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Abstract

A simulation of erbium-doped glass systems, which provides population density for the excited states involved in the 1.5 pm and also
for 2.7 um emissions when pumped around 980 nm, is presented. To describe the diode pump laser processes, a theoretical model based in
a coupled system of differential rate equations was developed. The approach used and the obtained spectroscopic parameters are
discussed. The materials under study are two oxide glasses, lead fluoroborate (PbO-PbF,—B,0Os3), and heavy metal oxide
(Bi,03-PbO-Ga,05) and a fluoride glass (ZrF,~BaF,-LaF;-AlF;-NaF), all of them doped with Ef?T.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

When choosing a material to be used as an active laser
medium, the characteristics desired for good laser perfor-
mance include, high gain, high-energy storage capacity and
low optical losses among others. Gain and energy storage
depend on stimulated emission cross-section, fluorescence
lifetime, and coupling efficiency with the pump. Solid state
Er laser systems pumped by high-power diode lasers have
high efficiencies and are now standard tools for many
applications [1]. The 4113/2—>4115/2 emission of Er®" at
1.5um has been extensively studied for the purpose of
developing pulse amplifiers for telecommunication devices
made of fiber glasses [2,3]. Telecom wavelength, 1.5 pm for
erbium-doped fiber lasers (EDFLs), pumped by solid-state
source, make thermal management easier since fibers are
long and thin. Sub-picosecond pulse (fs) from passively
mode locked fiber laser shown high-energy pulses (nJ) and
low cost, comparable to solid state Ti:Sapphire lasers [4].
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Also the 4111/2—>4II3/2 emission of erbium at 2.7 um, in
fluoride glasses, constitutes a very promising system to
build all solid-state lasers emitting near 3 um to be applied
as surgical tools[5,6].

The heavy metal oxides glass (Bi,O3;—PbO-Ga,03),
discovered [7] in 1985, is of great interest in optoelectronic
devices due to its properties, namely extended infrared
transmission (up to 8 um), high refractive index (of about
2.5) and nonlinear optical behavior. The literature reports
the study of 2.7 and 1.5 um emissions[§].

Er-doped lead fluorborate glasses (PbO-PbF,-B,03)
have a high refractive index (2.2) that is responsible for
the high spontaneous emission probability, very good glass
forming region, good physical and chemical stability and
transmission from the visible region (0.4 pm) up to the long
infrared (4 um) [9].

Fluoride glasses are well-known for their high transpar-
ency in the mid-infrared [10], low phonon energy [11] and
low attenuation of radiation near 1.5 pum when comparing
with commonly used silica, silicate and phosphate glasses
[12]. Particularly the fluorozirconate glasses such as
ZBLAN (ZrF4BaF,—LaF;—AlF;—NaF) have unique op-
tical properties in the infrared region [13] and favorable
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physical properties [14], which make them excellent
candidate materials for optical systems design. Addition-
ally rare earth dopants can be easily introduced into these
glasses.

In this paper, the influences of optical parameters of the
different erbium doped glasses are calculated by a
mathematical model based in the solutions of rate
equations of Erbium system.

2. Experiment

The lead fluorborate glasses and heavy metal oxide
glasses were produced using, respectively, the glass
matrixes 38.8B,0327.1PbO-34.1PbF, and 42.12Bi,O;—
45.91PbO-11.98Ga,0;. After melting the powders in Pt
crucibles at 1000 °C for 1 h and a half hour, they are poured
into heated brass molds (300 °C), annealed for 3 h at 300 °C
(transition temperature is 380 °C) and then cooled inside
the furnace after the furnace is turned off. These oxide
glasses were prepared adding Er,O;. ZBLAN glasses were
prepared with the following compositions, 53ZrF,—
20BaF,4LaF;-3AlF;-20NaF, by melting processing at
750-800°C for 2h in a tubular furnace. A platinum
crucible in the form of a tube was used as a sample
container. After fusion, the melt was poured into a stainless
steel mold preheated to 260 °C to form a rectangular glass.
Annealing at 260 °C for 2h was performed after casting.
Finally, the samples were polished using isopropyl alcohol
as a lubricanting agent. Physical properties of the studied
glasses samples are shown in Table 1.

The absorption spectra of all used samples were
measured at room temperature in the range 200-1600 nm
using a Varian Spectrometer Cary 17 D. The emission
spectra were obtained by exciting the samples, at 965 nm,
with a laser diode (Optopower A020). This diode system
contains a broad area semiconductor laser with a
maximum of 20 W of continuous output power operating
at this wavelength. The diode laser beam was conformed to
a beam shaper [15] and focused by a single f= 5Scm lens.
Close to the focus, and for a depth of focus of 2mm, the

Table 1
Physical properties of the studied glasses samples

beam had a square profile, with transverse dimensions of
approximately 260 x 260 um. During the emission mea-
surements, the samples were pumped with a 7.5 W of diode
laser beam, modulated at 40 Hz. The emissions of the
samples were analyzed with a 0.5 m monochromator (Spex)
and a Germanium detector. The signal was amplified with
an EG&G 7220 lock-in and processed by a computer.

A time-resolved luminescence spectroscopy technique
was employed to measure the luminescence decays induced
by resonant laser excitations, to determine the mechanism
involved in the energy transfer up-conversion processes.
The excitation system consists of a tunable optical
parametric oscillator (OPO from OPOTEK) pumped by
the second harmonic of a Q-switched Nd-YAG laser from
Quantel. This laser system delivers pulses of 10mJ with
time duration of 4 ns and repetition rate of 10 Hz, and can
be tuned from 0.68 to 2.0um. The time-dependence
luminescence of the acceptor was detected by an InSb
(77K) infrared detector (Judson model J10D) with a fast
preamplifier (response time of 0.5 pus) and analyzed using a
signal-processing box-car averager (PAR 4402), or a
200 MHz Tektronix TDS 410 digital oscilloscope. The
relative errors in the emission measurements are estimated
to be <5%, while errors in the lifetime measurements are
<10%.

3. Results

In the three different glass samples we can observe peaks
related to the absorption of Er®" around 521, 652, 798, 977
and 1532 nm arising from the 4S3/2, 4F9/2, 419/2, 4111/2 and
4113/2 transitions, respectively. The absorption spectra for
the three glasses are shown in the Fig. 1. The emissions of
the studied glasses around 1.5 and 2.7 pm are shown in
Fig. 2.

Let us consider a simplified system represented in Fig. 3.
In this system there are two possible up-conversion
processes: (1) ESAPR (¢*): excited state absorption of
pump radiation at 976 nm; (2) ETU (K)): energy transfer
up-conversion by cross relaxation (W,). The ions are

Host Density (g/cm3) Refractive index Wt% Er (mol%) (ions/cm3)
HMO

(Bi,03-PbO-Ga,03) 4.63 2.520 0.68 0.5 (1.74 x 10*°)
LF

(PbO-PbF,—B,05) 4.40 2.200 0.49 0.5 (1.21 x 10*)
ZBLAN

(ZrF4—BaF,-LaF;-AlF;-NaF) 5.50 1.498 1.05 2.0 (3.2 x 10%)
HMO LF ZBLAN [16]

Q, =174 x 107 cm?
Q4 =0.12x 107 cm?
Q¢ = 0.65 x 1072 cm?

Q, =3.51 x 107 cm?
Q,=1.09%x 107 cm? Q,=146%x10"*cm?
Q¢ =0.94 x 107 cm?

Q= 292x10"cm?

Q=118 x 107°cm?
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Fig. 1. Absorption spectra for the three studies glasses.
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Fig. 2. Emission cross-section spectra of Er’ ™ of the 4113/2—>4I|5/2 (1.5pm) and the *1 1/2—>4II3Jr2 (2.7 um) transitions for the studied glasses (excitation at
968 nm).

excited from the ground level 1 (*I; s/2) to the upper level 3
11 12) by the pumping radiation. A second pump photon,
or ETU processes, promotes the system to level 4 (the

levels between 4F7/2 and 4S3/2 ). The ions in level 3 and 2
(4113/2) can either directly decay to the ground state 1, or to

their inferior level or by means of ETU, transfering energy
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Fig. 3. Er’" energy levels.

to a neighboring ion, and excite it to level 4. The
populations of these levels are then given by

dn n, ny n
L= o1y + e N K3 + Koni — Wernina,
d¢ T2 T3 T4
dl’lz n» n3 Ny
P 2K1”§ + B3 —+ Pay— + Wcrnina,
t T2 T3 T4
dl’l3 n3 Ny
d_ =n O'aIp ——+ ﬁ43— — 2K2n§ + Werning
t T3 T4
+ Klng —n3alp,
dn n
e e Konj — Werming + ny oy,
dr T4
ny + ny + n3 + ng = ny, (1)

where ny, ny, n3 and ny are the normalized population of
levels 1, 2, 3 and 4, respectively. ng is the Er concentration
in the glass (given in cm ). 6, and ¢* are the cross sections
of the fundamental and the excited-state absorption of
pumping radiation at 976 nm (ESAPR), respectively. I, is
the pumping intensity and 7,, 73 and 74 are the lifetimes of
levels 2 (*i32), 3 (*I11j2) and 4 (*Ss). The Weg is the
cross relaxation processes from the thermally coupled
Er3+ 4S3/2/2H11/2 levels.
At equilibrium, the system must obey the condition:

dny  dm _ % _ dny _0. 2

dr T dr T dr e
The solutions of this system of equation give us directly the
population density in function of pumping radiation. To
obtain these solutions we need to calculate some of
spectroscopic parameters.

ETU parameters were calculated according to a pre-
viously published method [16]. In this method, N represents
the time-dependent population density of the excited 4113/2
level, and then the rate equation for N is given by
dN N 5
u - 2K |N~-, 3)
where 7 is its intrinsic lifetime, and K is the macroscopic
ETU parameter relating to the process (4113/2, 4113/2)—>
(4115/2, 419/2). With N(¢t = 0) = N, integration yields, that
is calculated by knowing the absorbed photon density, or
the energy absorbed within a pulse, the excited volume
determined by the beam waist of laser pumping and the
thickness of the sample, and the pump-photon energy. The
solution of Eq. (3) is given by

Noe—t/r

N(t) = .
® 14+ 2K N[l —eft/r]

4)

For fitting the first temporal part of the decay when only
the directly pumped level is significantly excited and
processes involving other excited levels are negligible,
especially those processes involving other excited levels,
it is possible to obtain the K; parameter.

The parameters of ETU from the 4113/2 level are
evaluated by plotting the data of Fig. 4a by Eq. (4).

The situation is different for the luminescence decay
curve and ETU process (4111/2, 4111/2)—>(4115/2, 4F7/2), from
the I, 2 level. ETU from this level populates the 4F7/2 level
from where the excitation relaxes by fast multiphonon
decay to the 4S3/2/4H11/2 levels. At a low dopant
concentration, these levels decay mostly radiatively to the
4115/2 and 4113/2 levels and there is no significant back
transfer to 4111/2 within the time scale relevant for the
determination of ETU from 4111/2. At higher dopant
concentration, cross relaxation from 4S3/2/4H11/2 levels
leads to a fast back transfer into the 4111/2 level by
multiphonon relaxation. To determine ETU process from
1, 12 level, it is necessary to define a branching ratio f, for
the part that decay by cross relaxation:

Kon3Ng T3eff

=——=1- . 5
n3/t3 4+ Kon3Ng T3f ©)
It follows that Eq. (3) changes to:
dN; N3
TRt CAd OLEUEY (©)
T3

The K, parameters from 1, 12 level are evaluated from the
data of Fig. 4b by assuming this slope and using the
effective lifetimes of 4S3/2/4H11 2 levels and the intrinsic
lifetime calculated with Judd Ofelt parameters.

The ETU parameters obtained for ZBLAN glass agree
with previous works [16], but divergent values were found
for the parameter K, for HMO glass [17]. We suppose that
this fact is related with the presence of some kind of energy
transfer in the glass (for the matrix or oxygen ions) that can
produce a decrease in the T 5 level lifetime and
consequently a decrease in the K, probability.
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Fig. 4. Measured (and normalized ) luminescence-decay curve from the Er’ * *I,3/, level at a wavelength of 1500 nm in the three studied samples (a), and

from the 41”,,2 level at 2700 nm (b) for ZBLAN and HMO.

The cross relaxation process parameter was obtained
from de luminescent decay from the s, /2/2H| 12 levels. The
rate of Wcgr process can be described by [16]

Rcr = Wcrmany,

1/teir(na) = 1/1(n4) + WcrN(Er), (7

where Wcr is the macroscopic cross relaxation parameter,
ny is the population density of the S, /2/2H11 12 levels and n,
is the population density of the ground state considerate
equal to N(Er), Erbium concentration. The cross relaxation
parameters for HMO and ZBLAN are given in the Table 2.
The values obtained for ZBLAN agree with results of the
literature [16].

The excited state cross-section parameters were calcu-
lated from the spontaneous absorption probability from
the initial manifold (S, L, J = 11/2) to the final manifold
(S',L',J' =7/2) determined with the following equation
[18]:

64n*e? <n(n2 + 2)2)
R

R EEE 9
< N el(sLr|u| ST )
=246

In equation above, 4 is 980 nm. Excited state cross-section
for 4F7/2—>4I“/2 transition is expressed as

A
Fem = 87‘CCA/~{eff ’

©)

Table 2
Spectroscopic properties of the studied glasses samples

Parameters HMO LF ZBLAN
75 (ms) (*I;3,0) 3.90 1.10 9.00

73 (ms) (11 0) 3.80 1.30 6.90

74 (ms) (*S3p) 0.17 — 0.40

Bas 0.21 0.22 0.22

Bao 0.02 0.02 0.02

2% 0.60 0.59 0.51

K, (cm?/s) 1.3x107"7 1.5x107"8 1.5% 107"
K> (cm®/s) 6.0 x 10718 — 0.2x 107"
Oab (cm?) 2.6x 107 8.9 x 107! 1.8 x 1072
o* (cm?) 1.8x 1072 6.7x 1072 0.5%x 1072
01550 (cm?) 53%x1072! 7.3x 1072 5.7%x 10721
62700 (cm?) 1.9x107% 3.1x107%
Wep (cm®/s) 48x107'% — 0.6 x 107'7[16]

where Al is the effective fluorescence bandwidth. In this
case, we considered that the bandwidth is practically the
same for the three studied glasses. The obtained values are
shown in the Table 2.

Using the measured spectroscopic parameters for the
three studied glasses in the solution of rate equations
system (1), we obtained the results shown in Table 2 and
Fig. 5 for ZBLAN and HMO glasses. LF is not represented
in these curves since a non-radiative process leads a high
loss in the 4S3/2/4H1, 52 population that cannot recycle
energy to the I, 32 level.
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Fig. 5. The population density as a function of pumping radiation; (a) Er* ™ 4113/2, and (b) *I,;» level.

For these results we consider that ESA and ETU
processes have a fundamental importance in populating
the *1, 3,2 lower laser level and the i, 2 upper laser level.

Observing the Fig. 5, we see that with a pumping
intensity of approximately 1.5 x 10% J/cm?, the population
for the 4113/2 level is 2.0 x 1019i0ns/(:m3 for ZBLAN, and
1.7 x 10" ions/cm® for HMO. For the level 4111/2 the
population density is 2.6 x 10" for ZBLAN and
1.3 x 10" for HMO. These results show that both HMO
and ZBLAN glasses have very similar properties for 1.5 um
laser emission, and can be used for EDFLs configurations.
The very wide emission band at 1.5um, for the three
studied glasses allows also operation in ultra fast regimes.
Considering the 2.7um laser emission, ZBLAN glass
presents better qualities.

4. Conclusions

We have studied the pumping-related up-conversion
processes in Er laser glasses. They are significant under
typical diode laser pumping intensities, and these processes
depend non-linearly on the pumping power. The peak of
the excited state absorption cross-section for the pumping
radiation at 976 nm, was evaluated to be 0.5 x 1072 cm?
(ZBLAN), 1.8 x 107**cm? (HMO), 6.7 x 10~*?cm? (LF).
A model to estimate the probability of the ETU process
based on *I; » and 4113/2 levels lifetime curves fit method
was utilized, and the ETU parameters were calculated. We
found that the values of ETU from the 4113/2 lower laser
level (K,), which recycles energy to the *I;, 2 upper laser

level, are of the same order of magnitude in HMO and
ZBLAN. ETU from the 4111/2 laser level (K>), is larger in
HMO than in ZBLAN.

By solving the rate equations for the system under
continuous pumping, it was possible to estimate the
dependence of population density of the *I;, 2 and 4113/2
levels with the pumping intensity.

The lead fluorborate glass does not produce visible
emissions under c.w. diode laser pumping at 976 nm, and
losses in the metastable level are observed.

ZBLAN and HMO show emission at 2.7 um, but in LF
this emission is not observed due to the high phonon
energy in this glass. The high phonon energy of the glass
host causes large non-radiative decay rates for levels with
small energy gaps to the next lower level, and quenches
emission from these levels.
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