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We report passive mode locking of a soliton erbium-doped double-clad fiber laser operating at the 322nd
harmonic of the fundamental cavity frequency. Repetition rates up to 3 GHz have been obtained with pulses
of 1 ps duration and 18 pJ of energy. The supermode suppression at the 322nd harmonic is better than
25 dB. In addition, the transition dynamics from a bunched state of pulses to stable harmonic mode locking
is presented, revealing a very long time scale. © 2009 Optical Society of America

OCIS codes: 140.3510, 140.7090, 060.5530.
Short-pulse generation with rare-earth-doped fiber
lasers has attracted much attention in the past few
years [1–5]. This is related to the inherent properties
of fibers that have allowed all-fiber, compact, and
powerful passively mode-locked sources to be devel-
oped. Rare-earth doped fibers exhibit a large spectral
gain bandwidth compatible with the generation of ul-
trashort pulses. Recently, the development of high-
repetition rate fiber lasers in the gigahertz (GHz)
range and beyond has attracted particular attention.
For that purpose, laser operation in the anomalous
dispersion regime provides a quantization of pulse
energy with moderate levels in the range of typically
tens of picojoules. Under this condition, it is possible
to generate several pulses per cavity round trip with
moderate pumping levels [6]. Considering recent ad-
vances in watt-level pumping sources and all-fiber
components, these basic properties are of major im-
portance for the goal of achieving repetition rates ex-
ceeding the GHz range. In addition to the repetition
rate, it is crucial to obtain a high suppression of su-
permodes together with a low timing jitter and low
amplitude fluctuations. Until recently, the poor sta-
bility of harmonic mode locking (HML) obtained in fi-
ber cavities led to considering two main options. One
option is the reduction of the cavity round trip, since
the lower the harmonic, the more stable the output
repetition rate should be [7]. Forces arising from gain
depletion and recovery can become efficient in stabi-
lizing the stream of pulses [8]. The other option con-
sists in actively mode locking the fiber cavity through
the use of an rf-driven electro-optical modulator [9].

In the present Letter, we revisit the harmonic
mode-locking scheme, showing that a fiber laser cav-
ity of standard length, i.e., around 20 m, can produce
high HML with a relatively large supermode sup-
pression, provided that the pumping power is large
enough and that a fine setting of the intracavity
mode locking wave plates is done. A previous experi-
mental report highlighted the 91st harmonic (about
2 GHz) in a Yb-doped double-clad fiber laser with a
supermode suppression of 25 dB [10]. An extensive

characterization of harmonic passive mode locking
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was presented in [11] based on an Yb-doped soliton
fiber laser. The 31st harmonic was obtained, corre-
sponding to a repetition rate of about 1.5 GHz. The
supermode suppression was very good, about 45 dB,
the timing jitter was between 5 and 10 ps, and the
pulse duration was close to the Fourier-transform
limit. In Er-doped fiber lasers, passive HML has also
been obtained [6,7,12] In [12], the repetition rate was
scalable up to 1.2 GHz (about the 140th harmonic)
with a level of supermode suppression of 30 dB.

In this Letter we report passive HML in an Er-
doped double-clad fiber laser operating at 1.55 �m in
the soliton regime. The experimental setup is shown
in Fig. 1. Mode locking is achieved through nonlinear
polarization rotation technique. The laser cavity is a
unidirectional ring with several fibers in series. We
use a double-clad Er:Yb fiber amplifier manufactured
by Keopsys. Two identical laser diodes operating at
980 nm and emitting about 3 W each are used in a
counterpropagating geometry. The 8-m-long double-
clad fiber has a second-order dispersion �2=
−0.015 ps2/m. Pieces of standard fiber (SMF 28) and
dispersion-shifted fiber are used to control the total
dispersion of the cavity, which is �2

TOTL=−0.04 ps2.
Nonlinear losses can be varied by a rotation of the in-
tracavity phase plates. A 10% output coupler is used

Fig. 1. (Color online) Experimental setup. VSP, v-groove
side-pumping; DCF, double-clad fiber; DSF, dispersion-
shifted fiber; SMF, single-mode fiber; PBS, polarization

beam splitter.
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to extract the power from the cavity. The output
beam is detected with a high-speed photodiode (New-
port TIA 1200 13 GHz) and analyzed with either a
high-speed oscilloscope (Tektronix TDS 6124C
12 GHz, 40 GS/s) or an electronic spectrum analyzer
(Rohde & Schwarz FSP Spectrum Analyzer
9 kHz–13.6 GHz). Pulse duration is measured with
an optical autocorrelator (Femtochrome FR-103 XL)
with a scanning range scalable to about 170 ps, and
an optical spectrum analyzer (Anritsu MS 9710C) is
also used.

With a pumping power above 2 W, mode locking
with several hundred pulses is readily achieved, but
most of the corresponding regimes do not consist in
regularly spaced pulses. Instead, grouping of pulses
is frequently observed [4]. However, we have found
particular sets of orientations for the intracavity
wave plates that allow a transition from a large
bunched state of pulses to high-harmonic-order mode
locking. As was previously mentioned [6,13], the
transition is particularly long, and we have recorded
it as illustrated in Fig. 2, which presents the tempo-
ral distribution of the output intensity at different
times. The results have been obtained for a total
pumping power of 2.2 W. At the beginning, the signal
consists in an unresolved bunched state of several
hundred pulses that fill about 10% of the cavity
length [see Fig. 2(a)]. Gradually, the bunch spreads
over a large part of the cavity as shown in Figs.
2(b)–2(d). This takes place in about 40 s. After that,
the evolution is slower, and it takes about 160 s for
the pulses to fill the whole cavity as displayed in Fig.
2(e). The horizontal magnification of Fig. 2(e) [Fig.
2(f)] reveals that the pulse distribution is uniform.
Thus the laser operates in a high-order HML regime.
The final repetition rate is 3.079 GHz, which has to
be compared with the fundamental cavity frequency
9.562 MHz, resulting in the generation of the 322nd
harmonic, a record for this type of laser configuration
to the best of our knowledge. The HML is self-

Fig. 2. (Color online) Temporal distribution of the output in

t=200 s. (f) is an enlargement of (e).
starting in the sense that if the pump power is
switched off and then switched on, the HML regime
is restored and is stable over several hours when the
external temperature does not vary. In the experi-
ment, we have obtained even higher frequencies
(about 5 GHz) but with a lower stability. Therefore
we focus on the characterization on the 322nd har-
monic order.

As previously discussed in the literature, HML
quality is determined through different parameters
[14]. The first one is the rate of suppression of super-
modes [10,11] that is deduced from the analysis of the
RF spectrum of the output intensity, around the
harmonic-repetition-rate frequency. Figure 3 clearly
shows the repetition frequency of the laser and its
harmonics and also additional peaks separated by
the fundamental cavity frequency. The inset shows a
magnification from which we can deduce the rate of
supermode suppression, better than 25 dB. This
value is close to the one reported in the Yb-doped fi-
ber laser that operated at lower frequencies [10,11].
Other important characteristics are the amplitude
fluctuations and the timing jitter. As discussed in
[15], they can be quantified from rf power spectrum
measurements. However, in HML lasers, the exis-
tence of supermodes makes this procedure very diffi-
cult to exploit as pointed out in [11]. An alternative
method to measure the timing jitter is based on cross
correlation [8,11], which implies in our case an inter-
ferometric setup with a delay range above 300 ps, be-
yond the range of our optical correlator; so we could
not measure the timing jitter with the available ap-
paratus.

The other performances of the HML laser are as
follows. The average output power is 54 mW, leading
to an output energy of 18 pJ per pulse, a value
slightly higher than the one reported in [11] for the
Yb-doped fiber laser. Higher pulse energy can be ex-
pected in our experiment by simply increasing the
output coupling. Figure 4 shows the autocorrelation

sity at different recording times. (a) t=0, (d) t=40 s, and (e)
ten
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signal of the pulses around zero delay. A good fit is ob-
tained by using a sech-pulse shape, yielding a pulse
duration of ���1 ps. The optical spectrum is given in
Fig. 5. The spectral bandwidth at half-maximum is
���10 nm. Thus the time–bandwidth product is
�����1.2, about four times higher than the Fourier-
transform limit. Such frequency chirping arises from
the location of the output port after the single-mode
fiber in the dispersion-managed cavity.

Inspection of the optical spectrum reveals addi-
tional physical insights into the formation mecha-
nism of the harmonic mode-locked regime. Indeed,
every HML regime is correlated in our setup with the
existence of a cw component observable in the optical
spectrum. Although several hypotheses have been
put forward to explain the formation of the HML
[8,11,12], it seems that the interaction of pulses
through a cw component is responsible for high-order
HML [12]. In addition, we have recently theoretically
demonstrated that a small cw component in the spec-
trum allows controlling the sign and the amplitude of
the soliton interaction [16]. By a suitable choice of
the laser parameters, one can achieve repulsion of in-
tracavity ultrashort pulses. The repulsing force in-
creases as the distance between pulses decreases. As
result, after transient process, a passive HML regime

Fig. 3. RF spectrum of the output intensity in the range
0–13 GHz. Inset, enlargement around the repetition fre-
quency of the cavity.

Fig. 4. (Color online) Autocorrelation trace and a sech fit
(dashed curve).
is established. Of course, in the experiment it is dif-
ficult to precisely control the frequency and the am-
plitude of an additional cw component through the
adjustment of the phase plates, but the large number
of degrees of freedom in the present type of mode-
locking allows the realization of stable passive HML.

In summary, we have demonstrated a high-order
harmonic-mode-locked Er-doped double-clad fiber la-
ser. The formation dynamics of such HML occurs on a
very long time scale in comparison with other char-
acteristic time scales of the laser. Finally, a strong
correlation between the HML regime and the exis-
tence of a cw component has been pointed out, in
agreement with previous theoretical predictions.
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