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Abstract

We demonstrate a laser-diode-pumped gain-switched Er3T-doped ZrF,-BaFa-LaF3-AlF3-NaF (ZBLAN)
fiber laser operating in a single transverse mode at 2.8 ym. The laser pulses produced offer high-pulse
energies, with repetition rates ranging from 50 Hz to 10 kHz and a slope efficiency of approximately
14.3% with respect to the launched pump power. The average power at the 50 Hz repetition rate
is 1.33 W, giving a maximum total output pulse energy of 26.6 mJ per pump pulse. The fiber laser
operates in a single mode, with beam quality factor M? less than 1.2.

Keywords: high-energy gain-switched diode-pumped Er:ZBLAN fiber laser.

1. Introduction

Recently, rare-earth-ion-doped fluoride fiber lasers emitting in the mid-infrared (mid-IR) waveband
have received considerable interest from researchers because of their potential for applications in fields
such as medicine [1], IR laser pumping [2], and spectroscopy [3].

Highly Er3*-doped ZrF,-BaFs-LaF3-AlF3-NaF (ZBLAN) fiber lasers operating on the 4111/2 — 4113/2
transition at 2.8 pm have become the most promising candidates for use in these applications, because
these fiber lasers offer an excellent combination of high efficiency, outstanding beam quality, and a broad-
emission spectral range [4]. The coincidence of the Er3* ion’s convenient 975 nm pump band with the
wavelengths of high-power laser diodes available as pumping sources means that significant progress has
been made in the development of Er3*-doped ZBLAN fiber lasers in the continuous wave (CW) regime
over the past decade [5-8]. Zhu et al. obtained 9 W output in the CW regime with a slope efficiency of
21% at room temperature [5]. Most importantly, a fiber Bragg grating was first written successfully in
ZBLAN fibers in 2007 [9], and thus can be used to construct highly efficient and tunable all-fiber mid-IR
fiber lasers. Accordingly, Fortin et al. demonstrated a 20 W all-fiber Er3*-doped ZBLAN mid-IR fiber
laser in 2011 [10], and they recently also claimed a maximum recorded output power of 30 W [11].

For many applications, however, such as medical surgery or damage measurement, pulsed lasers are
preferred to CW mode lasers because of advantages that include high precision, high sensitivity, and
high response speeds [12]. Two principal methods, i.e., @Q-switching and mode locking, are commonly
used to produce pulsed laser outputs [13,14]. A number of actively and passively Q-switched Er®*-doped
fluoride fiber lasers emitting at 2.8 um have been demonstrated during the past few years [15-19]. The
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first actively Q-switched fluoride fiber laser operating in the 3 um region with an acousto-optic modulator
was reported in early 1994 [15]. An actively Q-switched Er3*-doped ZBLAN fiber laser emitting at 2.8 um
with a pulse energy of 100 pJ, an average power of 12 W, and a peak power of 0.9 kW, was obtained in
2011 [16].

In terms of passively Q-switched Er>*-doped ZBLAN fiber lasers, many such lasers were demonstrated
based on the use of various saturable absorbers, including InAs epilayers [17], Fe?*:ZnSe crystals [18],
graphene [19], and semiconductor saturable-absorber mirror (SESAM) technology [20]. Wei et al. demon-
strated a passively Q-switched Er3T-doped ZBLAN fiber laser with a pulse width of 800 ns and a pulse
energy of 460 nJ at a repetition rate of 105 kHz using a Fe?t:ZnSe crystal [18]. Replacing this Fe?*:ZnSe
crystal by graphene, they also produced passively @-switched pulses [19]. Shen et al. reported a watt-
level SESAM-based purely passively Q-switched Er*t-doped ZBLAN fiber laser with a maximum pulse
energy of 6.9 uJ and a peak power in excess of 21 W using a short 0.9 m fiber, which represented the
maximum average power and peak power achieved in the 3 pm waveband using passively @Q-switched
fiber lasers to date [20].

Following the emergence of new materials for use as saturable absorbers, topological insulators and
black phosphorus have very recently been shown to be capable of generating mid-IR laser pulses [21,22].
In terms of mode-locked operation, several researchers have demonstrated passively mode-locked mid-IR
fiber lasers with pulse widths on the ps scale and peak powers on the kW scale when using a SESAM [23]
and nonlinear polarization rotation techniques [24].

Nevertheless, @-switching and mode locking have certain disadvantages when used in fluoride fiber
lasers to obtain high output pulse energy [25], including cavity complexity and risk of damage to the
active fiber. To date, 2.8 um pulsed ZBLAN fiber lasers have produced pulses of short duration at high
repetition rates. In many cases, high repetition rates are both unsuitable and unnecessary, and longer
pulses with higher pulse energies would be desirable for certain medical applications [26]. Because it
is pumped directly by a pulsed laser diode, the gain-switched fiber laser offers a rather simple way to
produce high-energy pulses with suitably controllable repetition rates. In 2001, Dickinson et al. reported
a gain-switched Er3* /Pr3t-codoped ZBLAN fiber laser operating at 2.7 ym that was pumped by a pulsed
Ti:sapphire laser with a pulse energy of 1.9 mJ and pulse width of 18 us [25]. Gorjan et al. demonstrated
an average power of 2 W at a repetition rate of 100 kHz in gain-switched operation and obtained a
maximum pulse energy of 0.4 mJ [27].

In this work, we report a total output of 26 mJ from a gain-switched Er3*-doped double-clad ZBLAN
fiber laser on the 41y, /2 —41;5 /2 transition at 2.8 pm; the fiber laser was pumped by a pulsed laser diode
that was centered at 975 nm with relatively low repetition rates (RRs) ranging from 50 Hz to 10 kHz. A
maximum total output energy per pump pulse of 26.6 mJ was obtained. The laser beam quality factor
(M?) was measured to be less than 1.2.

2. Experimental Setup

The experimental setup used for the gain-switched Er3*t-doped ZBLAN fiber laser is depicted schema-
tically in Fig. 1. A fiber-coupled laser diode with a central wavelength of approximately 975 nm and
a maximum CW output power of 50 W was used as the pulsed pump source with a custom designed
low RR range of 50 Hz — 10 kHz. The pigtail fiber of this laser diode had a core diameter of 105 um
and a numerical aperture (NA) of 0.22. The active fiber (fabricated by FiberLabs, Inc.) was a heavily
Er3*-doped ZBLAN double-clad fiber that was approximately 4.6 m long. The fiber core specifications
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were as follows: diameter, 17 um; NA, 0.12; and ErF3 concentration 6 mol.%. The core has a V-value of
2.29 at 2.8 pm, which allows the 2.8 um signal to operate in a single transverse mode. The inner cladding
of the fiber was chosen to be octagonal, and the side dimension and NA of the cladding were 330 um and
0.55, respectively. The outer circular cladding had a diameter of 370 um. The fiber ends were held by
fiber chuck holders with U-shaped groove heat sinks. The absorption coefficient of this singly Er®*-doped
ZBLAN fiber was determined to be 2.2 dB/m. The pulsed 975 nm LD pump beam was coupled into
the inner cladding of the active fiber using a coupling system that was composed of a collimator and an
aspherical lens. The sides of the lenses were antireflection-coated at the pump wavelength. Using this
pump configuration, we measured the coupling system efficiency to be approximately 80%.
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Fig. 1. Schematic layout of experimental setup for the gain-switched Er>*-doped ZBLAN fiber laser.

A dielectric-coated mirror with reflection of ~95% at 2.8 um and high 975 nm transmittance was
directly butted against the rear end of the fiber. The other end of the fiber, i.e., the pumping end,
was carefully cleaved using a fiber cleaver (3SAE Inc., USA) at 0° (the angle between the optical axis
of the fiber and the normal vector of the cleaved surface) to serve as the laser output port with an
output efficiency of nearly 96% (Fresnel reflection ~4%). A dichroic mirror (high reflection of ~ 99% at
2.8 pm, high transmittance of > 95% at 975 nm) was placed in front of the pumping end with an angle
of incidence of 45° to couple out the laser beam energy. The launched pump power was monitored using
a fraction (~1%) of the pump beam, which was reflected by the dichroic mirror and measured using a
power meter (OPHIR, 3A-P-V1). A CaFs; lens with a focal length of 50 mm was used to collimate the
laser beam. An uncoated 2 mm thick Ge plate (transmittance of ~ 45% at > 2 pm; transmittance of
~ 0 at < 1.8 um) was used to purify and split the laser beam. The output power was measured using
another power meter (Gentec, UP19k-50L-H5), and the laser pulse was detected using a HgCdTe detector
(Vigo PVM-2TE-10.6-2, with rise time of ~ 3 ns); the waveforms of both the pulsed pump signal and
the laser signal were captured synchronously using a 1 GHz oscilloscope (LeCroy 6100A). The output
spectrum and the beam shape were recorded using an optical spectrum analyzer (Andor Shamrock 750)
with resolution as high as 0.2 nm and a pyroelectric array camera (Spiricon), respectively.

3. Results and Discussion

Operation of the gain-switched 2.8 um fiber laser was easily achieved using moderate pump energy.
The temporal characteristics of the gain-switched fiber-laser pulses for different output powers at an RR
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of 10 kHz are as shown in Fig. 2. At output powers of less than 35.5 mW, there was only one laser pulse
per pump period. The pump power was increased until the output power exceeded 35.5 mW, and then
multiple pulses occurred. Higher pump powers led to shorter build-up times (i.e., the time between the
pump starting and the first pulse), and more multi-pulses then appeared.

The output pulse in the gain-switching mode is actually the first pulse of the laser relaxation os-
cillations, and if the pump is not switched off or the pump energy exceeds a specific value (the energy
still stored in the upper laser level after the first laser pulse), multiple pulses from further oscillations,
i.e., pulse spikes (see Fig. 2), will follow with decreasing peak powers until the laser reaches the CW
regime [27].
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Fig. 2. Measured temporal characteristics of laser pulses with various output powers of 7.8 mW (a), 37.7 mW (b),
508.3 mW (c), and 1.3 W (d) at 10 kHz (pump: black line; laser: grey line).

From Fig. 2, it could also be seen that, following the main gain-switched envelopes at a time interval
of tens of microseconds, there were still some satellite pulses. These pulses indicated that energy was
still stored in the 414 /2 level and the upper laser 1 /2 level was repopulated through energy-transfer
up-conversion between the particles in the lower laser 414 /2 level before being depleted again, and thus
releasing the satellite pulses [28]. Higher pump energies caused more satellite pulses to appear, and their
amplitudes were closer to that of the main envelope.

The typical pulse profiles obtained at various RRs are shown in Fig. 3 at an output power of 1.3 W.
To produce the same output power, the pump power at each RR was approximately 8.1 W. At this
pumping level, the laser pulse width was almost the same as the pump pulse width at each RR.

The output laser powers are shown at different pump RRs in Fig. 4. The average power increased
almost linearly with increasing launched pump power, and the slope efficiency was determined to be
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Fig. 3. Measured temporal characteristics of laser pulses with repetition rates of 50 Hz (a), 500 Hz (b), 1 kHz (c),
and 5 kHz (d) at an output power of 1.3 W (pump: black line; laser: grey line).
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approximately 14.3% in the CW regime; this was lower than the Stokes efficiency limit of 34.8%, mainly
because of the relatively low reflection at the laser wavelength, the high transmittance of the rear mirror
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at the pump wavelength, and the low absorption efficiency of the pump. The maximum output power
was 1.33 W at a repetition rate of 50 Hz, providing a single pulse energy of 26.6 mJ, which is to our
knowledge the highest total output pulse energy reported in mid-IR fiber lasers.

In the case where the light is transported by a

single-mode fiber (SMF'), the theoretical beam qua- 10-

lity is typically close to the diffraction limit, i.e.,

M? = 1. To confirm that the output beam was in a 0.8

single mode and to measure the beam quality fac-

tor M2, we performed ISO-standard caustic mea- 0.6

surements [29]; the results of these measurements

are shown in Fig. 5. The far-field beam spot has a E 0.4

symmetrical Gaussian distribution, which indicates @

that the laser beam is in the TEMyy mode. Using £ 0.2

a nonlinear fit, we calculated the beam quality M? ' | . ]

to be less than 1.2. I ‘“‘1“""'/ N .‘—:""“‘
The laser output spectra for various output 2770 2780 2790 2800 2810

powers at an RR of 10 kHz are shown in Fig. 6. The Wavelength, nm

central wavelength is 2783.1 nm, with a line width Fig. 6. Output spectra at various output powers equal
to 0.2 W (solid curve), 0.7 W (dotted curve), and

of approximately 5.8 nm at a low output power of
PP Y bt b 1.1 W (dashed curve) at f = 10 kHz.

0.2 W, and the wavelength shifted to 2794.3 nm at
a high output power of 1.3 W with increasing pump power. This phenomenon is very common in fiber
lasers without wavelength selection elements inserted in the cavity, and is also named the red shift. Con-
sequently, by replacing the rear mirror with a blazed grating to provide feedback, the output wavelength
can be locked and the line width becomes much narrower [30].

4. Conclusions

In conclusion, we report 26.6 mJ total output from a gain-switched single-mode Er3*-doped ZBLAN
fiber laser output when pumped using an active pulsed diode system. We believe that the fiber laser
presented here delivers the highest reported total output pulse energy for mid-IR fiber lasers. The
maximum pulse energy obtained is 26.6 mJ at a rather low repetition rate of 50 Hz. The slope efficiency
of the pulsed regime is approximately 14.3% with respect to the launched pump energy, which is also
slightly higher than that of the CW regime. The fiber laser system proposed represents a high pulse
energy laser source for potential use in medical applications.
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