is equally partitioned among the modes. This assump-
tion is limited by the statistical nature of the noise source
~shot noise and thermal noise! @5#. If a large number of

modes satisfy the oscillation condition, there may be some
uncertainty in the prediction of the evolving steady-state os-
cillation frequency. Such uncertainty also exists if there are
other instabilities in the laser parameters~especially beam
energy fluctuations!. One way to overcome this uncertainty
in the oscillation frequency and to determine it in advance is
to inject sufficient initial excess power into the desired oscil-
lator mode. Due to the nonlinear nature of the competition
process, this mode may emerge awinner even if its linear
gain is smaller than the gain of the other modes that satisfy
the oscillation condition.

Oscillator frequency selection and single-mode locking by
means of seed radiation injection or current modulation are
well known techniques for enhancing the oscillation buildup
process in oscillator resonators, for setting the oscillation fre-
quency and for stabilizing it. These techniques have been
demonstrated and are being used in microwave tubes@7–10#
and in conventional lasers@11–14#.

Frequency locking and mode selection by prebunching of
the electron beam is a process that is different from seed
radiation injection, which is the known way for priming a
single mode in conventional laser oscillators. Electron-beam
prebunching would be equivalent in conventional lasers to
establishment of phase coherence in the polarization of the
amplifying medium ~superradiance!. Periodic bunching
@15–19# of the electron beam is an efficient way to enhance
the radiation process in FELs since power emission is pro-
portional to the square of the number of electrons. By com-
parison, spontaneous emission is linearly proportional to the
number of oscillating electrons. From the practical point of
view, frequency locking by use of electron-beam prebunch-
ing can be performed more easily than radiation seed injec-
tion because it is a unidirectional process, while in the seed
radiation process it is impossible to inject the radiation with-
out getting radiation coupled out or contributing insertion
loss to the resonator.

The motivation for single-mode frequency locking may
be a desire to tune to an exact and stable frequency~for a
particular application or for facilitating coherent coupling of
a number of radiation sources@8#!. Furthermore, as shown in
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@2#, the highest gain mode is not necessarily the one that
extracts the highest power out of the gain medium~the elec-
tron beam! at saturation and does not yield the highest oscil-
lator power. It is usually desirable to excite a mode with a
largerdetuning value~which can be done by frequency lock-
ing! in order to operate the FEL at the highest energy extrac-
tion efficiency and highest power output@20#.

II. THE FREE-ELECTRON
MASER EXPERIMENTAL SETUP

A conspicuous feature of the present free-electron maser
~FEM! experiment is the use of a unique electron-beam pre-
buncher employed to interfere in the FEL oscillation buildup
process. In the present scheme, a section of a microwave
wave tube is used to produce the bunched electron beam.
The experimental setup of the prebunched electron-beam
FEM is illustrated by Fig. 1.

The electron beam is produced by a Pierce-type thermi-
onic electron gun and is prebunched by a section of a micro-
wave tube operated at 10 kV, 1 A. The electromagnetic wave
is absorbed at the end of the prebuncher while the bunched
beam exits. The frequency and the amplitude of prebunching
are controlled by the rf input signal to the prebuncher. The
electron beam is accelerated to 70 keV in a short acceleration
gap, transported through a drift section where a focusing
solenoidal magnetic field is imposed, and injected into the
wiggler. Elements for electron-beam diagnostic include a
straight thin wire that allows an assessment of the transverse
position and the dc current density distribution of the elec-
tron beam, and a fluorescent quartz screen used for viewing

and to enable adjustment of the electron beam at the screen
plane. These diagnostic elements can be shifted into and out
of the beam line with precision linear motion feedthroughs.
A capacitive button monitor is installed through a flange in
the diagnostic cube and positioned 8 mm away from the
electron-beam axis. It is used as a rf pickup that detects the
envelope of the rf current component on the electron beam
~proportional to the bunching amplitude!. The voltage in-
duced on the button was found to be proportional to the rf
input power to the buncher. Table I contains the main param-
eters of the electron beam at the wiggler entrance plane.

The electron beam is injected into a planar wiggler, which
consists of a stack of Sm-Co permanent magnets that are
arranged in a Halbach configuration. Since the electron-beam
energy is moderate and the current density in the beam is
relatively high, horizontal focusing means along the wiggler
are essential to overcome the space-charge forces and to
keep the electron beam on the wiggler axis from excessive
spreading. The wiggler parameters are presented in Table II.
To attain a circular electron beam in the wiggler, equal fo-
cusing strength is required in both the vertical (x) and hori-
zontal (y) dimensions (kbx5kby). In the vertical dimension,
natural focusing is provided by the wiggler itself. For
electron-beam focusing in the lateral dimension of the planar
wiggler, a scheme based on the use of two long permanent
magnets at the sides of the wiggler was developed~see Fig.
2!. The long magnets create a superimposed vertical mag-
netic field with a lateral gradient that provides electron fo-
cusing in the horizontal dimension@18#. The horizontal gra-
dient of the vertical magnetic field that is required to satisfy

FIG. 1. Basic scheme of the prebunched beam FEM experiment.

TABLE I. Electron-beam parameters at the wiggler entrance plane.

Electron-beam energy~spread! Beam current Beam diameter Macropulse duration

E570 keV I 051 A r b5 2mm t51–20ms

( se
e '0.5%)
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the condition of equal vertical and transverse focusing power
is given by@21#

aR[
]B

]x
5

eBw
2

2mcgb0z
, ~1!

wherem is the rest mass of the electron,b0z5v0z /c with
v0z the axial velocity of the electron andc the velocity of
light in vacuum, andg is therelativistic Lorentz factorgiven
by (12v2/c2)21/2. Bw is the peak value of the vertical com-
ponent of the wiggler field and]B/]x is the field gradient
superimposed by the horizontal focusing magnets. For the
present FEM experimental parameters, the required gradient
is aR54.9 G/mm. The distance between the longitudinal
magnets that produces the gradientaR can be calculated
from the expression@21#

D5F16hdp Br

aR
G1/3, ~2!

whereh, d, andBr characterize the dimensions~cross sec-
tion! and the residual field of the permanent magnet. With
the magnet parameters employed in our experiment, we find
from Eq. ~2! that for equal horizontal and vertical focusing
strengths the longitudinal magnets should be located a dis-
tanceD510.42 cm apart.

In order to verify experimentally the effectiveness of the
horizontal focusing electron-optical design, the electron-
beam current density distribution at the wiggler exit was
viewed on a fluorescent quartz screen using a charge coupled
device ~CCD! camera. Single-frame CCD displays of the
fluorescent spot are shown in Figs. 3~a!–3~c! for various
cases of horizontal spacing between the longitudinal magnets
D8. Figure 3~a! depicts the horizontal divergence of the elec-
tron beam when no focusing means in the lateral dimension

FIG. 2. Sketch of the planar wiggler with two longitudinal mag-
nets for horizontal focusing and corrections magnets at both ends of
the wiggler.

FIG. 3. Electron-beam pulse current density distribution viewed
by a CCD camera at the wiggler exit~a! without horizontal focusing
(D8@D), ~b! with horizontal overfocusing (D8,D), and~c! with
proper horizontal focusing (D85D).

TABLE II. Planar wiggler parameters.

Wiggler field Period length Number of periods Betatron wave number

Bw5300 G (aw50.12) lw54.4 cm Nw517 kbx5kby523.4 rad/m
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are employed (D8@D). In Fig. 3~b! the focusing strength in
the horizontal dimension is stronger than the vertical focus-
ing strength of the wiggler (D8,D). When the long magnets
were placed with the theoretical interspace (D85D) corre-
sponding to equal horizontal and vertical focusing strength
@Eqs.~1! and~2!#, a circular confined beam was achieved, as
shown in Fig. 3~c!. Good agreement was obtained between
experiment, theory, and numerical simulations of the
electron-beam transport.

A rectangular waveguide was used for the FEM resonator.
The end of the bent output waveguide section and the front
end were terminated with reflectors in order to produce a
resonator configuration. The electron beam was injected into
the resonator through a nonradiating 9-mm-diam aperture in
the waveguide bend, which produced no rf power coupling
out of the resonator and caused internal rf power reflections
of less than 5%@22#.

III. FREE-RUNNING OSCILLATOR

For a rectangular waveguide resonator of dimensions
b,a,Lc , wherea andb are the transverse dimensions and
Lc is the length of the resonator, the TE10 mode is the fun-
damental transverse mode. The intersections between the
waveguide dispersion curves and the electron-beam line de-
scribe the operation points at which the FEL interaction oc-
curs. The parameters of the resonator for the TE10 mode are
given in Table III. For these parameters, there is no intersec-
tion with higher-order modes and therefore only the funda-
mental transverse mode TE10 can be excited.

We use the dispersion relation of the waveguide
v5Ac2kz21vcnm

2 to determine the eigenfrequencies. For any

eigenfrequency, the mode propagation constant must satisfy
kz5 lp/Lc , where l is the longitudinal mode number. This
condition defines the resonant frequencies of the rectangular
waveguide resonator, i.e.,

f nml5AS cl

2Lc
D 21 f cnm

2 , ~3!

where f cnm5cA(n/2a)21(m/2b)2 is the cutoff frequency.
The frequency spacing between the resonant axial modes of
the waveguide cavity is approximately constant and is given
by

D f5
vg
2Lc

, ~4!

wherevg5cA12( f cnm / f 0)
2 is the group velocity of the ra-

diation mode. For the TE10 mode and the parameters given
in Table III, D f'100 MHz and therefore the transit time for
one round-trip in the cavity is approximatelyTr51/D f'10
ns.

The power envelope and the rf wave form of the output
signal from the free-electron maser were measured using a
setup shown by the block diagram in Fig. 4. The power
emitted from the partially transmitting output coupling mir-
ror at the end of the waveguide is divided by a power splitter.
A calibrated crystal detector is used in one branch to measure
the signal power envelope. The other branch is used for fre-
quency heterodyning measurement. The output signal is
mixed with an external rf signal at frequencyf LO , which is
generated by a very stable local oscillator.

In Fig. 5 we display the wave forms of the electron-beam
current pulse@trace~1!# and the detected power envelope of
the resonator output signal@trace ~2!#. The unbunched cur-
rent pulse, passing through the resonator, causes initially an
exponential buildup of the rf power in the resonator, starting

FIG. 4. Block diagram for measuring the power and the fre-
quency of the FEM output.

FIG. 5. Electron-beam current pulse and the FEM output signals
evolution in time. Trace~1! is the electron-beam current pulse.
Trace ~2! is the rf output signal without prebunching the electron
beam. Trace~3! is the IF signal at a frequency of 4.75 MHz while
the local oscillator frequency is 4.540 00 GHz. Trace~4! is the rf
output signal corresponding to the electron-beam bunching fre-
quency that is close to the free-running oscillator frequency.

TABLE III. Microwave circuit ~TE10 mode! parameters.

Waveguide
dimensions

Length
of resonator

Cutoff
frequency

Frequency
~at maximum linear gain!

Internal loss
~per round-trip! Power filling factor

a3b547.55322.15 mm2 Lc51.05 m f cnm53.15 GHz f 054.535 GHz Li50.065 dB Ae /Aem50.024
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from an initial noise level. The radiation buildup process
continues until the circulating power reaches saturation; at
the steady-state level the single-pass saturated FEM gain just
equals the total round-trip cavity losses. The oscillation
buildup time as shown in the oscilloscope trace~2! is about
tb51200 ns. A constant output signal is obtained after
N5tb /Tr'120 round-trips. This number of round-trips is
relatively small, corresponding to an appreciable net linear
gain per path.

The intermediate frequency~IF! signal is shown as trace
~3! of Fig. 5. The local oscillator frequency is
f LO54.540 00 GHz and the IF signal frequency is
f IF54.75 MHz. These frequencies correspond to an accu-
rately measured free-running oscillator frequency of
f 05 f LO2 f IF54.535 25 GHz.
In the initial experiments we did not have accurate mea-

sure of the transmission factor of the output mirror of the
resonator. We can only deduce its level from the measure-
ments of the internal losses of the resonator~which were
made beforehand! and the decay time of the radiation in the
cavity.

The total loss of the circulating power in the resonator
~per round-trip! is

L5Li1~12R!, ~5!

whereLi is the internal~Ohmic wall! losses of the wave-
guide and 12R is the power out-coupling coefficient of the
front mirror. The stored power decay constant (Gc) and de-
cay time (tc) can be expressed in terms of the loss factor

Gc5
1

tc
5

L

Tr
. ~6!

The internal loss factor was measured directly@by a trans-
mission experiment where we define the loss to be
L5210log10Ptrans/Pin ~dB!#. We found that the circulating
power was reduced byLi50.065 dB per round-trip, which
means 1.48% power loss per round-trip~this corresponds to
a quality factor of the unloaded resonator
Qu5v0tci5v0Li /Tr519 000).

The total loss factor of the loaded cavity (R,1) can be
inferred from the measure power decay time depicted by
trace~2! of Fig. 5: tc5395 ns~this corresponds to a quality
factor ofQL5v0tc511 255). Note that thefield amplitude
decay time measure from the IF signal trace~3! in Fig. 5 is
800 ns, corresponding to 2tc ~twice the power decay time!,
as expected.

The total loss per round-tripL for the loaded waveguide
resonator can be calculated from Eq.~6! and we find
L50.11 dB, which means 2.5% power loss per round-trip.
Using the loaded and unloaded loss valuesL50.11 dB and
Li50.065 dB we deduce@Eq. ~5!# that the output coupling
loss is T512R50.045 dB, which means 1.03% power
transmission per round-trip. This corresponds to a power re-
flection coefficient ofR598.97%. It is clear that in these
initial measurements the oscillator is operated in the high-
reflectivity limit with the less than optimal output coupling.
The output power that was measured on a calibrated crystal
diode in this limit was about 250 mW. Much higher power

levels were obtained in subsequent experimental measure-
ments with increased outcoupling@23#.

IV. SINGLE-PASS SMALL-SIGNAL GAIN

Using a linear theoretical model for FEL,@24,25# the
small signal gain of the FEM in the low gain collective~Ra-
man! regime per single path is described analytically by the
expression

G~Lw!21[
DP~Lw!

P~0!
5kFup

2Lw
3F~ ū,ūpr

!, ~7!

wherek5(1/4)(v̄w /v0z)
2(v/c)2/kz is the coupling param-

eter, v̄w is the rms wiggling velocity, andv andkz are the
frequency and the axial wave number of the radiation, re-
spectively;F[Ae /Aem is the power filling factor that de-
scribes the overlap of the electron beam with the radiation
field in the transverse plane;up5vpl /v0z is the relativistic
electron-beam plasma wave number; andLw is the wiggler
length. The gain functionF( ū,ūpr

) is defined by

F~ ū,ūpr
!5

1

2ūpr
H sin2@~ ū1 ūpr

!/2#

@~ ū1 ūpr
!/2#2

2
sin2@~ ū2 ūpr

!/2#

@~ ū2 ūpr
!/2#2

J ,
~8!

whereūpr
5ArupLw is the plasma wave number modified by

a geometric reduction factorr @26# and normalized to the
wiggler length, ū(v)5@v/v0z2kw2kz(v)#Lw is the nor-
malized detuning parameter, andkw is the wiggler wave
number. G(Lw)5P(Lw)/P(0) describes the unsaturated
power gain of the FEL amplifier per single path at the output
endz5Lw .

The theoretical small-signal gain is now compared with
the experimental measurements. Based on the set of param-
eters that are given in Tables I–III we calculate the small-
signal single-pass gain as a function of the radiation fre-
quency and present it in Fig. 6. The resonator longitudinal
modes falling under the gain curve and the total loss~includ-
ing internal and external losses! are also depicted in Fig. 6.
The resonant frequencies under the gain curve are nearly
equispaced. They correspond to the longitudinal modes of
the transverse mode TE10. Their frequencies were deter-
mined from Eq.~3! and are listed in Table IV. Note that
seven longitudinal modes satisfied the oscillation condition.

For an assumption of a plasma reduction factorr50.35,
the gain curve corresponds to operation in the marginal col-
lective ~Raman! regime ~i.e., ūpr

58.5.p). In this regime,
the gain and attenuation regions, corresponding to FEL in-
teraction with the slow and fast Langmuir plasma waves of
the beam respectively, are well separated. These regions of
interaction with the negative and positive energy plasma
waves are described by the first and second terms on the
right-hand side of Eq.~8!, respectively. Note that for the
other limit (ūpr

!p) the gain curve reduces to the well
known S-shaped curve of the Compton regime@25#. The
lower gain curve is an enlargement of the positive gain re-
gion in the complete gain-attenuation curve. In Fig. 6 we
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may note that the frequency of the maximum gain mode
agrees with the measured frequency of the free-running os-
cillator.

In Fig. 7 the linear gain measurements for some of the
eigenmodes are compared to the theoretical gain curve. The
single-pass gain is measured experimentally in the FEM os-
cillator configuration from the rate of rise of the output sig-
nal with time. We shall exploit the single-frequency selection
effect ~an effect described in detail later! to force the oscil-
lator to oscillate at desired eigenfrequencies within the net
gain bandwidth. This way gain measurements could be made
at five frequency data points by measurement of the logarith-
mic slope of the signal traces of the oscillation buildup peri-

ods ~see Fig. 7!. The measurements exhibit agreement be-
tween experiment and theory. A FEM amplifier
configuration is now being implemented and detailed linear
gain measurements are planned to be provided in a future
paper.

V. SINGLE-FREQUENCY EVOLUTION

The FEM oscillator described in this article is driven by
an electron-beam current pulse of relatively long duration
and is therefore capable in principle of establishing single-
frequency oscillation. We wish to consider whether the FEM
oscillates in a single mode at a single frequency or in many
modes at once. The axial cavity mode whose frequency is
located closest to the center of gain curve~see Fig. 6! has the
highest gain and will thus normally be the one emerging
from the competition with other modes as the single surviv-
ing mode. However, there are several factors that may pre-
vent evolution of the single-frequency oscillation. One factor
may be the insufficient time of the pulse to complete the
mode competition process~which continues after saturation
@2#!. If radiation outcoupling is too small one may also fall
into an unstable region where single-mode operation is never
attained.

FIG. 6. FEM gain@G(Lw)21# vs the frequency. The lower
figure is an enlargement of the interest frequency range in the upper
figure. The maximum gain is achieved at 4.539 00 GHz. The round-
trip loss was estimated from the decay time of the energy in the
resonator and found to be 2.5%~theQL factor is about 11 255!.

FIG. 7. FEM single-pass small-signal gain. The experimental
data were obtained in the oscillator configuration where the power
output can be viewed as being the regenerative amplified reproduc-
tion of the input signal injected by the prebunched electron beam.

TABLE IV. Resonant frequencies of the FEM oscillator. The experimental frequencies were obtained via
the single-frequency locking effect. The electron-beam prebunching is used to force the oscillator to achieve
steady state of a single-mode operation at any eigenmode in the net gain bandwidth.

Mode number Theory@Eq. ~3!# Experiment Inaccuracy
l f ~GHz! f ~GHz! ~%!

19 4.1485 4.1333 0.37
20 4.2424 4.2339 0.20
21 4.3388 4.3345 0.10
22 4.4377 4.4349 0.06
23 4.5390 4.5352 0.08
24 4.6423 4.6373 0.11
25 4.7476 4.7389 0.18
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A Tektronix fast digitizer oscilloscope with a bandwidth
of 0.5 GHz is used to resolve a wide frequency range of the
output radiation pulse spectrum. With this bandwidth the
digitizer oscilloscope is capable of resolving at least five
axial modes oscillating simultaneously. Using a measure-
ment setup as shown in Fig. 4, the FEM output radiation is
mixed with a stable local oscillator signal that is tuned to a
frequency f LO54.539 00 GHz, which is close to the free-
running oscillator frequency. The amplitude of the FEM out-
put signal at the IF frequency is shown in Fig. 8~a! as it
evolves in time. The signal amplitude evolution vs time as
shown in this figure depicts the nonlinear regime competition
of the axial modes in the oscillator cavity where the small
periodic irregularities along the trace indicate the presence of
the adjacent competing longitudinal mode.

In Fig. 8~a! one can see that single-frequency operation is
achieved about 800 ns after saturation is reached~the small
periodic irregularities along the trace disappeared!. This

steady state of a single-frequency operation is attained a
short time after a mode competition process, in which the
mode that corresponds to the free-running oscillator mode
and has the highest linear growth rate is accompanied by at
least one adjacent axial mode with a relatively small ampli-
tude. Note that the local oscillator frequency
( f LO54.539 00 GHz! and the IF signal frequency that can be
measured from the trace of Fig. 8~a! ( f IF51/TIF53.75 MHz!
can be used to deduce the free-running oscillator frequency
f 05 f LO2 f IF54.535 25 GHz.
Fourier transformation of the IF output signal is shown in

Fig. 8~b!. This figure shows the spectral components of the
IF signal at timest51.80, 2.05, 2.30, and 2.55ms, where
the injection of the electron-beam current is att51.0ms. For
the sake of clarity we present only 200 MHz of the spectrum
bandwidth. This analysis reveals two harmonic components
with appreciable amplitudes as compared to other modes. In
these spectra we found that the higher peak is at IF frequency
f IF53.75 MHz and the low decaying peak is at a frequency
f IF1D f5104.05 MHz. These modes correspond to two ad-
jacent longitudinal modes: the free-running oscillator mode
that oscillates at a frequencyf 05 f LO2 f IF54.535 25 GHz
with a steady amplitude and an adjacent mode that oscillates
at a frequencyf215 f LO2 f IF2D f54.434 95 GHz with a
small decaying amplitude. In Fig. 8~b! the spectrum of the
signal 800 ns after saturation has begun, contains only a
single large-amplitude mode, while the small-amplitude sat-
ellite mode is suppressed.

VI. EFFECTS OF ELECTRON-BEAM PREBUNCHING

If, by prebunching of the electron beam at the frequency
of one of the resonator modes, enough power can be induced
into that mode~in comparison to the spontaneous power!,
one may interfere in the mode competition process that
evolves in the free-running oscillator and dictate the oscilla-
tor mode and frequency at steady state. In Fig. 9~a! we
present the FEM oscillator output~IF signal! for the case
where the electron beam is prebunched at the frequency of
the mode of highest gain. The rf input power to the pre-
buncher was about 10 mW. Fourier analysis of the IF output
signal at saturation~recorded with the 0.5-GHz bandwidth
scope! is shown in Fig. 9~b!. This figure shows the spectrum
of the IF signal at timest51.50, 1.75, 2.00, and 2.25ms,
where the injection of the electron-beam current is at
t51.0 ms. One can see that the spectrum of the signal im-
mediately after saturation has begun contains a single har-
monic component. In general, a prebunching power level of
the order of several microwatts was sufficient to exhibit a
stable equilibrium of single-mode operation.

Single-mode priming by prebunching the electron beam
enhances the oscillation buildup rate of the radiation in the
cavity. When the oscillation starts from the initial
spontaneous-emission~noise! level, the radiation builds up
exponentially and reaches, for the parameters of our experi-
ment, a saturation power level within 1000 ns from the time
of injection of the electron-beam current into the cavity, as
shown by traces~1! and ~2! of Figs. 5 and 8~a!. If the rf
signal frequency of the prebuncher is set at the frequency of
the free-running oscillator mode, the oscillation buildup time
shortens significantly. The buildup time in the experiments

FIG. 8. ~a! FEM output signal evolution in time without pre-
bunching the electron beam. The oscilloscope trace is an IF signal
at a frequency of 3.75 MHz, where the local oscillator frequency is
4.539 00 GHz. The small periodic irregularities along the trace cor-
respond to an adjacent competing longitudinal mode.~b! IF spec-
trum of the FEM output showing the evolution in time for
t51.8, 2.05, 2.3, and 2.55ms. The injection of the electron beam
current is att51.0ms.
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depicted in trace~4! of Figs. 5 and 9~a! is about 500 ns~for
a prebuncher rf input power of 10 mW!. In Sec.VII we show
that similar results are observed also at other eigenfrequen-
cies within the net gain bandwidth of the FEM.

For a low-gain FEL oscillator we can make a model of the
radiation buildup process in the linear growth stage~before
the onset of saturation! as a regenerative amplifier. The
growth in circulating power in one round-trip, starting from
initial power levelPin at time t50, is

P~Tr !5PinGe
2GcTr, ~9!

whereG5Pout/Pin is the single-pass small-signal net gain of
the FEM@Eq. ~7!# andGc5tc

21 is the cavity decay rate that
takes into account the reflectivity of the output end of the
resonator and waveguide losses@see Eqs.~5! and ~6!# and
Tr is the resonator round-trip traversal time. The net growth
afterN round-trips will be given by

P~ t !5PinG
t/Tre2Gct, ~10!

wheret5NTr . The total power buildup fromPin to the os-
cillator saturation power levelPs is given by the approxi-
mate expression

Ps5PinexpF S lnGTr 2
1

tc
D tbG , ~11!

wheretb is the oscillation buildup time. Solving Eq.~11! for
the buildup timetb we find

tb5
Tr

lnG2
Tr
tc

lnS Ps

Pin
D , ~12!

where the ratioTr /tc represents the loss in the cavity per
round-trip. Note that for a free-running oscillator, the input
power levelPin to the resonator is the spontaneous emission
power Pin5Psp, while for an oscillator driven by a pre-
bunched electron beam, the input power level is the superra-
diance emission powerPin5Psp, which depends on the pre-
bunching current amplitude. In our first experiment we found
that the small-signal gain isG'1.2 per single path, the reso-
nator round-trip traversal time isTr510 ns, and the energy
decay time is abouttc5400 ns. The buildup time of the
radiation in the free-running FEM oscillator is 1200 ns@see
trace~2! of Fig. 5# and the output power that was measured
on a calibrated crystal diode in this case was about 250 mW.
Substituting these parameters into Eq.~12! and solving it for
the input power, we conclude that the spontaneous-emission
power is on the order of 20 nW.

The spectral density of the spontaneous radiation can be
also calculated by using the expression@21#

dPn

dv
5S eI016p D S Am0 /e0

AemcosQn
D S aw

2

g0
2b0z

2 D Lw2 sinc2S ūn~v!

2 D ,
~13!

whereAm0 /e0/AemcosQn is the mode impedance parameter
and aw5eBw /mckw is the wiggler parameter. The
spontaneous-emission power at the output of the resonator is
obtained by integration of the power density over the line-
width of the resonant frequency~the longitudinal mode with
the highest linear growth rate!. This linewidth is given by
d f5D f /F, where F5pAR/(12R) is the finesse of the
resonator@1# andD f is given by Eq.~4!. For the fundamental
transverse mode TE10 is found to be on the order of 50 nW,
in agreement with our previous experimental measurement.

We measured the buildup time as a function of the rf
input power to the prebuncher for two resonant modes: the
free-running oscillator mode and the adjacent~higher-
frequency! mode. The experimental results are presented in
Fig. 10. In this figure we can see that the buildup time ranges
between'1.2 ms and'0.6 ms ~i.e., saturation will be ex-
ceeded after 120 and 60 round-trips, respectively!.

The experimental measurement of the buildup time shows
that the logarithm of the ratioPs /Pin varies from
ln(Ps/Pin)519 ~for 1.2 ms! to ln(Ps/Pin)59.5 ~for 0.6 ms!.
Since the output power from the resonator is of the order of
hundreds of milliwatts, one can find that the superradiance
emission power due to prebunched electron beam ranges
from 20 nW to 50mW. The relatively low power level for the

FIG. 9. ~a! FEM output signal evolution in time with a pre-
bunched electron beam. The trace is an IF signal at a frequency of
3.75 MHz, where the local oscillator frequency is 4.539 00 GHz.
~b! IF spectrum of FEM output showing single-mode operation. The
injection of the electron beam current is att51.0ms.
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superradiance emission is a consequence of the small bunch-
ing amplitude attained at the low rf input power to the pre-
buncher~up to 10 mW!. This power level is, however, sig-
nificantly higher than the noise level and is sufficient to
interfere strongly in the mode competition process.

VII. OSCILLATOR MODE SELECTION
AND SINGLE-FREQUENCY LOCKING

The FEM oscillator dynamics with prebunching at eigen-
frequencies other than the free-running oscillator frequency
is described next. The frequency of the prebuncher was
scanned manually throughout the net gain bandwidth of the
FEM to demonstrate single-frequency locking and mode se-
lection. The IF output signal from the mixer was displayed
on a fast digitizer oscilloscope. With the prebunching fre-
quency close to one of the eigenfrequencies of the resonator,
we observed single-frequency locking effect of the oscillator
frequency. This phenomenon is observed at all resonator
eigenfrequencies in the gain bandwidth. Furthermore, the os-
cillation buildup time shortens significantly relative to the
free-running oscillation buildup time, as explained in Sec.
VI. In Fig. 10 we plotted the experimental measurements of
the buildup time for the 4.64-GHz eigenmode, which was
selected and locked by the prebunched electron beam. This is
shown by the asterisk data point, in addition to the data
points of the maximum gain frequency 4.535 GHz shown by
open circles~which was discussed in Sec. VI!. The buildup
time of lower gain modes was longer for the same prebunch-
ing power, as expected.

By scanning the rf buncher frequency, it was found that
the prebunched electron beam causes seven different longi-
tudinal modes to be excited with a spacing of about 100
MHz in agreement with Eq.~4! and the mode map of Fig. 6.
We noted that even a very weak input signal to the pre-
buncher was sufficient to turn the selected axial mode into
the dominant one in the FEM cavity.

Seven modes falling under the FEM gain curve are listed
in Table IV. The second column contains the theoretical
eigenfrequencies, which were obtained by solving Eq.~3! for

l519–25. The third column presents the experimental reso-
nant frequencies, which were measured via oscillator single-
mode selection~frequency locking! effect.

The oscillator frequency can be locked to one of these
cavity modes within a certain range calledthe locking range.
The locking effect depends on the level of the prebunching
power of the electron beam relative to that of the start-up
noise and on the frequency detuning of the prebunching fre-
quency off the oscillator eigenmode frequency. Inside the
locking range, the maser output consists entirely of the single
cavity mode, the closest to the prebunching frequency. The
locking range can be explained in terms of wave frequency
broadening for a finite time duration: for instance, a
10-MHz detuning of the prebuncher frequency corresponds
to half of one rf period slippage between the prebunching
signal and the resonator mode frequency during a 50-ns pe-
riod: five resonator round-trip traversal times. The physical
significance of this is that the mode growth in five round-
trips is large enough, so that it is not subsequently sup-
pressed by the prebunched beam, which during this time

FIG. 10. Oscillation buildup time vs the prebunching input
power. The buildup times were measured for the free-running os-
cillation frequency and for the adjacent axial mode.

FIG. 11. Single-frequency locking range.~a! The locking range
~vertical dashed lines! is illustrated for three eigenmodes of the
resonator cavity: the free-running oscillator mode and its two adja-
cent axial modes. The cavity modes are plotted in scale according to
their small-signal gain.~b! The width of the single-frequency lock-
ing range vs the prebunching power (PPB) normalized to the noise
power level (Psp).
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slipped out of phase with the radiation signal.
The locking range of a single frequency around the free-

running oscillator frequency@see Fig. 11~a!# for a prebunch-
ing input power of 10 mW, as measured experimentally, is
about 10 MHz at each side of the eigenmode. Figure 11~b!
shows measurements of the width of the single-frequency
locking range as a function of the input power level to the
prebuncher (PPB) normalized to the noise power level
(Psp).

We also observed that at certain high level of input power
to the prebuncher an overlap between the locking range of

two adjacent cavity modes occurs and both are excited and
reach saturation. This interesting phenomenon still has to be
investigated more carefully while studying the mode compe-
tition process and mode dynamics.
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