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The primary excited state decay and energy transfer processes in singly Tm’'-doped
Te0,:Zn0:Bi,05:GeO, (TZBG) glass relating to the F, — *Hg ~1.85 um laser transition have been
investigated in detail using time-resolved fluorescence spectroscopy. Selective laser excitation of the
H, manifold at 794 nm, the *Hs manifold at 1220 nm, and °F, manifold at 1760 nm has established
that the *Hs manifold is entirely quenched by multiphonon relaxation in tellurite glass. The
luminescence from the *H, manifold with an emission peak at 1465 nm suffers strong suppression
due to cross relaxation that populates the *F, level with a near quadratic dependence on the Tm>"
concentration. The °F, lifetime becomes longer as the Tm>" concentration increases due to energy
migration and decreases to 2.92 ms when [Tm®"] =4 mol. % as a result of quasi-resonant energy
transfer to free OH™ radicals present in the glass at concentrations between 1 x 10'® cm™ and
2 % 10" cm™3. Judd-Ofelt theory in conjunction with absorption measurements were used to obtain
the radiative lifetimes and branching ratios of the energy levels located below 25000 cm™'. The
spectroscopic parameters, the cross relaxation and Tm>"(°F,;) — OH™ energy transfer rates were
used in a numerical model for laser transitions emitting at 2335 nm and 1865 nm. © 2012 American

Institute of Physics. [http://dx.doi.org/10.1063/1.3694747]

. INTRODUCTION

There is strong interest in the development of fiber laser
systems capable of delivering efficient high power output at
a wavelength of 2 um and beyond. To date, the most success-
ful shortwave infrared fiber laser involves silicate glass fibers
and the Tm*>" ion' and many variants of this fiber laser have
now been demonstrated. Recently,” an efficient Tm®"-doped
tellurite glass fiber laser operating on the *F, —°Hg laser
transition was demonstrated that produced a record slope ef-
ficiency of 76%. In a double-clad arrangement, Tm>"-doped
tellurite glass fiber lasers have been shown to be capable of
approximately 1 W output.’® These encouraging results
extend previous work on tellurite glasses designed for upcon-
version emission,* Tm>", Ho> " co-doping,” Tm**, Er*" co-
doping,® emission at 1.2 um,” and emission at 1.47 um.®
These studies highlight the broad capabilities of tellurite
glasses and compliment previous successful studies relating
to other heavy metal oxide glasses, for example, the
germanates.9

The use of tellurite glass in laser research introduces a
number of important characteristics to the field including
comparatively large rare earth ion solubility, a smaller maxi-
mum phonon energy compared to the other oxide glasses
used for shortwave emission, and a comparatively large

YAuthor to whom correspondence should be addressed. Electronic mail:
s.jackson@usyd.edu.au.
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refractive index that creates large absorption and emission
cross sections. These features make Tm>'-doped tellurite
glass fibers particularly suitable for short length fiber lasers
that deliver a narrow linewidth or pulses at a high repetition
rate.

To augment the experimental demonstrations of Tm®"-
doped tellurite fiber lasers, a detailed spectroscopic analysis
that can facilitate numerical modeling and hence future opti-
mization is required. There have been a small number of
spectroscopic analyses of Tm>*-doped tellurite glass,'*"?
however, a more detailed investigation examining the vari-
ous energy transfer processes, as a function of Tm>" concen-
tration is necessary. In addition, the requirement for fiber
lasers to emit longer wavelengths grows thus necessitating a
spectroscopic investigation and numerical modeling study of
the emission at 2.3 um that arises from the *H, —>Hj transi-
tion of Tm>". In a similar way to the 3F, —>Hjg laser transi-
tion, the efficiency of this transition is highly concentration
dependent and the rate parameters for cross relaxation must
be determined so that optimal fiber arrangements are found.

In this investigation we present a time resolved spectro-
scopic study of Tm>'-doped tellurite glass based on a
recently developed TeO,:Zn0O:Bi,05:GeO, (TZBG) glass.
We have prepared a number of Tm>"-doped TZBG samples
of varying Tm*" concentration and measured the lumines-
cence decay characteristics after selective energy level exci-
tation. The luminescence efficiencies of these levels were
determined when the experimental decay time was compared

© 2012 American Institute of Physics
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with the radiative lifetimes calculated using Judd-Ofelt
theory. The results from the spectroscopic measurements we
then used as parameters for a numerical model, which was
used to understand the performance of Tm®"-doped tellurite
fiber lasers operating on shortwave infrared transitions.

Il. EXPERIMENTAL PROCEDURE

The Tm’"-doped tellurite (TZBG) glass samples used
for the time-resolved luminescence spectroscopy measure-
ments were prepared from the raw materials: 99+% TeO,;
99.99%, ZnF,, and Bi,03; and 99.999% GeO,. The glass
composition was (100-x) [76 TeO, — 12.5 ZnF, — 5 Bi,03
— 6.5 GeO,] — x [Tm;,05] with x=0.25, 0.5, 1, and 2 mol %.
The starting powder materials were melted in a Pt crucible in
a dry glovebox environment at 900 °C to reduce iOH™ con-
tent in the glass. The molten liquids were poured into pol-
ished brass molds and annealed at around T, to remove any
mechanical stress. The glass host density was 5.86 g cm
and the measured refractive index was 2.06 at 1533 nm. The
samples were cut and polished into 4.6 x 10 x 15 mm rectan-
gular prisms. The Tm>" ion density was calculated to be
1.07 x 10°° em ™2, 2.14 x 10*° em ™, 4.27 x 10°° ecm >, and
8.46 x 10%° cm* for the tellurite samples having Tm>" ion
concentrations of 0.5, 1, 2, and 4 mol. %, respectively.

The optical absorption spectrum of the Tm> " ions doped
into tellurite glass has three main features in the near to
shortwave infrared, one feature is located at approximately
1767 nm and arises from the 3H6 — 3F4 transition, a second
feature is located at approximately 1230 nm arises from the
*He — Hs transition, and a third feature located at approxi-
mately 800 nm arises from the *Hg — *H, transition. When
Tm>"-doped tellurite glass is excited with light in the range
792-805 nm the following processes are known to occur:

(a) Ground state absorption (GSA): Tm>" (3H6)+hz/
(800 nm) — Tm>" (CH,);

(b) Cross-relaxation (CR): Tm>" (*H,) + Tm>* (°*Hg) —
Tm*" CF,) + Tm>" CEy).

The CR process is perhaps the most important energy
transfer process in shortwave infrared fiber laser research
because it allows a single pump photon to create, at least the-
oretically, two excited Tm>* ions."® After the excitation of
Tm>", the *F, —>H laser transition at approximately 1.9 um
can operate with at high slope efficiency when the concentra-
tion of Tm>" ions is sufficiently high. In contrast, CR can
reduce the efficiency of the *H, —°Hs transition, which
requires a considerable population to reside in the *Hy level.
Thus the Tm>" concentrations specific to each transition
requires a detailed understanding of the rate of CR as a func-
tion of [Tm>"].

The absorption spectra in the range between 2000 and
10000 nm were measured using a FTIR spectrophotometer
(Nicolet 6700). The decay characteristics of the excited
states of Tm” " were measured using pulsed 9 mJ 4 ns laser
excitation from a tunable optical parametric oscillator (OPO)
pumped by the second harmonic of a Q-switched Nd-YAG
laser (Brilliant B from Quantel). Tunable laser excitation
from the OPO was used to directly excite the H, and °F,
energy levels at 795 nm and 1600 nm, respectively. The

J. Appl. Phys. 111, 063105 (2012)

luminescence was detected using an InSb infrared detector
(Judson model J-10 D cooled to 77 K) in conjunction with
a fast preamplifier with a response time of ~0.5us and
analyzed using a digital 200 MHz oscilloscope (Tektronix
TDS 410). All the fluorescence decay characteristics were
measured at 300 K. To isolate the luminescence signals,
bandpass filters each with ~80% transmission at 1450 nm or
1850 nm with a half width of 25 nm and an extinction coeffi-
cient of ~107> outside this band were used. The infrared
emission spectrum was measured from 1200 nm to 3000 nm
using a Boxcar technique working in the static gate mode
(gate=1 us) and a 0.25 m monochromator with a spectral
grating blazed for 2100 nm and an InSb (77 K) infrared de-
tector and a silicon filter at the monochromator entrance.

lll. EXPERIMENTAL RESULTS

Figure 1 shows the visible to shortwave infrared (a) and
midwave infrared (b) absorption spectra of Tm>" (1 mol %)-
doped tellurite glass. The spectrum shows a broad strong
absorption band between 2500 and 3500 cm™', which we
attribute to free OH™ groups.'* The concentration of OH™
radicals is given by Noy = Nso/Nsof, where N is Avoga-
dro’s constant (6.02 x 1023), o is the absorption coefficient
(=0.1574 cm™! for 1 mol % Tm>") relevant to the OH™
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FIG. 1. Measured absorption spectra in the (a) visible and shortwave infra-
red region and (b) OH™ vibration feature in Tm>* (0.5, 1, 2, and 4 mol %)-
doped TZBG glasses (sample thickness 4.6 mm). g,,s=1.02 x 1072 ¢m?
for the *Hg — *Hy transition at 794 nm.
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TABLE I. Comparison of J-O parameters with the literature.”

Reference Q, Qy Q¢

17° 3.38 217 1.17
18° 4.64 1.61 1.26
19° 5.106 1.174 1.082
20° 4.4 1.97 1.22
This study® 3.23 1.26 0.83

2010720 cm?).

"Host composition: 75Te0,-20ZnO-5Na,0.

“Host composition: 80TeO,-10Zn0O-10Na,0.

YHost composition: 76TeO,-12.5ZnF,-5Bi,03-6.5GeO,.

vibration band at 3000 cm ™', and ¢ is the absorptivity of free
OH™ groups in the glass. Using ¢ =49.1 x 10° cm? mol~','3
we estimated the OH ™ concentration in our samples to be
2% 10" ecm ™2 (for 0.5 mol % Tm>"), 1.9 x 10" em ™ (for 1
mol % Tm*"), 1.5x 10" em™> (for 2 mol % Tm>*), and
0.97 x 10" cm ™ (for 4 mol % Tm>"). These values are
approximately 76 times smaller than the free OH  density
(2.4 x 10" cm ™) found in Er’ "-doped germanotellurite glass
produced from drying the melt using oxygen gas and CCly
bubbling.'®

A. Calculation of the radiative lifetimes

The absorption transitions originating from the ground
state are spectroscopically assigned as 'Gy, 3F2,3, H,, *Hs
and °F, (see Fig. 1). Judd-Ofelt theory was used to calculate
the transition probabilities between the different manifolds,
the radiative lifetimes, and the branching ratios as found in
the literature.'”'® The Judd-Ofelt parameters were deter-
mined using the five main absorption bands and are summar-
ized in Table I together with the literature overview. The
absorption bands of Tm>" are dominated by electric dipole
transitions except the *H¢ —*Hs transition, which contains
contributions from electric-dipole and magnetic-dipole tran-
sitions and which can be easily calculated.'® The largest
error in the Judd-Ofelt calculation relates to the assumption

TABLE II. Transition rates, radiative lifetimes (tg), and branching ratios (f3).

Transition /. (nm) Ay (s7h) x (ms) B

G, — *Hq 473 2259.8 0.241 0.5445
'G, —°F, 645 293.8 0.0708
'G, — 3Hs 768 1125.9 0.2713
Gy — 3Hy 1157 369.3 0.0890
'G, — ’F, 1472 79.8 0.0192
3F; — 3Hg 696 3248.8 0.247 0.8034
3Fy — 3F, 1149 2432 0.0601
3Fy — 3Hs 1607 546.2 0.1351
3Fy — °Hy 5411 5.4 0.0013
H, — *Hq 799 2060.7 0.435 0.8973
*H, —°F, 1459 173.7 0.0756
3H, — >H; 2286 62.0 0.0270
*Hs — *Hg 1229 498.9 1.96 0.9789
*Hs — °F, 4035 10.7 0.0211
3Fy — *He 1767 368.9 271 1

J. Appl. Phys. 111, 063105 (2012)

that all Stark levels of a given multiplet are equally popu-
lated. A summary of the radiative rates, lifetimes and branch-
ing ratios of the main transitions is given in Table II.

B. Infrared fluorescence spectrum of Tm®* in tellurite
(TZBG) glass

The fluorescence emission spectrum of Tm>" in the
shortwave infrared was measured for [Tm3+]:4 mol %.
Figure 2 shows that there are three emission bands; two ini-
tiating from the *H, level at ~1465 nm and ~2320 nm and
one initiating from the *F, level at ~1850 nm. The strong
emission band at ~1850 nm is boosted by CR that decreases
the luminescence efficiency of the *H, level and conse-
quently increases emission from the °F4 level. As a conse-
quence, the emission band near 2320 nm (from the H,
level) decreases. The emission cross-section of the “Hy,
—3Hs and *F, —>Hg transitions was calculated using

7Y
( ) A/./’S(i), (D

o-emis(/l) = M y

where &(4) = S(2)/ [ S(2)d2 is the line-shape of the emission
band, c¢ is the speed of light, and n is the refractive index
(n=2). Using 1 =1854 nm (centroid), A;»= 369 s~' and
&(2) =4.22 x 10> nm ™" we have 6,; = 6.11 x 10" cm for
the °F, — °Hg transition near 1854 nm. Using 1 =2336 nm
(centroid), A;y =62 s ' and &(4) =5.11 x 10~ nm ™' one has
Gomis = 3.13 x 107! cm? for the *H,; —>Hs transition.

The emission cross-section values obtained for emission
from the *H, and ’E, levels are 5.1 x 10! cm? at 1465 nm,
3.1x 107" cm® at 2336 nm, and 6.1 x 107> cm® at 1854
nm, respectively for Tm-doped tellurite (TZBG) glass. These
values are in agreement with those reported in the literature
for other tellurite glasses'®'?' and higher than those
reported in fluoride and oxyfluoride glasses.*?

C. Emission decay from the 3H, level

Figure 3 shows the emission decay characteristic at
1500 nm (from the *H; —°F, transition) for [Tm>"]=0.5, 1,

1.2
3F4 5 sHs Tm:Tellurite

1.0 - (Tm = 4%)
:‘E —— Emission
= 08|
=}
o Excitation: 795 nm
L o6l
2
‘@
g
g 04

0.2 |

5
0.0
1 ' 1 L 1 ' | " |

L | L
1400 1600 1800 2000 2200 2400 2600
Wavelength (nm)

FIG. 2. Emission spectrum of Tm>"(4 mol %)-doped TZBG glass using
pulsed laser excitation at 795 nm with 9 mJ pulses of 4 ns duration and 10
Hz repetition rate.
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H, level
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FIG. 3. Measured decay time of the H, level (emission at 1500 nm) after
laser excitation at 795 nm, 9 mJ pulses of 4 ns duration (colored solid lines)
for the Tm3+(x)—doped samples with x=0.5, 1, 2, and 4 mol %. The best fit
to the decay time using Eq. (2) provided having R values of 0.998 for
[Tm**]=0.5%, 0.992 for [Tm**] = 1%, 0.995 for [Tm*"] =2%, and 0.984
for [Tm’*] = 4%.

2, and 4 mol % after laser excitation at 795 nm with a mean
pulse energy of 9 mJ and 4 ns duration. The luminescence
decay of the *H, excited state was nonexponential and was
fitted using the Burshtein model,*® obtaining

1(t) = Loexp(—pVt — t/1y,), 2)

where y(sfl/ 2) is the transfer constant due to the direct donor
to acceptor transfer and 7, is defined by

1/‘Cm: I/TR+WnR+w7 (3)

where 1y is the radiative lifetime and w is the transfer con-
stant (s~ ') due to the migration assisted donor to acceptor
transfer. W, is the nonradiative multiphonon decay rate
(sfl), which is neglected for the 3H4 level (because W g
~0). The luminescence decay of the 3H4 level at 1500 nm
was nonexponential and the effective 3H4 lifetime (t) was
obtained by integration®* using

T= lj I(t)dt. 4)
Iy Jo

The best fit to the measured 1500 nm luminescence
decay curve was carried out using Eq. (3); see solid line
in Fig. 3 where the fitting parameters are: (i) y=24.9 s1/2
and 1, =417.1pus (0=98.5 s 1), for [Tm’"]1=0.5%; (ii)
7 =5825""% and 1, =254.9 us (w=1624s~"), for [Tm>*]
=1%; (iii) y=146s""? and 1,,=75.8 us (0 =10894s7 1),
for [Tm**1=2%, and (iv) y=214s""? and 1,=9.3 us
(0=105649s""), for [Tm’ "] =4%.

The effective lifetime (1) of the *H, level was obtained
by integration using Eq. (4) given the following values:
1=281pus for [Tm>"]=0.5mol %, 124pus (for [Tm’*]
=1%), 30pus (for [Tm>"1=2%), and 6pus (for [Tm>"]
=4%). The following luminescence efficiencies (17;) were
derived from the lifetime measurements: (i) 58% for

J. Appl. Phys. 111, 063105 (2012)

300 -
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FIG. 4. (a) Measured lifetime of the *H, level (1500 nm) for the Tm(x)-
doped TZBG glass, where x=0.5, 1, 2, and 4 mol % and (b) the cross-
relaxation rate (s ') as a function of [Tm>*]. Solid line in (b) represents the
best fit using a power law, Wer=a x” where the fitting parameters are
a=5854.4 (mol %)™ s™'and h=2.4.

[Tm’*] =0.5%; 25.6% for [Tm’ "] = 1%; 6.2% for [Tm’>"]=
2% and 1.2% for [Tm*"]=49% for 800 nm emission (*H,4
—%Hy); (i) 4.9% for [Tm>T]1=0.5%; 2.2% for [Tm>"]
=1%; 0.52% for [Tm*"]1=2%; 0.1% for [Tm>"]=4% for
1865 nm emission (*H; —°>F,); and (iii) 1.74% for [Tm®"]
=0.5%; 0.77% for [Tm>"]=1%; 0.19% for [Tm’"] =2%;
0.037% for [Tm> "] = 4% for 2335 nm emission (*H; —>Hs).

The decrease in the effective lifetime of the *H, level is
due to the rate of CR (process b), which competes with the
intrinsic level decay. The cross-relaxation rate (sfl) was
obtained using the following relation:

1 1
Weg =———. (%)
T TR

Using tg =435 us and the above values of t (= t4) we get
Wer =1262s7! for [Tm*"]1=0.5%, 5768 s~ (for [Tm>*]
=1%), 310685~ ! (for [Tm**]1=2%) and 164369s ' (for
[Tm>"]=4%). Figure 4(a) shows the measured lifetime of
the *H, level for Tm>"-doped TZBG glasses as a function of
[Tm*"] (in mol%). Figure 4(b) shows the cross-relaxation
rate (s~ ') as a function of the [Tm>"], where it is observed
that W is proportional to [Tm*"]°**. A value of b ~ 2 is
expected, however, for a diffusion limited CR process.25
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D. Emission decay from the 3F, level

Figure 5 shows the emission decay from the °F, level
measured at 1850 nm after pulsed laser excitation at
1600nm (E =9 mJ). The emission decay from the °F, state
is observed to be quasi-exponential because the y(exp) val-
ues are quite small (y ~ 3 s~/2), which indicates the pres-
ence of weak energy transfer to free OH ™ radicals. The
luminescence decay of the 3F4 excited state, however, was
fitted using the Burshtein model [Eq. (2)]; see the black solid
line in Fig. 5. The fitting parameters were: (i) y=35.1 s71/2
and 7, =5.25ms for [Tm>*]=0.5%; (ii) y=3.5s /% and
Tm=>5.25ms for [Tm*"]=1%; (ii) y=3.1s""? and 1,
=482ms for [Tm**]=2%; and (iv) y=3s /> and
T =3.16ms for [Tm3+]:4mol%. W,r, the nonradiative
multiphonon decay rate (s~ '), is neglected for the *Fy4 level,
ie., Wyr~0.

The effective lifetime (7) of the *F, level was obtained
using Eq. (4). Tt can be observed from Fig. 6 that the °F,
decay time initially increases with the increasing Tm>" con-
centration up to [Tm>"]~2 mol % and the values display a
slight decrease to [Tm>"] =4 mol %. The measured decay

1k (@) Tm(x):TZBG
F — x=0.5mol%
r _—_ 1 mol%
r e 2 mol%
I —— Best Fit (Burshtein)
— 01
0 :
c C
> L
el L
S L
=
%00t L
5 0 5 10 15
=
3
c 1:_
8 : (b)
n L
(] L
£ L —— x=4mol%
g | — Best Fit (Burshtein)
4
01 -
oot A tb—r v L)
0 5 10 15
Time (ms)

FIG. 5. Measured emission decay of the 3F, excited state at 1850 nm for (a)
[Tm**1=0.5, 1, 2 mol % and (b) [Tm>*] =4 mol % after laser excitation at
1600 nm with a mean energy of ~9 mJ and 4 ns pulse duration. The best fit
to the decay time using Eq. (2) provided R? values of 0.9991 for
[Tm**]=0.5%, 0.9997 for [Tm>*]=1%, 0.995 for [Tm*"]=2%, and
0.9995 for [Tm**] =4%.
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times for the *E, level are longer than the calculated radia-
tive lifetime (tg =2.71ms, calculated above using Judd-
Ofelt theory). The increased value of the decay time of the
°F, level in our experiment relates to strong excitation
migration from nonradiative resonant dipole-dipole interac-
tion between the *F, and the *Hg energy levels. This phe-
nomenon explains the initial increase in the decay time as
the Tm>" concentration is increased. Note that measuring
the luminescence close to the pumped surface can minimize
radiation trapping. In our experiment, we observed an
increase in the decay time at distances perpendicular to the
pump of ~8 mm, however, for distances of ~3 mm and
shorter (from where we took the measurements) the meas-
ured decay time was invariable.

The line of best fit to the decay time characteristic (open
circles in Fig. 6) with the increase in [Tm”] was carried out
using Eq. (6) which predicted that the lifetime of the °F,
level increases if a Tm>" ion that is excited to the 3F4 level
transfers excitation to a ground state Tm>" jon within a
critical distance, Rc, with a decay time augmentation effi-
ciency, #, dependent on the Tm>" concentration.?® This
model predicts a saturation of the decay time increase to a
value (tr + 79), which should be reached for N, > N,
where Nc¢ is the critical concentration which can be cal-
culated from

n(Tm) =1 —exp(—Nrp,/Nc);  1a =t + n(Tm)to.  (6)

The best fit using Eq. (6) gives 1o = 1.77 ms, N¢ = 0.345 mol
% and T =2.65 ms (R2 =0.976), see solid line in Fig. 6.

No up-conversion processes, i.e., excited state absorption
(ESA) or energy transfer upconversion (ETU) initiating from
the °F, or *H, levels was observed in our measurements using
pulsed 4 ns laser excitation at 795 nm or 1600 nm with a mean
energy of ~9 mJ for the samples having [Tm®"] < 4 mol %.

5
3
F, level
4 L
m
£
[0]
e Emission: 1850 nm
ko Excitation: 1600 nm
=
= 3 o
7., (calculated in this work)
~~"
( O ) Experiment
(—) Critical Radius Model
2 L L 1 L 1 L ] L I
0 1 2 3 4

Tm* Concentration (mol%)

FIG. 6. Measured decay time (7) of °F, level measured at 1850 nm using
laser excitation at 1600 nm (E =9 mJ, 4 ns) for Tm*"-doped TZBG glass as
a function of [Tm>"]. The solid line represents the best fit using the critical
radius model given by Eq. (6), where tg =2.71 ms, and the fitting parame-
ters were 7o = 1.77 ms and N¢ = 0.345 mol % (R®>=0.976).
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IV. DISCUSSION

The excitation pulse used to investigate the lumines-
cence properties had a mean pulse energy of ~10 mJ, 4 ns
pulse duration and a beam area of ~4.5 mm?” providing an
average intensity of ~56 MW cm 2 on the sample. This
pump intensity could easily create energy ETU and two-
photon absorption (TPA) processes, which can produce
observable visible or near infrared luminescence. Upconver-
sion luminescence, however, was not observed in the Tm-
doped tellurite (TZBG) glass used in this work after the exci-
tation wavelengths were scanned in the following spectral
ranges: (/) from 1500 nm to 2000 nm (*Hg —>F,) to create
upconversion luminescence at 1465 nm from the 3H4 level;
(i) from 1100 nm to 1450 nm (*Hg —>Hs) to create upcon-
version luminescence at 2335 nm from the *Hy level; (iii)
from 700 nm to 900 nm (*Hg —>F,) to create upconversion
luminescence (at 470 nm to 490 nm) from the! G, level. Our
conclusion is that TPA is not possible from the three lowest
excited states of Tm>" in tellurite (TZBG) glass and ETU
was not observed from the °F, excited level at least for
[Tm3+]:4%. The high refractive index of tellurite glass
(n=2) suggests the possible creation of nonlinear effects
such as second harmonic generation, thermal lensing or color
center formation, however the effects from these processes
were not observed for pulsed excitation at 794 nm, 1220 nm
or 1760 nm at a excitation mean intensity of ~56 MW cm 2.

The reduction of the °F, decay time observed for the
case of [Tm]=4 mol % (see data in Fig. 6) may indicate
energy transfer from the *F, level to the OH ™ radical whose
relevant absorption band is shown in Fig. 1(b) for Tm>"-
doped TZBG glass. A partial overlap between the *F, —>Hg
emission band of Tm>" (with a maximum at ~5360 cm™")
and the free OH ™ radical absorption (v =0 — v =2) (with
absorption between 5000 and 7000 cm ') clearly exists and
the energy transfer should be dominated by excitation migra-
tion of the *F, level. The energy transfer process Tm>"—
OH™ was investigated using the data in Fig. 6 by taking the
difference between the calculated lifetime (t4) that contains
the migration effects and the effective lifetime (7). The rate
of energy transfer Wy, is given by

1 1
Won = ———. (7
Ta T

The following Woy transfer rates were obtained for the
Tm*"-doped TZBG glasses: (i) Wou~0 for [Tm*T]=0.5
and 1 mol %, (ii) Wou~ 10 s~! for [Tm] =2 mol %, and
(itf) Wop =116 s~ ! for [Tm] =4 mol %, using 1=2.92 ms
and 74 =4.42 ms.

Tellurite glasses have shown efficient emission at
~2 um from Tm**-doped and Tm>", Ho>" -doped tellurite
glass optical fiber lasers.”**%’ The results presented in this
investigation indicate that perhaps the main issue impeding
the efficiency of these fiber lasers is water incorporation and
the low luminescence efficiency of the *F, level in the more
concentrated (i.e., >2 mol %) Tm>"-doped samples. To
illustrate this, we have carried out a numerical simulation to
predict the performance of Tm®"-doped tellurite fiber lasers.
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The profile of the second overtone (SO) absorption from
free OH™ radicals (the fundamental absorption feature is
shown in Fig. 1(b)) was calculated and exhibited a wideband
from 1300 to 1950 nm, which clearly overlaps with the *H,
—3F, and °F, — Hg emission bands. The SO absorption
from free OH ™ is difficult to measure because its absorption
spreads across two fundamental absorption transitions, i.e.,
*He — *Hs and *Hg — “F, of Tm® " and it is relatively weak.
Based on this argument, it is reasonable to assume that non-
radiative energy transfer from the Tm>"(*Hy) level to the SO
of free OH ™ radicals occurs with a transfer rate having similar
values to those relevant to Tm>"(°F;) — OH™ transfer. The
expected transfer rates, however, of 10 s for [Tm”] =2
mol % and 110 s~ for [Tm*"] =4 mol % are small compared
to the rates of CR observed to occur from the *H, level, which
are 5766 s~ for [Tm>"]=1 mol %, 31034 s~ ! for [Tm> "]
=2 mol % and 164 378 s~ for [Tm>"] =4 mol % suggesting
that Tm>"(*H,) — OH ™ transfer can be neglected, i.e., the lu-
minescence quenching of the *Hy level is attributed to the CR
process alone according to Eq. (5).

We will use a rate equation analysis to describe cw oper-
ation of Tm>"-doped TZBG fiber lasers. Figure 7 shows the
simplified energy level scheme used to describe the Tm> -
doped TZBG laser system for cw laser pumping of the n4
level (i.e., the *H, manifold). n;, ny, n3, and ny are the popu-
lations of the *Hg, °F,, *Hs, and *H, manifolds of Tm>™,
respectively, and n;+n,+n3+ns=1 and nog=1. The
population n3 is considered negligible in tellurite glasses
because we have not observed fluorescence near 1230 nm
from the *Hs level under pulsed laser excitation at 794 nm or
1180 nm in Tm>"-doped TZBG glass. This may be due to
the strong multiphonon decay process, which quenches the
expected fluorescence due to the small energy level separa-
tion of ~2478 cm ™! to the next lower energy level, i.e., the
3F, level.

The rate equations were written to include the essential
energy levels and pump and decay processes for laser

Tm® m*

Ny —3H4

3
N3 N\ EM———Hs

\\v .
n, v . T 3F4

n 1 v v —_

FIG. 7. A schematic of the energy levels diagram used for Tm?"-doped
TZBG glass under cw laser pumping at 794 nm (solid up-arrow). Radiative
transitions are a =2335 nm, b= 1465 nm (4, + f43) =0.103, ¢ =805 nm
(f41=0.897), and d = 1865 nm.
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TABLE III. Experimental values of the intrinsic lifetime of 3F, (1y), radia-
tive lifetime, luminescence branching ratios, cross-relaxation rate (Wcg),
and Tm>" — OH™ energy transfer (Wop) used in the numeric simulation in

TZBG glass.

Transition (i — j) /. (nm) 7% (ms)* B
*H, — *He (4—1) 805 0.435 0.897
*H, — %F, (4—2) 1465 0.076
*H, — *Hs (4—3) 2335 0.027
3F, — 3Hy 2—1) 1865 2.71 1
[Tm**] (mol %) 74 (ms)® Wer (s7) Won (s
0.5 4.01 1262 ~0

1 432 5768 ~0

2 4.41 31037 10

4 4.42 164370 116

“Radiative lifetime and branching ratios calculated using J-O theory.
“Intrinsic lifetime of the *F, level obtained from using the critical radius
model.

emission at 1865 nm or 2335 nm when the 3H4 level is
excited by pump radiation. The rate equations are

dn n, B
L= _Rpny + =+ =Ly — Wegnany + Wopnz, — (8)
dt T4 TR4
dn n +
2o 2y Mfu + 2Wernany — Wopna,  (9)
dt Td TR4

4r (a) N

Population Inversion (mol%)

n1
[Tm™] = 4%
- An, =(n,-n,)
2 / L | L | L
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FIG. 8. Calculated evolution of the excited state populations (in mol %)
of Tm** for (a) 1865 nm, [Tm*"]=4 mol % and (b) 2335 nm, [Tm*"]=0.5
mol % using a pumping rate Rp=800s ' (or Iy = 19.6 kW cm ).
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dn4 ny
o= Rpny — — — Wcrnyny,

10
7 - (10)

where Rp = a4 (Ip/hvp) is the pump rate (s, Ip is the in-
tensity of the pump light (in W ¢cm?), and hvp is the photon
energy of the pump radiation and o, =1.02 x 1072 cm? at
794 nm. b;; represents the luminescence branching ratio and
Tg; 1s the radiative lifetime of the 3F4 and 3H4 excited states
where i = 2, 3, 4, respectively. Experimental values of the
intrinsic lifetime (z4) of the *F, level and radiative lifetime
(tr4) and the luminescence branching ratios (f41, B4z, fa3),
the cross-relaxation rate (Wcr) and Wey as a function of
[Tm> "] in TZBG glass are listed in Table III.

The calculated evolution of the excited state populations
(in mol %) obtained by numerical simulation of the rate
equations for Tm>(0.5 and 4 mol %)-doped TZBG glass
using a cw pumping rate of 800 s~ (or Ip=19.6 kW cm?)
at 794 nm is shown in Fig. 8, where one can see that equilib-
rium is reached within ¢ < 4 ms [see Fig. 8(a)] for laser emis-
sion at 1865 nm using [Tm’ "] =4 mol % and within 7 < 10
ms [see Fig. 8(b)] for laser emission at 2335 nm having
[Tm3+] =0.5 mol %. At equilibrium, the populations ns, n,,
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S
©
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Rel I
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E -
c
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o —
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FIG. 9. Calculated population inversion (in mol %) for laser emission at (a)
1865 nm and (b) 2335 nm obtained for Tm3+(x)-d0ped TZBG glass with
x=0.5, 1, 2, and 4 mol %. One can find the equivalent pumping intensity
(Tp) using the relation 7p (kWem™2) = 0.02453 x Rp(s™").
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and n; were taken and the population inversions An;=n,
—n,; and An, = (n4 — n3) ~ ny4 (because ns i.e., 3H5 popula-
tion is negligible) were obtained for [Tm>"]=0.5, 1, 2, and
4 mol % as a function of the pump intensity at 794 nm; these
results are presented in Figs. 9(a) and 9(b). Figure 9(a) shows
that the laser emission at 1865 nm has a maximum popula-
tion inversion An; for [Tm3+] =4 mol % exhibiting a thresh-
old pump intensity of 4.5 kW cm ™2 (or 184.6 s~'). The
threshold pumping intensity decreases to 3 kW cm ™2 for
laser emission at 1865 nm for the [Tm>"] =4 mol % sample
if we set the Woy =0, i.e., for a hypothetically OH-free sam-
ple, as is shown by the blue colored curve in Fig. 9(a). On
the other hand, laser emission at 2335 nm has maximum
population inversion (i.e., An,) for [Tm3+] =0.5 mol % and
a negligibly small threshold pump intensity; see the results
presented in Fig. 9(b).

To create a fiber laser based on the *H, —>Hs laser tran-
sition which has a low luminescence efficiency (1, =1.74%
for [Tm>"]1=0.5%) in Tm>"-doped (tellurite or fluoride)
glass one must fabricate a fiber glass that is 1 (or 2) meters
long and pump using a diode laser emitting at 792 nm. This
laser transition has the advantage of being a four level sys-
tem with the lower laser level (*Hs) rapidly de-exciting to
the next lower level (F, level) thus avoiding bottlenecking
that is detrimental for cw operation. A population inversion
of 53% can be obtained for square pump pulses of 760 us
duration; see in Fig. 8(b) which shows the maximum popula-
tion inversion for the *H, — °>Hs transition occurs near
t~ 758 us.

V. CONCLUSION

It has been determined that the luminescence efficiency
of the *Hs —°Hg transition at ~1230 nm in Tm>"-doped
TZBG glass at T=300 K is negligibly small which is pri-
marily the result of large rates of multiphonon emission
which forces the nonradiative decay rate to be much bigger
compared to the calculated radiative rate decay of 499 s '
The decay time of the *Hy level is concentration dependent
which we attribute to the well-known CR process, which is
assisted by excitation migration. Emission from the °F, level
(at 1865 nm) displayed an increase in the decay time with
[Tm®"] due to energy migration that also obeyed the critical
radius model with a critical concentration calculated to be
0.35 mol %. The decay time of the °F, level was observed to
decrease in the highly concentrated sample as a result of
energy transfer to OH™ free radicals transfer with a rate
determined to be Woy =116 s L. The presence of free OH™
radicals was observed in the infrared absorption spectrum
with an average OH~ concentration of 1.6 x 10'® cm ™. De-
spite the presence of OH ™, we calculated that all concentra-
tions allow a population inversion for emission at 1865 nm

J. Appl. Phys. 111, 063105 (2012)

with the sample having [Tm>*]=4 mol % having the high-
est gain as a result of cross relaxation with a threshold pump-
ing intensity (at 794 nm) of 4.5 kW cm?® Likewise, we
calculated that all concentrations allow a positive population
inversion for emission at 2335 nm and that the highest gain
was obtained for [Tm>*]= 0.5 mol %.
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