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a b s t r a c t

Tm3+/Yb3+-codoped lanthanum tungsten tellurite (TWL) glasses are prepared by melt-quenching method
and the thermal stability of the glasses is analyzed. To evaluate the spectroscopic properties of Tm3+ in
TWL glass, the Judd–Ofelt intensity parameters (˝t t = 2, 4, 6), radiative transition rates, radiative lifetimes,
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and branching ratios of Tm3+ are calculated based on the absorption spectrum. The 1.8 �m emission of the
samples are investigated under the excitation of 980 nm LD. Large product of emission cross-section and
lifetime (�em�R) of Tm3+: 3F4 → 3H6 is obtained, and the maximum gain coefficient at around 1835 nm
is 3.6 cm−1. The energy transfer processes of Yb3+–Yb3+ and Yb3+–Tm3+ are analyzed, the results show
that the Yb3+ ions can transfer their energy to Tm3+ ions with a large energy transfer coefficient, and a

9%.
.8 �m emission
udd–Ofelt theory

maximum efficiency of 8

. Introduction

In recent years, solid state lasers operating in the ∼2 �m region
ave a growing interest for their applications in biomedical, mili-
ary, remoting sensing, and eye-safe lidar [1]. Tm3+ doped materials
ith 3F4 → 3H6 transition are appropriate systems for generating

uch laser emission. The 3F4 level of Tm3+ can be populated using
ensitizer ions such as Yb3+ and Er3+ [2–4]. In particular, Tm3+

oped glasses sensitized by Yb3+ are recognized as efficient systems
or obtaining strong luminescence in both the infrared and visible
ange of the spectrum [4,5]. This is due to the large absorption and
mission cross-section, relatively long lifetime, and simply energy
evel scheme of Yb3+. Moreover, Yb3+ can be efficiently pumped by

laser diode (LD) near 970 nm which is one of the most popular
nd convenient commercial pump sources [6]. Indeed, an efficient
2 �m laser with power scaling up to 75 W has already been devel-
ped in Tm/Yb codoped silica fiber pumped by a 975-nm LD [7].
b3+ can transfer its energy to Tm3+ via a nonresonant energy tans-
er processes assisted by one or more phonons [8]. Fast diffusion
mong the Yb3+ ions can enhance the efficiency of the nonresonant
nergy transfer from Yb3+ to Tm3+ by 2F5/2 + 3H6 → 2F7/2 + 3H5 [5,9].
o, materials with a high solubility of Yb3+ are prefered. Materials
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with low phonon energy will enhance the upconversion lumines-
cence, on the other hand, back transfer processes will be significant
in a high phonon energy host, both characteristics have a negative
contribution to the 1.8 �m emission [9,10]. It is therefore desirable
to find host materials with intermediate phonon energy and large
solubility of Tm3+ and Yb3+, in which Yb3+ can efficiently transfer
its energy to Tm3+.

Lanthanum–Tungsten–Tellurite glasses are good candidates
satisfying these demands. They express intermediate phonon
energy (920 cm−1) [11], which is intervenient between that of the
fluoride glasses and silicate glasses, high refractive index (2.133),
good thermal stability, low coefficient of thermal expansion, as
well as large solubility of rare earth (RE) ions. In this paper, a
Lanthanum–Tungsten–Tellurite glasses with molar composition
10La2O3–30WO3–60TeO2 (TWL) is selected as a doping matrix,
the Judd–Oflet parameters, spontaneous radiative transition prob-
abilities, branching ratios and lifetimes of Tm3+ are calculated to
evaluate the spectroscopic properties of Tm3+ in TWL glass. The
1.8 �m emission characteristic and energy transfer processes of
Tm3+ and Yb3+ in TWL glass are also analyzed.

2. Experimental

The glasses with the composition of 60TeO2–30WO3–(9.0 − x)La2O3–1.0Tm2O3

–xYb2O3 (x = 1.0, 1.5, 2.0, 2.5 in molar ratio) were prepared by the conventional

melt-quenching method. The starting materials TeO2, La2O3, Tm2O3 and Ho2O3

are high purity powder reagents (99.99% minimum), and WO3 with 99.9% purity.
Hereafter, the glasses will be referred as: TWLTm10Yb, TWLTm15Yb, TWLTm20Yb,
TWLTm25Yb for x = 1.0, x = 1.5, x = 2.0, x = 2.5, respectively. Another two samples
with composition of 60TeO2–30WO3–(10 − y) La2O3–yYb2O3 (y = 1.0 and 2.0 in
molar ratio) were also prepared for comparison. These glasses are denoted as

dx.doi.org/10.1016/j.jallcom.2010.05.162
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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to an excited state |S′, L′, J′〉 is described by [9,15]:

FED
theor=

8�2m�

3h(2J + 1)

[
(n2 + 2)

2

9n

] ∑
t=2,4,6

˝t

∣∣〈S, L, J
∣∣ ∣∣U�

∣∣ ∣∣S′L′J′
〉∣∣2

(2)
ig. 1. DTA curve of TWL glass with a heating rate of 10 ◦C/min. The inset gives the
hermal expansion curve of TWL glass.

WL10Yb and TWL20Yb for y = 1.0 and y = 2.0, respectively. Batches of approxi-
ately 20 g powder were thoroughly mixed and then melted in platinum crucibles

t 850–900 ◦C for 30 min with a closed lid for each batch. The melts were casted
t 800 ◦C into a stainless steel mold and then annealed at 420 ◦C for 3 h. All
he samples were cut and polished to 10 mm × 10 mm × 1 mm for spectroscopic

easurements.
The coefficient of thermal expansion was measured using a NETZSCH 402EP

ith a heating rate of 5 ◦C/min up to 500 ◦C. The glass transition temperature
Tg) and onset crystallization temperature (Tx) were analyzed by differential ther-

al analysis (DTA), using NETZSCH STA 409PC with a heating rate of 10 ◦C/min.
he index of refraction was measured using Metricon Model 2010/M Prism
oupler. The absorption spectra were recorded with a Perkin-Elmer Lambda
00 UV/vis/NIR spectrophotometer in the range of 400–2000 nm. Infrared (IR)
ransmittance was measured by a thermo nicolet (Nexus FT-IR spectrometer)
pectrophotometer. The emission spectra were measured with a Triax 320 type
pectrometer (Jobin-Yvon Co., France) excited by 980 nm LD. Lifetimes were
easured using FLS920 combined fluorescence lifetime and steady state spec-

rometer (Edinburgh Instruments). All the measurements were carried out at room
emperature.

. Results and discussion

.1. Thermal stability, refractive index, infrared transmittance
nd absorption spectroscopy

Fig. 1 shows the DTA curve of undoped TWL glass and the
nset gives the thermal expansion curve of TWL glass. The Tg

s 450 ◦C, and no Tx (onset crystallization temperature) can be
bserved, which means the sample could be stable against crys-
allization for fiber drawing. The coefficient of thermal expansion
CTE) is calculated to be 12.248 × 10−6/ ◦C between 30 and 300 ◦C,
hich is much lower than that of ZnO–TeO2 glass [12]. The

elatively low coefficient of thermal expansion is favorable for
voiding thermal damage. The refractive index of TWLTm20Yb
lass is collected as a function of wavelength from 400 to
300 nm as shown in Fig. 2. The refractive index nd (587.6 nm)
f TWLTm20Yb glass is 2.133, which is even higher than that of
ismuthate glass [13]. The high refractive index of the glass is
ue to the high polarization and molar refraction of TeO2 and
O3.
Fig. 3 shows the absorption spectrum of TWLTm20Yb in the

ange 400–2200 nm and the inset is the IR transmittance spec-

rum of undoped TWL glass. The IR transmittance reaches 5.2 �m.
he absorption spectrum is characterized by transition bands from
he 3H6 ground state to the different higher states 1G4, 3F2,3, 3H4,
H5, 3F4 of Tm3+, together with the Yb3+ absorption band from the
round state 2F7/2 to the excited state 2F5/2. Energy levels higher
Fig. 2. Refractive index of TWL glass in UV–vis–NIR region.

than 1G4 are not observed because of the intrinsic bandgap absorp-
tion in the host glass [14]. As expected, all absorption transitions
are centered near the wavelengths observed in other matrices for
f–f transitions are not easily affected by surrounding ions. The
energy level mismatch between Yb3+: 5F5/2 and Tm3+: 3H5 is about
1500 cm−1, so energy transfer between Yb3+ and Tm3+ can be
realized by the assistance of one or two phonons. The Oscillator
strength (Fexp) of the transitions can be calculated using the equa-
tion [9]:

Fexp = 2.303mc2

�e2Nd�2

∫
OD(�)d� (1)

where m is the mass of an electron, e is the charge of an electron,
c is the speed of the light in vacuum, N is the concentration of rare
earth ions,

∫
OD(�)d� is the integrated absorption coefficient, and

d is the sample thickness.
According to the Judd–Oflet theory, the theoretical oscillator

strength for an electric dipole transition from initial state |S, L, J〉
Fig. 3. The absorption spectrum of TWLTm20Yb glass in the range 400–2200 nm.
The inset is the IR transmittance spectrum of undoped TWL glass.
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Table 1
Measured and calculated values for the oscillator strength in TWLTm20Yb.

Transitions � (nm) Oscillator strength

Measured (10−6) Calculated (10−6)

3H6 → 3F4 1700 4.420 4.419
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3H6 → 3H4 793 4.909 4.908
3H6 → 3F2,3 687 4.712 4.710
3H6 → 1G4 464 1.394 1.473

here J is the total angular momentum for the ground state, � is the
ransition frequency, ||U�|| is the reduced matrix element, which is
nsensitive to the host environment, n is the refractive index, and

t (t = 2, 4, 6) are the J–O intensity parameters. The ˝t (t = 2, 4,
) parameters are calculated from the measured values of oscilla-
or strength for different transitions using the least square fitting
rocedure. The measured absorption oscillator strengths and the
alues calculated from Eq. (2) are listed in Table 1, the measured
nd calculated values are consistent well with each other, thus the
–O parameters are reliable. Table 2 shows the J–O parameters of
m3+ in TWL and various other glass matrices. It is well known that
2 is the most sensitive to the covalent bonding [16], so we can rea-

onable deduce that the covalent degree of the present TWL glass is
tronger than that of fluoride and fluorophosphate glasses. On the
ther hand, the ˝4/˝6 determines the spectroscopy quality of the
ost materials [19]. Among the glasses listed in Table 2, fluorophos-
hate glass has the largest ˝4/˝6, and the present TWL glass has
value comparable with Germanate and phosphate glasses. Con-

idering that TWL glass has better stability than fluorophosphate
lass, TWL glass is a good matrix for 1.8 �m emission.

The radiative transition probabilities for the excited levels of
m3+ can be calculated using the J–O parameters. The transition
robabilities are given by [20]:

[(S, L)J; (S′L′)J ′] = Aed + Amd = 64�4e2

3h�3(2J + 1)

[
n(n2 + 2)2

9
Sed + n3Smd

]
(3)

where n((n2 + 2)2/9) is the local field correction for electric
3
ipole transitions Sed and n for magnetic transitions Smd. The Smd

an be described by [21]:

md =
(

h̄

2mc

)2∣∣〈S, L, J
∣∣ ∣∣L + 2S

∣∣ ∣∣S′L′J′
〉∣∣2

(4)

able 2
he Judd–Ofelt parameters of Tm3+ in TWL and various other glass matrices.

Glasses ˝2 (10−20 cm2) ˝4 (10−20 cm2)

ZBLAN 1.96 1.36
Silica 6.23 1.91
Germanate 5.55 2.03
Phosphate 5.63 1.75
Fluorophosphate 4.12 1.47
TWL 4.48 1.87

able 3
alculated radiative rates, lifetimes, and branching ratios of Tm3+ in TWL glass.

Transition |U(2)|2 |U(4)|2 |U(6)|2 � (nm

3F4 → 3H6 0.5374 0.7261 0.2382 1785
3H5 → 3H6 0.1074 0.2314 0.6383 1200
3F4 0.0913 0.1280 0.9276 4315
3H4 → 3H6 0.2372 0.1090 0.5947 788
3F4 0.1292 0.1301 0.2055 1490
3H5 0.0131 0.4786 0.0093 2290
3F2,3 → 3H6 0.0000 0.3164 0.8497 685
3F4 0.0025 0.0005 0.1670 1130
3H5 0.6286 0.3458 0.0000 1550
3H4 0.0821 0.3536 0.2850 5552
pounds 504 (2010) 573–578 575

The |〈S, L, J||L + 2S||S′, L′, J′〉|2 is nonzero only if �S = �L = 0, �J = 0, ±1.
The radiative lifetime is related to radiative transitions probabilities
by [20]:

�rad =
{ ∑

S′,L′,J′
A[(S, L)J; (S′, L′)J′]

}−1

(5)

The fluorescence branching ratio can be obtained from the transi-
tion probabilities using [20]:

ˇJJ′ = ˇ[(S, L)J; (S′, L′)J′] = A[(S, L)J; (S′L′)J′]∑
S′L′J′ A[(S, L)J; (S′, L′)J′]

(6)

The radiative transition probabilities, banching ratios, and radiative
lifetimes of Tm3+ in TWL glass are listed in Table 3. The matrix
elements are almost host independent, therefore we choose those
from Ref. [9]. The radiative transition probability (Arad) of Tm3+:
3F4 → 3H6 is 545.8 S−1, which is much higher than that in fluoride,
germanate and silicate glasses [22], since the radiative transition
probability depends greatly on the refractive index, it is reasonable
to obtain large Arad in TWL glass [20,23].

3.2. Fluorescence spectroscopy, cross-sections, and energy
transfer processes of Yb3+ and Tm3+

The absorption cross-section (�abs) and stimulated emission
cross-section (�em) are calculated using the Beer–Lambert equation
and McCumber theory [24], respectively:

�a(�) = 2.303
Nl

OD(�) (7)

�e(�) = �a(�)
Zl

Zu
exp

(
Ezl − hc�−1

kT

)
(8)

where OD(�) is the optical density of Tm3+ or Yb3+ at wavelength
�, N is the concentration (ions/cm3) of the dopants, l is the sam-
ple thickness. Zu and Zl denote the partition functions of upper and
lower states, respectively. The term Ezl, the so-called “zero-line”

energy, is defined as the energy separation between the lowest
crystal field levels of the upper and lower manifolds. The ratio Zl/Zu

is 1.3 for Yb3+ [9]. Fig. 4 shows the cross-sections of Tm3+:3H6–3H5
and Yb3+:5F7/2–5F5/2, respectively. We can see the absorption cross-
section of Yb3+ is much larger than that of Tm3+. The inset shows

˝6 (10−20 cm2) ˝4/˝6 Reference

1.16 1.17 [9]
1.36 1.40 [9]
1.26 1.61 [17]
1.11 1.58 [18]
0.72 2.04 [9]
1.30 1.44 This work

) Aed (S
−1

) Amd (S
−1

) ˇ �R (�s)

545.8 1 1832
650.9 130.6 0.977 1279

21.5 0.023
3278.9 0.907 275

57.7 23.1 0.066
283.2 0.027

5419.6 0.825 152
176.9 154.3 0.051
806.5 0.123

9.0 0.001
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Table 4
Energy transfer parameters of Yb3+ and Tm3+ in TWLTm20Yb glass.

N (number of phonons) (% phonon assisted) CD–A (10−40 cm6/s) CD–D(10−40 cm6/s) Rc (nm)

Yb3+ → Tm3+ 0 1 2
0 46.7 53.3

Yb3+ → Yb3+ 0 1
98.2 1.8

Fig. 4. Absorption (dash line) and emission cross-section (solid line) corresponding
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o 2F7/2–2F5/2 of Yb3+ and 3H6–3H5 of Tm3+ in TWL glass. The inset is the emission
pectrum of Tm3+ in TWLTm20Yb under the excitation of 980 nm LD and the energy
ransfer mechanism from Yb3+ to Tm3+.

he intense emission at 1.8 �m assigned to 3F4 → 3H6 transition of
m3+. In order to provide better understanding of the energy trans-
er process, the energy transfer mechanism in TWLTm20Yb is also
llustrated in the inset. One Yb3+ ion absorbs the 980 nm photon
nd is excited to the 2F5/2 energy level. Then the excited Yb3+ trans-
ers its energy to the Tm3+ via (Yb3+:2F5/2,Tm3+:3H6) → (Yb3+:2F7/2,
m3+:3H5), which is assisted by one or more phonons. The
m3+ ion at 3H5 state relaxes to 3F4 state quickly and emits

photon via 3F4 → 3H6 transition. The probability rate of
nergy transfer between Yb3+ and Tm3+ can be estimated as
9,25,26]:

D−A =
(

2�

h̄

)∣∣HDA

∣∣2
SN

DA (9)

here |HDA| is the matrix element of the perturbation Hamiltonian
etween initial and final states in the energy transfer process, SN

DA
s the integral overlap between the m-phonon emission sideband
f donor ions (D, here D stands for Yb3+) and k-phonon absorption
ine shapes of acceptor ions (A, here A stands for Tm3+) and N is the
otal phonons in the transfer process (m + k = N) [25]. In the case of
eak electron–phonon coupling which is suitable for RE ions, SN

DA
an be approximated by [26]:

N
DA ≈

∑
e

−
(

SD
0

+SA
0

) [(
SD

0 + SA
0

)N

N!

]
SDA (0, 0, E) ı

(
N,

�E

h̄w0

)
(10)

here SD
0 and SA

0 are the Huang–Rhys factors of the Yb3+ and Tm3+

n TWL glass. SDA(0, 0, E) represents the overlap between the zero
honon emission line shape of Yb3+ and zero phonon absorption
ine shape of Tm3+ ions. SDA(0, 0, E) ≈ 0 in the case of nonresonant
nergy transfer, unless one takes the zero-phonon line shape of
b3+ emission as gD

emi (E − 	E) with �E = energy mismatch. Then
he integral overlap in the case of m-phonon emission can be
3.67 . . . 0.83

. . . 67.30 1.15

expressed as [9]:

SDA(m, 0, E) =
∫

gD
emis(m-phonon)(E)gA

abs(E)dE = Sm
0

m!
e−S0 SDA(0, 0, E)

=
∫ [

Sm
0

m!
e−S0

∫
gD

emis(E − �E)

]
gA

abs(E)dE (11)

where �E = mh̄ω0. For the measurements carried out at some finite
temperature T, the multi-phonon probability must be included,
then the emission cross-section (�em) of Yb3+ with m phonon emis-
sion and absorption cross-section (�abs) of Tm3+ with k-phonon
absorption can be proposed as [26]:

�D
emis(m-phonon) = �D

emis

(
�+

m

)
≈ Sm

0 e−S0

m!
(n + 1)m�D

emis (E − E1) (12)

�A
abs(k-phonon) = �A

abs

(
�−

k

)
≈ Sk

0e−S0

k!
(n)k�A

abs (E + E2) (13)

where �+
m[= 1/(1/� − mh̄ω0)] and �−

k
[= 1/(1/� + kh̄ω0)] are the

wavelengths of Yb3+ with m phonon creation and Tm3+ with
k-phonon annihilation, respectively. E1 = mh̄ω0, E2 = kh̄ω0, and
�E = E1 + E2. If we ignore the k-phonon annihilation process and
just focus on the m phonon creation process, the probability rate of
energy transfer can be obtained using the following direct transfer
equation [9,26]:

WDA (R) = 6cgD
low

(2�)4n2R6gD
up

∞∑
m=0

e−(2n+1)S0
Sm

0
m!

(n + 1)m

×
∫

�D
emis

(
�+

m

)
�A

abs (�) d� = CDA

R6
(14)

where R is the distance of separation between donor and accep-
tor, CD–A is the energy transfer coefficient (cm6/s), and n =
1/ (eh̄ω0/kT − 1) is the average occupancy of phonon modes at tem-
perature T. The energy transfer coefficient is then expressed by:

CDA =
6cgD

low

(2�)4n2gD
up

∞∑
m=0

e−(2n̄+1)S0
Sm

0

m!
(n̄ + 1)m

∫
�D

emis

(
�+

m

)
�A

abs(�)d�. (15)

The critical radius of the interaction can be obtained using [26]:

R6
C = CD−A�D (16)

TWLTm20Yb shows the most intense emission among the samples.
The energy transfer properties of Yb3+ and Tm3+ in this sam-
ple are listed in Table 4. The energy transfer from Yb3+ to Tm3+

is assisted by one (46.7%) and two (53.3%) phonons because of
the very little overlap between the Yb3+ emission cross-section
and the Tm3+ absorption cross-section as shown in Fig. 4. It is
found that the energy transfer coefficient in TWLTm20Yb glass is
3.67 × 10−40 cm6/s, which is larger than in fluoride crystals and
glasses [27,28].

In the Tm3+/Yb3+ codoped TWL glasses, the energy transfer effi-
ciency � from Yb3+ to Tm3+ can be expressed as [9]:
� = 1 −
�0

Yb

(17)

where �Yb and �0
Yb

are the lifetimes of Yb3+ with and without Tm3+

codoping. The decay curves in samples are plotted in Fig. 5. It can
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Fig. 5. The decay curves (solid and dash lines) of the glasses obtained under the
excitation of 980 nm laser diode.

b
T
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T
a
t
T
T
w
e
T

calculated gain coefficient versus wavelength for different popu-
lation inversion parameters P is shown in Fig. 7(B). The maximum
gain coefficient at around 1835 nm is 3.6 cm−1, which is about two
times greater than the value reported in Ref. [31]. It is noted that

T
C

Fig. 6. The semi-log plot of intensity vs decay time.

e seen that the lifetime of Yb3+ reduces greatly by codoping with
m3+, which means efficient energy transfer from Yb3+ to Tm3+.
n TWLTm20Yb glass, the energy transfer efficiency from Yb3+ to
m3+ is 89%, which is much higher than that reported in Ref. [29],
nd is also higher than that in germanate glasses [9]. Fig. 6 shows
he Ln(Intensity (a.u.)) versus lifetime of Yb3+ in TWL20Yb and
WLTm20Yb glasses. It can be found that the decay curve of Yb3+ in
WL20Yb is approximately single-exponential. Codoping TWL20Yb
ith Tm3+ produces a decay curve that is not described by a single-

xponential, indicating efficient energy transfer from the Yb3+ to

m3+ ions.

able 5
alculated emission cross-section �em, radiative lifetime �R, and �em × �R corresponding

Glasses �em (×10−21 cm2) �R (ms)

Fluorophosphate 2.50 1.80
Bismuthate 6.70 2.60
Germanate 7.70 1.77
Fluoride 2.31 11.10
TWL 9.60 1.83
Fig. 7. Absorption, emission cross-sections (A) and gain coefficient (B) correspond-
ing to 3F4 → 3H6 transition of Tm3+ in TWL glass.

3.3. Cross-sections and gain coefficient of Tm3+ at 1.8 �m

Fig. 7(A) shows the absorption cross-section (�abs) and emis-
sion cross-section (�em) corresponding to 3F4 ↔ 3H6 transitions of
Tm3+, which are calculated using Eqs. (7) and (8). The maximum
emission cross-sections of Tm3+ in TWL glass and other common
glasses are listed in Table 5. It is found that the peak of the �em in
TWL glass is larger than that in Fluorophosphate [13], Bismuthate
[13], Germanate [17] and Fluoride [30] glasses. The large �em is
mainly due to the high refractive index of the glass host and the
high spontaneous transition probability, which can be favorable for
achieving intense 1.8 �m emission. The product of emission cross-
section and lifetime (�em�R) is of significance in achieving high gain
[8]. The values of �em�R are listed in Table 5. The value of �em�R in
TWL glass is smaller than that in fluoride glass [30], but larger than
that in Germanate [17], Bismuthate [13], and Fluorophosphate [13]
glasses. The large value of �em�R indicates that high gain could be
achieved in TWL glass. The room temperature gain coefficient can
be simply evaluated by [8]:

G (�, P) = N [P�em (�) − (1 − P) �abs (�)] (18)

where N = 3.76 × 1020 ions/cm3 is the total concentration of Tm3+

and P is the population inversion given by the ratio between the
population of Tm3+:3F4 level and the total Tm3+ concentration. The
the gain coefficient increases and the gain band extends to longer

to 3F4 → 3H6 transition of Tm3+ in TWL and various other glasses.

�em × �R (×10−21 cm2 ms) Reference

4.50 [13]
17.40 [13]
13.63 [17]
25.64 [30]
17.56 This work
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avelength with increasing values of P, which indicates that the
otential lasing wavelength varies as the pump power is increased
32].

. Conclusions

In conclusion, the thermal stability, absorption, IR transmittance
nd infrared fluorescence of Tm3+/Yb3+ codoped TWL glasses were
nvestigated. Intense 1.8 �m emission was obtained under the exci-
ation of 980 nm laser diode. The spectroscopic properties of Tm3+

oped TWL glass were analyzed by calculating the J–O parame-
ers, the radiative transition rates, and the branching ratios. The
eak emission cross-section of Tm3+:3F4 → 3H6 transition was cal-
ulated to be 9.6 × 10−21cm2 and the high gain around 1.8 �m was
redicted by the large �em�R product (17.56 × 10−21 cm2 ms). Large
nergy transfer coefficient (3.76 × 10−40cm6/s) and high energy
ransfer efficiency (89%) from Yb3+ to Tm3+ can be obtained by the
ssistance of one or two phonons. The maximum gain coefficient at
round 1835 nm is 3.6 cm−1. The present results indicate that TWL
lass is a promising host material for a 1.8-�m laser.
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