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Abstract

We report on the fabrication and characterizatibtwo Nd-doped active glasses and two compatible
cladding compositions. The materials were syntlegsin be compatible in terms of thermal expansion
and characteristic temperatures. The glass systdnhigher refractive index and absorption cross-
section was selected for the fabrication of a etedHing cane with a diameter of 800 um. Laser
experiments, performed on a 60 mm-long cane, shearlemission at 1054 nm with output power higher
than 2 W and efficiency above 40%. These valudsijiméd on a very simple geometry, are promising for

the development of short-length cane lasers andifienpfor emission in the 1 um region.

Keywords: Phosphate glass; high-power laser; Nd laser; lzaee; laser rod.

1. Introduction

Nd* ion is a well-known emitter in laser technologyeDo its electronic structure, which is particlylar
suitable for 4-level laser emission around 1 pnedyenium has been used in the fabrication of thet fir
fiber laser in 1961 [1] and since then it has bembedded in several host materials, both cryseadlimd
amorphous [2-5].

Noticeable attention was devoted in the past twaades to the study of Nd-doped phosphate
glasses. These materials are particularly weleduior compact high-power laser devices as theyr eff
solubility of rare-earth (RE) ions comparable tattbxhibited by crystalline YAG and one order of
magnitude higher than that of silica glass [6, 7dr&bver, they show low photo-darkening, low non-
linear effects and a mature and large-scale matufag technology [8-10]. All these features make
them an interesting alternative to traditionalksilglasses. Nd-doped phosphate glasses were degelop
originally for the amplification and generationfagh-power laser beams in continuous and pulsed



regimes. The main boost towards the manufacturitghly efficient RE-doped phosphate glasses
occurred for the development of extreme high-pdasers for the study of nuclear fusion, as the one
developed at the National Ignition Facility at tHeNL laboratories in the USA [11]. Notwithstanding
over 50 years of laser glass development and thiéahility of commercial products, there is still
research interest in the fabrication of new malekidth enhanced power scaling possibilities, lmstc
and easy processing [12,13]. Nowadays, the res@&amhbtivated by recent advances in laser-based
technologies for several application fields, susladditive manufacturing, surgery or defense. These
techniques require the manufacture of reliableftsmad compact fiber or cane based lasers withimult
watt or kilowatt output power, low cost and higtabrequality.

RE-doped phosphate glasses have been used fatttieation of fiber lasers and amplifiers and are
widely employed [7,14,15]. However, they have sh@noblems arising from the limited integration with
silica based passive optical components. The diffez in refractive index between the silica and the
phosphate networks can result in significant ineerioss and the presence of hot points. Moreover,
power loss is also due to defects at the core/sigddterface which can occur during the fabricatio
process. A possible solution to these issues riglitge design and fabrication of large core fibmrs
canes to be used for laser generation and ampidfical hese structures can be utilized as high powe
lasers, benefiting from an increased thresholdHeronset of non-linear effects and a simple hiedirg)
configuration [16]. The biggest limiting factor tioe further development of such devices is the high
thermal loading experienced by phosphate glassesodieir lower thermal conductivity compared to
YAG [2], inducing severe mechanical stress to tbeak [17-19]. Thermal dilatation occurring in
consequence of overheating causes misalignmeheadfitical set-up, beam distortion and fracturthet
core/cladding interface of the fiber. The thermahpatibility between the core and the cladding of a
device becomes even more critical when aimingltidate a cane laser. In these conditions, theaa is
increase of the interface stress both during the daawing process and the laser testing. Low thAkerm
expansion and optimal thermo-mechanical compdiithetween the core and cladding materials of
optical fibers become thus mandatory in order teettgp highly efficient devices. Often, the scarce
compatibility between commercially available actimaterials and passive cladding compositions leads
to poor device efficiency, in consequence of tleeiigence of mechanical stress [12]. An attempt to
overcome such limitations was proposed by Fujinaotd Nakatsuka [20,21] using silica glass. The
strategy developed allows doping $Miith amounts of NgDs;up to 3 wt%; however, this method does
not seem to be scalable to industrial productiaieims of quality and quantity [22]. Indeed, preixgo
experience seems to lead to the evidence tha¢tha@alogical limit reached by the development of
efficient short-length high-power lasers could bercome by the design of more efficient materiathw
enhanced properties and excellent thermo-mechasooapatibility [23].



In this work, two pairs of phosphate glass compmsst (two cores and two claddings) were carefully
designed to meet the requirements of a cane lasgecdre/cladding configuration. The materials were
then fabricated and fully characterized. Particatsention was devoted to maintain an optimal match
of thermal expansion coefficients, increase stgldigainst crystallization and provide sufficient
refractive index mismatch for effective light guidi One active and one passive glass with a diféere
in the coefficient of thermal expansion of 0.2 X°*10" and a difference in the glass transition
temperature below 10 °@ere selected. High glass transition temperatuderalatively low values of
thermal expansion coefficient were also seekedderao guarantee sufficient robustness to the bulk
materials. The glasses were drawn into an 800 (@ twabe used for the demonstration of the first
example, to the best of our knowledge, of a phaspylass cane laser in a core/cladding configumatio
The preliminary results on laser emission uponm®Sump excitation proved a good power scaling
ability, showing a slope efficiency of 44% with pest to absorbed pump power and a maximum emitted
power of 2.5 W. These values are comparable wikealobtained so far on similar devices [19]. Noisig
of damage could be observed on the devices in gapsee of thermal overload. The Caird analysis [24]
performed on the cane confirms that further inaeasghe efficiency may be obtained by improving th
heat sinking and limiting the loss of the systeime Estimated intrinsic slope efficiency value match
those obtained so far on phosphate and silicattopiwocrystal fibers [12,25]. By walking the fulafh
from the raw materials to the power scaling teé cane laser, we demonstrated that a carefujjledi
the material composition can effectively improve #fficiency of the material, facilitate the cane

fabrication process and lower the overall fabramatiosts, thus encouraging further research irfigds

2. Materials and methods

2.1 Glass fabrication and characterization

Two phosphate glass hosts (CL1OR K0, Al,Os, B,Os, Si0,, PbO and CL2: s, K0, Al,Os, B,Os,
Si0,, Nb,Os) weread hocdeveloped for this research in order to be robughly stable against
crystallization and suitable for cane drawing.

Based on these compositions, two core and two itigdgasses named respectively CL1:Nd {Nd
ions concentration 7.2 x T8 cm®), CL2:Nd (Nd&* ions concentration 7.5 x 18 cm®), CL1 and CL2,
were synthesized by conventional melt-quenchinbrtiegie and thoroughly characterized. These glasses
were designed to guarantee a suitable refractolexicontrast and at the same time an enhanceddherm
mechanical compatibility. In view of fulfilling bbtthese requirements, the core and cladding glasses
were fabricated by doping the glass hosts withoR6 Lg0O; and 0.3 mol% NgD; and with 2 mol%



La,0Oz; and 3 mol% SiQ respectivelywith the total amount of the components being 1@®for all
the glasses manufactured.

High purity chemicals (99+%) were mixed in a gldex according to the planned compositions in
order to minimize the water content in the glas$és. batched chemicals were melted at a temperature
1400 °C for 1 h in a vertical furnace under a culled atmosphere (dry air, water content < 3 ppna) a
subsequently cast in a preheated brass mold. Bhgleases were immediately annealed at a temperatu
around the transition temperatufg, for 12 h to relieve internal stresses and finatipled down slowly
to room temperature. The core glass compositiohd (¢ and CL2:Nd) were cast in a cylindrical mold
with a diameter of 12 mm to obtain 10 cm-long roefprms. The cladding glass compositions (CL1 and
CL2) were shaped in the form of a tube by rotatiaaating [27] at a rotation speed of 3000 rpm gisin
dedicated equipment designed and boihouse The external surface of the core rods and of the
cladding tubes was polished carefully with SiC papé different grits and 1 pm diamond paste.

Flat specimens were cut from all the preforms grtitally polished to 1 mm-thick samples to be
used for optical and spectroscopic characterization

The density of the glasses was measured at roopetatare by the Archimedes’ method by using
distilled water as immersion fluid. The Ridons concentrations were calculated through dgdsita in
relation to the nominal composition of the glasses.

The characteristic temperatures of the glagslass transition temperatufg and onset
crystallization temperaturg) were measured using a Netzsch DTA 404 PC Eoardiifial thermal
analyzer with a heating rate of 5 °C/min in sed&&@h pans. The coefficient of thermal expansiohELC
was measured by a horizontal alumina dilatometetzs¢h, DIL 402 PC) operating at 5 °C/min on 5
mm-long specimens. The measure was automaticaélyrirpted when a shrinkage higher than 0.13% was
reached (softening point). CTE values were caledlat the 200-400 °C temperature range.

The refractive index of the glasses was measuré@83and 1061 nm by prism coupling technique
(Metricon, model 2010). The estimated error ofrtreasurement was + 0.001.

The absorption spectra were measured on the conglesto identify the Nt characteristic peaks.
The measurement was performed at room temperatuveaivelengths ranging from 300 to 900 nm using
a double beam scanning spectrophotometer (Variayn 500).

Continuous-wave (CW) photoluminescence spectragmear-infrared region were acquired by a
Jobin Yvon iHR320 spectrometer equipped with a Haatau P4631-02 detector, using standard lock-in
technigue. Emission spectra were obtained by excitie sample with a monochromatic light at 785 nm,
emitted by a fiber pigtailed laser diode (Axcel B85-1400-15A).

The fluorescence lifetime of Nd*Fslevel was obtained by exciting the samples withtligulses
of the 785 nm laser diode, recording the signaa lojgital oscilloscope (Tektronix TDS350) and figi



the decay traces by a single exponential. Estimatient of the measurement was + 20 us. The detector
used for this measurement was a Thorlabs PDA10CS.

All measurements were performed at room temperature

2.2 Cane fabrication and characterization

The canes used for preliminary laser tests wereufaatured using the CL1:Nd and the CL1
compositions, as they proved to be more suitalsléhfe application (see Sections 2u2d3.3). The final
preform was fabricated by the rod-in-tube methadi stretched by cane drawing. The core rod was
obtained by stretching the 12 mm diameter prefdbtaioed by melt-quenching into a thinner cylinder
with a diameter of 3 mm. The cladding tube was rfectured by rotational casting, as explained in
Section 2.1. Both the core stretching and the daaing were made using arhousedeveloped
drawing facility. The obtained canes presentecamdter of 800 um and a core/cladding diameter cdtio
1/3.

2.3 Laser tests

An experiment (Fig. 1) was conducted to investiglageperformance of the canes (see Section 22) in
laser configuration. A 60 mm length of cane, wittose diameter of 27fm and a cladding diameter of
800um, was used as the active gain medium. The cansuwimserged in a water bath, which provided
essential heat-sinking and acted as a guidingfagerfor the pump radiation. The end-faces of #reec
were optically polished. The cane was pumped blyea-Loupled diode laser operating at 795 nm, with
core diameter of 200m and a Numerical Aperture (NA) of 0.22. The outplthe pump delivery fiber
was imaged into the cane using two lenses actirgla® imaging system, thus creating a 460
diameter pump spot with a NA of 0.11 at the fraud of the cane, which satisfies the conditions for
guiding in the cladding. A laser cavity was implertesl by aligning appropriate mirrors close to thesk
of the cane. At the pump input face a mirror withhhtransmission at 795 nm and high reflectionG&4l
nm was positioned, whilst at the other end an dutpupler mirror was placed. The output radiatiasw
collected by a lens and sent to a dichroic mirragled at 45° with high reflection at 1054 nm anghhi
transmission at 795 nm. Therefore, residual purdiatian can be split from the laser signal. The
remaining pump power was sent to a beam dump, wthddaser signal power was sent on to
diagnostics.



Diagnostics

1054 nm :
Fiber-coupled diode HR 1054 nm oc : HR 1054 nm
200 pm core 795 nm HT 795 nm | HT 795 nm
1
1
1
R 3 _ PYPY PYTET Beam dump
I I | Nd Cane I I /795 nm
f=25mm f=50mm f=25mm

Fig. 1. Setup used for the laser experiments.

3. Results and discussion

3.1. Glass physical and thermal properties

The fabrication of large diameter fibers, also knoag cane lasers, has proven to be challengingodue
some technological limits arising from the procegsdf their constituent materials. In particulaijdre

of the drawing procedure can occur due to fractuohthe glasses in the drawing facility in consaee

of a thermal shock. The glass compositions develdpe this research have overcome this issue and
proved to be robust and resistant to the thermrmaetstinduced by their processing. Table 1 repbes t
thermal, physical and fluorescence properties ef glasses compared to some existing commercial
materials. Thermal analysis reveals a stabilityapaater4T above 250 °C for all the manufactured
materials, proving that they are stable againsstatijzation and suitable for cane drawing. The CTE
measurements show values of thermal expansion lthaerthose exhibited by the most common glasses
available [12,28] and comparable to those repoffied QX/Nd glass fabricated by Kigre [29].
Furthermore, it is worthwhile noting the minimaffdrence in terms of thermal expansion between the
fabricated core and cladding glasses. This matcisifgndamental when operating the laser in a high-
power regime, as it limits the tensile stress &t ¢bre/cladding interface of the cane due to therma

expansion.

Table 1

Glass transition temperaturgy), crystallization temperaturd,), stability parameterAT), density, coefficient of
thermal expansion and Rid'F,, fluorescence lifetime of the manufactured phosplgisses and of the
commercially available LG-770 (Schott) and QX/Nddt€) glasses.



CTE Nd®*:*F,,

Glass Ty Tx AT; T Yol fluorescence
label [°’C]£3°C [°C]+3°C rCl +96 oc [g/cm®] £0.05 g/cni [ 10° Kll] +0.1 lifetime

B K [us] £ 20 ps
CL1:Nd 52z 79C 26¢ 3.01 8.1 32¢€
CL2:Nd 59¢ 95¢ 365 2.8( 7.1 35C
CL1 53C 80¢ 27¢ 2.91 8.2 n.a
CL2 61C >100( >39( 2.61 7.4 n.a
LG-77C[23] 461 n.a n.a 2.5¢€ 13.4 35(
QX/Nd[24] 50¢€ n.a n.a 2.6€ 8.4 35s

3.2. Refractive index

Table 2 reports the refractive indices of the feded core and cladding glasses and of the comaherci
LG-770 and QX/Nd glasses measured at the wavelsmftb33 and 1061 nm. The refractive indices of
the manufactured glasses are higher than the cmmsrted for commercial compositions. This is
generally desirable for high-power laser appliaagicas it facilitates fabricating thermally comphilow
refractive index cladding glasses for the manufaofuof double-cladding optical fibers [30,31]. The
CL1:Nd glass showed the highest value of refradtidex at the laser wavelength, thus resultinghim t
optimal core composition for the fabrication of ttemes. The coupling of the CL1:Nd core glass ¢o th
relative cladding CL1 leads to a NA value of 0.48jch allows a good confinement of the laser raoiat

into the core of the cane.

Table 2

Refractive indices of the manufactured glasse®mparison with those of commercial compositions.

Glass label nN@633nm n @ 1061 nm

CL1:Nd 1.557 1.54¢
CL2:Nd 1.551 1.54(
CL1 1.54¢ 1.54(
CL2 1.54¢ 1.53¢
LG-77C[22] 1.507 1.45(
QX/Nd [14] 1.536 (1) 1.53(

3.3. Absorption spectroscopy
High values of absorption cross-section at thetation wavelength are desirable in order to in@dhe
efficiency of the material in absorbing the punghti Fig. 2b depicts the UV-Visible (UV-Vis) spextof



the two core compositions (CL1:Nd and CL2:Nd) ia 800 to 900 nm wavelength region. The observed
peaks can be directly correlated to the corresponeinergy levels shown in Fig. 2a. The absorption

cross-section was calculated according to theviafig equation:

2.303 log (170)
%a=TNL

wherelog(ly/l) is the glass absorbandeis the sample thickness expressed in cmihisdthe Nd* ions
concentration per cinThe values of the cross-section measured ayfhieat excitation wavelength of
800 nm areg, = 2.3x 10% cm* for the CL1:Nd glass and, = 2.0x 10% cm*for the CL2:Nd glass. This
suggests that the CL1:Nd glass offers a more félernvironment with respect to the CL2:Nd for the
exploitation of thé'F3, — “l,1» transition. Generally, both these values are coafpe to those reported
in literature for commercial compositions [28,29oreover, it is worthwhile noting that an opposite
trend can be observed for the main absorption [eagted at 580 nm; in this region, the CL2:Nd glass
shows higher values of absorption cross-sectiars, siggesting that the excitation of {e, level is
favored for this glass.

(a)
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Fig. 2.(a) Energy levels of Nd ion; (b) absorption spectra of the CL1:Nd and ®l®glasses.



3.4. Infrared luminescence spectroscopy and time-reddiuerescence spectroscopy

Fig. 3 depicts the normalized emission spectraldf:8d and CL2:Nd glasses in the region between
1010 and 1130 nm recorded upon excitation at theeleagth of 785 nm. The peak centred at 1054 nm is
correlated to the Ni&*Fs,— “l11ptransition in phosphate glass and is exploiteddser emission. No
variation in the shape of the peak can be notioethk two glasses.

The lifetimes of théFs, excited state, upon 785 nm excitation, were meakshy time-resolved
fluorescence spectroscopy, and the results aretegbo the last column of Table 1. The values mesb
are 326 us for the CL1:Nd glass and 350 us foCih#Nd glass and match with our previous
measurements on similar glasses and with thosetegpio literature for commercial compositions [10,
28,29,32]. A higher lifetime value is favorable fasing action as it benefits population inversibis
making the CL2:Nd glass more suitable for laseioacHowever, this material also shows lower
absorption cross-section at the excitation wavdle(mge Fig. 2b) resulting in a lower efficiencypofimp

absorption.

1.0

0.8

0.6 1

0.4

Normalized intensity [a.u.]

0.2 4

0.0+ /" T y T . T g T . - T
1020 1040 1060 1080 1100 1120
Wavelength [nm]

Fig. 3. Normalized emission spectra of CL1:Nd ahn@Gld glasses centred at 1054 nm.

3.5. Cane characterization

The results concerning the characterization obtlkk materials, presented in the former sectionggest
that the combination of CL1:Nd and CL1 glasse&ésrhost promising for an effective laser applicatio
Despite the fact that CL2:Nd exhibits a higher tirasolved fluorescence lifetime and lower thermal
expansion coefficient, the CL1 compositions showdjthermo-mechanical properties, higher refractive



index and higher absorption cross-section at tieéation wavelength, combined with lower viscosity
and thus easier processing. For such reasons, tfeseals were chosen for the fabrication of
core/cladding canes following the procedure exgldiim Section 2.2. Such canes have been usecein las
testing. Fig. 4 portraits the typical cross-sectibthe 800 um-diameter cane. No significant defatt

size, shape or in the core/cladding interface cbeldbserved at the optical microscope, provingytied

control on the fabrication process.

Fig. 4. Typical cross-section of the fabricatede¢diadding cane.

3.6. Laser tests

Several output couplers ranging from 50-95% refl@gtat 1064 nm were used in the setup (see Big. 5
with the highest output power being achieved f@0%o reflectivity output coupler. Laser operation
occurred on numerous longitudinal modes at aro@3@ hm, which is consistent with the fluorescence
spectrum (see Section 3.4). The cane supported/darge number of transverse modes, and therefore
the output beam was highly multimodal. Fig. 5 shéveslasing spectrum and beam profile at the

maximum output power of 2.5 W.

-
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Fig. 5. Lasing wavelength (a) and beam profileafhe maximum output power.



The laser output power was recorded as a funcfitiledaunched and absorbed pump powers (see Fig.
6). The loss of the pump radiation due to the edaty within the bulk cane material and at the
core/cladding and cladding/water interfaces wasagmated by investigating the losses at 975 nm.
Neodymium exhibits negligible absorption at 975 timerefore by launching this wavelength in a simila
manner to that described for the 795 nm fiber-cedigliode laser (see Section 2.3), one can estilmate
pump guiding loss, which was approximately 10 dBTime absorbed pump power was estimated by first
considering the lost pump power, i.e. the launghadp power minus the remaining unabsorbed pump
power, and then incorporating the pump guiding tesm estimated from the 975 nm transmission. The
absorbed pump power was approximately 65% of tineclaed pump power. A maximum output power
of 2.5 W was achieved for a launched/absorbed puower of 19.0 W/12.5 W. This corresponds to a
slope efficiency of 30% with respect to the laurcthemp power and 44% with respect to the absorbed

pump power.
3
2.5 - °
= . . ..
= ) Slope efficiency: &
s 44% w.r.t. Absorbed power g
2154 30%w.r.t. Launched power .O.
2" X
= Q
& 11 &
n ...
0.5 4 ’.
0 L] T T

0 2 4 6 8 10 12 14
Absorbed power [W]

Fig. 6. Output power as a function of the absonaetp power.

It was found that the best performance was achieteth the cavity mirrors were slightly offset
from the cane end-faces by approximately R0 This slight separation is necessary as whenahe
heats up due to pump power absorption, it expaftds.expansion can cause the cane to push aglaénst t
mirrors and result in misalignment. The distandsvben the end-faces and the mirrors allows the tane
expand without contacting the mirrors and thus @néw this deleterious misalignment.

The cane losses for the signal radiation were estidhusing the Findlay-Clay analysis [33]. This
technique involves measuring the threshold lasowgp, Py, at the signal wavelength for a variety of
output couplers with different reflectivitiR. Plotting—In Ragainsty, should yield a straight line, with



the intercept of this line representing the rourlibss for the laser. Fig. 7a shows this pladiag to a
loss of 4.6 dB/m. A second estimation of the I@sachievable by plotting the reciprocal of the slop
efficiency as a function of the reciprocal of theput couplers transmission. This method is knos/n a
Caird analysis [24] and also provides an estimhtheomaximum efficiency obtainable from the active
material of the laser. Fig. 7b depicts the resafithe Caird analysis, which brought about a Ids&. b
dB/m and an intrinsic slope efficiency of 55%. Tt methods led to comparable loss values, slightly
higher than those obtained on other phosphate fies's [8,15,18]. Further reduction of the lossyrha
attained during manufacturing by improving the glasmogeneity.

The estimated intrinsic slope efficiency matchesrttaximum efficiency values achieved on multi-
core photonic-crystal fibers [14], although it {8l sower if compared to photonic-crystal silicdibers
[25].

(@) ;] .

0.6 1 Loss = 4.6dB/m

-InR

Threshold power [W]

O
-

Intrinsic slope efficiency: 55%
Loss: 6.1 dB/m

1/Slope efficiency

1/0C Transmission

Fig. 7. Resonator losses estimated from the thtéghunp power (Findlay-Clay analysis) (a) and fribra slope
efficiency (Caird analysis) (b) for various outmaiplers.

4. Conclusion



In this work we designed, manufactured and fullgreleterized two core and two cladding compositions
able to satisfy the thermo-mechanical compatibditnditions imposed by the small size and high-powe
density of cane lasers and amplifiers.

The synthesized materials combine good efficiemzyy@ptical properties with low thermal
expansion, excellent resistance against crystitiizand suitability for cane drawing. The glasaese
processed through rotational casting and cane dgawithout showing any sign of damage or
degradation. It was demonstrated that a carefutlmimag of the properties of the core and claddiregggts
is able to overcome the difficulties in the canavdng and minimize the interface stress. This tesola
higher slope efficiency of the laser.

A laser device was successfully fabricated anetkist CW mode registering a slope efficiency of
44% with respect to the absorbed pump power armigout power of 2.5 W. The Caird analysis resulted
in an intrinsic slope efficiency of 55%, thus en@ging further work in order to improve its current
value.

Further research is encouraged towards the enh@amterithe laser performance by improving the
glass homogeneity and reducing the loss of thesydtloreover, the pump absorption efficiency can be
increased by manufacturing double-cladding cands agymmetrical structures.
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Highlights
»  Thermo-mechanically compatible core and cladding glasses were manufactured
e A full characterization of the materialsisreported
* A canelaser was constructed and tested in continuous-wave regime

» A dope€fficiency of 44% and an output power of 2.5 W were achieved



