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Abstract We report on a model of diode-pumped Thulium lagessively Q-switched

by a graphene saturable absorber applicable alsmyaother “fast” saturable absorber.
It reasonably predicts the dependence of the mlusation, pulse energy and pulse

repetition frequency on the absorbed power. Theetnedapplied in the present work
for a Tm:KLuUW microchip laser passively Q-switcheith a multi-layer graphene
saturable absorber. The laser generates ~1 W &trir@2with a slope efficiency of
39%. Stable 190 ns / 44D pulses are achieved at a pulse repetition freguzi?260
kHz. The potential of graphene for the generatibrfea-ns pulses at ~am is
discussed.
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1. Introduction

Thulium (TnT*) is a laser-active ion that provides an emissiei2qim due to thé, — *He
electronic transition [1]. This emission finds apgtions in medicine (due to the strong absorption
of water at this wavelength) and remote sensingatér and C@in the atmosphere. A common
approach to produce laser pulses from a solid-$éser is the passive Q-switching (PQS)
technique, which is realized by the insertion oppropriate saturable absorber (SA) into the laser
cavity. Conventional “bulk” SAs for Tm lasers arasbd on zinc chalcogenides, Cr:ZnS and
Cr:ZnSe, which enable the generation of Q-switchaldes with high energies at low pulse
repetition frequencies (PRFs) [2,3]. Recently, ho8As for Tm lasers based on carbon
nanostructures have attracted a lot of attentiwsiuding graphene [4], graphene oxide [5] and
single-walled carbon nanotubes [6].

Focusing on graphene, this material is composedsoigle layer of carbon atoms arranged
in a honeycomb lattice [7]. It shows broadbandantbst wavelength-insensitive linear absorption
[8] from ~0.6 um up to at least ~3 um and alsodivaad saturable absorption [9]. Consequently,
graphene can be used as “universal” SA for nedad&s, including those based on Tm. It shows
relatively low saturation intensity, reasonable-saturable losses, high laser damage threshold and
ultrafast recovery time [10-12]. In addition, thentrol of the modulation depth is possible by
varying the number of graphene layers [9]. Graplsatigrable absorbers (GSAs) may enable the
generation pulses at high PRFs, typically rangmgifhundreds of kHz to few MHz. Recently,
PQS of bulk Tm lasers with graphene has been eedlz13,14]. The potential of graphene for the
generation of ns pulses in Tm lasers at ~2 pumlsa$aen shown [15].

In the present work, we aimed at a theoreticalrgi®n of PQS of Tm lasers by a GSA. It
enables the prediction of the pulse characteriaiasell as their dependence on the absorbed pump
power. To verify the validity of our model, a lagased on a Tm:KLu(Wgp crystal (Tm:KLuW)
is experimentally investigated. It belongs to thenify of monoclinic double tungstates (DTs),
which are very suitable hosts for Tm doping [16in-Gloped DTs offer intense and broad
absorption and emission bands for different pa#ions [17,18], and high doping concentrations
are possible [19] without significant changes i tbrystalline structure and spectroscopic
properties. Efficient Tm-doped DT lasers operaimthe continuous-wave (CW) [20-22] and the
PQS [23-25] regime have been reported previoustyla8er set-up, we selected the microchip
geometry [26] where both the laser crystal and &Apéaced in a compact plano-plano cavity. In
particular for GSA, such a set-up is useful forgeaeration of shorter pulses in the ns rangealue t
the significant reduction of the cavity roundtiipé [15,27].

2. Theoretical modd

2.1 Tm laser system

First, let us discuss the energy level schemeefTtit* ion, see Fig. 1. Excitation of Tm
lasers is usually at ~0@m (Hs — *H, transition), which matches very well the emissidn
AlGaAs laser diodes. Laser operation is achieveitajly at ~1.95um due to thé’F, — °He
transition. This results in a low Stokes efficiengy = /. ~ 0.41. However, a special feature of
the Tn?" system is the very strong cross-relaxation (CR)haseism for two adjacent ion#{, +
®Hs — 3F4 + °F4 [1,28]. This process ideally generates two photinsl.95um from only one



pump photon at ~04m, resulting in a much highgg; of 24,/4, ~0.82. Laser operation with strong
CR is very desirable for the increase of the lakgre efficiency and the reduction of heat loading.
The latter can be estimated/as= 1 — 2/, ~0.18 which is lower than for Ndions ¢n ~0.24)
pumped at the same wavelength. For the main loptsrnented for Tl doping, e.g. YAG, YLF

or KLuW [1,18,29], a very high CR efficiency forasonable TAi doping concentrations (3-5
at.%) was demonstrated and, consequently, highd#smency was achieved [30].

The excited-state absorption (ESA) is an imporeffect limiting the performance of
lanthanide-based lasers. ESA leads to a depopulattithe pump level or emitting state with the
excitation of the lanthanide ions to higher-lyingiltiplets thus being part of up-conversion
luminescence (UCL) processes. Non-radiative omatiadi UCL transitions from these multiplets
result in an additional heat loading and decreasdaser efficiency. When pumping hions at
~0.8um, *Hs — G, ESA may occur. It results in the population of #6g higher-lying multiplet
(~21500 crit) from which several visible up-conversion emissioscur at ~480 nm (to tHelg
ground-state, observed in the blue), at ~650 nrthétr, state, in the red) and at ~800 nm (to the
®Hs state, in the near-IR). However, for high *frmoncentrations, a second efficient CR process is
possible'G, + *Hg — 3F, 3 + °F4 [18]. As the energy gap between fie; states and the lower-
lying *Hs pump level is small (~2000 &) a fast non-radiative relaxation suppresses any
additional parasitic emissions. Consequently, UCsingle Tni*-doped materials is weak.

Considering a fast and efficient CR mechanism fgnlt Tm**-doped laser materials, one
can neglect the population of all multiplets witie Exception of théHs ground stateNy) and the
3F, upper laser leveNy), soN; + N, = Nrm whereNm, is the Tni* concentration. In particular, for
Tm:KLuW crystals with a doping level >3 at.%, theagtum efficiency for ~0.8m excitation isyq
> 1.98, almost approaching the theoretical valu2 ahd the quantum yield of the luminescence
from the’F, state is >0.99 [30]. As a consequence, <1% ofth& ions can potentially be excited
into higher-lying multiplets. In the present pafogrthe sake of simplicity we will describe the PQS
Tm laser by considering the rate equations onlytffertwo multiplets (|1> 2Hg and [2> =Fy)
involved in the laser emission. PQS is realizeGBA.

2.2 Rate equations

Graphene, when applied for PQS of a Tm laser, dimiconsidered as a “fast” SA because
the recovery of the initial absorption is muchdaghan the characteristic time of pulse formaition
the Tm laser (from tens to hundreds of ns). Graplas two characteristic recovery times, the
“fast” component is about 100 fs and a “slow” onghe order of 1 ps. They are related (i) to
thermalization due to ultrafast intraband carremrier and carrier-optical phonon scattering
resulting in a Fermi-Dirac distribution in the vade band and (ii) to much slower electron-hole
recombination, respectively [12].

To model the characteristics of a GSA PQS of a dser| we solved the system of rate
equations for a quasi-three-level laser materitd ai‘fast” SA. These equations are written for two
variables: (i)I. — radiation intensity in the laser crystal at thser frequency, and (i) N, -
population of the upper laser level:
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Here k_is the gain coefficient arlghssis the resonator loss coefficient at the lasguieacyy, :
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In Eq. (1),0' is the absorption of graphene which is a funatibia (see below). The resonator and
material parameters used in the formulas are lasv®lu = [avnaw/l; is the resonator filling factor;
lav s the active medium (AM) lengtimyy is the refractive index of the active eleménts the
optical length of the resonateg,andy, are the pump and laser frequencies, respectiiglys the
transmission of the output coupler dnid the round trip passive intracavity IpBsiseis the rate of
noise intensitys"se ands"apsare the stimulated-emission (SE) and absorptiossesections of the
AM at the laser frequency, respectivejy;is the quantum efficiency for the AM (the numbér o
emitted ~2um photons due to one absorbed +h8pump photon); is the lifetime of the upper
laser level {4 level of Tn™"). The fundamental constantss the light velocity andi is the Planck
constant. The average pump intensity in the aetement], is expressed as:
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Here,Pi,c is the incident pump power ang is the pump spot radius, is the absorption coefficient
for the pump radiation andf.sis the absorption cross-section of the AM at theyp frequencys.
The pump and laser intensities, populations, logsgain coefficients are considered as averaged
over the crystal volume.

The solution of the system of rate equations ifopaed for normalized variableBL* =
No/Nrm andl * = | /lss as well as normalized tinte= t/z,n wherery, is the lifetime of the photons
in the cavity,zpn = N/(cukos9. This solution yields a time-dependent intragalaser intensityy (t)
which is used to calculate the output laser power:
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Here,w_ is the radius of the laser Gaussian modekani$ the coefficient of useful losses on the
OC. From the time-dependdp,(t), we calculated the pulse duratian (as FWHM), the pulse
energyE,: and the PRF for the Q-switched pulses.

2.3 Saturable absorption of graphene

A single-layer graphene is known for its “univetsahall-signal absorption, which is almost
constant in a wide wavelength range spanning frenvisible (~0.um) up to at least ~3m. This
absorption is relatively large if considering thregence of a single layer of atoni'sy o = 2.3%



wherea = €’/fic = 1/137 is the fine structure constant [8]. For daspontaining several carbon
layers (), the small-signal absorption is scaling wittfiollowing an almost linear lawy' ~ nmo.
The total absorption of graphene can be sepamtéda parts, the saturables, and the non-
saturable oney'\s. Thus, the internal small- signal transmissiographene can be represented as
=1-o'=1-@s*ang).

The dependence of the total absorption of grapberiee laser intensity is [10]:

_9s ©)

1+(| L/I sat)
Here,lsy:is the saturation intensity, which correspond-told decrease of the saturable part of the
graphene absorption. The laser intensity in Egs(B)e one in the SA, which is related to therlase
intensity in the AM a$_(SA) =xxI_(AM), wherey is the ratio of mode areas in the AM and A,

= W (AM)/ W %(SA). For microchip laserg, ~1. Consequentlyl, used in Eq. (1) and Eq. (6) are
the same intensity. EqQ. (6) is a particular castheftime-independent form of the fast saturable
absorber equation [31].

The mechanism of saturable absorption of graptesehematically represented in Fig. 2.
Graphene has a unique band structure. Both its:a@land conduction bands (VB and CB,
respectively) have a shape of hollow cones andatesjouching each other resulting in almost zero
bandgap. The absorption of a photon with an enerdgads to the formation of a hole in the VB
and an electron in the CB. For high excitationnasiies, the concentration of photogenerated
carriers increases significantly, so that the stagar the edges of VB and CB (within the energy
interval ofhv/2 for each band) are filled. The band-filling acchecause two electrons cannot fill
the same state in agreement with the Pauli blogbrmgriple [10,11]. Thus, further absorption is
blocked implying transparency of graphene.

Although the linear absorption of graphene is atmas/elength-independent, its nonlinear
properties show strong dispersion [9]. In particulg; decreases with the decrease of the photon
energyhv (i.e., it is easier to achieve the saturationrapgene at longer wavelengths). Figure 2
illustrates this dependence because the illummatigraphene with lower energy photons requires
the excitation of less number of electrons in otdexxhaust the corresponding part of the VB and
to observe the absorption saturation. Accordingxgerimental studies [sy: decreases almost
linearly with the decrease b in the ~0.5...2 um spectral range and it apprcapbe fohy — 0,
which is the characteristic of the Dirac point e tgraphene band structure. Thus, the use of
graphene as SA for ~2 um lasers (e.g., Tm or Hodass more attractive compared with those
emitting at ~1 pum. This characteristic feature w@sfirmed by the greater difficulty to achieve
stable GSA PQS of ~1 um solid-state lasers wittamditional mode confinement like in
waveguide or fiber configurations [32].

For samples with number of carbon layers 1, as mentioned above, the linear absorption is
scaling withn. However, its saturable pattga’, decreases with [9,10]. This is related to the
increased non-saturable loss due to multiple sregften the layer-to-layer interfaces and defetts |
the graphene structure. The increasendeads also to a slight reduction Rf; From the
experimental results on the absorption saturatiosirgle- and multi-layer graphene one can
conclude that the optimum value rofis 3...4 as it provides sufficiently large modiglatdepth
while keeping reasonably low non-saturable lo3es [

a'(l )=a'yst



2.4 Noise estimation
The rate of noise intensity,isciS determined by spontaneous emission in the iasde. The
time dependent power density of spontaneous emisgis determined as:

P—hy, —2 | 7
dt LTrad ( )

wherezagis radiative lifetime of the upper laser levigl(evel of Tni"). This power is emitted into
the total space anglet4Considering the emission into the laser mode witipace angl@, and
taking into account that this emission occurs in tlivections, the value 6fisciS:

dus, 20, ¢
' . :_p—l-_. 8
noise dt 47T n ( )
The space angle {3, = 76,° where#, is the divergence of the Gaussian laser beaneiadtive
crystal. Finally, one obtains:
hc?NyA,

' oisce— 35— - 9
noise ZﬂanWETrad )

3. Resultsand discusson

3.1 Laser set-up

The main reason for the relatively long (typicdéiyv us) durations achieved when PQS Tm
bulk lasers with long cavities using graphene [44Ris related to the low modulation depth of
GSA (~0.1%) in this case. The main advantage df sacities is the possibility to avoid unwanted
heating of graphene by residual pump absorptioort&hing of the pulse duration can be achieved
by using the microchip concept due to the sigmfigareduced cavity roundtrip time [15]. In the
microchip laser, the AM and SA are placed in a@lglano cavity with minimum separations.
Note that, in principle, heating of the SA by residpump radiation can be avoided also in the
microchip laser, by applying suitable coatingh®AE. Here we analyze the PQS results obtained
with a Tm:KLuW microchip laser using GSA.

The studied laser crystal, a 3 at.% Tm:KLuW, waswgr by the Top-Seeded-Solution
Growth (TSSG) slow-cooling method [16]. The Tm:KLwystal is monoclinic (sp. group% -
C2/c) and opticaly biaxial. The actual concentratiomof" ions determined with Electron Probe
MicroAnalysis (EPMA) wasNm, = 2.15x16° at/cn?. From the as-grown bulk, a 2.5 mm-thick
rectangular sample was cut along fyeaxis of the optical indicatrix. This cut providegositive
thermal lens of the active element [33], whicheguired for mode stabilization in the microchip
cavity [22]. Both theN,xNy, crystal faces with dimensions 3.0x3.0 frwvere polished to laser
guality and remained uncoated. The crystal was tedun a Cu-holder providing cooling from all
four lateral sides and Indium foil ensured goodrttat contact. The holder was water-cooled down
to 12°C.

The plano-plano cavity of the microchip laser, Bigconsisted of a pump mirror (PM) AR-
coated for 0.77-1.0bm and high-reflection (HR) coated for 1.80—2,08, and an output coupler
(OC) with transmittanc&oc = 5 % at the laser wavelength. Between the sefemedof the crystal
and the OC, a commercial transmission-type GSApfemae supermarket) was inserted. The GSA



consisted of a 1.05 mm-thick fused silica substxette multi-layer graphene deposited by chemical
vapor deposition (CVD). Its initial small-signalsaioption at the laser wavelength wéas- 5.5%,
Fig. 4(a). For the single-layer graphene depositeder same conditions, = 2.3%, in perfect
agreement with the theoretical value. Thus, thenmeanber of graphene layers in the used sample
wasn = 2.4 (between 2 to 3 layers). The number of callagers was confirmed by Raman
spectroscopy, Fig. 4(b), according to the relaintensity of the 2D and G peaks. All optical
elements were contacted without air gaps, thudatia¢é geometrical cavity length amounted to
~4.05 mm.

As a pump source we used an AlGaAs fiber coupkest diode (fiber core diameter: 200,
N.A.: 0.22) emitting at ~805 nm. The unpolarizednpuradiation was collimated and focused into
the crystal using a lens assembly (1:1 imaging,r8® mm focal length) resulting in a pump spot
radiusw, in the crystal of 100+pm. The confocal parameter for the pump beam &as20 mm.
The measured single-pass absorption in the ciysgal7 +2%. According to the pump spot size,
the sensitivity factors of the thermal lens in TV areM = 12.9 and 8.1 W for the
directions parallel to thid, andN, axes, respectively [33]. The calculated radiheflaser mode in
the AM and in the GSA for the “hot” cavity are alshthe samey = 85+5um.

A fast InGaAs photodiode (rise time: 200 ps) an?l @Hz Tektronix DPO5204B digital
oscilloscope were used for the detection of theviizked pulses.

3.2 Output characteristics

Using the commercial GSA stable PQS was achieved the Tm:KLuW laser. The
corresponding input-output curve is shown in FigTbe maximum average output power was
1064 mW with a slope efficienay= 39% (with respect to the absorbed power). Téer lamission
was linearly polarizedE || N, naturally selected by the anisotropy of the ¢abj. The laser
threshold was aP.,s = 2.3 W and the optical-to-optical efficiency amtad to ~22%. The
conversion efficiency with respect to the CW modleweration was;con, = 70%. The output
dependence was clearly linear showing no influesfcdetrimental thermal effects. The typical
laser emission spectrum shown in Fig. 5 (insetyistof one intense peak centered at 1926
nm. This relatively short wavelength is caused Hxy thigh intracavity losses due to the non-
saturable absorption of the GSA and, hence, aitmginsion ratio £ ~0.25, as determined from the
rate equations). For this 4, is in agreement with the gain curves of Tm:KLu\@|[1

For the GSA Q-switched Tm:KLuW laser, an uppertliai stable PQS existed. Q-switching
instabilities are attributed to heating of the G8Aresidual (non-absorbed) pump. Due to a large
non-saturable loss of the SA&'Ns ~5.3%, see below), ~2.5% of the incident pump pomes
absorbed by the GSA. Graphene possesses a verthaigial conductivityx ~5000 W/mK [34]
but it was deposited on a passively-cooled fuséch ssubstrate with much lower thermal
conductivity,x = 1.3 W/mK. Consequently, heating of the two naleis expected and both of
them exhibit thermal expansion. Graphene has aivegaefficient of thermal expansion, = —
7x10° K™ [35]. In contrast, for the fused siliea,is positive, 0.5x I8 K. This mismatch causes
a compressive strain in the graphene layer withgigemperature and can lead to its slip or
buckling from the substrate surface. Thus, incekasattering on the graphene/substrate interface is



expected, which will reduce the saturable absormifdhe GSA. Nevertheless, no damage of GSA
was observed during laser operation.

The pulse characteristics (duration, energy, PRFp&ak power) for the Tm:KLUW laser
exhibit a clear dependence on the pump level G-ighe pulse duration decreased from 510 to 190
ns which was accompanied by an increase of the palsrgy from 0.2 to 441). The laser operated
at a PRF ranging from 150 to 260 kHz. The peak paveecased almost linearly from 0.4 to 21.6
W.

All these dependences were modeled as describgd.alite set of material parameters was
taken from the literature [9,18], and their valaes listed in Table 1. The noise réigsewas first
estimated in accordance with Eq. (9) and then tghigharied in order to observe the pulsed
behavior of the laser output. The modeling resaitpulse duration, pulse energy, PRF and peak
power are shown in Fig. 6 as solid curves. Ther @nrdhe calculated pulse characteristics was
about ~20%, determined mainly by the precisiorhefused material parameters. One can see that
the modeling is in rather good agreement with tigeement, not only in terms of the absolute
values of pulse characteristics but also their nidggeces on the absorbed power (within the
specified error). At the highest studied pump lethed model predicts the generation of 175 ns/ 3.8
ud pulses, which is also close to the experimeesailts.

For the GSA PQS of the Tm laser, the pulse duratesreases with the absorbed power
while the pulse energy increases. This behaviguaditatively different from Tm laser PQS with a
“slow” SA where the pulse duration and energy aeakly dependent on the absorbed power when
proper conditions for the saturation of the SA ra@ized [23-25]. The PRF and peak power in
Fig. 6 exhibit almost linear dependence on therabsiqpower.

It is worth discussing the modulation depth of G8A. From the absorption saturation
experiment performed in [9], the ratio of the salble absorption to the total onéga’, was
determined to be 0.65 (single-layer graphene;'se: 1.5%) and 0.58...0.37 (multi-layer graphene,
depending on the number of layers). Our formernetuof GSAs [36,37] provided an estimation of
the modulation depth afs = 0.10+0.02% for the single-layer graphene’'ge’ ~0.04. From this
ratio, we estimated's for the multi-layer graphene used in this workogs= 0.23+0.02% (cf.
Table 1), which results in good agreement betwegereanent and modelling. Thus, the actual
modulation depth of the GSA is much lower than etqmk from the absorption saturation
measurements.

In order to explain the pump-dependence of pulseackeristics in the GSA passively Q-
switched Tm:KLuW laser, we have calculated inraggseak on-axis intensity of laser radiation at
the SA I, and the intensity-dependent absorption of the BG%K,). The intracavity intensity is
determined as:

|, = 2_TOC 2E ”
Toc ﬂVVEAT*
where it is taken into account that laser modeah@gaussian spatial profile (TEglmode) and the
temporal profile of the laser pulse is close to $S&n (soA ~ 1.06Az is the effective pulse
duration). The absorption of GSA is then calculat#td Eq. (6). The results are shown in Fig. 7.
With the increase of the absorbed pump powgerincreases monotonously from 0.1 to 7.0
MW/cm? which results in the bleaching of the GSA. Theatian of o/(li) is much stronger close

(10)



to the laser threshold due to low intracavity laséensity and the GSA is almost completely
bleached aP,ys> 4.5 W that correspond to almost constaftf,) and, hence, almost unchanged
pulse characteristics, as shown in Fig. 6. Thus;ameconclude that the pump-dependence of pulse
characteristics in graphene Q-switched lasers mlyndue to variable saturation and, hence,
modulation depth of the SA.

From Fig. 7(a), one can estimate the laser-inddeedaage threshold (LIDT) for the studied
GSA to be at least ~7 MW/&for ns-pulses.

In Fig. 8(a), we present the oscilloscope tracesesingle Q-switched pulses observed close
to the laser threshold [Bi,s= 2.5 W) and at the maximum studied pump lelRgkE 4.9 W). The
shortening of the pulse duration with the increafsabsorbed power is obvious from this figure.
The temporal shape of the pulses is almost synunétriFig. 8(b), the oscilloscope trace of the
pulse train corresponding to the maximum PRF =K0is shown. The intensity fluctuations in
the train are ~15%. They are mainly attributedhéoabove mentioned heating of the GSA.

In Fig. 9(a,b), we present the typical results ftbwrmodelling of the GSA PQS Tm:KLuW
laser outputPy,(t) at aPa,s= 4.9 W. The developed model allowed us to predecbnset of lasing
and the transition between the CW and PQS openainaies, see Fig. 9(c-). Here, time is counted
from the moment when the pump is switchedton @) and the (c-f) plots differ from the value of
the normalized rate of noise intensityerm = I'noisdpt/lsas Similarly to [37].1'woise is proportional to
the population of the upper laser ledel With a misalignment of the laser, the inversiocreases
to produce higher gain in order to compensatehiiricreased loss so thatiseis also increased.
This is accompanied by the transition from the gaimn of intense and short (hundreds of ns)
pulses without any CW pedestal (“true” Q-switchetidwior) to a modulation of the output signal
with long (fewus) pulses showing a CW pedestal and finally tdtthe” CW lasing.

3.3 Discussion

The proposed modelling allows one to analyze tlieeince of various parameters on the
performance of GSA PQS of Tm lasers. When consigi¢hie SA, the most critical parameter is its
saturable absorption. Increasiig results in an increase of the pulse energy astionening of
the pulse duration, as expected from the generahptof Q-switching. In the case of grapherie,
can be varied to a certain extent by changing timeber of graphene layens Indeed, the results
achieved in the present work (190 ns /i pulses fon=2.4) are better than those obtained when
using single-layer graphene £ 1) in a similar laser (285 ns / 1u8 pulses [15]). However, as we
discussed above, GSA shows rather high non-satucsesdns/a’) which are known to increase
strongly with the increase ofdue to scattering on the interlayer interfaceB)9 Such losses limit
significantly the laser efficiency and reduce thewersion efficiency with respect to the CW mode
of operation. Having in mind the modulation deptid anon-saturable losses of the GSA, we
considem = 2...4 as optimum number of layers for GSA PQ3roflasers. The value afys can
be further reduced by improving the technologyyotisesis of the multi-layer graphene samples.

Now let us discuss the influence of the laser nahteFor Q-switching, an important
parameter of the gain medium is its energy stocageability expressed in terms of the lifetime of
the upper laser level (e.d, level of Tni"). For GSA PQS of Tm lasers, an increase of thtrtie
will lead to shortening of the laser pulses antightsncrease of their energy; however, this dffec



is relatively weak. For instance, a 2-fold variataf the lifetime will lead to ~10% change of the
above mentioned parameters. Consequently, we catude that Tm-doped materials with longer
lifetimes (e.qg., fluorides) will provide better palcharacteristics.

The cavity design is also important for optimizthg performance of the GSA passively Q-
switched Tm lasers. Algyis relatively low for graphene at ~2 um, the reguents to the laser
cavity for saturation of the absorption are nataegent as in the case of Yb lasers at ~1 pna As
consequence, Tm lasers can be Q-switched with gmapbsing different geometries of the laser
cavity. However, due to the very low modulationtteqf graphene (~0.1...0.3%), when applied in
a long laser cavity, it may produce ps-long pu[gek3,14]. Thus, the use of a compact cavity
design (e.g., microchip) is rather beneficial feaching pulse durations of the order of ~100 ns or
even shorter. The microchip concept offers theilpiigsof direct deposition of graphene on one
of the faces of the laser crystal. The drawbackuoh a compact cavity is the heating of graphene
by residual pump absorption, which can be avoigecbiating this surface highly reflective for the
pump.

Our modelling indicated that an important paramefethe cavity is the size of the laser
mode in the crystaly.. The pulse energy for GSA passively Q-switchedrtas scaling with the
laser mode size asvt’. In a compact cavityy, is primarily determined by the thermal lens and
cannot be easily varied. Thus, the microchip aearent is more favorable for reduction of the
pulse duration rather than for energy scaling. @oytlong cavities may provide scaling of the
pulse energy (up to few tens of pJ, as expected the modelling). From our model we also
determined that a proper selection of the OC isomapt to achieve a stable PQS laser
performance. Larg&€sc will not provide a sufficient level of intracavitgtensity on the GSA for its
saturation. Thus, in contrast to Tm lasers witbWsISAs where the use of largésc enables an
increase of the pulse energy and reduces the piiybablaser damage of the intracavity optical
elements, in the case of graphéng,~5% is close to optimum as for largejc the SA will not be
saturated.

The developed model is in principle suitable tocdbs Tm lasers PQS with different,
recently emerging “fast” SAs, e.g. single-walledbca nanotubes (SWCNTS) operating around the
E;1 fundamental transition [38], graphene oxide, ftams metal dichalcogenides (TMDs, e.g.
MoS,, WS, MoSe) [39], black phosphorus or topological insulat(BgTes, SkkTes). However,
for those materials exhibiting a more complicataddostructure (as compared with graphene), e.g.
SWCNTs or Mog one may additionally involve the rate-equatiordeidor the SA.

4. Concluson

We report on a model describing diode-pumped Trk laglers passively Q-switched with
graphene-based SAs. This model predicts corrdwdlylependence of the pulse characteristics on
the pump level, in particular, the shortening & @-switched pulses and the increase of their
energy, which is specific for “fast” SAs. The pdtahof graphene for the generation of few-ns
pulses at ~2 um is discussed. It is shown thdbtineaturable absorption of graphen'g/¢’ ~0.04)
and, hence, the low modulation depth of the SAhgrange ~0.1...0.3%, depending on the number
of graphene layers) is the main limiting factor tloe performance of such passively Q-switched
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lasers. The developed model may also be used dodehcription of bulk Tm laser PQS with
various “fast” SAs.

In order to validate our model a compact microdikip-Tm:KLUW laser passively Q-
switched with a transmission-type multi-layer GSAswexperimentally studied. This laser was
scaled up to ~1 W average output power at 1926Time@.slope efficiency reached 39% and the
conversion efficiency with respect to the CW moflepeeration was as high agn, = 70%. Stable
pulses, as short as 190 ns with an energy pfl-#ere achieved at a PRF of 260 kHz. Graphene is
a promising SA for <100 ns pulse generation at PRRe MHz range if further power scaling of
Tm lasers is achieved and if the intracavity loskesto the non-saturable absorption of graphene
are optimized.

Acknowledgements

This work was supported by the Spanish Governnradenprojects MAT2013-47395-C4-4-
R and TEC2014-55948-R, and by the Generalitat dalu®ga under project 2014SGR1358. F.D.
acknowledges additional support through the ICREXadamia award 2010ICREA-02 for
excellence in research. This work is part of aqatdjhat has received funding from the European
Union’s Horizon 2020 research and innovation pnogng under the Marie Sklodowska-Curie
grant agreement No 657630. P.A. Loiko acknowledigasicial support from the Government of
the Russian Federation (Grant 074-U01) through ITR&St-Doctoral Fellowship scheme.

11



References

1. R. C. Stoneman, L. Esterowitz, Opt. Lett. 1)186—488.

2. H. Yu, V. Petrov, U. Griebner, D. Parisi, S. dezgsi, M. Tonelli, Opt. Lett. 37
(2012) 2544-2546.

3. R. Faoro, M. Kadankov, D. Parisi, S. Veronesi;Tighelli, V. Petrov, U. Griebner,
M. Segura, X. Mateos, Opt. Lett. 37 (2012) 15179151

4. G. Q. Xie, J. Ma, P. Lv, W. L. Gao, P. YuanJLQian, H. H. Yu, H. J. Zhang, J. Y.
Wang, D. Y. Tang, Opt. Mater. Express 2 (2012) 883

5. C. Liu, C. Ye, Z. Luo, H. Cheng, D. Wu, Y. ZheigLiu, B. Qu, Opt. Express 21
(2013) 204-2009.

6. J. Liu, Y. Wang, Z. Qu, X. Fan, Opt. Laser Texth#i4 (2012) 960-962.

7. A. K. Geim, K. S. Novoselov, Nat. Mater. 6 (2pQ@83-191.

8. R. R. Nair, P. Blake, A. N. Grigorenko, K. S.Mgeelov, T. J. Booth, T. Stauber, N.
M. R. Peres, A. K. Geim, Science 320 (2008) 1308.

9. F. Zhang, S. Han, Y. Liu, Z. Wang, X. Xu, Apphys. Lett. 106 (2015) 091102-1-5.
10. Q. Bao, H. Zhang, Y. Wang, Z. Ni, Y. Yan, Z.Shen, K. P. Loh, D. Y. Tang,
Adv. Funct. Mater. 19 (2009) 3077-3083.

11. Q. Bao, H. Zhang, Z. Ni, Y. Wang, L. PolavarapuShen, Q. H. Xu, D. Y. Tang,
K. P. Loh, Nano Res. 4 (2011) 297-307.

12. G. Xing, H. Guo, X. Zhang, T. C. Sum, C. HHuian, Opt. Express 18 (2010)
4564-4573.

13. Q. Wang, H. Teng, Y. Zou, Z. Zhang, D. Li, Rang, C. Gao, J. Lin, L. Guo, Z.
Wei, Opt. Lett. 37 (2012) 395-397.

14.T. L. Feng, S. Z. Zhao, K. J. Yang, G. Q. LidDLi, J. Zhao, W. C. Qiao, J. Hou,
Y. Yang, J. L. He, L. H. Zheng, Q. G. Wang, X. u,X. B. Su, J. Xu, Opt. Express
21 (2013) 24665—24673.

15. J. M. Serres, P. Loiko, X. Mateos, K. Yumasi&vGriebner, V. Petrov, M.
Aguilo, F. Diaz, Opt. Express 23 (2015) 14108-14113

16. V. Petrov, M. C. Pujol, X. Mateos, O. SilvesBeRivier, M. Aguilo, R. M. Sole, J.
H. Liu, U. Griebner, F. Diaz, Laser Photon. Re207) 179-212.

17. A. E. Troshin, V. E. Kisel, A. S. Yasukevich,W Kuleshov, A. A. Pavlyuk, E. B.
Dunina, A. A. Kornienko, Appl. Phys. B 86 (2007)72292.

18. O. Silvestre, M. C. Pujol, M. Rico, F. Guell, Muild, F. Diaz, Appl. Phys. B 87
(2007) 707-716.

19. S. Vatnik, I. Vedin, M. C. Pujol, X. MateosJJCarvajal, M. Aguil6, F. Diaz, U.
Griebner, V. Petrov, Laser Phys. Lett. 7 (2010)438.

20. X. Mateos, V. Petrov, J. Liu, M. C. Pujol, Uigbner, M. Aguild, F. Diaz, M.
Galan, G. Viera, IEEE J. Quantum Electron. 42 (20068-1015.

21. S. M. Vatnik, I. A. Vedin, A. A. Pavlyuk, LasBhys. Lett. 9 (2012) 765—-769.

22. J.M. Serres, X. Mateos, P. Loiko, K. YumasiheKuleshov, V. Petrov, U.
Griebner, M. Aguild, F. Diaz, Opt. Lett. 39 (204247-4250.

12



23. M. Segura, M. Kadankov, X. Mateos, M. C. Pulol. Carvajal, M. Aguilo, F.
Diaz, U. Griebner, V. Petrov, Opt. Express 20 (28B24-3400.

24. M. S. Gaponenko, A. A. Onushchenko, V. E. KikeM. Malyarevich, K. V.
Yumashev, N. V. Kuleshov, Laser Phys. Lett. 9 (2@B1-294.

25. P. Loiko, J.M. Serres, X. Mateos, K. Yumaslkewasukevich, V. Petrov, U.
Griebner, M. Aguild, F. Diaz, Opt. Lett. 40 (208220-5223.

26. J. J. Zayhowski, C. Dill, Opt. Lett. 19 (1994p7-1429.

27.J.M. Serres, P. Loiko, X. Mateos, V. JambumataYumashev, U. Griebner, V.
Petrov, M. Aguilo, F. Diaz, Laser Phys. Lett. 181@) 025801-1-5.

28. P. Loiko, M. Pollnau, J. Phys. Chem. C 120 2@6480-26489.

29. S. So, J.I. Mackenzie, D.P. Shepherd, W.AkStar, J.G. Betterton, E.K. Gorton,
Appl. Phys. B 84 (2006) 389-393.

30. K. van Dalfsen, S. Aravazhi, C. Grivas, S. Mrea-Blanco, M. Pollnau, Opt.
Lett. 39 (2014) 4380-4383.

31. H. Haus, IEEE J. Quantum Electron. QE-12 (1986}176.

32. J. M. Serres, V. Jambunathan, X. Mateos, Rol @. Lucianetti, T. Mocek, K.
Yumasheyv, V. Petrov, U. Griebner, M. Aguilo, F. DIEEEE Photonics J. 7 (2015)
1503307-1-7.

33. P. A. Loiko, J. M. Serres, X. Mateos, K. V. Yashev, N. V. Kuleshov, V. Petrov,
U. Griebner, M. Aguilo, F. Diaz, Laser Phys. L&ft.(2014) 075001-1-7.

34. A. A. Balandin, S. Ghosh, W. Bao, I. Calizo,Bweldebrhan, F. Miao, C. N. Lau,
Nano Lett. 8 (2008) 902—907.

35. D. Yoon, Y. W. Son, H. Cheong, Nano Lett. 101(P) 3227-3231.

36. P. A. Loiko, J. M. Serres, X. Mateos, J. LiuZHang, A. S. Yasukevich, K. V.
Yumashev, V. Petrov, U. Griebner, M. Aguild, F. Diappl. Phys. B 122 (2016) 105-
1-8.

37. R. Lan, P. Loiko, X. Mateos, Y. Wang, J. Li,pan, S. Y. Choi, M. H. Kim, F.
Rotermund, A. Yasukevich, K. Yumashev, U. GriebeRetrov, Appl. Opt. 55
(2016) 4877-4887.

38. P. Loiko, X. Mateos, S. Y. Choi, F. Rottermuhdyl. Serres, M. Aguilé, F. Diaz,
K. Yumashev, U. Griebner, V. Petrov, J. Opt. Sao. B 33 (2016) D19-D27.

39. J. M. Serres, P. Loiko, X. Mateos, H. Yu, Hadd, Y. Chen, V. Petrov, U.
Griebner, K. Yumashev, M. Aguilé, and F. Diaz, Qpater. Express 6 (2016) 3262-
3273.

13



Figure captions

Figurel Scheme of energy levels and relevant processebnfor ion:
ESA - excited-state absorption, CR - cross-relaratiUCL - up-
conversion luminescence.

Figure 2 Scheme of the saturable absorption process ihgnap

Figure3 Set-up of the passively Q-switched Tm microchietawith
graphene as saturable absorber: LD - laser diddle,d@mp mirror, OC -
output coupler.

Figure4 (a) Transmission spectra of the single- and rfay+ graphene
(Fresnel losses at SiGubstrate surfaces are subtractiedgt- image of
the multi-layer graphene saturable absorber; (ImhdRaspectrum of the
multi-layer graphene.

Figure5 Input-output dependence and typical laser emissp@cttrum
(inset) for the multi-layer GSA passively Q-switdhefm:KLuW
microchip laser.

Figure6 Passively Q-switched Tm:KLuW microchip laser bynalti-
layer GSA: pulse duration (FWHM) (a), pulse repmtifrequency (PRF)
(b), pulse energy (c) and peak power &@)nbols- experimental data,
curves- modelling.

Figure7 Intracavity peak laser intensity on GSWj, and its intensity-
dependent absorption)(li,), for GSA PQS Tm:KLuW microchip laser:
symbols values derived from the experimental detsyes- modelling.

Figure8 Graphene saturable absorber passively Q-switchedKLuwW
microchip laser: Oscilloscope traces of the sipglees at threshold and at
the maximum absorbed power (a) and the pulsedt&ps= 4.9 W (b).

Figure9 Modeling of the laser output from a GSA PQS Tm:KLu
microchip laser: (a,b) single Q-switched pulseaa modeled pulse train
(b) for Paps= 4.9 W, I'nom = 25x10% (c-f) modeled output including the
onset of lasing for various normalized rates ofs@antensityl' ,om =
35x10% (c), 32x10 (d), 28x10 (e) and 25x10(f).
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