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We report for the first time, to the best of our
knowledge, graphene mode-locked operation of a femtosec-
ond Alexandrite laser at 750 nm. A multipass-cavity configu-
ration was employed to scale the output energy and to
eliminate spectral/ Q-switching instabilities. By using a
monolayer graphene saturable absorber, mode locking could
be obtained. With 5 W of pump at 532 nm, nearly transform-
limited, 65 fs pulses with a time-bandwidth product of
0.319 were generated. The mode-locked laser operated at
a pulse repetition rate of 5.56 MHz and produced 8 mW
output power, corresponding to a pulse energy and peak
power of 1.4 nJ and 22 kW, respectively. These experiments
further show that graphene can be used to initiate mode
locking at wavelengths as low as 750 nm.  © 2018 Optical
Society of America

OCIS codes: (140.3580) Lasers, solid-state; (140.4050) Mode-locked
lasers; (140.7090) Ultrafast lasers; (140.5680) Rare earth and
transition metal solid-state lasers.
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Graphene possesses a unique ultrabroad saturable absorption
band with picosecond relaxation, making it possible to initiate
pulsed operation of a wide range of lasers [1,2]. In particular,
graphene and graphene-based supercapacitor structures have
been utilized as saturable absorbers to generate Q-switched
or mode-locked pulses from lasers operating between 603
and 3000 nm [3-11], resulting in the generation of as short
as 19 fs pulses [7].

Recently, there has also been a renewed interest in the de-
velopment of Alexandrite (Cr?*:BeAl,Oy) lasers, following the
emergence of efficient diode or solid-state pump lasers in the
visible. To date, efficient pulsed and continuous-wave regimes
of operation have been demonstrated [12—-17]. Furthermore,
by utilizing the broad tuning range of the Alexandrite gain
medium, several recent studies have focused on ultrashort pulse
generation. In particular, Ghanbari e al. reported the genera-
tion of femtosecond pulses from a Kerr-lens mode-locked
(KLM) Alexandrite laser for the first time [18]. The same group
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later succeeded in producing 380 fs pulses at 775 nm by using
an InP/InGaP quantum dot semiconductor saturable absorber
mirror [19]. The shortest pulses of 70 fs duration were obtained
from a multipass-cavity (MPC) KLM Alexandrite laser [20].

Several alternative saturable absorbers have been used at
wavelengths below 800 nm, including graphene oxide [21],
semiconductor saturable absorber mirrors (SESAMs) [22],
single-walled carbon nanotubes [23], quantum dots (QDs)
[19,24,25], and emerging two-dimensional (2D) materials
[26-28]. Two-dimensional materials such as transition metal-
doped dichalcogenides, black phosphorus, and topological
insulators can provide strong absorption saturation but may
also introduce a high level of nonsaturable loss [29-31], which
is undesirable in a low-gain laser medium such as Alexandrite.
Furthermore, resonant structures such as SESAMs or QDs typ-
ically operate over a relatively narrow spectral window, limiting
the operational range of mode-locked lasers. In the case of
graphene, its use as a saturable absorber has been scarce at wave-
lengths below 800 nm and mainly limited to Q-switching
[3,4]. Mode-locking applications of graphene in this spectral
range appear more challenging due to the increase of the
saturation intensity with decreasing wavelength [6,8,32,33].
Hence, a MPC architecture or high-power pumping can be
used to increase the intracavity intensities to obtain sufficient
absorption saturation for the initiation of mode locking.

In this Letter, we describe, to the best of our knowledge, the
first use of a graphene saturable absorber (GSA) for the mode
locking of an Alexandrite laser. In the experiments, a MPC
extension was added to the short Alexandrite cavity to scale up
the pulse energy and also to eliminate the spectral/ Q-switching
instabilities, which were observed in short-length resonators
[20,34]. Pulses with a duration of 65 fs were generated near
750 nm with 5 W of pump power. These results further show
that graphene can be used as a mode locker at wavelengths as
short as 750 nm.

To demonstrate graphene mode locking of the Alexandrite
laser, we adopt a resonator configuration similar to what was
previously used for KLM experiments [20]. Figure 1 shows
a schematic of the experimental setup. Initially, a folded
x-cavity was built by using four flat (M3-M6) and two curved
(M1 and M2, R = 75 mm) high reflectors, and a flat output
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Fig. 1. Schematic of the 532-nm pumped, multipass-cavity femto-
second Alexandrite laser, mode locked near 750 nm with a monolayer
graphene saturable absorber.

coupler (OC). Then, two curved high reflectors (M13-M14,
R =75 mm) were positioned to create an additional intracav-
ity waist at the location of the GSA. The monolayer graphene
sample used in this work was grown on an infrasil substrate by
using chemical vapor deposition. The fast and slow decay times
of the GSA were previously measured to be 128 fs and 1.6 ps,
respectively [35]. No active cooling of the GSA was employed
in the experiments. The short cavity containing a 10 mm,
Brewster-cut, 0.2% Cr-doped Alexandrite crystal (total pump
absorption = 93% at 532 nm) was end pumped with a single-
mode, 5 W, 532 nm pump laser. During the experiments, the
crystal was kept inside a copper holder and maintained near
20°C by water cooling. The end high reflector M6 was later
removed, and the overall length of the resonator was increased
with a notched, MPC. In order to make the MPC g-preserving,
the curved (M7, R = 2 m) and the flac (M8) high reflectors
were separated by a distance of 114 c¢m, and the end high re-
flector (M12, R = 1 m) was positioned at a distance of 114 cm
from M8. The design rules of this class of notched, g-preserving
MPCs were discussed in earlier studies [36]. With the MPC, an
additional optical path length of 50.2 m was added to the
Alexandrite resonator, giving a pulse repetition frequency of
5.56 MHz.

The continuous-wave power performance of the Alexandrite
laser was investigated for the short and extended resonators.
Figure 2(a) shows the measured power efficiency of the x-cavity
Alexandrite laser by using four output couplers with 0.1%,
0.25%, 0.5%, and 1.7% transmission, respectively, near
750 nm. The resulting measured slope efficiencies with four
different output couplers were 2.8%, 5.9%, 11.4%, and
13.9%, respectively. The round trip passive loss of the x-cavity
Alexandrite laser was estimated to be 0.61% by using the
threshold pump power data shown in Fig. 2(b).

Figure 3 shows the continuous-wave power efficiency data
of the short-cavity and extended-cavity Alexandrite laser oper-
ating with the 0.25% output coupler. The MPC extension de-
creased the power slope efficiency of the x-cavity Alexandrite
laser from 5.9% to 1.7%. The insertion of the graphene sample
further decreased the slope efficiency of the laser to 0.7%. The
round trip passive loss introduced by the MPC and the GSA
was estimated to be 3.05% and 4.82%, respectively, based on
the threshold data in Fig. 3.
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Fig. 2. (a) Continuous-wave power efficiency curves of the x-cavity
Alexandrite laser measured with four output couplers. (b) Measured
threshold pump power as a function of output coupler transmission.
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Fig. 3. Measured power efficiency curves of the short cavity, multi-
pass cavity, and the composite cavity containing the MPC and the
graphene saturable absorber. The output coupler had a transmission
of 0.25%.

In the mode-locking experiments described here, it is impor-
tant to ensure that pulse generation is indeed initiated via the
saturable absorber action in graphene and not by KLM. To
investigate the cavity configurations for graphene mode locking
and KLM, the separation (d in Fig. 1) between the curved mir-
rors M1 and M2 was varied at 10 pm steps, and the output
power of the laser was measured across the full stability range
of the resonator. At each M1-M2 separation, the output cou-
pler was translated to see whether mode locking could be ini-
tiated. Two separate cases were investigated. In the first case,
GSA transferred onto an infrasil substrate was located at the
waist position between M13 and M14, and the output power
was measured as a function of 4 at the input pump power of
5 W [Fig. 4(a)]. The separations where mode locking could be
initiated are marked with solid red triangles in Fig. 4(a). Note
that when GSA was used, mode locking could be initiated
nearly across the full stability range. In the second case, a bare
infrasil substrate without graphene was placed between M13
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Fig. 4. Measured output power and mode-locking tendency (solid
triangles) of the Alexandrite laser as a function of the M2-M3 sepa-
ration position for (a) GSA and (b) bare infrasil substrate between
M13 and M14.

and M14. To keep the output power and, hence, the intracav-
ity pulse energy at about the same level as in the first case, the
input pump power was reduced to 2.7 W. Here, the mode-
locking initiation mechanism is Kerr lensing. Note that KLM
action could be observed at fewer points due to the requirement
for critical cavity alignment to initiate Kerr lensing [Fig. 4(b)].
Based on the data shown in Figs. 4(a) and 4(b), graphene
mode-locking data of the Alexandrite laser were recorded near
d = 8.161 cm, where KLM action was not observed with bare
infrasil substrate. In the mode-locking experiments, negative
group delay dispersion (GDD) was provided by most of the
cavity mirrors, including the MPC mirrors. The dispersion
control mirrors M4, M5, M7, M8, M9, and M12 each had
a GDD of -50 fs? per bounce, whereas M10 and M11 had a
GDD of -100 fs?, and M3 had a GDD of -40 fs* per bounce.
By taking into account the GDD due to the gain medium
(60 fs? per mm [37]), air (20 fs*> per meter), the infrasil
substrate (~100 fs? per 1 mm), the mirrors M1, M2, and OC
(~5 fs* per bounce), as well as the mirrors M13-M14 (~25 fs?
per bounce), the net round trip GDD of the composite reso-
nator shown in Fig. 1 was estimated to be around -400 fs?
near 750 nm.

Figures 5 and 6 show the mode-locking results obtained
from the MPC Alexandrite laser. Figure 5(a) shows the inter-
ferometric autocorrelation trace of the graphene mode-locked
Alexandrite laser. The temporal duration of the pulses was de-
termined to be 65 fs, by assuming a sech’ intensity profile.
Figure 5(b) further shows the measured optical spectrum of
the generated pulses and the estimated round trip GDD of
the resonator as a function of wavelength. The spectral width
(full width at half~maximum) was measured to be 9.3 nm. The
measured time-bandwidth product of 0.319 suggests that the
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Fig. 5. (a) Interferometric autocorrelation trace of the 65 fs pulses
obtained from the graphene mode-locked Alexandrite laser.
(b) Measured optical spectrum of the mode-locked pulses and the
estimated group delay dispersion as a function of wavelength.
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Fig. 6. Measured (a) radio frequency (RF) spectrum and (b) pulse
train of the pulses generated with the graphene mode-locked
Alexandrite laser at the repetition frequency of 5.56 MHz. In the
RF spectrum measurements, the resolution bandwidth (Res. BW)
was 1 kHz.

pulses were nearly transform limited. Note that the net group
delay dispersion of the resonator was positive at wavelengths
below 740 nm, preventing solitary pulse generation with spec-
tra that span the full tuning range of the Alexandrite laser.
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We foresee that by using cavity optics with optimized GDD
over the entire tuning range, it should be possible to generate
sub-10 fs pulses from the Alexandrite laser [15]. At the pump
power of 5 W, the output power of the laser during mode-
locked operation was 8 mW, corresponding to 1.4 n] of pulse
energy at the pulse repetition frequency of 5.56 MHz. The
peak power was 22 kW. Based on the ABCD analysis of
the cavity, the spot size on the GSA was estimated to be
25 pm, yielding an incident fluence of 20 mJ/cm? on the
GSA. Figures 6(a) and 6(b) further show the measured radio
frequency (RF) spectrum and the pulse train of the graphene
mode-locked MPC Alexandrite laser. As can be seen from
Fig. 6(a), the pulse train carrier signal at 5.56 MHz had a
75 dBc contrast with respect to the noise background, indicat-
ing mode-locked operation without Q-switching instabilities.
In conclusion, we report for the first time, to the best our
knowledge, graphene mode-locked operation of a femtosecond
Alexandrite laser. By using a MPC architecture and with 5 W of
pump power at 532 nm, we obtained 65 fs, nearly transform-
limited pulses at 750 nm. The RF peak at the repetition fre-
quency of 5.56 MHz had a contrast of 75 dBc with respect to
the background noise level. The energy, peak power, and the
time-bandwidth product of the generated pulses were 1.4 n],
22 kW, and 0.319, respectively. Finally, this represents the
shortest wavelength, to our knowledge, where graphene has
been utilized to initiate mode-locked operation of a laser.
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