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Automatic feedback control of an Er-doped fiber
laser with an intracavity loss modulator
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Suppression of @-switching instabilities with an actively controlled intracavity loss modulator is demon-
strated in an Er-doped waveguide laser that is mode locked with a slow saturable absorber at repetition
rates of as much as 100 MHz. By automatic gain control in the feedback loop, stable mode locking is
achieved over the entire parameter range of the laser. This approach renders laser stabilization independent
of the characteristics of the gain medium and intracavity power. The pulse-shaping dynamics is not affected
by the presence of the intracavity loss modulator. © 2005 Optical Society of America
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Robustness and high repetition rates can be attained
in solid-state and fiber lasers by use of saturable
Bragg reflectors as starting and pulse-shaping
mechanisms.® In addition, their use offers the po-
tential for future monolithic integration of the satu-
rable absorber into the gain medium, leading to com-
pact pulsed laser sources.” However, mode locking
with a saturable Bragg reflector can be plagued by
Q-switching instabilities, especially in lasers with
long upper-state lifetimes and high repetition rates,
for which the gain dynamics occurs over a time scale
much longer than the cavity round-trip time.*® Sev-
eral active and passive stabilization schemes have
been proposed to resolve this shortcoming. Two-
photon absorption can be used as a means of passive

stabilization,® elther integrated monolithically in the
saturable absorber” or as a discrete cavity element.®

This approach achieves stable pulse generation over
only a narrow parameter range and typically re-
quires tedious fine tuning of the laser cavity to pre-
vent breakup into multiple pulses In contrast, ac-
tive suppression of @ switching with an electromc
control system decouples the @-switching suppres-
sion and the pulse shaping. Consequently it allows
the laser to be operated in a configuration that is
more suitable for pulse shaping; i.e., the absorber
does not need to be heavily saturated, allowing for
shorter pulses4 and importantly avoiding the long-
term material damage that occurs at high fluences.
To date, active suppression of @ switching has been
demonstrated only by a derlvatlve controller acting
on the pump power of the laser.” ! This technique
reaches its limit in high-repetition-rate lasers with
long upper-state lifetimes'? because the gain medium
acting as a low-pass filter strongly dampens all fast
modulations. The relaxation oscillation frequency at
which the controller acts lies as much as 3 orders of
magnitude above this cutoff frequency in Er- and Yb-
doped laser systems; consequently the magnitude of
the control signal is reduced by the same amount.'®
Thus the feedback stabilization by means of gain
modulation becomes ineffective when the perturba-
tions on the pump power are limited in amplitude, for
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example, by a finite current slope in the drive elec-
tronics of the pump laser diode.'?

In this Letter we demonstrate suppression of @
switching in a continuous-wave (cw) mode-locked la-
ser with an intracavity loss modulator over the entire
parameter range of the laser by means of automatic
gain control. This approach prevents the undesired
low-pass filtering of the feedback signal that is inher-
ent in stabilization schemes that act on the pump
power. Consequently it extends the well-known ac-
tive stabilization schemes® ! even to lasers with long
upper-state lifetimes, large amounts of saturable
loss, and high repetition rates. The primary advan-
tage of this scheme is that it permits stability of
mode locking independently of the characteristics of
the gain medium and specific combinations of pump
power, pulse energy, and saturable absorption.

We built a fiber laser with an Er-doped waveguide
amplifier as the gain medium' to test the proposed
scheme experimentally. A schematic of the experi-
mental setup is shown in Fig. 1. Our choice was mo-
tivated by the uncommonly long upper-state lifetime
of the Er-doped medium (7.9 ms) and by the ease of
experimentation in the fiber-coupled laser system.
The laser cavity includes an Er-doped waveguide am-
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Fig. 1. Experimental setup: EDWA, Er-doped waveguide
amplifier, DCF, dispersion-compensating fiber; SMFs,
single-mode fibers; SBR, saturable Bragg reflector; OC,
output coupler; CH, optical chopper; ND, neutral-density
filter; AMP, driver and amplifier.
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plifier, which is pumped by a 980-nm laser diode with
as much as 300 mW of pump power. The lead fibers of
the Er-doped waveguide amplifier and the 10% out-
put coupler are SMF-28, with a total length of 5.4 m.
A 0.9-m-long segment of dispersion-compensating fi-
ber (+90,000 fs?) keeps the net cavity dispersion close
to zero (—20,000 fs?) to permit short and energetic
pulses.14 The spot size on the InGaAs/InP-based
stable Bragg reflector, grown upon a GaAs/AlAs re-
flector, is 13 um. Pump-probe measurements deter-
mined the saturable loss to be 16% at 1540 nm, with
a recovery time of 43 ps. A half-wave and a quarter-
wave plate are placed to convert the polarization of
the light rotated in the fiber section into p polariza-
tion, in alignment with the isolator and the acousto-
optic modulator (AOM) that serves as an intracavity
loss modulator. The isolator provides for unidirec-
tional propagation. Linearly polarized light is
coupled back into the fiber to prevent accidental am-
plitude modulation owing to nonlinear polarization
rotation. The corresponding repetition rate of the
cavity is 29 MHz. Higher repetition rates of 39 and
101 MHz were also studied and are discussed below.

The feedback circuit constitutes a proportional con-
troller (P controller) rather than the derivative con-
troller that was used previously.”!! The electronics
consists of a photodiode with a 70-MHz transimped-
ance amplifier, a limiting amplifier, an automatic
gain control circuit, a bandpass filter, and a gain
stage with adjustable dc bias. The signal of the con-
troller feeds a commercial AOM driver whose output
is amplified by a rf amplifier to produce a maximum
modulation depth of 45%. The propagation delay in
the AOM is ~200 ns. The loss introduced by the AOM
is proportional to the cosine squared of the applied
drive voltage. To reduce this nonlinearity, the AOM is
slightly biased and permanently introduces a small
amount of loss, such that it can both increase and de-
crease intracavity losses. The controller incorporates
a bandpass filter to block both dc signals and higher
frequencies to preserve this operating point regard-
less of either the pump power or the mode-locking
state [@-switched mode locking (QSML) or cw mode
locking] and to prevent the circuit from interfering
with the individual pulses at the repetition rate. A
steep roll-off at 6 MHz is implemented by a fourth-
order Bessel filter that suppresses the repetition rate
and its harmonics by at least 40 dB while it allows
for maximum controller bandwidth. The gain of the P
controller is adjusted with a variable neutral-density
filter in the beam incident upon the photodiode,
whereas a fast limiting amplifier prevents oversatu-
ration and subsequent slow recovery from a @-switch
cycle by keeping the output signal of the controller
within the limits of the AOM driver.

The control experiment is given by the observation
that without feedback stabilization the laser exhibits
only either pure @ switching or QSML at pump pow-
ers ranging from lasing threshold to maximum avail-
able power. This behavior is evident from the rf spec-
trum [Fig. 2(a), inset]. However, when the feedback
controller is engaged, @-switch sidebands are sup-
pressed by 38 dB, resulting in a clean rf spectrum
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Fig. 2. Characteristics of the stabilized laser at 29 MHz.
(a) rf spectrum in stabilized mode-locked and (inset) QSML
operation. (b) Optical spectrum; inset, autocorrelation
(solid curve) and autocorrelation of the zero-phase Fourier
transform of the optical spectrum (dashed).
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Fig. 3. (a) When the controller is blocked by an optical

chopper (darker, dashed lines), the laser (lighter, solid
curves) @ switches, whereas it is cw mode locked when the
controller is effective. (b) During ramp-up of the current,
the laser @-switches for all pump power levels without the
controller, while (c) the instabilities are suppressed by the
feedback.

with no further sidebands at higher frequencies. The
stabilized laser shows a smooth optical spectrum cen-
tered at 1534.5 nm [Fig. 2(b)]. The FWHM pulse du-
ration is inferred from the autocorrelation measure-
ments to be 1.5 ps, assuming a Gaussian pulse shape.
The measured pulse duration exceeds that extracted
from the zero-phase Fourier transform by 20% [Fig.
2(b), inset]. The output power obtained from the 10%
coupler port is 0.6 mW (0.3 mW from the 5% output
coupler), corresponding to an intracavity pulse en-
ergy of 210 pd, for a pump power of 200 mW. The
sideband suppression is limited only by the available
control loop bandwidth, which is dominated by the
phase lag introduced by the propagation delay in the
AOM. For higher values of feedback gain, the feed-
back loop becomes unstable and begins to oscillate.
Robust and repeated suppression of @ switching,
as well as self-starting operation of the laser, is dem-
onstrated by periodic turning of the control loop on
and off by blocking the input photodetector of the
control circuit periodically with a chopper [Fig. 3(a)].
When it is blocked, the controller is inactive and con-
sequently the laser @ switches. When the controller
is active, suppression is attained reliably within a
few @-switch cycles. This ability of the controller to
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switch the laser from irregular QSML to a stable cw-
mode-locked state was observed for all repetition
rates and power levels. Another goal of active stabili-
zation is attained by use of automatic gain control in
the feedback circuit to allow the controller to stabi-
lize the laser over the entire parameter range of the
laser for all levels of pump power at a repetition rate
of 29 MHz. Without feedback stabilization the laser
exhibits @ switching and QSML for all power levels
when the pump power of the laser is ramped slowly
from zero to 300 mW [Fig. 3(b)]. In contrast, with the
controller activated, stable cw and cw-mode-locking
operation is attained over the entire parameter range
[Fig. 3(c)]l. The automatic gain control circuit keeps
the time-varying output of the controller at a con-
stant level regardless of the optical power incident
upon the photodiode of the controller.

Stabilization at higher repetition rates of the lasers
was also investigated. We decreased the fiber lengths
to attain the desirable repetition rate. With the
single-mode fiber’s length set to 4.6 m and the
dispersion-compensating fiber removed from the cav-
ity, the repetition rate increased to 39 MHz
(-90,000-fs? net dispersion). At 150-mW pump power
a FWHM pulse width of 4.8 ps (12% above the Fou-
rier limit) was observed in autocorrelation measure-
ments and an output power of 0.96 mW was mea-
sured at the 10% coupler, corresponding to a pulse
energy of 250 pJ. The noise level was suppressed as
much as 62 dB [Fig. 4(a)], and the pulse train of the
stabilized laser recorded with a 150-MHz analog os-
cilloscope and a 2-GHz detector showed stable and
regular mode locking [Fig. 4(a), inset]. At even higher
repetition rates the phase lag of the AOM renders
stabilization increasingly difficult. The repetition
rate was increased to 101 MHz by reduction of the
single-mode fiber to 1.4 m (-10,000-fs?> net disper-
sion). The 150-mW pump power produced an output
power of 0.9 mW (90-pd pulse energy) from the 10%
coupler. Stabilized operation is possible only for a
narrow range of gain and offset values in the feed-
back loop. The laser can be stabilized for different
values of pump power by manual fine tuning of the
control circuit parameters; suppression of the noise
level to —42 dB was achieved [Fig. 4(b)]. However, au-
tomated stabilization over the entire range of pump
power is impossible. In this state, because of the
lower intracavity pulse energy and consequently
smaller saturation of the absorber, longer pulses are
generated.
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Fig. 4. rf spectra with an activated controller and a pulse
train recorded with a 150-MHz analog oscilloscope (inset):
(a) 39-MHz repetition rate, (b) 101-MHz repetition rate.

These results show that the time-dependent loss
introduced by the intracavity modulator does not ad-
versely affect mode locking. Intuitively, one can un-
derstand this by recalling that (i) the effects of the
controller and the pulse-shaping mechanism occur on
different time scales and (ii) once stabilized, the loss-
control mechanism (the AOM) practically exerts a
negligible modulation.

In conclusion, we have demonstrated suppression
of @-switching instability in a laser system with mil-
lisecond gain recovery time and a strong saturable
absorber with 16% saturable absorption by direct
feedback control of the net intracavity loss. In con-
trast to modulation of the gain through pump power,
this scheme is independent of the properties of the
gain medium and is applicable to systems with
strong saturable absorption. In the future, the dem-
onstrated feedback scheme can be applied to the sta-
bilization of gigahertz-repetition-rate lasers with fast
intracavity loss modulators, which should permit the
use of saturable absorbers in an operating point op-

timized for pulse shaping rather than for s‘cability.5
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