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1. Introduction

ABSTRACT

Population inversion between the >H, and the 3F, excited states of Tm>* ions responsible for the 1.5 pm
emission in Tm>" singly doped (0.5%) and Tm>*, Ho>**-codoped fluoride (ZBLAN) glasses and its
dependence on the Ho>" concentration (x = 0.2-1%) was investigated by means of numerical solution of
the rate equations system for continuous pumping at 797 nm. Mean lifetimes of donor and acceptor
states were evaluated by using the integration method applied to the best fitting of fluorescence curves
previously reported. Lifetime values were used to obtain the rate constants of all non-radiative energy-
transfer processes involved and a complete set of rate equations better describing the observations was
given. The rate equations were solved by numerical method and the population inversion between the
3H, and the 3F, excited states of Tm>* was calculated to examine the beneficial effects on the gain
associated with Ho®*" codoping. The results have shown that Tm3* population inversion is reached only
for high Ho>"-codoping (>0.3 mol%). Highest population inversion (~1.6 x 10’ Tm>*ions cm—3) was
obtained in Tm(0.5%), Ho(1%)-codoped (ZBLAN) pumped by 2.8 kW cm™2. This population inversion
density is ~6.4 times higher than that one observed in Tm:Tb:GLKZ, Tm:Tb:Ge-Ga-As-S-CsBr
and Tm:Ho:Ge-Ga-As-S-CsBr for a similar pumping condition (~2.5x107cm~3). In addition,
Tm(0.5%):Ho(1%):ZBLAN presents the highest population inversion that linearly increases with the
pumping intensity; this behavior does not show saturation effect at least for the maximum intensity of
12 kW cm~2 employed. The use of 1 mol% of Ho**-codoping maximizes the potential gain of Tm>*-doped
(0.5%) ZBLAN to produce stimulated emission near 1.5 pm, making this material suitable for using it as
fiber optical amplifier and/or fiber laser operating in 1.4-1.5 pm region of the spectrum.

© 2008 Elsevier B.V. All rights reserved.

realize population inversion in Tm>* ions, Ho** (0.15%) or Th>*
(0.15%) ions have been used to codope the Tm-doped material to

In the last years, Tm-doped glasses have been investigated for depopulate the °F4 level of Tm®* in fluoroindate [2], fluorozirco-

using as fiber lasers and optical amplifiers [1] based on the
3H4 — 3F4-stimulated transition of Tm>*. However, two intrinsic
properties of Tm3* single-doped materials act detrimentally,
reducing its capacity of light signal amplification in S band
(1.45-1.53 pm) in many oxide glasses, in which the 3H, level easily
decay to the next lower-level >Hs via multiphonon relaxation.
That is not the case of the fluorozirconate (ZBLAN) glass used in
this work. Nevertheless, the lifetime of the lower 3F, level
involved in the 1.47 pm emission is considerably longer than that
of the upper 3H, level (~6 times is observed in Tm:ZBLAN and
Tm:Ge-Ga-As-S-CsBr, and ~8.3 times in germanate glasses). To
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nate (ZBLAN) [3,4], fluorogermanate [5], tellurite [6] and chalco-
genide [7] glasses. Because the energies of °I; and “Fq; , levels of
Ho** and Tb>*, respectively, coincide with the energy of the 3F,
level, holmium and terbium ions may actuate as deactivator of the
3F, lowest excited state of Tm>* to improve the population
inversion of Tm>* ions in many luminescent solid materials.
Besides the H,4 and 3F, fluorescence decay effects of Tm>* caused
by Ho>" ions have been investigated in fluorozirconate [3] and
more recently in fluorogermanate glass [5], a detailed investiga-
tion of the mechanisms of H, and 3F, deactivation are still
lacking, as well the extension to high holmium doping effects.
Also, a better approach of calculating the population inversion in
Tm:Ho system needs to be performed based on the numerical
solutions of a realistic set of rate equations, which can describe
the system behavior under continuous pumping of the 3H, state.
In this work, we investigated the population inversion of >H, — 3F,4
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transition of Tm>* in Tm3*-doped and Tm?*, Ho>*-codoped ZBLAN
glasses due to its favorable optical properties such a wide
transmission window (typically 300-5000 nm), good corrosion
resistance and mechanical stability, and low cut-off phonon
energy among glass materials (800cm™"). Also this material has
high solubility for rare earth doping and low fusion temperature.
A depopulation of 3F, state of Tm>* by the energy transfer to Ho>*
ions is an important phenomena in solids that must be
investigated among different host materials to establish a wide
comparison of the physical effects in the upper and lower excited
states of the H, — 3F, transition to determine the best deactivator
concentration to maximize the population inversion and conse-
quently the gain for light signal amplification at 1.47 um. This
population inversion was calculated using the numerical solutions
obtained using the Runge-Kutta method applied to the rate
equations system. This method has been recently used to
investigate the population inversion of *H,—>F, transition of
Tm3* in Tm:Tb [4] and Tm:Eu:germanate [8] glasses giving an
important contribution for understanding the potential and
limitations of Tm>" and Tm-doped materials for light signal
amplification.

2. Experimental procedure

Best fitting parameters of H, excited level luminescence decay
of Tm®* (at 1470 nm) and best fitting energy-transfer parameters
of 5I; (at 2000 nm) excited level luminescence transient of Ho>",
previously reported for Tm:Ho:ZBLAN [3], were used in this work
to obtain the mean lifetime by applying the integration method.
The transfer rate constant was obtained using the mean lifetime
value for each related energy-transfer process and it was used to
solve the rate equations system to perform the population
inversion investigation.

3. Results and discussion

Fig. 1 shows the simplified energy levels scheme used for the
Tm:Ho:ZBLAN system used for continuous laser pumping of H,4
(Tm>*) level (n3) at 797 nm. The ny, n, and ns represent the
population of the 3Hg, 3F, and 3H,4 levels of Tm®*, and n4, ns
and ng are the populations of °Ig, °I; and °Ig levels of Ho*",
respectively.
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; 5
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e
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v F4 = Ng 5|
c AN 7
d ET, g
n n
! v v 3H6 4 v 5|8
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Fig. 1. A schematic energy levels diagram used for the Tm:Ho:ZBLAN considered
for continuous laser pumping at 797 nm (solid up-arrow). ny, ny, n; represents the
Tm?>* populations and ng4, ns, ng are the Ho>* populations. Radiative transitions are
indicated as: a = 2300nm, b = 1470nm (f32+f32 = 0.1), c = 800nm (f3; =0.9),
d = 1800 nm, e = 2900 nm, f = 1200nm and g = 2000 nm.

3.1. Mean lifetime and energy-transfer rate constant determination

The following non-radiative energy-transfer (ET) processes
(dipole-dipole interaction) were considered been involved in the
optical cycle of Tm:Ho:ZBLAN under 797 nm excitation.

(i) Tm>*(CH4):Tm3*(?Hg) > Tm>*(®F4): Tm>*(?F4)—cross  relaxa-
tion (CR);

(ii) Tm>*(?F4):Ho**(°lg) > Tm>*(®Hg):Ho>*(°I;)—energy  transfer
(ETy);

(iii) Ho**(°I7):Tm>*(3Hg) » Ho>*(°I5): Tm>*(°F4)—back-transfer
(BT);

(iv) Tm>*(3F4):Ho**(°l;) > Tm>*(®Hg):Ho>*(°lg)}—energy  transfer

(ETy);
(v) Tm**(®H,):Ho**(°lg) > Tm>"(®Hs):Ho**(°l;)—energy transfer
(ET3).

These ET processes have been previously investigated in
Tm:Ho:ZBLAN glasses [3] by means of using a time-resolved
luminescence technique and a tunable OPO laser excitation
(1100-2000 nm). The luminescence decay of >H, and 3F, excited
states of Tm>" in Tm:Ho:ZBLAN were best fitted by using a
combination of the Inokuti-Hirayama function (transfer para-
meter ) and a proposed localized interaction described by an
exponential term with a decay rate K, according to Ref. [3].
Energy-transfer parameters 7 and K were used to determine the
mean lifetime of the donor (3H,) and acceptor (°I;) states.

The following equations have been used to fit the lumines-
cence decay curves of Tm3" at 1470nm with short laser
pulse of 4ns (10Hz) at 797 nm (E~10m]J) and Ho>* luminescence
transient (at 2000nm) excited by Tm>'(?F,)—>Ho>**(l;)
transfer induced by pulsed laser excitation at 1671 nm (4ns,
E~10m]) [3].

(i) 1.47 pum-luminescence dec

Ip(t) = a exp <— % — y«/f) + b exp(—Kt) (1)

(ii) 2 um-luminescence transient:
Ia(t) = (a +b) exp (— L)
TA
- {a exp<fify«/f) +bexp<fi71<t)} (2)
(%)) p

where tp = 1p, = 1.46 ms is the intrinsic lifetime of 3H, excited
state of Tm** in Eq. (1). tp = tp, = 8.9 ms is the intrinsic lifetime
of donor 3F, state of Tm** and 74 = 74, = 16.4ms is the intrinsic
lifetime of the acceptor I, state of Ho>* in Eq. (2). The fitting
parameters y and K are the Tm-Ho transfer parameters. a
and b are non-dimensional parameters related to the Inokuti-
Hirayama [9] and localized transfer contributions [3], respec-
tively. The mean lifetime of 3H, and 3F,; excited levels of
Tm3* represented by 75 and 7, were obtained by using the
integration of normalized luminescence decay curves. For in-
stance, T, was better determined by integration of the raise-time
component of the luminescence transient curve of °I; level of
Ho**—the acceptor state. The luminescence decay of °I; level is
exponential with a lifetime 7s. 73 and 7, mean lifetimes were
obtained using:

(i) 1.47 pm-luminescence decay integration:

1 & t
=Gt h b)/o {a exp (—a - y«ﬁ) +b exp(—Kt)} a (3)
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the two lowest excited states of Ho>* and Tm>* ions are given in
5 Table 3. In spite of K5 rate is expected to be dependent on the
TrisetimeC17) = T2 excitation density (Tm>*) (because ET, process involves two
0 . . . . . .
__ 1 / {a exp (,L —y ﬁ) +bexp (, t Kt> } dt exc1ted35+tates. 1nt§ract10n): we observed K rate sllgh1tzl;y 1ncreasm1%
(a+b)Jfo D, Tp, for Tm>" excitation density increase from 0.5 x10™ to 2 x 10
(4) cm 3. However, it becomes constant when the excitation density
. 8 3 o . .
Wer, K1, K, and K3 transfer rate constant of CR, ET;, ET, and ETs is >3 x 10®cm™. The excitation density was estimated by
processes, respectively were obtained using measuring _the mean energy of the laser pulse at 12671 r13m an.d
the excitation volume estimated to be 1.57 x 107“cm™". This

(ii) 2 um-luminescence raise-time integration:

Weg = 1 1 (5) result is similar to that one reported [10] for the energy transfer
73 Tps up-conversion (ETU) involving two excited Ho>* ions in the °I;
level in Ho-doped ZBLAN [11]. This result justifies the use of K>
Ky = 1 1 (6) values mentioned in Table 2 as a rate constant of ET, process in
T2 1p, the rate equations system (class 1) for numerical simulation since
higher excited Tm3* ijon densities (N*~10'°cm~3) are usually
Ky = 1 1 7) present in.the system to have stimulated emission at 1.5 pm under

T5  Tps cw operation.

1 1

K3 = a N a — I (8) ;?grlli}ing ratio of luminescence, radiative lifetime and total lifetime (experi-

o . . . mental) of Tm*" and Ho>' in ZBLAN (lifetime measurements done in low
Mean lifetimes values were obtained by applying the integra- concentrations of ~0.15 mol%).

tion method described by Eqgs. (3) and (4) using the transfer rate

constants obtained by Egs. (5)-(8)—mean lifetimes and transfer Branching  Radiative  Total NOIHELIETE
. . . . ratio (f3) lifetime lifetime decay (s7')

rate constants were given in Tables 1 and 2. Branching ratio of (ms) (ms)
luminescence, radiative lifetime and intrinsic total lifetime of

Transition (Tm>*)

3 3 -
Table 1 3E4_>3;16 g.? 132 1.46 0
Experimental values of energy transfer parameters (y and K) obtained from Ref. [3] 3p 4H3I—[4 .
for 1.47pum luminescence of 3H, excited state of Tm>" for two sets of A= a a9 555 @
Tm(y):Ho(x):ZBLAN. : : ~
Tm:Ho (mol%) Transfer parameter (best fitting) Transfer rates Transition (Ho®")

3l 0.9 5.87 35 115
) (x) Y K a b T3 Wer K3 5ls— 51, 01

(s (10°s™h (ms)  (10°s) (s 55 1 12,6 16.4 ~0

0.5 0 121 1.8 095 0.05 961 0.355 0
0.5 1 11.9 1.9 092 009 952 0.366 0 Tm: Ho (mol %) Ki (s71) K (s71) Ks (s~)
1 1 402 32 082 020 432 1602 28 W):(x)
3 1 182 25.0 064 040 506 19.08 0
6 1 357 153.2 0.31 073 9.7 102.4 0 0.5:0.3 2550 0 4
9 1 231 395.6 009 097 5.6 176.9 0 0.5:0.4 3355 0 8
1 0.5 42.3 2.7 0.16 0.16 437 1.602 0 0.5:0.5 4295 0.013 14
1 2 533 24 0.11 0.11 368 1.602 429 0.5:1 8456 0.09 71
1 3 66.6 34 0.07 0.07 310 1.602 934 0.5:1.5 12617 0.26 188
1 4 733 10.3 0.09 0.09 236 1.602 1941 0.5:2 16778 0.6 371

a represents the fraction of Inokuti-Hirayama contribution and b a fraction of
localized transfer contribution (transfer constant K). Mean lifetime 73 was
obtained by integration of luminescence decay. tp~Tg, = 1.46ms. Wcg is the
cross-relaxation rate between the excited >H,4 and the ground 3Hg states of Tm>* in
ZBLAN.

Values of K, K3, K3 obtained by inspection of best-fit curves of experimental rate
constant (K;) as a function of [Tm>*] and [Ho>*] concentrations measured for the
Tm(0.5):Ho(x):ZBLAN samples. These K; values were used in the numerical
simulations of the rate equations system.

0 = 2.8 x 102" cm? at 797 nm (absorption cross-section of *Hg— >H,4 transition).

Table 2
Experimental values of energy transfer parameters (y and K) obtained from Ref. [3] for 2 um luminescence of °I; excited state of Ho>" for two sets of Tm(y):Ho(x):ZBLAN.

Tm:Ho (mol%) Transfer parameters (best fitting) Mean lifetimes (integration) Transfer rates

(2] (x) 7 (s7'?) K(10°s71) a b 72 (ps) 75 (ms) Ki (10°s71) K (s7h)
05 0 0 0 1 0 8900 - 0 0
05 1 1116 412 0.84 0.22 128.9 16.4 7.65 0

1 1 151.4 308.8 0.83 018 712 16.4 13.93 0
3 1 2812 162.8 0.77 0.27 213 124 46.84 19.7
6 1 2753 221.9 0.34 0.70 122 48 81.85 147
9 1 223 316.3 0.21 0.85 111 2.0 89.97 439

1 0.5 140.9 127 0.82 0.24 822 13.8 12.05 0

1 2 2157 1843 0.53 0.49 25.4 15.4 39.25 3.9
1 3 280.6 289.7 0.38 0.64 1.5 15.8 86.84 23
1 4 281.0 389.9 0.27 0.76 8.8 12,5 113.14 19

a represents the fraction of Inokuti-Hirayama contribution and b a fraction of localized transfer contribution (transfer constant K). Mean lifetime 7, was obtained by
integration of raise-time component of 2 pm-emission of I, acceptor state (Ho>").
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Fig. 2(a) shows that K; has a linear dependence on ([Tm][Ho])
concentration, as is expected for a migration-assisted energy
transfer involving excited donor and acceptor ions in the ground
state. However, K, and Ks exhibit non-linear concentration
dependence, i.e., K, « ((Tm][Ho])"=27! (see Fig. 2(b)) and Ks o
[Ho]™=238 (see Fig. 2(c)), respectively. In addition, Wz exhibits
a quadratic dependence on Tm>3* concentration, W¢g o [Tm]"™=22,
as expected for a cross-relaxation process (see Fig. 2(d)). Values
of K;, K, K3 and W rate constants were estimated for
Tm(0.5%):Ho(x%) systems by inspecting the best-fitted curves
shown in Figs. 2(a)-(d) and are listed in Table 3. These rate
constants values were used in the numerical simulations
performed in Section 3.3.

3.2. Rate equations for optical excitation of the >H, level

Previous investigation of 3H, luminescence (~1470nm) of
Tm3* in Tm:Ho:ZBLAN glass, excited by short laser pulses (4 ns) of
780nm, has shown that a residual 3F, luminescence (~1800nm)
of ~20% remains besides the very strong Tm(*F4) - Ho(’l;) energy
transfer [3]. In addition, this reminiscence luminescence of 3F,
state exhibits an exponential decay with a lifetime similar to that
one observed for single Tm-doped ZBLAN (~7 ms). On the other
hand, residual F, luminescence was not observed in the case of
Tm:Ho in tellurite [10], chalcogenide [7] and Tm:Tb in germanate
(GLKZ) [4] glasses. This luminescence effect (residual) evidences
that the fast energy migration through 3F, excited states leads to
two distinct types of Tm3* excited ions in ZBLAN glass (or classes):
(i) class 1—excited Tm>* ions close by Ho>* that has a K; transfer
rate resultant from Tm(3F4)—Ho(°l;) transfer minus Ho(°l;)—
Tm(3F,4) back-transfer rates and (ii) class 2—excited Tm>* ions
(®F4) far from Ho>* ions (or isolated) having an intrinsic lifetime of
~7 ms. According to that observation, one can assume that 80%
of Tm>* ions interact with Ho>" ions (class 1) and 20% behaves as

a b
0.05 - 0.05 -
Tm(0.5):Ho(0.25):ZBLAN
— (class 1)
® 0044 I 0.08 o=t
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o
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Fig. 3. Time evolution of ny(t) and ns(t) populations of Tm>" and n4(t) and ns(t) populations of Ho>*, numerical solutions of rate equations system (class 1) for
Tm(0.5%):Ho(0.25%):ZBLAN continuous pumped at 797 nm. Pumping rates of 35 and 100s~' were used. Ho>* ground state depopulation (n) precludes the population

inversion (n3-n, <0) for higher pumping rate (100s~!) shown by dashed line of (c).
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isolated Tm>* ions (class 2). Based on this argument, we must have
two distinct rate equations systems for Tm:Ho:ZBLAN glass. One
set of rate equations for class 1 that includes ET;, ET,, ET; and CR
processes and another set for class 2 (see rate equations system
presented in Section 3.2).

Based on Fig. 1, one obtains the following rate equations
system for the Tm:Ho:ZBLAN considered for continuous laser
pumping the 3H, (Tm>*) level (n3) at 797 nm. The n;, n, and ns
represent the population of the 3Hg, 3F,4 and 3H, levels of Tm?",
and ny, ns and ng are the populations of the >Ig, °I; and °Ig levels of
Ho>*, respectively.

(i) Rate equations system for class 1:
In this case, it was used nq 4+ny +n3 = nry, and ng + ns+
Ng = Nyo, Where Ny and ny, are the Tm>* and Ho>* concent-
rations given in mol%:

dn B B
d_t] = —Rpmy +%Tl2 +T—3R;n3 — Wearnins + Kinpng
+ Kynpns — Kprigns 9)
d;2 =2Wgnin3 + <@ + WnR(32)> ns — hnz
t TR, TR,
— Kinyng — Kongans + K3nsng (10)
dn
dt3 = Rpny — Wegning
v+ B3y +
- ((ﬁ'zsz + WnR(32)> s —Ksngng  (11)
R3
%=7K1n2n4 +&n6 +@n5 — K3nsng + Kprnyns (12)
t TRg TRy
dns Bsa Bes
ai = Kinyng — %ns + (K + WnR(65)> Ng
+ K3n3ng — Konyns — Kgrnqins (13)
dn +
d_G = Kynyns — (M + W,,R(65)> ng (14)
t TRs

(ii) Rate equations system for class 2:
In this case, it was used ny + n, + n3 = nry,.

dn B: B

dft]=*an1 +?2nz +T7:n3*WCRn1n3 (15)

d B

% =2Werninz + (ﬁ + WnR(32)> n3 — @nz (16)
t TR, TR,

dn

cTta = Rpny — Wegning

B ((/332" + B3z + B3)

. wnR(32)) ns (17)
TR,

Rp = o13ni(Ip/hv) is the pumping rate (s7'), Ip is the
intensity of pumping given in (W cm~2) and hv is the photon
energy of pumping radiation. f;; represents the luminescence
branching ratio and g is the radiative lifetime of °Ig, °I; (Ho**)
and 3H,, 3F4 (Tm>*) excited states labeled as level i = 6, 5 for
Ho®** and i = 3, 2 (Tm>*).

3.3. Numerical solution of the rate equations

Rate equations system was solved based on the Runge-Kutta
numerical method of fourth order by means of a program

developed in Scilab language. Tm>* and Ho>" populations were
determined for Tm(0.5%):Ho(x%):ZBLAN system using the numer-
ical solutions obtained for simulating a cw laser pumping at
797 nm. The Tm3* and Ho>* populations were obtained after the
populations get the equilibrium (after ~80ms). Tm>* populations
were obtained by considering the population distribution of
classes 1 and 2, according to n; = 0.8n;(1) + 0.2n;(2) wherei =1, 2
and 3. The Tm3' population inversion was obtained using
An =nsz — ny.

Fig. 3 shows the time evolution n,(t) and ns(t) populations of
Tm>* and ny(t) and ns(t) (Ho*") for a pumping rates of 35 and
100s~! after cw laser pumping at 797 nm. Looking the population
values of Figs. 3(a) and (b) at t = 60ms, one can see that the
pumping rate of 35s~! produces a population inversion (n3;-n,) of
4.8 x 10" cm~3 (class 1) in Tm(0.5%):Ho(0.25%) system. A negative
population inversion was observed by increasing the pumping
rate to 100s7, as a consequence of the Tm(3F4) - Ho(’l;) transfer
saturation induced by severe Ho>* ground state depopulation. By
comparing Fig. 3(c) and (d) one concludes that n, population
increases at expenses of n4 population—ground state of Ho>*. The
saturation effect of Tm — Ho transfer might be observed to happen
for some high pumping rate (>100s~!) in more [Ho**] concen-
trated system (>0.3 mol%) (Fig. 4). Fig. 5 shows the population

a

Numerical Simulation (class 1)
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-—m—x=04
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| . | M SV | . |

0 1 1
0 2 4 6 8 10 12
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b
0
Numerical Simulation (class 2 )
£ —g—Tm(0.5 %)
E
X 1 F
c
Rel
&
[
>
£
a
o
o
2
PR I E T E T S R
0 2 4 6 8 10 12

Pumping Intensity (kW cm2)

Fig. 4. The population density difference (n3;—n,) obtained from numerical
solutions of the rate equations system applied to Tm(0.5%):Ho(x%) system is
shown as a function of the pumping intensity at 797 nm. (a) The result of
numerical simulation applied to Tm-Ho system of class 1 for many [Ho>*]
concentrations, where x = 0.25, 0.3 and 1 mol%. (b) The result applied to Tm(0.5%)
system of class 2.
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Fig. 5. It is shown the population density difference (n3—n,) obtained using the
numerical solutions of rate equations system for Tm(0.5%):Ho(x%) system as a
function of cw pumping intensity at 797 nm, for many Ho>* concentrations, where
x=0.3,0.5,1 and 2 mol%.
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Fig. 6. Results of population density difference (ns-n,) obtained by numerical
simulations applied to Tm(0.5%):Ho(x%) system for a constant pumping intensity
of 10kWcm™2 (or pumping rate of 120s~') at 797nm, for many Ho>*
concentrations (where x = 0.3, 0.5, 1, 1.5 and 2 mol%).

density difference (n3—n;) obtained using the numerical solutions
of the rate equations system of Tm(0.5%):Ho(x):ZBLAN as a
function of the pumping intensity at 797 nm performed for
many Ho>" concentrations, where x = 0.5, 1 and 2 mol%. Fig. 5

(open squares) shows a population inversion (n3—n;) that linearly
increases on increasing the pumping intensity for [Ho>*] con-
centration equal to 1mol%, at least for the highest intensity of
12 kW cm? investigated. Fig. 6 shows that the population inver-
sion (n3—n,) is maximized for 1 mol% of Ho>" in Tm(0.5):Ho(x):
ZBLAN for a constant pumping intensity of 10 kW cm~2.

4. Conclusions

In this work, we investigated the population inversion in
Tm(0.5%):Ho(x%):ZBLAN under continuous pumping at 797 nm for
using it as optical amplifiers operating near 1.5pm. Highest
population inversion of Tm3* was obtained using 1 mol% of Ho>".
A population inversion density of 1.6 x 10'® Tm*"ionscm™ was
obtained for a pump intensity of 2.7 kW cm~2, which is ~5.3 times
bigger that one verified in Tm(0.1%):Ho(0.15%):Ge-Ga-As-S-CsBr
[7] (~3 x 107 cm™3). This population inversion density is also
higher than that one estimated for Tm(0.1%):Tb(0.2%):GLKZ [4]
(~2x107cm™3) and for Tm(0.1%):Tb(0.15%):Ge-Ga-As-S—CsBr
[7] (~2.5 x 107 cm~3) glasses for similar pumping conditions. This
result points that Tm:Ho:ZBLAN doped with 0.5 mol% of Tm3* and
codoped with 1mol% of Ho>* maximizes its amplification
potential gain based on the Tm>'-stimulated emission near
1.5 um, so making this material very promising system for light
signal amplification in S-band of telecommunication.
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