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Abstract

Glasses of heavy metal oxide GeO,—-PbO-Bi,O5; doped with different concentrations of Yb** were prepared as materials for IR
emission. Absorption and fluorescence emission spectra were measured. The spectroscopic properties and laser parameters are cal-
culated; the disagreement between the reciprocity method and Fuchtbauer—Ladenburg formula in calculations of Yb*" emission
cross-sections is discussed using the radiation trapping effect. GeO,—PbO-Bi,O5 glass doped with Yb®* is a promising material
for laser action at 1021 nm, with properties similar to other known glasses (phosphate and tellurite laser glasses) used as active laser
media; the high absorption cross-section (of 1.5 x 1072° cm?) and the large emission bandwidth (of 70nm) are properties appropriate

for short pulse generation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The heavy metal oxide glasses [1,2] have attracted
interest for optoelectronics and photonics applications
because of their optical properties such as refractive
indices, optical non-linearities and infrared transmit-
tance up to §um providing the possibility to develop
more efficient lasers and fiber optic amplifiers at longer
wavelengths than available from other oxide glasses.
The broad infrared transmission is a consequence of
the small field strengths and relatively large masses of
the components of these glasses that generally contain
more than 50% of heavy metal oxides, such as PbO
and Bi,O; [3.,4]. In these glasses the usual vitrifying ele-
ments are oxides of germanium, gallium and tellurium
[5]. In this work we report the optical properties of
Yb** jons in GeO,-PbO-Bi,O; glasses (produced at
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the Laboratory of Glasses and Datation at FATEC-
SP). The emission bands of Yb*" doped glasses generate
tunable laser emission, as well as ultra-short pulse (of
about femtoseconds) and the location of the absorption
band (900-1000nm) is suited for pumping with na InG-
aAs laser diode. To our knowledge there are no studies
of the optical property of Yb** in these glasses. The lit-
erature recently presented the optical properties of Nd**
[6,7] in binary and ternary glasses based on GeO,, PbO
and Bi,O;. GeO,~PbO-Bi,0; glasses have a transmis-
sion window from 400 nm up to 4.5 um and refractive in-
dex = 2.0; recently Miller et al. observed that glasses in
this system are potential candidates for fiber optic
amplifiers and oscillators [8,9].

In this work Yb** spectroscopic properties are inves-
tigated in a ternary composition of GeO,-PbO-Bi,O;
glasses (GPBI1) suggested by Balda et al. [7]; the laser
parameters /,;, (minimum pump intensity), I, (pump
saturation intensity) and f, (minimum fraction of
YD ions that are excited to balance the laser gain) are
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calculated and the effect of radiation trapping is dis-
cussed [10].

2. Experiment

Batches of 12 g were prepared by mixing 99.99% ele-
ments. Different concentrations of Yb®* (shown in Table
1) were added to the ternary lead bismuth gallate com-
position (62.5Ge0,-12.5PbO-25.0Bi,03 (mol%)) or
GPBI suggested by Balda et al. [7]. The powders were
melted in an alumina crucible (with impurities of
0.01%) at 1050°C, for 1h, quenched in heated brass
molds, in air, annealed for 1h at 420°C (considering
the transition temperature) and then cooled to room
temperature, inside the furnace. Samples were examined
through an optical microscope to confirm the complete
melting of rare-earths. The samples produced are trans-
parent, homogeneous and stable against crystallization.
For concentrations greater than (6.9 + 0.1) x 10*° ions/
cm® of Yb** we observe a loss of transparency. There-
fore the solubility limit of Yb*" in this heavy metal oxide
glass, considering the current melting scheme employed,
is approximately (6.9 + 0.1) x 10*° ions/cm?. Finally the
samples were polished for absorption, emission and life-
time measurements. The absorption spectra were meas-
ured using a spectrometer (Carry 500), at room
temperature, in the range of 900-1200nm. Emission
measurements were performed by optically pumping
the samples with an AlGaAs laser diode (Optopower
A020) of 968nm; the emission was analyzed with
monochrometer and detected by a Ge detector. Front
surface exciting technique, perpendicular to the sample
thickness and close to its edge was utilized to minimize
reabsorption due to radiation trapping [10]. Errors in
these measurements are estimated to be +5%, based on
the signal to noise ratio. The lifetimes of the excited
Yb** ions were measured using pulsed laser excitation
(4ns) from an Optical Parametric Oscillator (OPO from
Opotek) pumped by a frequency doubled Nd:YAG laser
(Quantel) and a InSb detector (Judson) with appropriate
emission filter. Errors are also estimated to be of +5%.
Because of the spectral overlap of the emission and
absorption bands of Yb®*, radiation trapping [10]
makes the measured lifetime longer than that of a single

Table 1
Spectroscopic properties and laser performance parameter of GPB1
glasses doped with different concentrations of Yb**

Yb3+ Oabs (/Lp) T Imin

(10% ions/cm?) (1072 cm?) (£5%ms) (kW/em?)
0.23 +0.01 1.8+0.1 0.44 2.1%04
0.58 £ 0.01 1.6%0.1 0.47 22405
1.16 £0.02 1.5+0.1 0.54 20%04
2.31%0.05 1.5+0.1 0.54 20%04
4.63%0.09 1.5+0.1 0.50 22405

isolated ion. To reduce the effect of the radiation trap-
ping due to self absorption, the samples used in the life-
time measurements had thickness of 0.6mm [11].

3. Results

The two usual methods to obtain the emission cross-
section of Yb**:*F5,, — °Fs/, transition are the reciproc-
ity method (RE) [12] and the Fuchtbauer-Ladenburg
(F-L) formula [13]. The second one requires knowledge
of the radiative lifetime and of the emission line shape as
follows:

_ 8men?(2J' +1)
Ar = Ja(2J + 1)p /WW M
Uem(/l) = % (2)

where AR represents the spontaneous emission probabil-
ity, c the velocity of light, n the refractive index, 4, the
absorption peak wavelength (977nm), p the concentra-
tion of Yb’* ions, k(1) the absorption coefficient, J
and J' the total momentum for the upper and lower lev-
els and g(1) the normalized line shape function of the
measured fluorescence transition of Yb>*. However,
accurate experimental determination of the fluorescence
spectrum, easily affected by radiation trapping, is diffi-
cult, as the emission line width increases. The reciprocity
method avoids this effect of radiation trapping because
it is obtained from the absorption cross-section spec-
trum (o,ps) using the relation given by [12]:

. Z E, — hed !
Tem(2) = Taps(2) Z—‘ exp <1T> (3)

where k and E, represent Boltzman’s constant and the
zero line energy that is defined as the energy separation
between the lowest components of the upper and lower
states, respectively; in the high temperature limit, the ra-
tio of the partition functions (Z,/Z,) simply becomes the
degeneracy weighting of the two states. Fig. 1 presents
the emission and absorption cross-sections for Yb**
doped GPBI glasses; the emission cross-sections are cal-
culated using the reciprocity method (RE) and the Fuch-
tbauer-Ladenburg (F-L) formula. Based on cumulative
errors associated with the spectra, and energy level
assignments we estimate that the emission cross-sections
are accurate to +18% in F-L method and to 9% in RE
method. However the discrepancies of the emission
cross-sections calculated by RE and F-L are mainly
due to the radiation trapping [11]. Table 1 shows some
of the spectroscopic properties; ¢ is the fluorescence life-
time obtained fitting the measured lifetime to single
exponential and o,ps (4,) the absorption cross-section
at the absorption peak wavelength (4, =977nm); Iy,
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Fig. 1. Absorption and emission cross-sections spectra (calculated using RE and F-L methods) for GPBI glasses doped with different concentrations

of Yb**.

is a laser parameter that is the minimum pump intensity
which is a measure of the ease of pumping the laser
material to get laser action [14]:

Lin = ﬁminlsata (4)
where
O-abs(/lext)

min — 3 5

ﬁ Gem(iext) + Uabs(;hext) ( )
he

lyy=—"—"—7#8H+¥—. 6

t ipﬁ%bs(ip) ( )

In the equation above, gen(dext) and G.ps(Aex) are,
respectively, the emission and the absorption cross-sec-
tions at the extraction wavelength (Ae = 1021 nm); this

is the wavelength for which 7, is smallest. We remark
that, at 1021 nm, the absorption cross-section is 10 times
smaller than the one at 1007 nm (this is the wavelength
that corresponds to the emission cross-section of the sec-
ondary peak). Concerning the emission cross-sections,
the differences between them, at 1021 nm and 1007 nm,
are within the experimental errors. So, 1021 nm is chosen
as the extraction wavelength for the calculation of I;,.

I, is the pump saturation intensity that characterizes
the pumping dynamics and the f3,,;, parameter is defined
as the minimum fraction of Yb ions that must be excited
to balance the gain exactly with the ground-state
absorption at .. We remark that at 7.5W of cw diode
pump power there was no visible fracture of the sam-
ples, even in the absence of cooling.
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4. Discussion

From Fig. 1 we observe a good agreement (to within
+13%) between RE and F-L methods at the secondary
peak. However there are differences in the emission
cross-sections of the primary peak (6emp at 977nm)
and the ratio of the secondary (at 1007nm) to primary
peak emission cross-section (Gems/Gemp). These results
are presented in Table 2. If (6cmp)re Is the emission
cross-section calculated by reciprocity method and
(demp)FL the one calculated by F-L equation, from Ta-
ble 2 we observe: (Gemp)rE is larger than (Gemp)rrL; con-
sidering the ratio of the secondary to primary peak,
(Gems/gemp)FL > (Gems/aemp)RE and (O-ems/o-emp)RE remains
approximately constant whereas (Gems/Gemp)F1. INCreases
with Yb** concentration. These facts can be attributed
to radiation trapping, as reported by Zhang and Hu
[15] in YDb tetraphosphate glasses; radiation trapping in-
creases with sample thickness, refractive index and con-
centration. As shown in Fig. 1 there is a spectral trap in
the primary emission peak (at 977nm) and this explains
the greater differences between FL and RE methods at
this peak (Gemp)RE > (Femp)rL in Table 2; the strong flu-
orescence trapping decreases the measured emission at
977nm and increases the fluorescence effective linewidth
(AZer), as the bands are normally broadened
(AZegg=70nm up to 1.16 x 10%° jons/cm?® of Yb** andé
/et = 84nm, for larger doping levels). With the increase
of Yb®* concentration, the fluorescence trapping in-
creases, the fluorescence peak at 977nm is completely
reabsorbed and disappears, whereas the secondary one
increases and the emission line broadening occurs: con-
sequently (Gems/0emp)rL increases. This explains the dis-
agreement (Fig. 1) between the two methods at
wavelengths greater than 1030nm. Zhang and Hu [15]

Table 2

proposed that radiation trapping can be evaluated by
the parameter rtc (radiation trapping coefficient) also
used recently by Bell et al. [16] and defined as follows:
((Gems/oemp)FL - (Gems/aemp)RE)/(O—ems/o—emp)RE' The re-
sults of rtc calculations are presented in Table 2. Hence
radiation trapping depends on concentration and occurs
even for smaller doping levels; similar results for the rtc
parameter were reported in Yb tetraphosphate glasses
[15] and in phosphate glasses [16]. Radiation trapping
also increases with the thickness; for example Dai et
al. [17] observed that the measured fluorescence lifetime
increases 30% when the thickness increased from 0.3 mm
to 4mm, even at Yb>" concentration of 0.2mol%. For
doping levels of 6mol% the increase is of about 44%.
In our case the samples were 0.6 mm thick; even though
we observe that the measured fluorescence lifetimes tend
to increase with Yb*>" concentration (Table 1) and in
most cases are longer than the radiative lifetime
(0.44ms), calculated using Eq. (1); these facts also indi-
cate the presence of some radiation trapping [16,18]. To
minimize the radiation trapping effect other studies are
being performed in GPB1 glasses doped with Yb*™.
From the point of view of laser operation, it is gener-
ally desirable for the emission cross-section to be as large
as possible for greater gain, for the fluorescence lifetime
to be long to permit greater pulsed power, and for the
absorption cross-section at the pump wavelength to be
as large as possible to allow for efficient diode pumping;
these considerations indicate that laser parameters
should be as small as possible. We observe that Yb**
doped GPBI glasses have a larger absorption cross-sec-
tion, at 977 nm, and that the laser parameter I, is with-
in the acceptable limits, always less than 4.5kW/cm? [14].
For comparison we present, in Table 3, the spectroscopic
properties and the I,,;, parameter of some laser glasses

Comparison between RE and F-L equation in calculations of Yb** emission cross-sections for GPBI glasses; rtc = ((Fems/Temp)FL — (Tems! Temp)RE)

(Gems/Temp)rE- (radiation trapping coefficient)

Yb** (10% jons/em?) Temp (1072 cm?) Gems (x10720 cm?) Gems/Temp rte

RE FL RE FL RE FL
0.23 +0.01 23%0.2 13022 0.9+0.1 0.9%0.2 0.4%0.2 0.7+0.3 0.8
0.58 +0.01 22402 13402 1.0+0.1 1.0+0.2 0.5+0.2 0.8+0.3 0.6
1.16 £0.02 20%0.2 0.9+0.2 0.8+0.1 0.8%0.2 0.4%0.2 09+0.3 1.3
2.31 £0.05 2002 0.7+0.1 0.8+0.1 09+0.2 04+02 13+03 23
4.63£0.09 20%02 0.5+0.1 0.9+0.1 0.9%0.2 0.5+0.2 1.8+0.3 2.6
Table 3

Spectroscopic properties and the /i, parameter of Yb>" ion in some laser glasses, in the YAG laser crystal and in the GPBI glass, doped with

1.16 x 10 ions/cm® of Yb**

Materials Gem (1072 cm?) Jext (nNM) Imin (KW/cm?) Gabs (p) (1072° cm?) ¢ (ms)
QX [19] 0.7 1018 1.8 0.5 2.00
FP [20] 0.5 1020 0.8 0.4 1.20
YTG [21] 24 1024 0.8 1.6 0.90
YAG [14] 2.0 1031 1.5 0.8 1.08
GPBI 0.8 1021 2.0 1.5 0.54




L.R.P. Kassab et al. | Journal of Non-Crystalline Solids 348 (2004) 103-107 107

[19-21] and the YAG laser crystal [14], together with the
GPBI glass, doped with 1.16 x 10*° ions/cm? of Yb>*; it
has an emission cross-section larger than Yb:QX (a com-
mercial phosphate laser glass from Kigre Incorp) [19]
and FP glasses [20] and an absorption cross-section, at
977nm, comparable to Yb:YTG, a tellurite laser glass
[21]; the fluorescence lifetime is, however, the smallest.
Lnin = (2.0 = 0.4) kW/cm? indicates the ease of pumping
the material to get laser action.

5. Conclusion

The emission cross-sections were calculated using RE
and F-L method and agreement between them was ob-
served at the secondary peak; the discrepancies were
mainly due to radiation trapping. GPB1 glasses doped
with Yb>* have spectroscopic properties suitable for la-
ser action at 1021 nm, comparable to other known laser
glasses used as active media: for 1.16 x 10*° jons/cm® of
Yb3" the absorption cross-section, at 977nm, is of
1.5% 1072° cm?, the emission cross-section, at 1021 nm,
is of (0.8 = 0.2) x 1072 cm? and the possibility of getting
laser action is revealed by I, = 2.0 kw/cm?. The large
fluorescence effective linewidth of 70nm, as well as the
absorption cross-section are important features for short
pulse generation.
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