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We present a compact Tm-doped fiber laser (TDFL) to generate pulse bursts at 1.92 μm based on phase and in-
tensity modulations. A phase modulator (PM) and an intensity modulator (IM) were included in the linear TDFL
cavity to perform the simultaneous active intracavity phase and intensity modulation. Stable pulse bursts have
been achieved with tunable repetition rate in the range of 36–44 kHz (modulated by the PM) and duration of about
9.6 μs. The repetition rate of the individual pulse in a burst is about 9 MHz (modulated by the IM), and the pulse
width is about 6 ns. By changing the IM signal’s repetition rate and duty cycle, different individual pulse shapes
are obtained with pulse durations between 6 and 34 ns. © 2014 Chinese Laser Press

OCIS codes: (140.3510) Lasers, fiber; (140.3070) Infrared and far-infrared lasers; (140.4050) Mode-locked
lasers; (060.2390) Fiber optics, infrared.
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1. INTRODUCTION
Pulse bursts are normally bundles of pulses at relatively low
repetition rate and wide duration, composed of plentiful indi-
vidual pulses with higher repetition rate and narrower pulse
width [1–4]. Compared with conventional pulse trains, pulse
bursts with clusters of subpulses have the advantages of ablat-
ing material at a faster speed while minimizing the thermal
effects [3,4]. Moreover, pulse bursts almost enable the free
handling of pulse trains to optimize the special work quality
anticipated in a variety of applications [2–7], including
material micromachining, laser acceleration, and environment
measurements. Thus pulse burst fiber lasers have been widely
investigated in recent years, mostly at the 1 μm band [8–15].
Kalaycioglu et al. reported the pulse bursts with 1 kHz repeti-
tion rate and 20 μJ individual pulse energy in 2011 [13], and
they subsequently presented the 1 mJ pulse bursts in an
Yb-doped fiber amplifier in 2012 [14]. Later in 2012, Breitkopf
et al. pushed the energy power of pulse bursts at 1 μm to 58 mJ
with burst repetition rates of 20 Hz [15]. The excellent inves-
tigations above actually make the 1 μm pulse bursts available
for most of the current practical applications.

Different from Yb-doped fiber lasers, Tm-doped fiber lasers
(TDFLs) have a broader emission band covering from
∼1.7 μm to ∼2.2 μm, which corresponds to various absorption
bands of material, such as water and greenhouse gases
[16,17]. The absorption at spectral lines of greenhouse gases
enables TDFLs to be employed in environment monitoring
and gas sensing [16,17]. Furthermore, high absorption by
water makes TDFLs outstanding eye-safe laser sources in a
variety of applications, including material micromachining, LI-
DAR, free-space communications, and medical procedures
[17–19]. Thus TDFLs near 2 μm have attracted intense atten-
tion and have the potential to open a whole exotic area in laser

industries [20,21]. Therefore pulse bursts generated by TDFLs
are also in great demand and should be well investigated. Up
to now, there have been no reports on pulse-burst generation
in TDFLs, to the best of our knowledge.

The conventionalmethod to generate pulse bursts is to tailor
the pulse trains from an ultra-fast oscillator with an acousto-
optic modulator (AOM), and the reported pulse bursts are
mainly composed of picosecond or femtosecond individual
pulses [13–15]. Actually, pulse bursts with nanosecond individ-
ual pulses and pulse spacing of tens of nanoseconds also have
significant applications [22–26]. Furthermore, an individual
pulse’s shape in the pulse bursts plays an important role when
applying the pulse in practical applications [6,7]. For example,
a step-flat top pulse in a material process has the advantage of
initiating the process by a high-intensity pulse part and contin-
uing the procedure with a lower intensity pulse part [27].
Actually, it has been demonstrated that simultaneous Q
switching and mode locking can generate a burst-like pulse
train from a fiber cavity with two AOMs based on intensity/
amplitude modulations [28]. In addition, multiple pulses in
gain-switched TDFLs have also been investigated [29,30]. But
generation of bursts with shape-alterable pulses in TDFLs
based on simultaneous active intracavity phase and intensity
modulation has not been investigated yet.

In this paper, we propose and present a compact TDFL with
monolithic configuration to generate pulse bursts with shape-
alterable nanosecond individual pulses. A phase modulator
(PM) and an intensity modulator (IM) are employed in the la-
ser to perform the simultaneous active intracavity phase and
intensity modulation. The repetition rate of the bursts can be
tuned in the range of 36–44 kHz with a duration of about
9.6 μs, which is modulated by the PM. The repetition rate
of the individual pulse is about 9 MHz with duration of
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6 ns, which is determined by the cavity length and modulated
by the IM. The individual pulse’s shape can be modified by
adjusting the repetition rate and duty cycle of the signals
on the IM. This is the first demonstration of 2 μm bursts with
a shape-alterable pulse based on phase and intensity modula-
tion, as far as we know.

2. EXPERIMENTAL SETUP
Figure 1 shows the experimental setup of the TDFL for pulse
burst generation. A home-made 1570 nm fiber laser served as
the pump laser, and the pump light was launched into the lin-
ear cavity through a high reflectivity fiber Bragg grating (HR
FBG) with bandwidth of 1 nm and reflectivity of 99% at
1922.5 nm. A piece of 3 m long single cladding Tm-doped fiber
with core diameter of 9 μm and cladding diameter of 125 μm
was used as the gain medium. The core absorption efficiency
of the Tm-doped fiber at 1570 nm was about 9 dB∕m. A PM
and an IM were inserted in the cavity to perform active intra-
cavity modulation. The electro-optical bandwidth of the phase
modulator was about 100 MHz and that of the intensity modu-
lator was about 10 GHz. The insertion losses of the IM and PM
are about 0.5 and 0.6, respectively. The pulse bursts were
launched out via an output coupler fiber Bragg grating (OC
FBG) at 1922.5 nm with bandwidth of 0.5 nm and reflectivity
of about 20%. The total length of the linear cavity was about
11.2 m. All the fiber components in the laser cavity were from
commercial producers. The pulse train was monitored by a
high-speed InGaAs PIN photodetector (PD) with bandwidth
of 7 GHz and digital phosphor oscilloscope with bandwidth
of 1 GHz. The spectrum of the laser was measured by an
optical spectrum analyzer (OSA) with resolution of 0.05 nm.

3. EXPERIMENTAL RESULTS AND
ANALYSIS
When both of the IM and PM signals were off, the TDFL op-
erated in the continuous wave regime. The threshold of the
laser was about 390 mW, and the pump power of the 1570 nm
fiber laser was set to about 500 mW in the experiment. Pulse
bursts can be generated when the two modulators were both
working, as shown in Fig. 2. The modulation signal on the IM
was a square pulse wave with repetition rate of 9 MHz and
amplitude of 10 V; the duty cycle of the pulse wave was
50%. The modulation signal on the PM was a sinusoidal wave
with frequency of 21.5 kHz and amplitude of 5 V. One can see
from Fig. 2(a) that the bursts are orderly oscillating with dense
subpulses, and the repetition rate of the pulse bursts is about

43 kHz. The duration of the pulse bursts is about 9.6 μs,
and there are about 80 subpulses in one burst, as shown in
Fig. 2(b). The subpulses’ repetition rate is 9 MHz, and the
width is about 6 ns, as shown in Fig. 2(c). Moreover, the fre-
quency of the signal on the PM can be tuned, and the repeti-
tion rate of the pulse bursts can also be altered along with that
of the PM’s signal. The tuning range of the stable and uniform
pulse bursts’ repetition rate covers from 36 to 44 kHz. Further-
more, the tuning range can be extended by changing the
parameters of the laser cavity, such as the pump power,
the length of the cavity, the material of the gain fiber, and
the reflectivity of the OC FBG [31–35].

However, the pulse bursts presented somewhat unstable
oscillation when the control signals were not well optimized.
We attribute this relative unstability to the mode beating in the
cavity. The IM in our experiment was electro-optical modula-
tor (EOM)-based on an M-Z interferometer configuration,
which inevitably resulted in two oscillating routes of the laser
modes in the cavity with slightly different optical paths. Thus
mode beating may appear, and turbulence of the pulses’ per-
formance occurs. We believe that using an AOM instead of the
EOM to perform the intensity modulation will intrinsically
avoid the mode beating and can be employed to further im-
prove the performance of the pulse bursts.

To analyze the generation process of pulse bursts, we
turned off the phase modulation signal and performed the in-
tensity modulation only, meanwhile monitoring the output
pulse train, as shown in Fig. 3. One can find that the repetition
rate of the continuous pulse train is 9 MHz, and the width of
each pulse is about 6 ns, which is identical with those of the
subpulses in pulse bursts as shown in Fig. 2(c). The duration
of the adjacent pulse is measured to be about 110 ns, which
approximately corresponds to the one-round-trip time of the
pulse in the cavity. Using the equation Δυq � c∕2nL, where L

Fig. 1. Experimental setup of the TDFL. TDF: Tm-doped fiber; PM:
phase modulator; IM: intensity modulator; and FG: function generator.

Fig. 2. (a) Oscilloscope traces of pulse bursts train, (b) single pulse
burst, and (c) individual pulses in one burst.

Fig. 3. (a) Dense pulse train when only intensity modulation is on
and (b) zoomed-in pulse train.
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is the estimated length of the cavity, we can obtain the mode-
locking frequency of around 9.24 MHz. It is well known that
only when the frequency of the IM’s signal is nearly identical
with (or integer multiples of) the longitudinal mode frequency
interval of the linear cavity can a stable pulse train with a
higher optical signal-to-noise ratio be generated. In our experi-
ment, the pulse train with the best performance was generated
when the intensity modulation’s frequency was 9 MHz (or
18 MHz). So the actual mode-locking frequency should be
around 9 MHz, and the difference between the calculated
and actual mode-locking frequency mainly comes from the
measure error of cavity length. Thus the control signals on
the IM can generate the actively “mode-locked” pulse train
based on intensity/amplitude modulation, and these pulses
are exactly the subpulses in the pulse bursts.

The effect of the PM in the pulse bursts’ generation can be
investigated by turning off the intensity modulation signal and
imposing the previous phase modulation only. The dynamic
laser output monitored by the PD is shown in Fig. 4. It can
be found that the laser is operating in the pulse regime. The
frequency of phase modulation for Fig. 4 is about 21.5 kHz,
which is indeed half the pulse frequency. The difference of
periods in Fig. 4 can be attributed to the influence of the in-
tensity modulator, which brings different optical paths in the
cavity, although it is not working. However, the fluctuation of
the period is mitigated well when the intensity modulator is
working. Furthermore, the repetition rate of the pulse train
is the same as that of the pulse bursts in Fig. 2(a). The gen-
eration of this kind of pulse by phase modulation has been
previously investigated and related to phase modulation upon
relaxation oscillation [31–35]. When the phase modulation fre-
quency is above the minimum repetition frequency permitted
[31,33], one can generate a pulse train typically at the modu-
lation frequency or twice the modulation frequency when con-
trol parameters are optimized. In our experiment, when the
phase-modulation signal was tuning by several kilohertz
around 20 kHz or 40 kHz, a low-frequency pulse train with
a repetition rate in the range of 36–44 kHz was obtained. Com-
paring the traces in Figs. 2(a), 3(a), and 4, it is not difficult to
conclude that the phase modulation actually provided the Q-
switching function and “tailored” the pulse bursts. However,
this approach is not the same as methods for generation of
bursts through directly cutting the high repetition rate pulse
trains with IMs (AOM, for example) because it actually brings
out the advantages of no direct energy loss. The signal-to-
noise ratio (SNR) is about 32 dB when only the PM is on; the
SNR is about 45 dB when both the PM and the IM are on; the
SNR is about 55 dB when only the IM is on.

By slightly changing the repetition rate and duty cycle of
the pulse control signals on the IM, we can alter the shape

of the individual pulses in the bursts while the stability of
the bursts is well maintained. As shown in Fig. 5(a), the pulse
shape with a sharp top and a subsequent flat top was gener-
ated when the repetition rate of the control signal on IM was
9.41 MHz (slightly different from the mode-locking frequency
of 9 MHz) and the duty-cycle was 42.5% the width of generated
pulse was about 34 ns. Figure 5(c) shows the pulse shape with
step-flat top when the repetition rate was 9.38 MHz and the
duty-cycle was 47.7% and the pulse width was about 30 ns.
The pulse shape with round top is shown in Fig. 5(b). The con-
trol signal’s repetition rate was 9.57 MHz and the duty cycle
was 89%. The pulse width was about 12 ns. In Fig. 5(d), the
shape of an actively “mode locked” pulse is depicted. The sig-
nal’s frequency was 9 MHz, and the duty cycle was 50%. The
pulse’s width was measured to be about 6 ns. This kind of
pulse-shape modification can be interpreted to mean simply
that the intensity modulation of the IM shaped the pulse each
time the pulse passed through the IM, and the final variety of
output pulse shapes can be generated with different control
signal repetition rates and duty cycles after numerous bounce
trips [27,36]. This pulse train with an alterable shape in bursts
will extraordinarily enhance its practical applications in
material processing and environment monitoring.

Figure 6 shows the spectra of the TDFL with pulse bursts in
different cases. The central wavelength locates at 1922.4 nm
when the laser is operating in the continuous wave regime. We
can find that the spectra haven’t shown obvious degeneration
in the other three cases, where only the PM’s signal is on, only
the IM’s signal is on, and both signals are on. The full width at

Fig. 4. Pulse train when only phase modulation is on.

Fig. 5. Oscilloscope traces of individual pulse shape control via in-
tensity modulation. (a) Pulse shape with a sharp top and a subsequent
flat top. (b) Pulse shape with round top. (c) Pulse shape with step-flat
top. (d) Mode-locked pulse shape.

Fig. 6. Spectra in different cases.
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half-maximum (FWHM) of the laser’s spectrum is about
0.2 nm, which does not change much in all the operation cases
in the experiment. Although the TDFL’s spectral linewidth and
central wavelength vary a little, which may mainly be induced
by the phase and intensity modulation on the laser modes, the
spectrum’s rather favorable stability and uniformity can be en-
sured in this laser. Furthermore, by changing the wavelength
of the FBGs in the laser cavity, laser sources of pulse bursts
with other wavelengths near 2 μm are also available, which
can be used in the wavelength-selective practical applications
employing pulse bursts. The output average power is only
about 5 mW and the bursts energy is about 0.125 μJ due to
the relatively low power endurance of the fiber components
(such as the IM and the PM). However, the higher output
power of this pulse bursts laser can be achieved not only
via more advanced devices that benefit from the prosperous
development in commercial fiber components at 2 μm [20,21]
but also by power amplification employing fiber ampli-
fiers [14,15].

4. CONCLUSION
In conclusion, we present for the first time a compact TDFL at
a 2 μm band for pulse bursts generation with shape-alterable
subpulses. Intracavity active phase modulation and intensity
modulation were employed simultaneously to generate the
pulse bursts. The intensity modulation generated the active
“mode locking” of the laser to form the individual pulses;
meanwhile the phase modulation induced the active phase
modulation on relaxation oscillation and hence generated
the pulse bursts. The individual pulse’s shape in a burst
can be modified by changing the repetition rate and duty cycle
of the control signal on the IM. This kind of laser source pro-
vides a useful tool for various applications such as material
processing, medicine care, and remote sensing employing
2 μm lasers. Further endeavors will be paid to improve the
uniformity of the pulse bursts, variation of the pulse shape,
and output energy.
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