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Abdgract. We report on the growth, spectroscopic and lelsaracterization of a novel
monoclinic laser crystal, Yb,In:KLu(Wfp (Yb,In:KLuW). The absorption, stimulated-
emission and gain cross-section spectra of 3.5 ¥h%b.5 at.% In-doped KLUW are
determined at room temperature with polarized lightl compared with those for
Yb,In:KYW, as well as singly Yb-doped KLuW and KYWystals. It is found that the
introduction of In results in a decrease of thesit®n cross-sections and in a spectral
broadening of the absorption and emission bands &broadening is more pronounced
for light polarizationE || Np. For Yb,In:KLUW, the maximunaassis 9.9 x 16° cnf at
980.9 nm foiE || Ny, and the corresponding bandwidth of the absorpigzk is 3.7 nm.
The radiative lifetime for Y8 ions is 237+5 ps. The stimulated-emission crostess
are osg(m) = 2.4x10° cnf at 1022.4 nm ands{p) = 1.3x1G° cnf at 1039.1 nm
corresponding to an emission bandwidth of >30 nd @b nm, respectively. The diode-
pumpedNg-cut Yb,In:KLUW microchip laser generated 4.11 WL@42-1048 nm with a
slope efficiency oi78%. The Yb,In:KLUW crystal is very promising ftretgeneration of
sub-100 fs pulses in mode-locked lasers duetlioogglband emission characteristics.
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1. Introduction

Ytterbium-doped monoclinic double tungstates (D) the chemical formula Yb:KRE(WR
or shortly Yb:KREW where RE stands for a “passiw@alent ion like Gd, Y or Lu, are attractive
materials for efficient lasers emitting at ~1 pn2]nd operating in the continuous-wave (CW) [3,4]
Q-switched [5,6] and mode-locked regimes [7,8]sT$hrelated to the intrinsic spectroscopic featafe
the YB™* ions and physical characteristics of DTs. Inghisse, the YBion shows a simple energy-level
scheme without parasitic processes like up-comvensiprovides low quantum defect due to the tlirec
excitation to the upper laser level and, hencejceti heat loading. Such features lead to high laser
efficiencies approaching the Stokes limit and tbesibility of power scaling due to the weak thermal
effects. When introduced in the low-symmetry KREWsth Y5 ions show high transition cross-
sections (absorption and emission) for polarizgt, lias well as relatively broad spectral band<]9,
Due to the large REERE®" ion separation, high Yb doping levels are possible still with a weak
concentration-quenching [11]. Although the theromdductivity of monoclinic DTs is moderate (~3
W/mK) [12], there exists a special “athermal” caysirientation [13] that produces a relatively weak
thermal lens [14].

The above mentioned properties of Yb-doped DTs amgharticular, the large emission
bandwidths for the Y4 ion have defined their potential for passively exmtked lasers emitting sub-
100 fs pulses at 1.02-1.04 um. Mode-locking of YBdKV [15], Yb:KYW [16] and Yb:KLuUW [7]
crystal lasers has previously been realized. Wiserga semiconductor saturable absorber mirror
(SESAM), such lasers generated pulses as shddDds,1101 fs and 81 fs, respectively. A Kerr-lens
mode-locked Yb:KYW laser provided 71 fs pulses [THe possibility of power scaling of mode-
locked thin-disk Yb:DT oscillators was also demaaistl [18].

DTs with Gd, Y or Lu “passive” host ions are isostural and can form isostructural solid state
solutions with composition KGdpLuW. To date, this approach was mainly used to apitthie lattice
mismatch and refractive index contrast in um-ttesknDT waveguides [19,20]. However, such
“mixed” materials can be of interest for mode-logkdue to the broadening of the emission bands
caused by distortion of the local site symmetrjtieractive ions as demonstrated in other hos&R1

Recently, it was proposed to introduce trivalediuim (Ir*) as an additional “passive” ion into
the DT lattice (in the particular case of KYW) iéag in a monoclinic KMn,YbW structure [23],
which can provoke the desired broadening of thessiom bandwidth for the Ybion due to the
relatively small ionic radius of the VIlI-fold Bcoordinated F (0.92 A) as compared to that of'Y
(1.019 A) and YB (0.985 A). The growth, low-temperature spectrogc@V and mode-locked
operation of In-modified Yb:KYW was reported in [23]. In the mode-locking regime, 96 fs pulses
were generated with an average output power affd®land a repetition rate of 103.5 MHz. In the CW
regime, the Yb,In:KYW laser generated ~0.5 W opatipower with a maximum slope efficiency of
69%. Although sub-100 fs pulses were obtained ftbe Yb,In:.KYW mode-locked laser, the
spectroscopic background supporting the potemtightilse shortening was not presented completely
and, in particular, at room-temperature where Iggeration was achieved.

In the preset work, we present a detailed speopasstudy of a novel DT laser crystal,
YDb,In:KLuW in comparison with Yb,In.KYW and singlyYb-doped KLUW and KYW crystals.
Highly efficient multi-watt CW laser operation ot Yb,In:KLUW crystal is also demonstrated.



2. Crystal growth

The studied crystals were grown by the Top-Seedédi@ Growth Slow Cooling (TSSG -
SC) method using potassium ditungstat®VpO;, as a solvent. The growth was performed without
pulling. Details about the growth procedure carfdomd elsewhere [1]. The solution mixture (12
mol% KREW as a solute - 88 mol%\K,0; as a solvent, 200 g in weight), placed in a platin
crucible of 50 cm diameter and 50 cm height, waeriad into a vertical tubular furnace. The
precursor materials, KOs, WGO;, and LnOs (Ln = Lu, Y, In, Yb), were from Aldrich, Fluka and
Metall rare earth Ltd., with analytical grade ofifyu The concentration of Yb in the solution was 2
at.% and the concentration of In was 10 at.%. Thatisn was homogenized at 50 K above the
saturation temperature for 7-8 h. A KLuW or KYW demiented along the [010] crystallographic
axis was attached to a Pt holder, perpendiculiietsolution surface. The temperature gradieiian t
solution was ~ 1 K/cm in the vertical and radiaédions. The solution temperature was decreased by
~20 K at a rate of 0.1 K/h. The growth rate was mgh. The seed was rotated at 40 rpm in order to
enhance the mass and heat transfer in the soarigbto avoid inclusions during the crystal growth.
After 8-10 days of growth, the crystals were sloriyoved from the solution at a rate of 1 mm per
10 min until losing contact with the solution, the furnace was cooled down to room temperature
at 25 K/h to avoid thermal shocks.

The as-grown crystal bulks were colorless and c@ttano inclusions, Fig. 1(a,b). Their structure
was confirmed with X-ray powder diffraction (morinid, space group %, — C2/c). The morphology
of the grown crystals was similar to the one oleskipreviously for undoped KLuUW [1], with the
developed faces being {11111}, {010} and {310}, Fig. 1(c). The weight of the gva crystals was
about 2-7 g and the typical dimensions were ab8uirm along th@*-axis, 5-7 mm along thb-axis
and 15-30 mm along tleeaxis. The inner part of the boule (close to tieelseontained few cracks most
probably related to the lattice mismatch betweerséed (undoped KLuW or KYW) and the growing
crystal, and facilitated by non-uniform inclusidnr@ The outer part of the crystal was of goodaapt
quality and contained no cracks. From the outer gfathe boule, we cut 3x2.5x3 mroriented
samples (see below), whose composition was studiid Energy-Dispersive X-ray (EDX)
spectroscopy using Electron Scanning Environméviialoscope (ESEM) equipped with an Inca
microanalyzer (Oxford Instruments). The resultssii@vn in Table 1. The actual doping level with
Yb** was 3.5 at.% (for Yb,In:KLuW) and 3.2 at.% (for,Md<YW) which corresponds to segregation
coefficientsKyp = 1.40 and 1.28, respectively. Consequently, theentration of Y& ions was 2.27
and 1.98x1# cmi®, respectively (according to the crystal dengity,7.62 and 6.50 g/cth The actual
doping level with 1" was 5.5 at% (for Yb,In:KLuW) and 5.2 at% (for WMbKYW). The
distribution of YB* and Irf* ions in the studied samples was uniform and tagaspariation of the
doping level did not exceed 0.4 at.%. The stoickini formulas for the grown crystals are
KLUo.91N0.055YD0.03dWO4)2 and K5 91dN0,052Y 00,03 WOy)2.

Monoclinic DTs are optically biaxial [1]. Their ogal properties are described in the frame of
the optical indicatrix with the three mutually @tional principal axesN, Nmn and Ny (the
corresponding refractive indices agg<nm <ng). The Ng-axis is parallel to thé-axis and the two
remaining principal axes are located indkeplane, Fig. 1(d). In particular, the antjl¢'c = 18.5° for
KYW and KLuW crystals at ~1 um. From the as-growatkjbsamples were cut for spectroscopic



studies. They were oriented in the frame of theealghdicatrix with dimensions of Bip)x2.5(Nmy)x
3Ny mn? and all side polished in order to access theipghlight polarizationsE |INp, Nim andN,.

3. Experimental

3.1 Soectroscopy

The absorption spectra were measured with polafigbtl using a Varian CARY-5000
spectrophotometer with a spectral resolution o2 @t and a Glan-Taylor prism. The absorption
cross-section was calculated from the measuredpibsocoefficient agaps= o/Nyp. FOr comparison,
we recorded the same data for singly doped 3 ab¥LYIW and 3 at.% Yb:KYW crystals.

The luminescence of Ybions was excited at ~955 nm by a CW InGaAs laieted The
emission spectra were measured with a grating rhamoator (resolution, 0.1 nm), a Hamamatsu
G5851 TE-cooled InGaAs PIN photodiode and a loaamplifier.

To determine the radiative lifetime of ¥tions zag in the studied crystals, we employed the
powder method which allows one to avoid the impardiation self-trapping. The crystal sample was
finely powdered and immersed in glycerin. The liesaence was excited at 980 nm by a ns optical
parametric oscillator Lotis TIl LT-2214 and detecia 1040 nm with a grating monochromator
(resolution, ~1 nm), the same Hamamatsu photodetaoti a 500 MHz digital oscilloscope. The
decay curve was approximated according to a sixglenential lawlun(t) = loexp(¥/z). The content
of the powder was reduced until no effect on thasme=d decay time could be seen. This occurred
for ~10 wt.% of powder in the solution. The cormgting decay time was considered.as

Raman spectra were measured with polarized lighg @sRenishaw inVia Raman microscope
with a x50 objective. The excitation wavelength #mel spectral resolution were 632.8 nm (He—Ne
laser) and 0.1 ci respectively.

3.2 Laser s=#t-up

Laser operation of the Yb,In:KLUW crystal was staldin a microchip set-up. The 1.5 mm
thick crystal was cut along tihg-axis of the optical indicatrix because this catjutes a positive sign
of the thermal lens which is required for stahbil@a of the microchip cavity [25]. Both
3.00Nm)*3.00\y) mnt input and output faces of the crystal were paiishdaser quality and remained
uncoated. The crystal was wrapped with Indiuméod mounted in a Cu-holder water-cooled down
to 12 °C. The laser cavity consisted of a flat pummpor (PM) which was antireflection (AR) coated
for 0.78-0.99 um and high-reflection (HR) coated1f®1-1.23 um, and a flat output coupler (OC)
which provided a transmission B¢ = 0.5%, 1%, 5% or 10% at 1.0-1.23 um. Both PM@&dvere
attached to the surfaces of the laser crystal utithio gaps resulting in a total geometrical caeibgth
of 1.5 mm. The crystal was pumped by a fiber-caupi&aAs laser diode (core diameter: 200 um,
N.A.: 0.22) emitting unpolarized radiation at ~9¥8 (M = 71). The pump radiation was focused into
the crystal with a lens assembly (imaging ratib; fcal length: 30 mm) providing a pump spot radiu
in the crystal ofy, = 100 pum with a Rayleigh length of 1.7 mm. Duthépartial reflection of the OC at
the pump wavelengthiR(~90%), the crystal was pumped in a double-passtathl absorption in the
crystal under lasing conditions was 51%.

The spectra of the laser emission were detectdd avispectrometer (APE GmbH, model
Wavescan RS232) having a spectral resolution bfrihd The output beam profile was measured with

4



a FLIR SC7210 thermal imaging camera (pixel si@quf) at a distance of 15 cm from the OC. To
measure the Rparameter of the laser beam, it was focused vé@ithram lens and for the determination
of the beam caustic corresponding toNhendN,-axes the moving knife method was applied.

4. Resultsand discussion

4.1 Absorption

The absorption cross-sections of Yb,In:KLuW andi¥kKYW for light polarizationsE || Nm
and E || N, which are interesting for laser applications drews in Fig. 2(a,b) and Fig. 3(a,b),
respectively. In Table 2, we compare the absorpticgracteristics of these crystals with those
determined for singly Yb-doped KLuW and KYW. Allystals possess strong anisotropy of the
absorption which is much higher f&r]| N, than forE ||N,, a characteristic feature of Yb-doped DTs
[1,9]. In particular, the ratios of the peak absorpcross-sections at the zero-phonon line are
oan{M):oapdp) = 7:1 at 980.8 nm for Yb,In:KLUW and 8:1 at 98tr@ for Yb,In:KYW. The absolute
values of gas are somewhat lower for Yb,In:KLuWo£{m) = 9.9x1G° cnf) compared to
Yb,In:KYW (gandm) = 10.9x1G° cnf). This follows the tendency for singly Yb-dopegstals (as
observed in the present study). In addition, dllasofoansfor In-modified crystals are ~20% lower
than those for singly Yb-doped crystals.

Concerning the linewidth of the absorption pea&, ftll width at half maximum, FWHM, is
~1.5 times broader foE || N, than forE || Ny (for all studied crystals). For Yb,In:KLuW, the
introduction of Indium results in a slight (~0.2 nblue-shift of the position of the zero-phonomlimn
addition, Indium broadens the linewidth, whichasd pronounced fdt || N, (FWHM = 3.7 nm
compared to 3.5 nm for singly doped Yb:KLuW) thang ||N, (FWHM = 6.3 nm, i.e. ~1.5 times
broader than in Yb:KLuW for which it is 4.1 nm).rFdb, In:KYW, a similar ~0.2 nm blue-shift of the
absorption peak is detected whilst the introduaidndium leads to a slight decrease of the badfttiwi
for both light polarizations. Finally, the FWHM fiib, In:KYW amounts to 4.1 nm\g,)) and 5.5 nm

(No).

4.2 Luminescence
The stimulated-emission (SE) cross-sectigagor the studied crystals were calculated with the
modified reciprocity method [26]:

one 1 W) expehe 1KTA) )
95 8Tl > j Aal (N expehe | KTA))A

I=p,mg

Here,o'se andd'as (i = p, mor g) are the SE and absorption cross-sections fartthprincipal light
polarization,h is the Planck constart,is the speed of lighk is the Boltzmann constarit,is the
wavelengthn is the refractive index of the crystal for i@ polarizationzog is the radiative lifetime
of the emitting stat€fs, state of YB). The values af; for DTs codoped with Yb-In and doped only
with Yb are very close [24].

The measured decay curves for the powdered Yb,WKland Yb,In:KYW crystals are
shown in Fig. 4. They are clearly singly exponéritiee accuracy of the fit i 0.99. The radiative
lifetime is 23745 s and 23115 s, respectively.




The SE cross-sections of Yb,In:KLuW and Yb,In:KYWstals for light polarizations ||Ny, and
E ||N, are shown in Fig. 2(a,b) and Fig. 3(a,b), resggtiln Table 3, we also compare the emission
characteristics of In-modified Yb:KLUW and Yb:KYWittv those determined for the singly Yb-doped
crystals. The maximumse in the Yb-doped DTs typically corresponds to #@zphonon line, but it is
typically not accessible in a real bulk laser dua strong reabsorption loss. Thus, we considered+ a
shifted local peak in the SE cross-sections spettese laser oscillation typically occurs. All dajis
show anisotropy of the SE cross-sections whichmareh higher foiE || Ny, than forE || N,. In
particular, the ratios of the local-peak crossi@egtaressg(m).osgp) = 1.8:1 for Yb,In:KLUW and
1.9:1 for Yb,In:KYW. The absolute values @f: are lower for Yb,In:KLuUW, for whictvsg(m) =
2.4x107 cnf at 1022.4 nm compared to Yb,In:KYW for whigk(m) = 3.0x1G° cnf at 1025.2 nm.

All values ofosg for In-modified crystals are ~20% lower than thfmsesingly Yb-doped crystals. The
reabsorption in In-modified crystals, expressedtiey absorption cross-section at the emission
wavelength (cf. Table 3) is 0.2 ...0.3%2@nf for E ||Ny, and ~0.1x18 cn? for E ||N,.

For the three-level Y® ion, due to the overlap of the absorption and siofisbands, an
important parameter is the gain cross-sectign,

04(A) = Boe(A) = (1= B) T A) )
whereg is the inversion ratigh = No/No with N, andNp denoting the number of ions in the upper laser
level €Fs») and the total number of ions, respectively.

The gain spectra of Yb,In:KLUW and Yb,In:KYW fogltit polarization& ||Nm andE ||N, are
shown in Fig. 2(c,d) and Fig. 3(c,d), respectivielithe following, we describe the spectral behavio
the gain in Yb,In:KLUW. FoE ||N, and low inversionA< 0.1), a broad and structureless gain spectrum
spanning from 1040 to 1080 nm is observedfFod.1, the spectrum exhibits two local peaks 6231
and 1029 nm, and fg@> 0.4, laser emission is most likely to occur @@9-nm, corresponding to the
formation of a local peak at even shorter wavetendtt low inversion, the shape of the gain spettru
for E ||N, is very similar to the one fd || N andog(p) > oo(m) is fulfilled. Forg > 0.1, theE || N,
spectrum contains a local peak at ~1039 nm whiohirddes also for high inversion levels. From the
gain spectra, we also estimated the bandwidtieafdm peakiy (FWHM), see Table 3.

In addition, we directly measured the emissiontspdor the studied crystals. The results are
shown in Fig. 5 both for Yb,In-codoped and singhydbped crystals for light polarizatioBd| N, and
E ||N,. The determined bandwidths of the emission batigs, are also compiled in Table 3.

By analyzing bottAly and Adum, One can see the role of Indium on the broadevirthe
emission bands in Yb:KLUW and Yb:KYW. From Tablee indeed can conclude that the
introduction of Indium leads to a broadening ofghrssion bands. This effect is more pronounce for
| No (the broadening is 7-8 nm with respect to sindbydéped crystal) than fdE || Ny, (where the
broadening is 3-4 nm). The impact of In is morexpumced for Yb,In:KYW which is attributed to the
larger difference of ionic radii of%Y (1.019 A) and Iff (0.92 A) as compared with £(0.977 A) and
In** (0.92 A). For Yb,In:KLUW Aym amounts to 31.2 nm fdE || Ny and 36.3 nm foE || Np. The
determined spectral features indicate that Yb,Io\WLis interesting for applications in femtosecond
mode-locked lasers capable of generating shotsrgiinan that based on Yb:KLUW.

4.3 Raman spectroscopy



The monoclinic DTs and in particular, KLUW, are Mglown Raman-active materials [27,28].
The polarized Raman spectra of Yb,In:KLUW *¢yy)x geometries (wheneandy = p, mor g) are
shown in Fig. 6. All spectra are normalized toyrithe phonons below 270 &nare assigned to
external lattice modes associated with the tramskitmotion of the cations of the structuré, (Ku**,
In**, Yb** and W) and the rotational motion of the W@roups in the unit cell. The bending modes
are observed in the 270-460tmange, and the stretching modes in the 400—1000range. The
bands in the 430—750 Ennegion, which are not observed for scheelitedikactures (e.g., CaWip
with isolated WQ tetrahedra, are related to double oxygen bridgeations [29]. The spectra of
Yb,In:KLUW are strongly polarized. The most intessetching modes that are suitable for Raman
self-conversion appear at 906.5 tifassigned ag(W—O)A1) and 755.1 ci (V(WOOW)*v(W-—
O)~v3). Here, W—O stands for tungsten-oxygen bonds, WQ©ihe double oxygen bridge and *
indicates the coupling of the vibrations. The lirdthas (FWHM) of these lines are 10.9 and 16.1
cm’?, respectively. For the high laser gain light gakionE || Ny, the ~907 cm mode dominates
both forN,-cut andNg-cut crystals.

In Fig. 7, we compared the Raman spectra of YbllaW, Yb,In:KYW and Yb:KLuwW
crystals (for theg(mm)g geometry). The spectra of all three crystals arglas confirming their
purely monoclinic structure. In Table 4, we alsalyred the two most intense Raman lines for these
crystals. For Yb:KLuW, the introduction of Indiurasults in a red-shift of the Raman lines (from
908.1 to 906.5 cthand from 758.2 to 755.1 éhtogether with their broadening (the increasénef t
linewidth is ~1 crif). As compared with Yb,In:KYW, the Raman bandsYfbyin:KLuW are broader
which should result in shorter dephasing times.

4.4 Laser operation

The input-output dependences for the Yb,In:KLuW radhip laser are shown in Fig. 8(a).
Maximum output power of 4.11 W was extracted Wit = 5% at 1042-1048 nm (multi-peak
spectrum, see Fig. 8(b)) corresponding to a slifipercy 7 = 78% (with respect to the absorbed pump
power). The laser threshold wasPats= 1.5 W and the optical-to-optical efficiengy: amounted to
56%. ForToc = 10%, the slope efficiency was slightly smaller=(77%) and the laser oscillated at
shorter wavelengths, 1031-1036 nm. However, due lagher threshold (1.8 W) the output power
reached only 3.85 W. In both cases, the laser iemiags linearly polarized parallel to thNg-axis of
the optical indicatrix. This is in agreement witk gain curves for Yb,In:KLuW, see Fig. 2(c,d).high
Toc corresponds to high inversion, particularly, theilation stateE || N, will be selected due to the
anisotropy of the gain. With the increase of outmupling the emission wavelength will be blue-
shifted.

The maximum pump level for the microchip laser Waged to avoid thermal fracture of the
crystal. The output performance of the Yb,In:KLusgdr was very similar to the one achieved with
singly Yb-doped 1.5 mm-long 3 at.% Yb:KLuW crystaidied for comparison. For both crystals, high
risk of thermal fracture was observed at a venjaipump level Py 10 W).

The slope efficiency of an Yb laser can be thesadgtiexpressed as [30]:

,7 = ”modgsﬂqﬂout ' (3)
wherermodelS the mode-matching efficienays; = Ay/A. is the Stokes efficiency{and/_ are the pump
and laser wavelength, respectivety)is the quantum efficiency of excitation of¥lons (the number
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of emitted photons due to one pump photon)gnds the cavity output-coupling efficiency (relation
of useful losses to the total cavity lossgs, = IN[1-Tod/In[(1-Tod)*(1-L)] whereL is the roundtrip
passive loss).

For YB* ion in DTs, the energy gap between ¥R excited-state and tHE;;, ground-state is
~9600 crit and it is ~10 times larger than the maximum phdresuency of the host, ~907 ¢ifi].
Thus, one can expeg} approaching 1. The considered laser provided d gmale-matching with an
overlap integral for the pump and laser mode®@®6 (as calculated from the parameters of thentider
lens in Yb:KLUW [14]). The passive losses in thestal were estimated to be as lowas1x10°, so
thatzos = 0.98 (forToc = 5%). The Stokes efficiency amountedigo= 0.93 {, = 978 nm and &> =
1050 nm). Therefore, the theoretical value of kbgesefficiency amounted to 79+1% (fosc = 5%)
which is in good agreement with the experimential. da

For low Toc, more complicated polarization behavior was olesenFor Toc =1%, two
polarization state; ||Nm andE ||Np, were coexisting. The maximum output power was Wowith »
= 46% and the laser threshold waBi= 1.3 W. The output dependence was linear Ea,t6-5.5 W
where thermal roll-over was observed. Howevendhpective fractions of output power corresponding
to N, andN,-polarized oscillation states, as well as the eonisgpectrum changed with the pump level,
see Fig. 9. Close to the threshold, the laser bwgipredominantly polarized along Mgaxis and the
laser emitted at 1048-1053 nm. At high pump leaiai®st purelyN,-polarized emission was detected
corresponding to longer emission wavelengths, 1062- nm. At intermediate pump levels, the
coexistence of both oscillation states resulteal limoad emission spectrum. Hee = 0.5%, the laser
emission was again linearly polarized but corrediponto E || N,. The laser generated a maximum
output power of 1.14 W at 1052-1071 nm wjith 38% and the threshold was as low as 1.1 W.

The coexistence of orthogonal polarization stagsslts in broadening of the emission spectrum
or dual-wavelength operation which is an effeatrofobserved in Y#-doped anisotropic materials
[25,31]. It is explained by the anisotropy of tlangand the parameters of thermal lensing [32]ldvor
Toc (and, hence, low inversion), the gain in Yb,In:KiLus close or even higher at some particular
wavelengths for light polarizatida||N, as compared witk || Nm. In addition, the optical power of the
thermal lens for aNy-cut crystal is positive for botii,, andN,-oscillation states. This means that both of
them can stabilize the plano-plano microchip caMkyreover, the thermal lens for light polarizatiof)

N, is weaker and introduces lower diffraction lodsug; for lowToc, the generation dfi-polarized
output is more favorable which is indeed observgermentally forToc = 0.5%. FoiToc = 1%, the
polarization switching is induced by the strongerral lens whose optical power is pump-dependent.

The Yb,In:KLUW laser generated a nearly-circulaetabeam corresponding to Ti\inode,
Fig. 10(a). The Kifactors for thé\, andN, directions were determined to be as low as 1.d3.47Y,
respectively (folfoc = 5%, atPaps= 7 W), see Fig. 10(b). Good quality of the ldse&am is consistent
with the low astigmatism of the thermal lens asrdeihed foNg-cut Yb:KLUW [25] and shows that In
modification does not result in additional defemtsl growth stresses in the crystal which can lead t
beam distortion.

For comparison, we studied also the microchip jasdormance of Yb,In:KYW. Fofoc = 5%,
it generated 1.07 W at 1033-1037 nm with a slofgegicy of only 54% (the laser output was linearly
polarized E ||Ny). The laser threshold wasRas= 2.2 W andjq = 23%. Further power scaling was
limited by stress fracture of the crystal the phbiltg for which was found to be very high Bgps> 5
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W. The M factor for the laser beam reached 1.25. We atrthis degradation of the laser performance
and reduced stress fracture limit (as comparedb o XLuW) to higher internal losses in Yb,In:KYW.

5. Conclusion

We have successfully grown a new laser crystalat®s Yb, 5.5 at.% In:KLu(Wg), (Yb,In:
KLuW) which belongs to the family of the monoclidouble tungstates. The introduction of Indium
allows one to keep the advantage of high transitioas-sections in polarized light together with th
broadening of the emission bands which is of istdae application in sub-100 fs mode-locked lasers
Although the In-modification of Yb:KLuW crystal hdsss significant effect on the emission
bandwidth as compared with Yb,In:KYW, the formertenal is beneficial in terms of better crystal
quality and higher thermal fracture limit. The piaations of interest for Yb,In:KLUW lasers dfq|
Nm andE ||N,. The first one corresponds to higher absorptiahstimulated-emission cross-sections,
namelyoass = 9.9x10° cnf at 980.8 nm anekse = 2.4x10° cntf at 1022.4 nm. FdE ||N,, the effect
of In modification on the emission bandwidth is expronounced (FWHM of the emission band is
>35 nm). With aNg-cut Yb,In:KLUW crystal, we have realized an eéfii (Slope efficiency = 78%)
diode-pumped CW microchip laser generating 4.11 ¥Y942-1048 nm in a circular TElymode with
M?<1.15.

Further work on Yb,In:KLUW should be focused on sxmtked operation at tin for the laser
polarizationE || N, The development of the crystal composition caaldi®done by the introduction of
higher concentrations of In (up to 10...20 at.%lsteping the monoclinic structure). The latterswa
limited in the present work by the low segregatioefficient for In K, ~0.5). A higher In content may
lead to a further broadening of the emission batddaever, it should be noted that the stoichiometri
compound, KInW, is not isostructural to monocliBifs. KInW belongs to the orthorhombic class
(space group 19y [33,34] and thus the increase of In doping comation for monoclinic
Yb,In:KLUW crystals is limited similarly to Yb,In:iKW [23]. Introduction of different passive ions kit
even larger difference of ionic radii with respecy®* or Lu**, e.g. S&' (ionic radius: 0.87 A), can lead
to a similar effect on the spectral bands. The tr@ivRE,In:KLuUW crystals where RE = Tm and Ho
seems to be also promising for broadband modedamd@llators at ~2 pum.
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Figurecaptions

Figurel (a,b) Photographs of the as-grown Yb,In:KLUuW @& ab,In:KYW (b)
crystals; (c) their morphology; and (d) orientatadrecrystallographicg, a*, b, c)
and optical indicatrixNp, Nm, Ng) axes.

Figure2 Absorption,oaps Stimulated-emissiomisg, (a,b) and gaingg, (c,d) cross-
sections of Yb,In:KLUW for light polarizatiok || Nm (a,c) andE || Ny (b,d), 5
inversion ratio.

Figure 3 Absorption,oaps Stimulated-emissiomisg, (a,b) and gaingg, (c,d) cross-
sections of Yb,In:KYW for light polarizationE || Nm (a,c) andE || N, (b,d), 5
inversion ratio.

Figure4 Decay of the luminescence of Yb,In:KLuW (a) and,iviKYW (b)
crystals: The excitation is at 980 nm, the lumiease is at 1040 nm. The samples
are 10 wt.% powder immersed in glycefmbols — experimental dataplid lines

— single-exponential fits

Figure5 Comparison of the emission spectra of Yb,In:KLuwWd &'b:KLuw
(a,b), and Yb,In:KYW and Yb:KYW (c,d) crystals fiight polarizationst || N,
(a,c) ancE ||Np (b,d). The excitation is at 940 nm (marked byraovg).

Figure6 Polarized Raman spectra of Yb,In:KLUW fgrx)p (a), m(>xx)m (b) and
g(xX)g (c) geometries. The excitation wavelength is 68583

Figure7 Comparison of the Raman spectrum of Yb,In:KLuWhwiib,In:KYW
(@) and Yb:KLuW (b). The excitation wavelength & nm.

Figure8 (a) Input-output dependences of the Yb,In:KLuW rogbip laser:
Smbols. experimental datdines: fits for the calculated slope efficiency);( (b)
typical laser emission spectra =5 W.

Figure9 Polarization-switching of the Yb,In:KLuW microchifaser: Output
power (&) and laser emission spectra (b) foEt}j#l,, andE ||N, oscillation states,
TOC = 1%.

Figure10 (a) Intensity profiles of the laser beam along Mhe and Ny-axes,
symbols — experimental dataprves — Gaussian fits, R~ quality of the fitjinset:

2D spatial beam profile; (b) evaluation of thé fslctors of the laser beafyc =

5%, Paps= 7 W.
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Figure9
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