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Abstract: We have demonstrated an actively Q-switched tapered double-
clad fiber laser capable of single-shot generation of 1.6-mJ, 64-ns pulses.
The active medium based on tapered double-clad fiber is shown to exhibit a
reduced level of amplified spontaneous emission which allows for high-
energy pulse extraction at extremely low repetition rates.
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1. Introduction

Gain media based on double-clad fiber (DCF) offer a technological platform for high
brightness, highly efficient laser sources. Operating such a laser in the pulsed regime, and
particularly in an actively Q-switched state, is beneficial for a wide range of applications, such
as marking, machining, and range finding. Currently, there are two main approaches for high-
energy Q-switching: utilization of short, rod-type photonic crystal fibers (PCF) with one or
multiple cores [1-3] or the use of large mode area (LMA) double-clad fibers [4,5]. Either
LMA fibers with a low numerical aperture (NA) or multimode fibers with a short tapered
section are the main approaches used so far to achieve high-brightness lasing with large mode
volume [5,6].

The fundamental mechanism limiting the pulse energy especially at repetition rates below
1 kHz is the high level of amplified spontaneous emission (ASE) accumulated during the long
time slot between the pulses. ASE prevents efficient energy storage in the fiber cavity and
becomes progressively stronger with decreasing repetition rate. A practical solution to this
problem would allow for multi-mJ pulses with sub-100-ns duration at low duty cycles needed
for industrial and LIDAR applications. Actively Q-switched fiber lasers reported to date are
either long-cavity lasers producing pulse widths in the range from 100 ns to few pus with duty
cycles of 10 — 107 [4], or alternatively lasers using short rod-like fibers with few-ns pulses
and duty cycles of the order of 107 [1].

Recently we have proposed tapered double-clad fiber (T-DCF) as a promising gain
medium for high-power lasers and amplifiers [7-10]. The advantages of the T-DCF approach
in the actively Q-switched scheme are demonstrated in this study by generation of 1.6-mJ, 64-
ns pulses at very low repetition rates, up to single-shot operation.

2. Experimental setup and results

The experimental setup of the Q-switched fiber laser used in this study is schematically shown
in Fig. 1. The active fiber was end-pumped by a fiber-coupled diode bar at 915 nm through
the wide fiber end via a collimating/focusing lens pair and a 1-pm dichroic splitter. The laser
cavity is terminated by Fresnel reflection from the wide fiber end and a broadband (BB) high-
reflection (HR) mirror at the narrow end of the fiber, which was angle-cleaved (AC) to
suppress spurious lasing. Active Q-switching was achieved by an acousto-optic modulator
(AOM) placed between the narrow fiber end and the HR mirror that reflected the 1st
diffraction order back to the cavity. A 1-um edge filter was placed between the fiber and the
AOM to filter out unabsorbed pump, reducing thermal load on the modulator. Laser radiation
monitored from the wide end of the fiber was analyzed using a pyroelectric energy sensor (up
to 25 kHz, 500 ns), a fast photodetector, and a thermal power meter.

The composition of the T-DCF used in this experiment was similar to composition which
we have exploited earlier for the design of the CW high power Yb fiber laser [7-10]. The T-
DCF was drawn from a preform fabricated by the SPCVD method [11]. The preform consists
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of an Yb-doped aluminosilicate core, a pure-silica inner cladding, and a fluorine-doped silica
outer cladding. Yb ion concentration corresponds to an in-core absorption of 1000 dB/m at
975 nm wavelength. Fiber core and cladding have numerical apertures of 0.11 and 0.22,
respectively.
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Fig. 1. Schematic of the Q-switched laser setup, a micrograph of the wide fiber end, and the
longitudinal profile of the T-DCF.

The longitudinal profile of the active T-DCF with total length of 6.3 m is shown as an
inset in Fig. 1. The cladding diameter of the slightly non-circular T-DCF varied from 880 um
to 940 pum at the wide end. The tapering ratio of the T-DCF is 5.5 with the core/cladding
diameter ratio kept at 1:10, i.e. the core diameter was 83 um and 15 pm at the wide and
narrow ends of the taper, respectively. The double-clad pump absorption has been measured
for radiation launched into the T-DCF from the narrow side to avoid pump power loss via
vignetting [8]. The measured pump absorption was 10.1 dB (1.6 dB/m) at 915 nm. The T-
DCF was coiled with 35 cm diameter and placed on a water-cooled aluminium plate. The T-
DCF was first characterized in quasi-CW regime (high duty cycle) up to 6 W average power
at 1070 nm. The measured slope efficiency with respect to launched pump was 43%, limited
by coupling loss and the diffraction efficiency of the AOM.
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Fig. 2. Pulse energy and average power (including ASE) versus repetition rate at a constant
pump power. The output beam profile with M = 2.7 is shown as an inset.

In the Q-switched regime, the laser was operated at various repetition rates and pump
powers. Figure 2 shows the pulse energy and average power as a function of repetition rate in
the range of 1 Hz — 150 kHz. The ASE fraction of the total output power was below 9% at 1
kHz.

Figure 3 shows the pulse energy and peak power as a function of absorbed pump power at
a constant repetition rate of 5 Hz. Figures 2 and 3 show that the pulse energy decreases with
increasing repetition rate due to the decrease in the energy storage for small pulse periods and
increases with pump power limited by the onset of stimulated Brillouin scattering (SBS). The
average power increases with both pump power and repetition rate, as expected from general
theory of Q-switched lasers. The pulse width decreases with increasing pump power and
increases with the repetition rate. These effects can be attributed to incomplete inversion
between pulses. Indeed, low pump power and/or short low-Q time reduce the energy storage
in the fiber resulting in low gain and longer pulse build-up time.
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Fig. 3. Pulse energy and peak power versus absorbed pump power at a constant repetition rate
of 5 Hz.
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Fig. 4. (a) 1.6-mJ pulse before (black) and after (red) the onset of SBS-induced pulse
breakdown; (b) pulse width versus repetition rate at constant pump power.

A pulse energy as high as 1.58 m] corresponding to a peak power of 24.3 kW was
achieved. Above this value, irregular backward-propagating pulses and pulse breakdown were
observed, as illustrated in Fig. 4a. Figure 4b shows the dependence of pulse width on the
repetition rate. Independent of pump power, single-shot operation was also achieved by
manually triggering the AOM control pulse, without notable changes in pulse energy or pulse
shape.

Figure 5 shows the optical spectra of the laser at a repetition rate of 500 Hz for 0.1 mJ and
1.6 mJ pulse energy, and the ASE spectrum peaking at 1035 nm when the cavity was blocked.
At repetition rates below a few kHz, ASE grows rapidly relative to the signal with decreasing
repetition rate, constituting an increasing fraction of the output power.

Finally, we measured the output beam quality of the laser by the chp level method. M?
determined at the narrow and wide taper ends resulted in M* = 1.8 and M? = 2.7, respectively.
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It is interesting to note that the spatial distribution of ASE observed below the lasing threshold
from the wide end of the taper with a core diameter of 83 um had an M” = 4.2.
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Fig. 5. Optical spectra of the Q-switched T-DCF laser at 500 Hz repetition rate with 0.1 mJ
(black) and 1.6 mJ pulse energy (red, FWHM = 14 nm), and without lasing when the cavity is
blocked (blue).

3. Discussion

Tapered double-clad fiber is demonstrated to offer attractive features for energetic pulse
generation, namely the large mode volume and intrinsic mechanisms for ASE and SBS
suppression. The very large doped core area at the wide taper end (5410 pm?) is useful for
both efficient energy storage and for decreasing the power density at the fiber end face.
Because of the reduced thermal load at the wide fiber end, optical damage has never been
observed within this study. The tapered fiber with an average core area of ~3000 um” allows
values of extractable energy of ~3 mJ and saturation energy of 0.3 mJ to be estimated [5,12].

The detrimental effect of amplified spontaneous emission depleting the inversion limits
the potential of pulse energy scaling and inhibits pulse operation with low duty cycle. Few
techniques have been considered to alleviate ASE impact. They include doping the fiber with
a saturable absorber to avoid significant ASE growth, using optical isolators to suppress
backward ASE, and spectral filtering of broadband ASE radiation [13,14]. ASE suppression
has been observed in a fiber with ring doping exhibiting a small signal gain, however this
approach requires long-length gain fiber which would inevitably increase the pulse width and
impede operation at low duty cycles [15].

An intrinsic attribute of the tapered fiber, essential for Q-switched operation, is the built-in
mechanism of ASE filtering. ASE propagating in a T-DCF from the wide to the narrow end
experiences vignetting, i.e. part of the spontaneous emission leaks out of the core thus
mitigating the detrimental effect of inversion depletion. This effect becomes more pronounced
with increasing tapering ratio [8—10]. Since the intensity of spontaneous emission is
proportional to the number of propagating modes, counter-propagating ASE in a taper (from
narrow to wide end) is also weaker compared to a cylindrical DCF with similar average core
size due to mode selection in the small-core section of the tapered fiber [S]. ASE generated in
the small-core section of the fiber and propagated towards the wide end is comprised
primarily of low-order modes [5,16]. An estimation for the number of propagating modes N
based on the ASE beam quality factor of M* = 4.2 measured from the wide fiber end yields N

#129597 - $15.00 USD Received 4 Jun 2010; revised 28 Jul 2010; accepted 29 Jul 2010; published 16 Aug 2010
(C) 2010 OSA 30 August 2010/ Vol. 18, No. 18/ OPTICS EXPRESS 18548



~(M?)* ~18. However, according to an estimation based on the V-parameter of the wide fiber
end, the number of modes is N ~V%/2 ~430. A comparison of these values indicates an
efficient mechanism of mode selection in the T-DCF resulting in a significant reduction of
counter-propagating ASE modes, and thus contributing to ASE suppression.

Since most of the ASE is generated in the large-core section of the taper with large gain
volume, the ASE spectrum peaks around 1035 nm, while the signal spectrum peaks at a longer
wavelength of 1065 nm. This specific feature, intrinsic to the tapered structure, provides
another opportunity for ASE suppression through spectral filtering. This observation is not
typical for Q-switched fiber sources based on uniform fibers.

Finally, the variation of fiber diameter is a well-known technique for SBS suppression
[10,17,18]. Using tapered waveguide structures is advantageous in terms of Brillouin gain
reduction and is another attractive feature provided by the T-DCF.

4. Conclusion

We present the first actively Q-switched laser using a tapered double-clad fiber. The large
mode volume, efficient energy storage, and intrinsic mechanisms of ASE and SBS
suppression of the T-DCF enabled low-duty-cycle operation with the highest measured pulse
energy of 1.6 mJ for a 64-ns pulse. Vignetting of the co-propagating ASE and a reduced
number of spatial modes for the counter-propagating ASE result in an inherently low ASE
background, which in turn allows for robust operation at very low repetition rates (up to
single-shot generation) without degradation of the pulse energy, or shape, or stability of the
train. For repetition rates above ~1 kHz, the pulse energy is limited by insufficient energy
storage between pulses which is a general characteristic of Q-switched lasers, while at low
repetition rates the energy is eventually limited by the onset of SBS, though its threshold is
notably higher than in uniform cylindrical fibers. The results show the potential of tapered
double-clad fibers for high-energy, low-duty-cycle pulse generation and amplification.
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