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We demonstrate the generation of a stable high-energy Q-switched resonantly diode-pumped Er:YAG
laser at 1645 nm in passive and active operation modes. For the passively Q-switched Er:YAG laser,
the bi-layer graphene saturable absorber (SA), which was transferred onto the highly reflective cavity
mirror by an improved method, was applied to deliver a stable pulse train with per-pulse energy of about
0.1 mJ. While in the active operation mode, the voltage-ON-type rubidium titanyl phosphate (RTP)
Pockels cell as an electro-optic (EO) Q-switcher allows for the generation of a stable Q-switched pulse
with per-pulse energy of up to 7.5 mJ. Our work may provide a basis for the development of a high-energy
Er:YAG laser at 1645 nm to fulfill specific applications. © 2014 Optical Society of America
OCIS codes: (140.3540) Lasers, Q-switched; (190.4400) Nonlinear optics, materials; (140.3500)

Lasers, erbium.
http://dx.doi.org/10.1364/AO.53.007773

1. Introduction

Promising applications of lasers around 1.6 μm
wavelength for Doppler wind lidars, differential
absorption lidars (DIAL), ultralong distant optical
communication, and mid-infrared laser generation
have driven the exploration of the resonantly
pumped Er:YAG laser [1–5]. The typical lasing wave-
length at 1645 nm, which corresponds to the absorp-
tion lines of methane (CH4), is more suitable for
atmospheric probing. Thus, the laser provides an ac-
curate approach for predicting climate change and
toward developing strategies against greenhouse

gas abatement [4,5]. Moreover, the 1645 nm laser-
pumped optical parametric oscillator (OPO) can
get mid-infrared laser efficiently for CO2 sensing ap-
plications because the signal and idler wavelength
can be tuned all in the absorption band of CO2 by
appropriately selecting the crystal temperature
and grating period [6].

Normally, lasers around 1.6 μm can be indirectly
generated byOPOoptical parametric amplifier (OPA)
systems [7] or stimulated Raman scattering (SRS)
effects [8,9]. However, those methods possess disad-
vantages of complexity and sensitivity to environ-
mental perturbations. An attractive alternative
method is the resonantly pumping Er:YAG crystal
or ceramics in order to directly generate lasing at
that particular wavelength [10]. In this approach,
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resonantly pumping facilitates lasing with a small
quantum defect, simplifies thermal management,
and enables power scaling abilities. Combined with
the available 1470 nm or 1532 nm laser diodes, the
whole system becomes more compact and efficient.
In order to achieve the Q-switched (Q-S) operation,
either passive or active Q-switching techniques can
be utilized.

The passiveQ-switcher is an indispensable compo-
nent to modulate the laser. Searching for an efficient
saturable absorber (SA) for the resonantly laser-
pumped 1.6 μm Er:YAG laser therefore turns out
to be a challenging topic. Transition-metal (Cr)-
doped II–VI semiconductors (ZnSe and ZnS) were
previously considered as passive Q-switchers due
to their high στ product, absence of excited state ab-
sorption, and reasonable optical damage threshold.
Recently, the broadband nonlinear absroption prop-
erties of graphene and graphene-like material have
attracted wide attention [2,11–16]. Graphene, a
promising wideband passive Q-switcher, had been
used to modulate the Er:YAG laser at 1645 nm
[17–20]. However, limited by the graphene quality,
which will induce thermal instability and damage
of graphene under high power operation, the re-
ported per-pulse energy is up to about 10 μJ [20].
Moreover, all the former results used a separate
graphene SA on SiC or silica substrate in the laser
cavity, which introduces excess losses, Fabry–Pérot
effects and makes the system less compact.

Another method to obtain a high-energy Q-
switchedpulse is to incorporate anacoustic-optic (AO)
or electro-optic (EO) modulator into the laser resona-
tor. In recent years, activelyQ-switchedEr:YAGorEr:
YLuAG lasers had been demonstrated at 1645 nm
[1,4,5,21–24]. Among the EO modulators, rubidium
titanyl phosphate-RbTiOPO4 (RTP) Pockels cell
possesses the advantages of low driving voltage, high
extinction ratio, and absence of the piezoelectric
ringing effect with electrical signals between DC
and 100 kHz. It had been used as an EO Q-switcher
in Er:YAG lasers operating at 1645 nm by Shen et al.
[1] and Spariosu et al. [25], with the output per-pulse
energy, pulse width, and repetition rate of about 4mJ
(with respect to 5 mJ), 100 ns (with respect to 27 ns),
and 1 kHz (with respect to 500 Hz), respectively.

In this paper, we demonstrate two types of
Q-switching operations, the passive one which relies
on the saturable absorption property of bi-layer
graphene, and the active one which is enabled by
using the voltage-ON-type RTP Pockels cell as
an EO Q-switcher. In the passively Q-switched
Er:YAG laser based on bi-layer graphene SA,
the per-pulse energy reaches up to about 0.1 mJ,
which is about an order of magnitude higher than
the reported work on graphene-based Q-switched
Er:YAG lasers. While in the active one, per-pulse en-
ergy of 7.5mJwith pulse width of 65 ns had been dem-
onstrated, which is the highest pulse energy among
the reported actively electro-optically Q-switched
Er:YAG and Er:YLuAG lasers at this wavelength.

2. Passively Q -Switched Operation by Graphene SA

Herein, the CVD-grown bi-layer graphene (ACS
MATERIAL LLC, grown on Cu, 5 cm × 5 cm, bi-
layer) films were transferred to a highly reflective
plane mirror (>99.8% for the lasing wavelength of
1645 nm) by the ultrasonic processing method [26].
This process allows for the generation of high-quality
graphene with less wrinkles and defects, because the
hydrophilicity of the target substrates has been sig-
nificantly improved [26]. Based on the balanced
twin-detector measurement technique that had been
elaborated in Ref. [2], the saturable energy density of
the transferred bi-layer graphene was measured to
be about 8.9 mJ∕cm2. During the measurement, no
damage has been found for the graphene sample.

A Z-shape resonator (∼1650 mm) was specially de-
signed for the graphene-SA-based Q-switched
Er:YAG solid-state laser (as shown in Fig. 1). M1 is
a plane input mirror with high reflectivity (>99.8%)
at the lasing wavelength of 1645 nm and high
transmittance (>94%) at the pump wavelength of
1532 nm. M2 as an output coupler with a curvature
radius of 500 mm has a transmittance of 8% at
1645 nm. Therefore, the total output coupling of
the laser is about 16%. M3 with a curvature radius
of 200 mm is coated with an antireflection coating at
1532 nm (for eliminating the influence of the residual
pump laser upon the SA) and a high reflection coat-
ing at 1645 nm, and M4 is a plane reflective mirror
(>99.8% for the lasing wavelength of 1645 nm) with
bi-layer graphene SA deposited on as a SA mirror,
which is placed at the end of the resonator. A
35 W fiber-coupled laser diode operating at
1532 nm is used as the pump source. The pump beam
is collimated (by L1, f � 40 mm) and focused (by L2,
f � 125 mm) on a 40 mm long 0.25 at. % doped
Er:YAG crystal rod. According to the ABCD matrix
theory, the TEM00 mode radius is calculated to be
about 380 μm and 50 μm at the middle of the
Er:YAG and graphene SA, respectively. Both end fac-
ets of the crystal rod are antireflection coated for the
1400–1700 nm wavelength regime. The rod is
wrapped by indium foil andmounted in a copper heat
sink tomaintain the temperature around 15°C by the
water cooler.

First, we investigated the continuous wave (CW)
laser performance by using a plane reflective mirror
without graphene instead of using M4. The laser cav-
ity started to lase at a threshold pump power of

Fig. 1. Experimental setup of the graphene Q-switched Er:YAG
laser.
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13.2 W. The output power quasi-linearly increased
with respect to the input pump power and reached
up to 2.3 W under an incident pump power of
19 W. The overall optical-to-optical conversion effi-
ciency was about 12% and the slope efficiency with
respect to the incident power was about 45% (see
Fig. 2). In the following, by placing bi-layer graphene
SA inside the laser resonator as shown in Fig. 1, a
stable Q-switched operation state had been achieved
provided that the laser reached the threshold pump
power of 14.3 W. The average output power increased
quasi-linearly up to 1.2 Wat an incident pump power
of 19 W, corresponding to a slope efficiency of about
29%. The quasi-linear increase of both the two curves
can be attributed to the wavelength shifting of the
pump laser. The inset of Fig. 2 shows the output
spectrum of the Q-switched laser at the incident
pump power of 19 W. The central wavelength is
located at 1645.07 nm, and the 3 dB bandwidth is
about 0.18 nm.

The dependence of the pulse duration and repeti-
tion rate on the incident pump power is plotted in
Fig. 3. The pulse width decreased from 55 to 28 μs
while the repetition rate increased from 5.2 to
12.5 kHz as the incident power varied from 14.3 to
19 W. At an incident pump power of 19 W, the pulse

energy is up to 97 μJ, which is about an order of mag-
nitude higher than the reported work (see Table 1) on
graphene-based Q-switched Er:YAG lasers. A typical
oscilloscope trace of the Q-switched operation at the
incident pump power of 19 W is shown in Fig. 3
(inset), which indicates that the Q-switched opera-
tion with lower time jittering. To the best of our
knowledge, the obtained per-pulse energy is about
an order of magnitude higher than the reported work
on graphene-based passively Q-switched Er:YAG
lasers.

It is worthy to mention that the pulse breakup also
emerges as the pump power continues to increase.
The oversaturation of graphene SA can limit the
power scaling and lead to the pulse breakup. To
further acquire higher output power with narrower
pulse width, we should optimize the resonator
designing and the graphene sample preparation.

3. Actively Q -Switched Operation by
the RTP Pockels Cell

Compared with passively Q-switched Er:YAG lasers,
actively Q-switched operation possesses the advan-
tages of high efficiency, high pulse energy, narrow
pulse width, etc. In the experiment, a compact
two-mirror resonator (∼270 mm) was used for the
actively Q-switched operation, as shown in Fig. 4.

The laser comprises a plane input mirror with
high reflectivity (>99.8%) at the lasing wavelength
and high transmittance (>94%) at the pump wave-
length, and an output coupler (curvature radius of
500 mm) with a transmission of 13% at 1645 nm.
The RTP Pockels cell (quarter-wave voltage of
0.85 kV at 1645 nm, contrast ratio of >1000∶1 at
600 nm) with a quarter-wave plate (QWP) and a

Fig. 2. Output power versus the incident pump power for CWand
Q-S operation. Inset: output spectrum of the graphene-based
Q-switched laser at 1645.07 nm.

Fig. 3. Pulse width and repetition rate versus incident pump
power for Q-S operation. Inset: typical oscilloscope trace of the
Q-switched operation at the incident pump power of 19 W.

Table 1. Reported Output Characteristics of Graphene-Based
Q -Switched Er:YAG Crystals or Ceramic Lasers

Gain Medium
Max. Pulse
Energy (μJ)

Repetition
Rate (kHz)

Pulse
Width (μs) Ref.

Er:YAG crystal 7.05 35.6 2.34 [17]
Er:YAG ceramic 12.2 54.4 1.9 [18]
Er:YAG ceramic 7.08 74.6 1.49 [19]
Er:YAG crystal 13.5 35.44 7.78 [20]
Er:YAG crystal 97 12.5 28 This work

Fig. 4. Experimental setup of the electro-optically Q-switched
Er:YAG laser.
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Brewster-angled BK7 quartz constitute the voltage-
ON-type EO Q-switcher.

Compared with the voltage-OFF-type EO Q-
switcher, the voltage-ON-type Q-switcher, which
owns the advantages of removing photoelastic
effects, compensating thermo-depolarization effects
and extending the lifetime of RTP crystal, can lead
to better Q-switching performance. The RTP Pockels
cell constitutes two preferably identical RTP crystals
(with dimensions of 3 × 3 × 10 mm3, each with elec-
trodes on two opposing surfaces, whereby these sur-
faces of the one crystal are rotated by 90° to those of
the other crystal with respect to the direction of ra-
diation, as shown in Fig. 4), which can compensate
the effects led by temperature-dependent birefrin-
gence. The TEM00 mode radius is calculated to be
about 360 and 450 μm at the middle of the
Er:YAG and RTP Pockels cell, respectively.

In the experiment, both CW and Q-S operation
were investigated. Figure 5 shows the output power
for both CW and Q-S operations with a pulse repeti-
tion rate of 100 Hz, 500 Hz, 1 kHz, 2 kHz, and 3 kHz.
If the EO Q-switcher was removed, only CW was
observed. It is obvious that once the repetition rate
is lower than 500 Hz, the output power is far below
than that of the CW regime and the repetition rate
higher than 1 kHz Q-S operation, which indicates
that below this repetition rate the energy transfer
upconversion and inefficient energy storage are very
strong.

Usually, the high pulse energy, narrow pulse dura-
tion Q-switched laser is preferred in many realistic
applications. The high-energy pulse with narrow
pulse width can be extracted from the laser by
lowering the repetition rate. Figure 6 shows the
Q-switched pulse width and energy with respect to
different repetition rates. At a repetition rate of
100 Hz (incident pump power of 21.6 W), a narrower
pulse width (65 ns) with higher pulse energy (7.5 mJ)
relative to the graphene-based passively Q-switched
pulse was obtained. The obtained per-pulse energy
is higher than the reported results on the EO
Q-switcher-based Q-switched Er:YAG or Er:YLuAG
lasers at 1645 nm (see Table 2).

The output spectrum of the Q-switched Er:YAG
laser at the incident pump power of 21.6 W is shown
in Fig. 7. The central wavelength is located at
1644.96 nm, with a 3 dB spectral bandwidth of about
0.25 nm.

4. Conclusions

In conclusion, both passively and activelyQ-switched
operations in a resonantly diode-pumped Er:YAG la-
ser at 1645 nm has been investigated. By introducing
bi-layer graphene SA deposited on a highly reflective
plane mirror using an improved transfer method, we
demonstrated a high-energy passively Q-switched

Fig. 5. Output power versus the incident pump power for CWand
Q-S operation.

Fig. 6. Q-switched pulse width and energy versus repetition rate
for the incident pump power of 21.6 W. Inset: typical pulse trace at
the repetition rate of 2 kHz.

Table 2. Reported Output Results for EO Q -Switcher-Based
Q -Switched Er:YAG or Er:YLuAG Lasers

Gain Medium
Max. Pulse
Energy (mJ)

Repetition
Rate

Pulse
Width (ns) Ref.

Er:YAG crystal 4 1 kHz 100 [1]
Er:YAG crystal 6.6 100 Hz 50 [5]
Er:YLuAG crystal 3.5 100 Hz 100 [23]
Er:YAG crystal 2.2 800 Hz 140 [24]
Er:YAG crystal 5 500 Hz 27 [25]
Er:YAG crystal 3.4 1.1 kHz 21 [27]
EnYAG crystal 7.5 100 Hz 65 This work

Fig. 7. Output spectrum of the actively Q-switched Er:YAG laser
at 1644.96 nm.
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pulse output with the maximum per-pulse energy of
97 μJ. To the best of our knowledge, the pulse energy
is about an order of magnitude higher than the
reported work on graphene-based passively Q-
switched Er:YAG lasers. In the actively Q-switched
operation, the voltage-ON-type RTP Pockels cell as
an EO Q-switcher allows for generation of a maxi-
mum per-pulse energy of 7.5 mJ with pulse width
of 65 ns and 3 dB bandwidth of 0.25 nm, which is
the highest energy among the reported actively
electro-optically Q-switched Er:YAG or Er:YLuAG
lasers at 1645 nm. Our work may provide a basis
for the development of high-energy Er:YAG lasers
at 1645 nm which can fulfill specific applications.
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