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Few-cycle pulses from a graphene mode-locked all-fiber laser
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We combine a graphene mode-locked oscillator with an external compressor and achieve~29fs

pulses with~52mW average power.

This is a simple, low-cost, and robust setup, entirely fiber

based, with no free-space optics, for applications requiring high temporal resolution.

Ultrafast light pulses in the femtosecond range are
needed for advanced photonics applications. E.g. in
pump-probe spectroscopy, photophysical and photo-
chemical relaxation processes are monitored by exciting
a sample with an ultrashort light pulse. The maximum
temporal resolution is determined by the duration, AT,
of the pulse. This is usually defined as the full width
at half maximum (FWHM) of its intensity profile in
the time domain, I(¢)[1]. Alternatively A7 may be de-
fined by the number of oscillation periods of the elec-
tric field carrier wave (optical cycles) within the pulse[Z]
N = %—;’ = yyAT, where Ty is the optical cycle of fre-
quency vp. The ultimate pulse duration is set by a single
cycle of light, i.e. Ty, given by@] %, where A is the wave-
length and c is the speed of light. Finally, the uncertainty
relation AvAT ~ % provides a measure of the minimum
frequency bandwidth Av required for an ultrashort pulse
formationﬂa], i.e. the broader the bandwidth, the shorter
the supported pulse. In the visible and near infrared
(NIR), Ty lies, e.g, between 2fs at A ~600nm and 5fs at
A ~1.5um, which set the ultimate speed limit for devices
operating in this wavelength range. Achieving shorter
pulses therefore requires moving to shorter wavelengths.

Pulses as short as 2-cycles can be generated di-
rectly from laser cavities using passive mode—lockingﬂ
E] Ti:Saphire lasers have become established tools for
few-cycle generationﬂa], with the shortest pulses pro-
duced to date having At ~5fsﬂ] at a centre wavelength,
Ao ~800nm, corresponding to less than 2-cycles, with
spectral width A\ ~600nm[4]. Ti:Saphire lasers able
to generate few-cycle durations are typically optimized
to make use of the maximum A\ gain availableﬂa], con-
sequently they have no wavelength tunability[2]. Tun-
able Ti:Saphire operate with a much longer pulse du-
ration, e.g. A7 ~150fs in a typical~680-1080nm com-
mercially available spectral rangeﬂa]. Tunable few-cycle
pulses can be achieved by exploiting nonlinear optical
effects in optical parametric amplifiers (OPAs). These
can be described by expressing the polarlzatlon é as a
power series in the applied optical field (
colxWE+xPE2+xB) E3 + .., where ¢ is the froo space
permittivity, x(*) is the linear and x(® and x(®) are the
second- and third-order nonlinear susceptibilities. OPAs
are optical amplifiers based on the x(? nonlinearity of a
crystal[6-8], in a process, called parametricﬂa, B], where
there is no net transfer of energy and momentum between

E and the crystalﬂa, B] This can be visualized, by consid-
ering energy transfer from a pump pulse of frequency wy,
to two pulses of lower frequencies w, and w;, called signal
and idler[d, [7], with the requirement wp = ws + w; 6, ).
Under this condition, OPAs can transfer energy form a
narrow, fixed A\, pump pulse, to a broad, variable A\,
signal pulse, e.g. from~600 to over 3500nm, with pulses
as short as sub—3—cyclesﬂ§, ], their duration being ulti-
mately limited by uncompensated dispersive and nonlin-
ear eﬁects@, @] However, both Ti:Saphire oscillators and
OPAs optimized to produce few-cycle pulses are complex
and expensive setups, relying on bulk opticsﬂa, @] This
has driven a research effort to find novel approaches, not
only capable of producing short pulses, but also cheap,
simple, broadband, and inexpensive, which would make
few-cycle pulses more accessible to the wider scientific
community.

Compared to their solid-state counterparts, fiber lasers
are attractive platforms for short pulse generation due
to their simple and compact designs@], efficient heat
dissipation[11], and alignment-free operation[l, [2, [11]
These characteristics, combined with advances in glass
technologyﬂﬂ, ] and nonlinear opticsﬂﬂ], resulted in
systems working from the visible to the mid-infrared
(MIR)[12]. In fiber oscillators, ultrashort pulses can be
obtained by passive mode—locking@]. This typically re-
quires the aid of a non-linear component called a sat-
urable absorber (SA ﬂj 3, @ Grapheneﬂﬁ @ and
carbon nanotubes (CNTs ﬂﬁ . 18 have emerged as
promising SAs for ultrafast lasers .:
CNTs, broadband operation is achieved by using a dls—
tribution of tube diameters|17, @], while this is an in-
trinsic property of graphene|27|. This, along with the ul-
trafast recovery tlmeﬂ%] low saturation ﬂuenceﬂﬁ .
and ease of fabrlcatlon@ and inte atlon@] makes
graphene an excellent broadband SA|27]. Consequently,
mode-locked lasers using graphene SAs (GSAs) have
been demonstrated from~800nm to ~970nm|32],
Nlum@], N1.5um@] and ~2um|34] up to ~2,4pm|35].
Therefore, experimental setups that combine the unique
optical properties and simple fabrication of graphene,
with fiber lasers, are attractive prospects for few-cycle
generation.

Here we achieve~29fs pulses, corresponding to less
than 6-cycles at 1550nm, using a graphene mode-locked
fibre oscillator in conjunction with an external compres-
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sor based on an erbium doped fiber amplifier (EDFA)
and a length of Single Mode Fibre (SMF). The EDF
length within the amplifier acts as the gain and non-linear
medium, used to simultaneously amplify and spectrally
broaden the pulse, while the SMF, placed at the out-
put of the EDFA, acts as the dispersive delay line. Our
design uses only standard telecommunication equipment
and an intrinsic broadband GSA, attractive when cost,
ease of fabrication, and operational stability are required.
In addition, this enables a compact and portable format.

For fiber lasers, a typical approach for ultrashort pulse
generation is soliton mode-locking|l, 2]. In this regime,
the fiber dispersive and non-linear effects can cancel
each other|l, 2], allowing a stable pulse envelope to
propagate|l, 2]. During propagation, the soliton periodi-
cally encounters perturbations occurring in the fiber laser
of cavity length L.[36]. The shortest solitons stably sup-

ported, typically have Zy < %[40], where Zy ~ QAB—?;) is

the soliton period with 8(?) the second-order dispersion.
For pulses with A7 <100fs, one needs L. < g(—T; ~50cm
for fiber lasers operating at 1.5um, where 5(2) :—25%.
For such short L., it becomes challenging to compen-
sate dispersive effects in all-fiber formats[36]. E.g., to
achieve pulses~10-cycles, i.e.~30fs at 1um|37H39], the
shortest reported to date[38, 139], bulk optics are typi-
cally employed|37-39] in order to compensate for disper-
sive effects, eliminating the advantage of alignment-free
operation which makes fiber lasers attractive. A strategy
to overcome these limitations in all-fiber laser formats
is to use a dispersion-managed design|40, |41], where al-
ternating segments of positive (or normal) and negative
(or anomalous) dispersion fibers lead to periodic broad-
ening and compression of the intracavity pulses|40, [41].
Compared to soliton mode-locking, the average A7 can
increase by an order of magnitude or more, which sig-
nificantly reduces the intracavity Ppeqr, thus being less
susceptible to nonlinear optical effects|40, |41]. However,
in all-fiber oscillators, it is difficult to achieve the mini-
mum A7, as set by Ty. Dispersive effects increase with
AM|36] and it is necessary to provide compensation for
orders higher than 8(?), e.g. third-order dispersion 3(3)
or even higher|36]. In addition, the limited AX of gain
fibers, typically~50nm[42], can further affect the min-
imum achievable A7r. Thus, of particular interest are
novel setups, still capable of few-cycle generation, but
with simpler, more accessible designs, and ampler oper-
ation wavelength, maintaining the all-fibre design.

A different route for few-cycle generation is to exter-
nally compress the pulse|2, 36]. In this approach, the
pulse is first passed through a non-linear medium, such
as a SMF length|36], where it experiences self-induced
phase modulation (SPM) (non-linear phase delay)|2, 36],
caused by its own intensity I(t), via the Kerr effect|36],
ie.  I(t)-dependent change in the refractive index
An = ngl(t), where ng is the medium nonlinear in-
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FIG. 1: (a) Calculated and measured reflectivity of PVA ref-
erence and graphene-PVA composite. The grey areas repre-
sent the combined results of~2000 random graphene orienta-
tions within the composite. (b) 514.5nm Raman spectra of a
graphene flake, PVA reference and graphene-PVA composite.

dex coefficient|36]. After a propagation length L, the
pulse accumulates a time dependent phase-shift A¢(t) =

% [36], resulting in the generation of new frequency

components Av(t) = %%ﬁ(t)[?, 36], distributed tempo-
rally across the pulse, i.e. the pulse becomes chirped. In
order to achieve shorter A7, as supported by the now
broadened Av, the chirped pulse is then passed through
a dispersive delay line[36], which re-phases the new fre-
quency components, Av(t), generated by the SPM[2, [36].
Ideally, the dispersive delay line would introduce the in-
verse of the chirp added by SPM, resulting in the com-
pression of the pulse to its minimum duration. Typically
the dispersive delay line, formed by a component with
negative dispersion, compensates for the linear chirp,
around the central part of the pulse, where most energy
is concentrated|2, [36]. When compared to other tech-
niques, such as OPAs, external pulse compression offers
a more flexible design|2], with the possibility of taking
advantage of the ultra-broadband spectrum which can
be generated by the phase modulation processes|2, 136] in
all-fiber formats|36].

We use a graphene-PVA composite as our GSA, fab-
ricated via solution processing. Graphite flakes are ex-
foliated from bulk graphite by mild ultrasonication with
sodium deoxycholate (SDC) surfactant|16, 130]. A dis-
persion enriched with single layer (SLG) and few layer
graphene is then mixed with an aqueous solution of
polyvinyl alcohol (PVA). After water evaporation, a
graphene-PVA composite is obtained|16]. The reflectiv-
ity measurements of the graphene-PVA composite and
the PVA reference are presented in Figll(a). We esti-
mate the number of graphene layers (N) present in the
composite from the reflectivity measurements, by using
the transfer matrix formalism[44]. We calculate, as a
function of N, the reflectivity of a PVA-graphene com-
posite with overall thickness corresponding to the ex-
perimental one, and with graphene layers randomly dis-
tributed within the matrix. The PVA refractive index
n(A) is adjusted to reproduce the experimental reflectiv-
ity measured on the pure polymer film in the VIS-IR



range, n~1.44[45]. In order to avoid coherent multiple
reflections due to a specific arrangement of the graphene
layers in the composite, we perform a statistical sam-
pling by repeating each calculation for many (~2000)
random graphene orientations within the film. By com-
paring our calculations with the experimental reflectiv-
ity, Figll(a), we estimate that a 4% overall reflectiv-
ity translates to N~30-35. Figlllb) plots the Raman
spectra of a graphene flake deposited on Si/SiOs2, the
PVA reference and the graphene-PVA composite. Be-
sides the G and 2D peaks, the Raman spectrum of the
flake has significant D and D’ intensities[46, |47]. We as-
sign the D and D’ peaks to the edges of the submicrom-
eter flakes|4g], rather than a large amount of disorder
within the flakes[49]. This is further supported by an-
alyzing the G peak dispersion, Disp(G). In disordered
carbons the G peak position, Pos(G), increases with de-
creasing excitation wavelength, from IR to UV[47]. Thus,
Disp(G)=APos(G)/ANg, increases with disorder|47, 50].
FWHM(G) always increases with disorder|51]. Hence,
combining the intensity ratio of the D and G peaks,
I(D)/I(G), with FWHM(G) and Disp(G) allows us to
discriminate between edges, and disorder in the bulk of
the samples. In the latter case, a higher I(D)/I(G) would
correspond to higher FWHM(G) and Disp(G). By ana-
lyzing 30 flakes, we find that the distribution of Disp(G),
I(D)/I(G) and FWHM(G) are not correlated, indicating
that the D peak is mostly due to edges. Also, Disp(G) is
nearly zero for all samples (compared to>0.lcm™!/nm
expected for disordered carbons|50]). Although 2D is
broader than in pristine graphene, it is still a single
Lorentzian. This implies that even if the flakes are mul-
tilayers, they are electronically decoupled and, to a first
approximation, behave as a collection of single layers[52].
The spectrum of the graphene-PVA composite (FiglIi(b))
can be seen as a superposition of that of the flake and
PVA. Thus, PVA does not affect the structure of the em-
bedded flakes.

For our seed oscillator, we design a dispersion-managed
soliton[26], able to generate shorter At with broader
AX than soliton lasers[41], schematically presented in
FigX(a). The total cavity length is L.~11m. We use
a Li~3.7Tm EDF, with 8{? ~ 232 as gain medium.
The rest of the cavity is formed from two lengths of stan-
dard SMF: Ly ~6.9m of SMF-28 with g{% ~ —2225

km?
and Lz ~40cm of Flexcore-1060 with ﬁéQ) ~ —7£—f§.
This gives a net intracavity second-order dispersion
Llﬂ§2)+L2ﬂ§2)+L3ﬂ§2) ~ -0.07ps?, typical of dispersion-
managed soliton lasers|19, [26]. The output of the cavity
is the 30% port of a % coupler. The GSA is placed af-
ter the coupler. Fundamental mode-locking is achieved
with an output power P,,;=0.68mW and repetition rate
f1=18.67MHz. The seed pulse optical spectrum is shown
in FigBl(a), with A\; =10.4nm. The corresponding in-
tensity autocorrelation trace is shown in FigBi(b), with

FIG. 2: Laser schematic. The seed oscillator is mode-locked
using a GSA to produce 263fs seed pulses. These are fed
through the compressor, reducing their duration down to 29fs.
LD: Laser diode; WDM: Wavelength division multiplexer;
EDF: Erbium doped fiber; ISO: Isolator; OC: Optical cou-
pler; PC: Polarization controller; DCF': Dispersion compen-
sation fiber; SMF: Single mode fiber.

AT,=263fs, as determined by fitting a sech? profile to the
pulse, as expected for soliton-like mode-locking|36]. This
gives a time bandwidth product (TBP) Av,A7,=0.34,
close to the expected transform-limit 0.315]54].

The design of the compressor is based on an
EDFA, as shown in FiglZ(b). To protect against
back reflections[53], two isolators are placed at both
the input and output, consisting of~40 and ~50cm
of SMF-28. To reduce Py and avoid temporal
pulse-shape distortions[l] or damage to the compressor
components|l], we stretch the pulse using~3.6m of dis-

persion compensated fiber (DCF) with () ~ 602—?;,
after the input isolator. After the DCF, a WDM
consisting of~220cm Flexcore-1060, is used to forward
pump~3m of EDF with 52 ~ 17%, used as the gain
medium. Finally, a length of SMF-28, placed after EDF,
forms the dispersive delay line, for which an optimized
length~125cm (including the~50cm output isolator) is
used, as determined by monitoring the autocorrelation
trace at the compressor output until a minimum in the
pulse duration is achieved. A polarization controller
(PC) is used to match the polarization state of the inci-
dent seed pulses (compression optimization).

The EDFA within the compressor is operated with
a pump power P, ~350mW. FigB|(a) plots the opti-
cal spectrum recorded at the output of the compressor.
AM. >100nm indicates spectral broadening has occurred.
The corresponding intensity autocorrelation trace is
shown in FigBlb), with a sech? profile of A7, ~29fs,
i.e. ~6 optical cycles. This gives a compression factor

ﬁ—:: = 9. The radio frequency (RF) spectrum of the
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FIG. 3: Seed pulse characterisation. (a) Optical spectra, with
FWHM=AM,=10.4nm. (b) Intensity autocorrelation trace
fitted with a sech® profile, giving FWHM=A7,=263fs after
deconvolution. (¢) RF spectrum showing the first harmonic,
measured around f; =18.67MHz with a 100kHz span and
30Hz resolution. (d) Optical spectra. (e) Intensity autocorre-
lation trace, fitted with a sech? profile. Both seed and com-
pressed traces are normalized to 1. (f) RF spectrum, after
attenuation to~1.5mW to avoid damage to our photodiode,
showing the first harmonic at 18.67MHz, with a 100kHz span
and 30Hz resolution

pulse train, measured with a photodetector connected to
an RF spectrum analyzer, is reported in FigsBlc,d), be-
fore and after compression, respectively. Relative to the
seed pulses, the compressed pulses have no degradation in
signal-to-noise ratio (SNR), indicating pulse stability is
maintained during compression|56]. After compression,
P,.,:=52mW, corresponding to a pulse energy F.=2.8nJ
and Ppeqr=85kW. An increased pedestal is also observed
at the base of the pulse, which can be attributed to un-
compressed non-linear chirp added to the pulse through
SPM|36]. Compensation of higher order chirp terms
would enable further reduction in pulse duration|2, [36],
as well as minimization of the pedestal structure at the
base of the pulse[36]. This can be achieved through
control of the higher order dispersion terms within the
dispersive delay line. E.g. to control 3®[36], prism
pairs or chirped mirrors|2], or lengths of photonic crystal
fibers (PCF's)|13], could be used. The amount of spectral
broadening achievable with our setup, therefore the min-
imum supported pulse duration, is further limited by the

maximum P, of the laser diode used to pump the EDFA.
Use of a higher power diode, or a double pumped con-
figuration, should enable the generation of higher band-
width pulses, as well as enabling increased output power.
Finally, wavelength-engineered dispersion management,
e.g. using PCFs[13], coupled with the broadband nature
of graphene|27], could, in principle, extend our approach
to enable short pulses at other wavelengths.

Compared to Ti:Sapphire and OPA designs, capable
of producing ~2-cycle pulses[2, [9], our all-fiber design,
exploiting a GSA, represents a simple to assemble all-
fiber components, needing no critical alignment. A CNT-
based fiber setup capable of ~14fs pulses at 1550nm was
reported in Refl57. Despite the shorter pulses, Refl57
used bulk optics (a prism pair)[57], unlike the alignment-
free all-fiber format of our laser. Also, a CNT-based SA
limits operation wavelength, compared to our GSA, that
can operate at any wavelength.

In conclusion, we reported a graphene-mode locked
laser generating 29fs pulses with an average output
power~52mW and pulse energy 2.8nJ, corresponding to
a peak power~85kW, making it attractive for applica-
tions such as optical frequency comb generation and high
resolution laser spectroscopy.
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