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AM Mode-Locking of a Free-Electron
Laser Oscillator

Eli Jerby and George Bekefi

Abstract—This paper presents experimental and theoretical
studies of a mode-locked free-electron laser (FEL) oscillator.
In this experiment the FEL employs a continuous electron beam
and it operates in the microwave regime. AM mode-locking is
performed by modulating the attenuation of the FEL ring cav-
ity by a PIN diode modulator. The modulation period is tuned
to match the RF roundtrip time in the ring cavity. The exper-
imental results show the evolution of a single radiation macro-
pulse. It consists of narrow micropulses in synchronism with
the sinusoidal locking signal. The micro-pulse period (~ 37 ns)
equals the roundtrip time and the modulation period. The mi-
cro-pulse width (~ 5 ns) is limited by the FEL slippage time and
by the dispersion in the waveguide ring cavity. The effect of the
mode locking to suppress asynchronous oscillations is clearly
observed in the experiment. A theoretical model of the AM
mode-locked FEL oscillator operating in the small signal re-
gime is presented. This model includes the slow time variation
of the e-beam energy and waveguide dispersion. The theoreti-
cal analysis agrees well with the experimental results.

I. INTRODUCTION

ODE-locked oscillators have been widely studied in

microwaves and in conventional lasers. In the early
50’s, Cutler demonstrated a regenerative pulse generator
[1] by mode-locking of a microwave oscillator. He ob-
tained ~3 ns long micropulses at a frequency of 4 GHz
from an oscillator consisting of a traveling-wave ampli-
fier, a ring waveguide cavity, and an expander in a form
of a double-balanced mixer. More recently, various mode-
locking effects were studied in the microwave regime with
solid-state devices [2].

In conventional atomic and molecular lasers, mode-
locking effects have been of interest for many years [3].
Different mechanisms of mode locking have been studied,
such as self (spontaneous) mode-locking [4], [5] AM and
FM mode-locking [6], injection mode locking [7], and
soliton lasers [8].

In FEL oscillators, radiation bursts and spikes have
been observed in the nonlinear regime by several groups
[9]1-[13]. The appearance of bursts in the nonlinear FEL
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regime comes about as a result of the FEL side-band in-
stability caused by electron oscillations in the potential
wells of the ponderomotive wave. Self mode-locking op-
eration of an FEL oscillator with a continuous electron
beam has been reported recently [14], [15]. Injection
locking of an FEL was studied in order to achieve a single
mode continuous operation [16]. Loss modulation of an
FEL cavity was demonstrated [17] using a cadmium Tel-
luride electrooptic cell as a means to control the number
of micropulses in the FEL macropulse signal. Phase-lock-
ing of an infrared short-pulse FEL oscillator has been
studied theoretically and demonstrated experimentally
[18], [19].

In a previous experiment [20], [21] we observed short
electromagnetic radiation bursts in the start-up phase of
an FEL oscillator. These occurred well before saturation
and near oscillation threshold where linear phenomena
dominate the interaction. The observed radiation bursts
consisted of periodic micropulses contained within bell-
shaped macropulse envelopes. The startup of the radiation
macropulses was found to be correlated with random cur-
rent spikes superposed on a uniform current density beam.
These experimental observations agreed with a theoretical
linear model of the FEL impulse response in the time do-
main [21]. In the experiment presented here, the same
FEL oscillator is actively mode locked by modulating its
cavity attenuation. The modulating period equals the RF
roundtrip time in the cavity. As a result of this amplitude
modulation, the FEL produces a single macropulse of RF
radiation. The effect of mode locking to suppress asyn-
chronous oscillations is seen clearly in our experiments.

The principle of the AM mode-locking mechanism [1],
[31,[6] is shown schematically in Fig. 1. In general, a
mode-locked oscillator consists of an amplifier, a delay
line, and a nonlinear element (an amplitude modulator in
our experiment). The modulating signal is forced exter-
nally at a frequency which corresponds to the RF round-
trip time in the cavity. The open-loop net gain is tuned to
satisfy the condition for oscillation buildup (G, > 1)
during a short time of the roundtrip period. This ‘‘opens’’
a train of periodic time windows in which the oscillation
may buildup. The short pulse evolved bounces in the cav-
ity in synchronism with the modulating signal and thus it
forms the macro-pulse output signal. The minimal width
of the micropulse is limited by the bandwidth of the gain
medium. In free-electron lasers, the relevant time con-
stant is the FEL slippage time.
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Fig. 1. The basic principle of amplitude mode-locking: (a) A block dia-

gram of an AM mode-locked oscillator; and (b) The time dependence of
the modulated open loop net gain.

II. EXPERIMENTAL SETUP

A schematic drawing of the mode-locked FEL oscilla-
tor setup is shown in Fig. 2. The accelerating potential is
supplied by a Marx generator (Physics International
Pulserad 615 MR). A long pulse (~5 ms) beam is gen-
erated by a thermionically emitting, electrostatically fo-
cused, Pierce-type electron gun (250 kV, 250 A) from a
SLAC klystron (Model 343). An emittance selector is used
to limit the beam current to ~1 A. The actual electron
beam energy in this experiment is ~ 150 keV; there is a
slight voltage droop ~1 kV /pus.

An assembly of focusing coils transports the electron
beam into the rectangular stainless steel drift tube (1.02
cm X 2.29 c¢cm), which also acts as the waveguide for the
electromagnetic radiation. The beam is contained by a
uniform 1.6 kG axial magnetic field produced by a sole-
noid. The 65 period circularly polarized magnetic wiggler
is generated by bifilar conductors [22]. It has a period of
I, = 3.5 cm and an amplitude of B, = 200-400 G. Since
an aperture limits the size of the electron beam to r, =
0.07 1,,, the wiggler field appears nearly sinusoidal to the
drifting electrons. At the wiggler entrance a slowly in-
creasing field amplitude is produced by resistively loading
the first six periods of the wiggler magnet.

The 2.7 m-long drift tube acts as a rectangular wave-
guide whose fundamental TE;, mode has a cutoff fre-
quency of 6.56 GHz. The system is operated in a fre-
quency range between 8 and 11 GHz. At those frequencies
the empty waveguide can support only the fundamental
(TE () mode, all higher modes being evanescent.

The output of the FEL is injected back to its input by

o
power supply
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Fig. 2. The experimental set-up of the mode-locked FEL oscillator. The
amplitude mode-locking is performed by an external modulation of a PIN
diode commensurate with the cavity roundtrip time. The ferrite isolator
prevents backward reflections from the PIN device.

a feedback line which forms a ring cavity loop. The pe-
rimeter of the ring cavity is 7.2 m. One section of the ring
(3.2 m) is replaceable by either a nondispersive coaxial
line (RG-214), or a section of waveguide (WR-90). The
modulation of the feedback attenuation is performed by a
PIN diode modulator (M.A. 8319-1X23). A ferrite iso-
lator mounted in front of the PIN modulator prevents re-
flections from the PIN device back to the FEL section.

The total loss of the unmodulated ring cavity is 9 dB
for the coaxial feedback section, and 5.5 dB for the wave-
guide feedback section. The single-pass FEL gain (gain
minus loss) varies so that the overall system net gain is
less than 3 dB. It is in this low net-gain operating regime
that all of our measurements are carried out, and where
the periodic RF macropulses are the clearest. In order to
observe them, the radiation field of the ring cavity is sam-
pled by means of a 17.2 dB directional coupler and then
measured with a crystal detector (HP423A) that has a sen-
sitivity of 0.12 mW /mV at 100 mV (the detector re-
sponse is slightly nonlinear). The signals are recorded by
a digital oscilloscope, HP 54510A, with 1 GHz sampling
rate and 300 MHz analog bandwidth.

This experimental setup resembles that of our previous
experiment [20]. The major modifications are the reduc-
tion of the Marx voltage RC droop from 5 kV /us to
1 kV /us, the installation of a PIN diode variable atten-
uator in the ring cavity, and the removal of the RF filters.
These modifications result in a conversion of the free-run-
ning FEL oscillator to an AM mode-locked oscillator.

III. EXPERIMENTAL RESULTS

The mode-locked FEL oscillator emits a single clear
macropulse of RF radiation [23]. This macropulse resem-
bles those found from random current bursts without mode
locking [20], [21] but it now appears as a single macro-
pulse (rather than partially overlapping macropulses with
random appearance). Typical output signals of a mode-
locked FEL oscillator are presented in this section.

An example of AM mode-locked FEL output is shown
in Fig. 3. A single, clear macropulse is observed. Its pe-
riod is 36.5 ns, as corresponds to a 27.4 MHz modula-
tion. The FWHM (full-width half-maximum) of the de-
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Fig. 3. A typical output signal of the mode-locked FEL shown in Fig. 2
using a section of coaxial line to close the ring cavity ( f,, = 27.4 MHz).
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Fig. 4. A typical output of a mode-locked FEL with a waveguide ring cav-
ity section ( fy; = 26.6 MHz).

800 1000

tected micropulses, taking into account the detector
nonlinear response, is ~ 5 ns. This pulse width is approx-
imately twice the FEL slippage time computed in [20].
The ring cavity in this shot incorporates the 3.2 m long
coaxial feedback line used in the ring cavity as described
in Section II.

A typical macropulse of the AM mode-locked FEL with
the 7.2 meter long ring cavity now composed entirely of
WR-90 waveguide is shown in Fig. 4. The micropulse
width (FWHM) is in this case ~7 ns. Here the micro-
pulse width is larger than that observed using the coaxial
line feedback of Fig. 3, as expected due to the waveguide
dispersion.
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Fig. 5. A comparison between the start-up phase of a locked signal (a) and
an unlocked signal (b). The unlocked signal consists of many partially
overlapping macropulses with random appearance.

A comparison between locked and unlocked output sig-
nals is shown in Figs. 5(a) and 5(b), respectively. Both
signals were measured with a waveguide ring cavity in the
start-up phase of the oscillator. The similarity between
the locked signal in Fig. 5(a) and the dominant macro-
pulse of the unlocked signal in Fig. 5(b) is clear. How-
ever, the latter contains additional RF spikes in between
the dominant micropulses. A careful look at Fig. 5(b)
shows that the additional RF spikes form other overlap-
ping bell-shaped macropulses of the kind observed in our
previous experiment [20]. This demonstrates the effect of
modulation in the mode-locked oscillator as a means for
suppressing the unsynchronized macropulses shown in
Fig. 5(b). Thus modulation permits the evolution of a sin-
gle RF macropulse, synchronized with the modulating
signal (i.e., within the G, > 1 time windows), as shown
in Fig. 5(a). Small variations in the macropulse output
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can be obtained to a limited extent by varying either the
electron beam current or the wiggler field. The AM mode-
locking effect is limited however, as in other devices, to
small net gains only. Careful tuning of the FEL gain is
needed therefore in order to lock narrow micropulses
within a single macropulse as shown above.

The Marx generator voltage droop and waveguide dis-
persion make FEL mode locking in this experiment pos-
sible only in a range of modulating frequencies between
25 and 29 MHz. The slow drift in the FEL synchronism
condition caused by voltage droop leads to macropulses
of limited duration.

IV. THEORETICAL MODEL

In this section we develop a small-signal model for the
AM mode-locked FEL oscillator presented above. This
model takes into account the slow variation in the e-beam
energy and waveguide dispersion. The model presented
yields the macropulse evolution in the form of our exper-
imental observations.

In a previous publication [21], the FEL amplifier is de-
scribed theoretically as a linear system with one output
port for the RF signal, E,, and two input ports; one for
the input RF signal, E;, and the other for the input elec-
tron-beam fluctuation, n;. The total electron beam density
is written as n(¢) = ny + n;(¢), where ny and n; are dc and
ac density components, respectively. The transfer func-
tions of the FEL amplifier are defined in the frequency
domain as relations between the RF output signal, E,, and
each of the input signals, E; and n;; thus

TE(w) = Eo(w) /El (w)ln,‘:O’ Tn ((.0) = Eo(w)/ni (w)IE,=0

(1
respectively. The FEL transfer functions 7T and 7, are
given in [21] as

3 3
Te(w) = Zl REe™™ T.(w) = 2 R.e"™ ()

m=1

where s,, are the poles of the FEL cubic dispersion equa-
tion, R% and R”, are its residues for the RF signal and for
the electron beam fluctuations, respectively [24], and L,
is the wiggler length. The total output field is given at the
FEL amplifier exit port by the sum

Ey(@) = Tp(@) Ei(w) + T,(w)n(w). ©)

The inverse Fourier transform of the FEL transfer func-
tions, T¢ and 7,,, yields the FEL impulse responses in the
time domain. The FEL output field response to an impulse
excitation superposed on a dc electron beam current at
t = t;, in the form

n) =ny + nd — 1) (C))

is given by the integral

hn(tr []) =n S Tn(w)lnejw[ d(d (5)
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where the transfer functions 7, (w)|,, is allowed to have a
weak time dependence due to the slow variation of the
FEL parameter caused by the electron energy decay. A
similar expression is given for Ag(z, 1), resulting of an
impulse RF field excitation. The FEL impulse response
h, is a relatively narrow pulse. Its pulse width is given
approximately by the FEL slippage time. In the low gain
regime the slippage time is

1 1
T, = <* - —> Ly (©)
v, v

8

where 7 is the difference between the propagation times
of the electron beam (with axial velocity v,) and of the
RF wave (with group velocity z,). In the high-gain re-
gime, the slippage time depends also on the dielectric
characteristics of the modulated electron beam. A numer-
ical computation of the FEL temporal impulse response is
presented in [21]. Fig. 8 and 11(c) in the foregoing ref-
erence show that in our mildly high-gain FEL the corre-
sponding pulsewidth (=2.5 ns) is close to the result of
(6).

The mode-locked FEL oscillator is shown in block dia-
gram form in Fig. 6(a). The transfer function of the am-
plitude modulator (the AM block in Fig. 6(a)) is given in
the time domain by

E,.(t) = E;(0(1 — a + o cos wyl) @)

where E,, and E,; are the fields at the exit and the en-
trance ports of the modulator, respectively, « is the mod-
ulation depth factor, and wy, = 27 f), is the angular fre-
quency of the modulation.

The delay line (the block D in Fig. 6(a)) is composed
of a waveguide ring cavity with an optical coaxial line
section. Thus the phase delay is given in the frequency
domain by

$4(@) = (Vo? — @l Ly + Vel /¢, (8)

where c is the speed of light, w,, is the waveguide cutoff
frequency, L,, is its length, e, = 2.25 is the dielectric
constant of the coaxial line, and L., is its length. The
delay line introduces also some attenuation, thus its trans-
fer function is D(w) = A exp (—jd,(w)) where A stands
for the field attenuation.

The slippage time is typically much shorter than the
roundtrip period; thus we find that there are three distinct
times with the following ordering:

T, <KL 7y <KL T 9

Here 7, is the RF roundtrip time in the cavity, and 7,, is
the RC time constant of the Marx accelerator (in this ex-
periment, 7, ~2 ns, 7, ~37 ns, and 7,, ~ 100 us). The
three distinct time-scales of the mode-locked FEL oscil-
lator simplify the theoretical analysis.

The impulse response of the FEL oscillator A (¢, t,)
is defined in [20] as the RF field evolved in the FEL os-
cillator due to the excitation of a single impulse current
(see (4)). In order to compute the oscillator impulse re-
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Fig. 6. A block diagram of an amplitude mode-locked FEL oscillator: (a)
Realistic presentation with close-loop ring cavity; and (b) Equivalent pre-
sentation for short pulse propagation, as a cascade of open-loop FEL sec-
tions.

sponse, the system can be modeled under the three time-
scale condition (9) as a cascade of open-loop stages shown
in Fig. 6(b). Each stage represents one roundtrip period
of order /. Its frequency domain transmission, i.e., the
relation between its output field EY’(w) and input field
E¢~Y(w); is given by

EPw = {1 - T?(WE! " (w)
& ) -1
+ 5 [TE (w - wM)E() (w - "‘)M)

+ TP + o) ES " + wp)} D(w) (10)

where TH (w) = Te(W)|s, +1r, i8 the transfer function of
the FEL section during the 1" roundtrip time, (I = 1).

The response of the first FEL stage (I = 0) to an im-
pulse excitation (4) is given in the frequency domain by
RO (), = T®(w)|,; thus the response of the next
stages, h). (@), can be found by (10) for any ™ = 1
stage. The impulse response of the mode-locked FEL os-
cillator can now be computed by an inverse Fourier trans-
form, for each roundtrip period as follows:

hosc(ts tl) = S hgs)cln(w)ejwr dw fOl‘

th+l,<t<t+UA+ D7y (11)

Fig. 7(a) shows the impulse response power |k (2, 1)’
for the mode-locked FEL oscillator with parameters given
in Table I for a coaxial-cable feedback line (fy, = 27.4
MHz). The immediate response of the FEL to a current
impulse (4) is a finite pulse of radiation at the FEL reso-
nance frequency. Its pulse width is approximately 7, of
(6). In the FEL oscillator, this pulse circulates in the cav-
ity and is reamplified each roundtrip. As shown in [21],
this pulse tends to preserve its width, since its broadening
due to the waveguide dispersion is balanced by the FEL
gain and phase shift. In the AM mode-locked oscillator,
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Fig. 7. Computation of the impulse response power |h, (7, t))? of the
mode-locked FEL oscillator using parameters given in Table I for a coaxial
feedback line (fy = 27.4 MHz) (a) in optimal synchronism with the mod-
ulating signal (1, = —11.5 ns), and (b) in 2.5 ns off synchronism (t, =
—14 ns).

the pulse is also sharpened by the external loss modula-
tion in each roundtrip. In the case shown in Fig. 7(a), the
macropulse is synchronized with the modulating signal
and thus it attains its maximal amplitude (the impulse is
injected in this case at £, = —11.5 ns). Fig. 7(b) shows
for comparison the system response to an impulse which
is ~2.5 ns out of synchronism (¢; = —14 ns). Its ampli-
tude is roughly one half of the synchronized signal shown
in Fig. 7(a). The FWHM of the computed center micro-
pulse is 4.2 ns in Fig. 7(a) and is 5.3 ns for a waveguide
feedback section (at fy, = 26.6 MHz).

The impulse response model of the AM mode-locked
FEL oscillator can be incorporated in a statistical model
of the electron beam fluctuations in order to find the ex-
pected FEL output power evolution. Assuming shot noise
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TABLE 1
PARAMETERS OF AMPLITUDE MODE-LOCKED FEL OSCILLATOR
Helical Wiggler
period A, 35 mm
length L,, 2m
amplitude B, 200-400 G
Electron Beam
current /,, ~1A
beam radius r,, 3.0 mm
voltage V, ~ 150 kV
time constant 7,, ~ 100 us
Ring Cavity
total length L, 7.2m
fixed waveguide length L, of e-beam arm 4.0m
waveguide length L, of return arm (when used) 32m
coaxial cable length L., of return arm (when
used) 32m
total attenuation using coaxial return 9dB
total attenuation using waveguide return 5.5dB
Amplitude Modulation
frequency fy, 27 + 2 MHz
modulation factor « 0.3-0.5

density fluctuations, n(f) = ny + L, n;6(t — ¢;) with ran-
dom amplitudes n; and random, uniformly distributed oc-
currence times, #;, the output E,(7) is a linear superposi-
tion of the uncorrelated impulse responses 4, (, ;) for
the random impulse excitations, E, () = E; n;ho (¢, t;).
The output power is then given by
2 2

= ; n? hcsc(ts f{)

|Eo(t)|2 = ‘; nihosc(t’ ti) . (12)

Thus the maximum values of |k, (¢, t,)|* versus the in-
Jection time ¢, describes the expected shape of the AM
mode-locked output power in the time domain. We refer
here to the function

D) = max {lhow (2, )|’} (13)
as the temporal detuning of the mode-locking FEL oscil-
lator. Fig. 8 shows curves of the temporal detuning versus
t, for various values of the modulation depth « in one
period for a coaxial feedback line (the temporal detuning
is a periodic function. Its period is 7,,). These curves show
the expected pulse width of the AM mode-locked FEL
oscillator. For « = 0.4, for instance, the expected pulse
width is ~5 ns, while for a waveguide feedback section
it results in typically 1-2 ns wider pulses. The temporal
detuning of the impulse response amplitude demonstrates
the zime windows of the mode-locked FEL oscillator pre-
sented in the introduction.

V. DiscussioN

This paper shows that the longitudinal modes under the
FEL gain curve can be locked resulting in narrow pulses
with a micropulse widths governed by the slippage time.
Our results show that approximately ten longitudinal
modes of the empty ring cavity are locked in this experi-
ment. The experimental results were obtained in the small-
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Fig. 8. The temporal detuning of the AM mode-locked FEL oscillator D(z)
defined in (13), for various values of the modulation depth « in a coaxial
feedback line.

signal regime. A linear analysis of the FEL oscillator in
the time domain is valid in this case. Our experimental
results and the theoretical analysis have more general va-
lidity, and are applicable to other FEL oscillators, and in
particular those with continuous electron beams.

The electrostatic accelerator FEL [25], for instance, is
of special importance because of its unique CW operating
feature and its potential for high spectral purity. Imple-
mentation of a mode-locking mechanism in such an elec-
trostatic FEL may broaden its capabilities by employing
it in a macropulse mode, in addition to its CW mode of
operation. The width of the mode-locked micropulses can
be, in principle, as short as twice the slippage time (6)
given, in the relativistic limit, by

L

T 14
e (14)

Ts

where v, = [1 — (v,/¢)*]7"/? is the axial relativistic en-
ergy factor. With the parameters of a typical electrostatic
accelerator FEL (Ly = 3 m, vy, = 15), the expected mi-
cropulse width is ~50 ps. Much shorter pulses can be
obtained with shorter wigglers and/or higher electron
energies.

New methods for locking FEL oscillators can be de-
veloped as variations of known mode-locking techniques.
These include gain mode locking, impulse mode locking,
and phase mode locking. Gain modulation in FELs can
be done for instance by modulating the electron beam cur-
rent (rather than by modulating the cavity losses which is
limited to low-power devices only). Another proposed
method applicable to FELs with low induction electro-
magnet wigglers is to modulate the FEL gain and phases
by slightly modulating the wiggler current. An FEL im-
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pulse mode-locking technique could be implemented for
instance by a short photo emission pulse superimposed on
a thermionic gun. In addition to new FEL operating
modes, new FEL effects may result from such studies as
the pulse width conservation (anti-dispersion) and possi-
bly FEL soliton effects. A study of the mode-locked FEL
in the large signal non-linear regime may lead to new phe-
nomena as well.
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