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Abstract Tm®" -doped silica glasses with molar fraction composition of 0.3Tm,0;-0. 3xAl, O;-(100—0.3—0. 32) Si0,
(x=38, 10, 15, 20) denoted as ATS glasses are prepared by sol-gel method. The spectroscopic properties of the bulk
glasses are investigated. The maximum emission cross section and measured fluorescence lifetime at 1811 nm are
6.39X10 % cm® and 645 ps, respectively. The lowest OH content is 10.5X 10 °. The fiber preform was prepared
by rod-in-tube method. The glass with composition 0. 3Tm,0;-4. 5Al,0;-95. 2Si0, is used as fiber core; the inner
cladding is pure silica glass with an octagonal shape; and the outer cladding is ultraviolet curing layer. Laser
properties of the fiber are investigated. The maximum laser output power reaches 1.23 W from a 66-cm-long fiber
and the slope efficiency is 11.7% . The lasing threshold is 6.07 W and the lasing wavelength is centered at 1952 nm.
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1 Introduction

A lot of work has been done over the past several
decades on the thulium-doped glasses and fibers" .
Thulium-doped fiber has an intense emission centered a-
round 2 pm and can offer a large tuning range from
1.7 pm to 2.2 pm. Such a wavelength range overlaps
the absorption band of water at 1. 93 pmand covers the
absorption peaks of methane gases and carbon dioxide.
These features make 2 pm lasers very useful in applica-
tions such as environmental pollution detection. eye
safe laser radar, satellite communications, laser remote
sensing, especially in high-energy-per-pulse mode, as
well as medical area™ .
So far, many thulium-doped glasses such as tellu-

"), germanate’™ , fluoride® and silica glasses"

rite
have been studied. For fiber laser application, tellurite
glass, germanate glass and fluoride glass have low me-
chanical strength. They are hard to splice with com-
mercial silica fiber. Those problems restrict their prac-

tical applications™".

Rare earth doped silica fiber has
many attractive properties such as high ultraviolet (UV)
transparency, high mechanical strength and easy to link
with commercial silica fibers through fusion splice tech-
nique. These characteristics make it widely used in fi-

ber laser devices™*

. From a large number of researches
on Tm-doped silica fibers, it has been noted that the la-
ser output power and efficiency of the fiber increase
when Tm®" ions are co-doped with appropriate amount
of AI'* ions. AP’" ions in silica can reduce the cluster of
Tm®" ions and increase the Tm®" doping level. High
Tm®" doping level in fiber can reduce the fiber length,
thus can decrease the overall fiber loss. Meanwhile, us-
age of shorter fiber can reduce the nonlinear optical
effects. Moreover, higher Tm*®" doping level can en-
hance the cross-relaxation process, which is beneficial
to improve the output power and slope efficiency of la-

Ser’ll% -15] .

3+

The well-known method of preparing Tm’" doped
silica fiber is the modified chemical vapor deposition
(MCVD) technique combining with the solution do-
ping"*’
such as the limitation of rare earth doping level and in-

. This traditional method has some drawbacks

homogeneous distribution of rare earth ions. Other
techniques of rare earth doped silica preform fabrication

such as direct nanoparticle deposition (DND) " and

[18]

sol-gel methods* have been developed and reported.

The DND technology is a new patented technique for fi-

ber production. It has been proved to be difficult to a-

]

chieve high level doping of rare earth ions''. Sol-gel

technique can realize the homogeneity of mixtures and
make the doping concentration reach a high level™”.
Liu et al. " prepared Yb*" doped silica glass using sol-
gel method. Artizzu et al. " investigated the emission
properties, energy transfer mechanism, the sensitiza-
tion efficiency of silica sol-gel glasses incorporating du-
al-luminescent Yb quinolinolato complex. Silversmith e

[23
al.”?

! studied the fluorescence yield in rare-earth-doped
sol-gel silicate glasses. But till now, there is no report
on Tm*" doped silica glasses by sol-gel method.

In this work, Tm®", AI’* co-doped silica glas-
ses with different ratios of AI** /Tm®" are prepared
and the spectroscopic properties of these samples
are investigated. A preform with core of Tm®" ,
AP** co-doped silica glass and the inner cladding of
pure silica glass is fabricated with rod-in-tube meth-
od. Fiber is drawn and coated with a low refractive
index ultraviolet curing layer as outer cladding.
The properties of Tm** , A" co-doped silica glass and
laser behaviors of double cladding fiber are studied.

2 Experiments
2.1 Samples preparation

A series of Tm*" , AP’ co-doped silica glasses with
molar fraction compositions of 0. 3Tm,0;-0. 3xAlLO;-
(100—0.3—0.3x) Si0, (x = 8, 10, 15, 20, corre-
sponding to ATS1, ATS2, ATS3, ATS4) were pre-
pared. Tetraethoxysilane ( TEOS), AICl, - 6H,0 and
TmCl; « 6H,0 were used as the precursors for Si0O, ,
AL, O, and Tm,O, , respectively. Different Al/Tm ratios
were used to optimize properties of spectroscopy and
glass formation. All reactants were analytically pure.
Deionized water, ethanol and ammonia were used as
hydrolysis reactant, solvent and catalyzer, respective-
ly. The mixed solution was kept stirring at 45 C for
about 3 h in order to obtain homogeneous sol. During
this period the hydrolysis reaction occurred®’. The
homogeneous sol was gelled at 80 C and desiccated at
600 C for 3 h to remove organic impurities and ad-
sorbed water. The xerogel was then sintered at 1750 C
and transformed into amorphous transparent glasses.
The glasses were molded into rod and slice samples by
the oxy — hydrogen flame heating. Slice samples were
processed into 2 mm thickness for spectroscopic proper-
ties tests. The glass rod was ground and polished into
proper diameter for the preparation of the preform by
rod-in-tube method.
2.2 Characterization of glasses and fiber

The refractive index of glass was measured by
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waveguide prism coupling method with thickness of
0.5 mm and the density was tested by Archimedes’ lig-
uid-immersion method in distilled water. Tm,O, con-
centration was measured by inductively coupled plasma
atomic emission spectroscopy (ICP-AES). All samples
were polished to 2 mm thick for spectroscopic measure-
ments. Absorption spectra were recorded with a Perkin-
Elmer-Lambda 900UV/VIS/NIR spectrophotometer in
the range of 200 ~ 2000 nm. Emission spectra were
measured with a Traix 320 type spectrometer (Jobin-
Yvon Co. , France) by using a 794 nm laser diode as ex-
citation source. Fourier transform infrared spectroscopy
(FTIR) spectra were measured using a spectrophotom-
eter (Nexus FT-IR Spectrometer, Thermo Nicolet).
All the measurements were performed at room tempera-
ture. Laser experimental setup on fiber will be given in
following sections.

3 Results and discussion
3.1 Density and refractive index of glasses

The densities p, refractive indices 7, and Tm®" ion
concentrations N of glass samples are presented in Ta-
ble 1. It can be clearly seen that the densities and re-
fractive indices of ATS2 to ATS4 glasses are higher than
those of ATSI.
AL O,. Tm®" ion concentrations in Table 1 are calculat-

They increase with the addition of

ed from measured Tm, O, concentration and glass densi-
ty. It changes from 1.14 X 10* ¢cm ® t0 1.23 X 10* cm™°,
although the mean Tm,O; concentration is 0.3% (molar

0.4

S
w
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=
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fraction) in each glass.
Table 1 Densities, refractive indices and Tm®*

concentrations of glass samples

Sample ATS1 ATS2 ATS3 ATS4
p/ (g/em®) 2.22 2.26 2.26 2.27
N4 1.457 1.461 1.463 1.460
N /(10* ¢cm™*) 1.21 1.23 1.15 1.14

3.2 Absorption spectra and Judd-Ofelt analysis
The absorption spectra were obtained over a spec-
tral range of 300~2000 nm. The ATS samples have al-
most the same absorption intensity and absorption cross
section because there is no obvious difference in the
Tm**

cross section is calculated using the Beer-Lambert
[25)

ion concentrations of samples. The absorption
equation

2.303
NL

where N is the rare earth ion concentration, L is the

0. (M) =

DO, @Y

sample thickness, and D(Q) is optical density which can
be obtained from absorption spectra subtracted by base-
line. Figure 1 (a) shows the absorption spectra and
Fig.1(b) shows the absorption cross sections of the
ATS samples calculated according to Eq. (1). There are
six bands centered at 354, 470, 687, 793, 1210 and
1670 nm, corresponding to the absorptions from the
ground state *Hy to the excited states 'D,, 'G,, *F, ;.
*H,. *H; and *F,. The transitions to the levels higher
than ' D, are not observed because of the strong intrinsic

absorption of the host glass near ultraviolet waveband.
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Fig.1 (a) Absorption spectra and (b) absorption cross section of ATS samples

According to Judd-Ofelt (J-O) theory ™" *7, five
absorption bands (D, , 'G,, *H,, *H; and *F,) together
with the density and the refractive index are used to
calculate the J-O intensity parameters (2,.,.s and the ra-

28] revealed that

diative transition rates. Previous study
the (2, parameter is indicative of the amount of the cova-
lent bond and strongly depends on the symmetry of local
environments of Tm®" ion sites, while the (); parameter

is related to the overlap integrals of the 4f and 5d orbits

of Tm®" ions. Values of 2, and ; also provide some in-
formation on the rigidity and viscosity of hosts. Table 2
lists the J-O intensity parameters of Tm’" and *F,—*H;
radiative transition rates (A,,) in present work and in
other glasses reported in literatures. We can see that
the value of 0, for silica glass is much higher than those
97 tellurate™ , germanate™ and fluor-
ide™ glasses, which means that the silica glass has

of bismuthate

stronger asymmetry and polarization, meanwhile, the
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bond covalency of Tm — O in silica glass is stronger than
those in other glasses. Furthermore, it can be found
that the value of ., decreases with the increase of the
Al, O, additive. It means that the surrounding of Tm®"
ion in silica glass becomes less asymmetrical with the
increase of Al,O,. Value of A, for Tm*" :*F,—*H; tran-

sitions decreases with the increase of Al,O,. A, is propor-
tional to the electric dipole line strength S., which has posi-
tive correlation with (2, s » especially with 2,. So A, and
(), have the same variation tendency with the increase of
Al, O, concentration.

Table 2 J-O intensity parameters of Tm*®" ion in various glasses and *F, —*Hs A, in ATS glasses. The error limit is 5%

Glasses Q, /(107 % em?) @, /(107 cm?) Qs /(107% cm?) Aa/s ! Reference
ATS1 (this work) 8.98 3.29 3.08 278.9
ATS2 (this work) 8.41 3.21 2.39 262.5
ATS3 (this work) 6.4 3.43 3.12 237.1
ATS4 (this work) 6.41 3.62 2.85 238.3
Bi, 0,-Ge0,-Na, O 4.35 1.49 0.96 - [29]
TWL30 4.48 1.77 1.39 - [30]
Ge0,-Ga, 0;-Bi, O;-PbO 2.84 0.5 0.75 - [31]
ZBLAN 1.96 1.36 1.16 - [9]
Silica 6.23 1.91 1.36 - [9]

3.3 Fluorescence spectra and stimulated emission
cross section

The fluorescence spectra of Tm®" -doped silica
glasses pumped at 808 nm with diode laser are shown in
Fig.2(a). It can be seen that there is a strong emission
at 1.8 pmand a weak emission at 1. 47 pum in the range
of 1.3 ~ 2.2 pm, corresponding to the transition of
Tm*" :*F,—*H, and *H,—*F,. The low emission inten-
sity of 1. 47 ym may be caused by two processes. One is
that Tm®" ion at the *H, level has a non-radiative tran-
sition to *H; level through multi-phonon relaxation
process and the other is that the Tm®’" ion at the *H,
state transfers its energy to another Tm®" ion at the
ground state which is the well-known cross-relaxation
process CH, +*H, —*F, +°F,).

intensity ratio of 1. 8 ym to 1. 47 pm bands can partially

The relative emission

reflect the cross-relaxation efficiency. The relative e-
mission intensity ratio of 1. 8 pm to 1. 47 um of samples
is calculated to be 212, 244, 249 and 199 corresponding

1.0} @

0.8 +
—
=
<
E L] — ATS1
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0.2
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to ATS1, ATS2, ATS3 and ATS4. It can be concluded
that ATS3 glass with A" /Tm®" ratio of 15:1 has the
most efficient cross-relaxation.

The stimulated emission cross section (g,,) of
Tm®" :*F, =*H; transition can be calculated according

[32-33]

to Fuchbauer-Ladenburg theory
AL QO

/; Am; % ’ 2)
n JAI(A)dA

where I(1) is the emission intensity in fluorescence

Oeni (1) =

spectrum, n is refractive index, c is light speed, A, is
radiative transition rate. The results are shown in Fig.
2(b). Large ¢..; X r (r denotes lifetime) is very impor-
tant for obtaining high laser gain. It is a significant pa-
rameter of laser materials™’ . Table 3 lists the values of
maximum emission cross section (o, ), measured life-
times (z;) » and 6., X 7; for Tm*®" :*F,—*H; transition in
ATS glasses. The values of the cross section in the four
samples are in good agreement with those reported in

[9.34-35

literatures Quantum efficiency calculated by

7

®

[\ w - [} (2]
T

Emission cross
section /(107 cm?)

—

1600 1800 2000

Wavelength /nm

0 1
1400 2200

Fig.2 (a ) Emission spectra and (b) emission cross sections of Tm*®" ions in ATS glasses
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71/ 7w Ctoa denotes radiative lifetime) is listed in Table
3. The maximum emission cross section decreases as Al
content increases because of the positive correlation be-
tween emission cross section and radiative transition
rate as shown in Eq. (2). The measured and calculated
lifetimes of *F, level increase with increased Al con-
tent. The quantum efficiency shows similar variation
tendency, that may be caused by the local environment
variation of rare earth ions. The rare earth ions are

more likely to be connected with Al than Si*"'. The Al
— O bond has lower vibration frequency than Si — O
bond, so the sample with lower Al content induces high-
er multi-phonon relaxation rate and shorter lifetime.
Tm®” ion in the glasses has the maximum emission cross
section of 6.39 X 107*' ¢m® at 1811 nm in ATS1 glass
and the maximum o¢., X 7z of 3.50 X107 * c¢cm®+ms in
ATS4.

Table 3 Emission cross section at 1. 8 pm band and ¢em; X 77 of Tm** ion in different glasses

Glasses Gemi /(1077 ¢cm*) 7 /ps Trad /MS Gemi X 71 /(1077 ¢cm® *ms) n/%
ATS1 6.39 492 3.585 3.14 13.7
ATS2 6.10 522 3.810 3.18 13.7
ATS3 5.40 600 4.218 3.24 14.2
ATS4 5.43 645 4.196 3.50 15.4

The lifetime z; is obtained by measurement and others are calculated values. The error limit of values calculated by Judd-Ofelt

theory is 5%

3.4 FTIR spectra

The OH groups in glass have strong absorption in
near infrared range. They can interact with the rare
earth ions, inducing the non-radiative transition in ex-
cited state levels. FTIR spectra of ATS glasses are giv-
en in Fig.3. The absorption peak of OH in ATS glass is
around 3663 cm .

100

Transmittance /%
[«2] ®
(=) (=3
o (=)
:

Do
(=]

0 / L 1 L
2000 2500 3000 3500 4000
Wave number /cm™

Fig.3 FTIR spectra of 2-mm-thick Tm*" -doped silica glass

Absorption coefficient (o) of OH groups in glass can

be calculated by=*

T,
«= %m =2 (3)
where [ is the sample thickness, T, is the baseline trans-

mission of the infrared spectrum, and T is the transmis-

1

sion near 3660 c¢cm ' absorption peak. The OH content

[37]

M()II

can be expressed by

1 T,
eXleXth’ 4)

where My is the molar weight of OH group. ¢ is the ex-

.
Con =

tinction coefficient and the value of 77.5 Lemol ™' +cm™'
(7 and

i1s used here according to the literature

p (g +cm®) is the density of glass sample. The calcu-

lated absorption coefficient («) and OH content ( Coy) of
sample are listed in Table 4. It is indicated that most of
OH groups in the samples have been removed.
Table 4 Absorption coefficients at 3660 cm ™' and OH
content in glasses

Sample ATS1 ATS2 ATS3 ATS4
a/cm™? 0.34 0.5 0.25 0.41
Cou/107¢ 14.7 20.9 10.5 17.3

3.5 Laser performance

The double-cladding Tm®" -doped silica fiber was
fabricated by rod-in-tube and drawing method. The core
glass composition was 0. 3Tm,0,-4. 5A1,0,-95. 2Si0, .
The fiber had 35 pm core diameter and 280 pm inner
cladding diameter. The core numerical aperture (NA)
and cladding NA were 0.192 and 0. 366, respectively.
Figure 4 shows the schematic configuration of the
Tm®" -doped double-cladding fiber laser experiment.
The pump source was a multimode fiber pigtailed diode
laser working around 790 nm. The pump laser was col-
limated and focused on the Tm-doped silica fibers
through a 10 X microscope objective. The Tm®" -doped
silica fibers were straightly cleaved on both ends. A re-
flective mirror coated with a dichroic thin film had a
high reflectivity (HR, higher than 99.9% ) near 1900 nm
and high transmissivity (HT) near 800 nm, and it was

used as a reflector at the pump end of fiber. The output
collimating lens 10X objective I T
g . at 1900 nm
798 nn LD b— I silica fiber |
“HR at 1900 nm

power
HT at 800 nm

meter

Fig.4 Schematic of the experimental setup of the diode-
pumped silica fiber laser
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end was with a Fresnel reflection between silica and air
of about 3.53% . A long-pass filter was placed before
the power meter and spectrometer to attenuate unab-
sorbed pump light in spectral and power measurements.
The about 2 pm laser spectrum of the fiber was meas-
ured using a StellarNet RED-Wave NIRx spectrometer.

Figure 5 (a) shows the laser spectrum of the
Tm®* -doped silica fiber and the inset is the cross section
of the fiber. Figure 5(b) presents the laser output pow-
er versus pump power. The fiber length is 66 cm. The

K&

Intensity (a.u.)
S
B o

=1
Do
T

N M

1500 1600 1700 1800 1900 2000 2100

Wavelength /nm

lasing wavelength is centered at 1952 nm which is about
160 nm longer than the emission peak in the glass slice
in Fig. 2 due to the excited state absorption effect. The
background loss measured using cutback method is about
4 dB/m at 1053 nm. The laser threshold is 6.07 W, the
maximum laser output power is about 1.23 W and the
slope efficiency is 11.7% . The low laser efficiency may
be caused by the high loss at present fiber. Further
work is being done to reduce the loss and to improve the
laser efficiency.

14
(b)
E 1.2 F
g10r
2
208
=]
206
=
S —=—measured
5047 linear fit
E 02k maximum power: 1.23 W
: L=66 cm, slope efficiency: 11.7%
0 -

6 8 10 12 14 16
Launched pump power /W

Fig.5 (a) Laser spectrum of Tm®" -doped silica fiber, the inset is cross section of fiber; (b) laser output power

VErsus pump power

4 Conclusions

Spectroscopic properties of AP", Tm®" -codoped
silica glasses with different Al/Tm ratios prepared by
sol-gel method are investigated. The mean Tm,O; con-
tent was kept 0.3 % in molar fraction. Both J-O intensi-
ty parameter (2, and radiative transition rate A,, de-
crease with the increase of Al,O, concentration. The
maximum emission cross section and measured fluores-
cence lifetime at 1811 nm are 6. 39 X 10™*' c¢m® and
645 ps, respectively. The lowest OH content of 10.5 X
107° is achieved. It can be concluded that the glass with
AP /Tm®" ratio of 15:1 has the most efficient cross-re-
laxation. Double-cladding Tm?®" -doped silica fiber was
fabricated based on the core glass composition of
0.3Tm,0,-4.5A1,0,-95.2Si0, and 1.23 W laser output
at 1952 nm was obtained. It is for the first time that, to
our best knowledge., watt level laser output around
2 pm is realized in Tm®" -doped silica fiber by sol-gel
technique. Further work on reducing optical loss is be-
ing done.
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