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Abstract. The temperature effect upon infrared-to-visiblefrequency upconversion efficiency of an ytterbium-sensitized
frequency upconversion fluorescence emissionYio®t-  erbium-doped optical fiber nonresonant pumpetl @4m
sensitizedEr** -doped germanosilicate optical fibers excitedand heated in the temperature rangé 6fC-180°C.

with cw radiation at1.064pm is investigated. The experi-

mental results revealed an eightfold enhancement in the vis-

ible upconversion emission intensity as the fiber temperature Experimental

was increased frorh7°C to 180°C. The fluorescence emis-

sion enhancement is attributed to the temperature-dependdrite experiment was carried out using2@-m length of
multiphonon-assisted anti-Stokes excitation process of thEr*t/Yb3t-codoped germanosilicate optical fiber with a con-
ytterbium sensitizer. A theoretical approach that takes into acentration of8000 ppmiwt of ytterbium and500 ppnywt
count a sensitizer absorption cross-section, which depends of erbium ions. The fiber had a cut-off wavelength around
the phonon occupation number, has proven to agree very well3 um. The excitation source was a cw Nd:YAG laser op-

with the experimental data erated atl.064m and x 20 uncoated microscope objectives
were used to couple the pump light into it and collect the
PACS: 78.20.-c; 42.79.Nv; 42.81.-i; 42.55.Wd radiation emitted out from the test fiber. The fiber span tem-

perature was increased froh7°C to 180°C by placing it

into an aluminum oven heated by resistive wire elements.
Frequency upconversion in rare-earth-doped optical fiber& copper—constantan thermocouple (referenc® &) at-
has been the subject of much interest over the past teaached to the fiber cladding was used to monitor the tempera-
years owing to the possibility of developing visible super-ture with+2°C accuracy. The signal detection and process-
fluorescent fiber sources and visible fiber lasers excited iimg system consisted of 24-cm scanning spectrograph with
the near infrared [1-7]. However, for the majority of rare-operation resolution 0.5 nm equipped with a S-20 photo-
earth single-doped systems the infrared-to-visible upconverultiplier tube coupled to a lock-in amplifier and computer.
sion process has proven inefficient particularly for pumping
in the wavelength region af.0um to 1.1 um, where high-
power sources are commercially available. The realization d® Results and discussion
Yb3*-sensitized materials which exploit the efficient energy-
transfer mechanism between pairs or triads of rare-earth iongjgure 1 shows typical recorded visible power spectra of
has permitted a substantial improvement in the upconversiaadiation exiting the test fiber for a fixed pump power of
efficiency in ytterbium-sensitizedm3*+ [5], Er*t [6], and 700 mWcoupled into it, at two different temperatures as in-
Pr*t [8] doped optical fibers. Fovb®t-sensitized codoped dicated in the plots. The spectra exhibit three distinct bands
hosts under nonresonant excitation with the pump photopeaked around 530, 550, aB@0 nm corresponding to the
energy lower than the ytterbiurf;,—2Fs/, transition, the  ?Hiijs, %Ss2, and 4Fg)» transitions to the?lys;, ground-
upconversion pumping of the acceptor emitting levels is acstate, respectively. The less intense band ard@6®inmis
complished through multiphonon-assisted anti-Stokes excitassociated with théHg/z—“I 13/2 transition. The spectra de-
tion of the sensitizer ions [9], followed by successive energypicted in Fig. 1 also clearly illustrate the enhancement of the
transfer processes. Accordingly, the effective pumping of thénfrared-to-visible upconversion efficiency as the fiber tem-
acceptors’ luminescent excited-states is strongly dependepérature was raised, at a fixed excitation power@ mWat
upon the phonon population in the host material. In this work1.064um. The upconversion excitation mechanism responsi-
we demonstrate for the first time, to our knowledge, eightfoldle for the population of the visible and near-infrared emitting
temperature-induced enhancement in the infrared-to-visiblievels in Er*t /Yb3t-codoped samples excited &064pum
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Fig. 1. Upconversion power spectra exiting the test fiber7&°C and
180°C, for a fixed pump power o700 mWat 1.064.m

state to the?Fs), excited-state, demands the participation of
optical phonons in order to compensate for the energy mis-
match of~ 800 cnT? between the incident pump photon at
1.064m (9398 cnT?) and the energy connecting tR&7/,—

2k transition of the ytterbium ions which is 10 200 cnt?.

In Yb3+-doped germanosilicate-based optical fibers, the in-
homogeneous broadened zero-phonon absorption line is neg-
ligible beyond1.05um [12]. As a consequence, théb®
effective absorption cross-section depends upon the phonon
occupation number in the host matrix, which is an increasing
function of the medium temperature.

The behavior of the visible upconversion emission spec-
tra as a function of the fiber temperature was investigated
and its evolution is illustrated in Fig. 3. As can be observed,
indeed there exists a steady increase in the visible emission
intensities as the fiber was heated fra#°C to 180°C, at
a fixed excitation power. Our observations can be better ana-
lyzed, when one studies the visible upconversion efficiency
as a function of the fiber temperature, as indicated in the plot

has recently been reported for silica-based optical fibers [6]

and bulk glasses [10,11]. Therefore, it suffices to mention
here that the upconversion pumping process of the excitet

state luminescent levels of th&3+-acceptor is obtained by

means of the phonon-assisted anti-Stokes excitation of tF

Yb**-sensitizer or donor from théF;,, ground-state to the
2Fs5), excited-state. The excitedb®" transfers its energy to
an Er*t ion, exciting it to the *l112 level, and a subse-
quent energy-transfer process promotesEnt ions from
the #1112 to the upper?F7, excited-state. Multiphonon-
assisted nonradiative decays from fife,, excited-state pop-
ulate the 2Hiyjz, Sy, and *Fg2 emitting levels, as it is
portrayed in the simplified energy-level diagram presented i
Fig. 2. The energy levels related to tB63nm band were

omitted from the diagram of Fig. 2, since throughout thise

work we have focused on the more intense visible band
The excitation of theYb*-donor from the ?F,, ground-

6 4
T Fon
5 H
3 1172
32
3 Fopn
e [2[?5_/2\21 Nin
s I
g %k
£ g )
o I 1 Lisn
>
= g g &
= SEE
g o | v
=
- y
4
g—; 2F7/2 0 A yv I15/2

Yb3*- sensitizer Er3+- acceptor

Fig. 2. Simplified energy-level diagram of tHers* /Yb3+ system.Upward
and downwards solid arrowsndicate photon absorption and emission, re-
spectively. Double arrowsstand for energy-transfer processes difteéd
arrows are for multiphonon absorption and emission mechanisms
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Fig. 3. Temperature evolution of the visible upconversion fluorescence
emission emanating from the test fiber at a fixed excitation power of
700 mWcoupled into it
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Fig. 4. Visible upconversion emission intensity as a function of temperature
for a fixed excitation power o700 mW. The solid line represents the the-
oretical curve obtained from (5) and (6), adjusted to the experimental data
(symbol¥
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depicted in Fig. 4. As can be inferred from the experimenwhere A(?H112, *Ss2 — ) are radiative transitions rates
tal data, the integrated upconversion fluorescence intensifyom the two to the lower lying levels, and the effective pop-
increased by a factor greater than eight for that range aflations for the coupled levels are

temperature.

The experimental results shown in Figs. 3 and 4, are exseff _ N4 1 (5a)
plained using the model portrayed in Fig. 2, and the set of rate* 14 3eAEas/kgT ’
equations needed to describe the model are listed below as, e AEss/keT
in (23], " M e AT (5)
Ple = Ngoge(T )@ 4 N2Cadng — NeCa2No — Ne , (1a) Fina_lly,_with the proper substitution3 the visible emission in-
N d tensity is obtained through the relation
6
Ne = NeCaph2 — — , (1b)
8 lisble =Y _li =h)_ wioAioh; . (6)
Mg = NgWAR — 2 | (1c) i i
74
) WAR N3 1d Based upon these calculations, we need the temperature-
N3 =NaWg3 — 3 (1d) dependent lifetimes for the participant levels and also the
N, nonradiative transition probabilities. The nonradiative transi-
N2 = NeCu2No — N2CadNg — g (1e)  tion probability between leveisand j for low concentration

of Er¥* jons (our case) is due to multiphonon relaxation pro-
wherenCq (n2Coq) is the donor (acceptor) energy-transfercesses, and can be related to the temperature by means of the
rates, which are temperature-dependent (see [14] and refdgllowing expression [15]
ences therein),l\/i-NR is the nonradiative transition probability, 3
7 is the level lifetime, andd is the power flux. In (1a)— WHR(T) =WR(0) [1— exp(—hwpnonon/ke T) ] - (7)
(1e), oge(T ) represents the temperature-dependent absorp-
tion cross-section for the donor which takes into account thevhereW!R(0) is its value at zero temperature. Actually, this
multiphonon-assisted sideband excitation process [9] and it igrobability can be obtained in two ways: subtracting the ra-

written as diative transition probability (calculated by the Judd—Ofelt
theory [16, 17]) from the inverse of the observed lifetime or
oge(T) = oge [exp(hwphono/ ke T ) — 1]_p ) (2) by direct measurement. Furthermore, the energy of'the,

excited level ofEr®* is approximately half of theF level
In (2), o is the absorption cross-section at resonanceand nearly resonant to thé&Fs, level of Yb®*, which im-
hwphonon iS the phonon energig is the Boltzmann constant, plies that the temperature dependence of the energy transfer
and T is the absolute temperature. The exponprin (2)  ratesCq from Yb3™ to EF* is mainly due to the over-
accounts for the number of optical phonons involved in thdap integrals between the emission of the ytterbium and the
sensitizer excitation. The steady-state solutions for the set @osorption of the erbium [18]. However, in several glasses
(1a)—(1e) give rise to the population of the thermally coupledind crystals, the effect of the temperature increase upon the

2H11/2 and 4Sy/» emitting levels as green and red emission of tH&®", after resonant excita-
tion of the Yb3* sensitizer, is in the direction of the visible
ng = 1’2‘[4(7§e(T)NA NZCgoCae®?72 . (3) light intensity decrease for the range of temperatures above

20°C [19]. Hence, the temperature dependence of the up-
In (3), Na and Ny are the ion concentration of the accep-conversion visible light emission associated with the overlap
tor and donor, respectively. In order to get the result in (3)integrals could not account for the temperature behavior ex-
we have assumed that the direct and back energy transfer dabited in our findings. The major contribution to the results
tween the acceptor and donor do not affect significantly th&erein presented is then attributed to the temperature depen-
lifetime of the excited ions, implying thaf;* 3> n,Caz, and  dence of the ytterbium absorption cross-section as displayed
;1 > ngCaq for moderate pump intensities the ground-statdn (2), and without lack of generality the temperature de-
populations of th&rb3*—Er*+ pair are not depletedig &~ Ny, pendence of the overlap integrals could be neglected in our
No &~ Na). Furthermore, the excited-state levigl; , of Er+ calculations. Using the calculated radiative transition proba-
decays simply nonradiatively t8H:1,» and %Sy, levels, and bilities for silicate glasses [20], and nonradiative decay rates
multiphonon decay fron?Fy,, level of Yb3* is not expected ~ for silica-based glasses [21], we have obtained the tempera-
due to the large energy separation to the ground-state so thi{re dependence of the emission intensities of the three visible
14 is mainly radiative. The observed energy separation bemission bands as well as of the total visible upconversion
tween the?Hy1» and %Sy, levels wasAEgs ~ 700cntt,  €mission with the resultant curves indicated by the solid line
which allows thermal population of théHys/, level. Corre- N the plot of Fig. 4. Indeed, the thgo_renpal model based upon
spondingly, the radiative decay tim@ of the %Sy, level is the temperature dependence residing in the effective absorp-

temperature-dependent through tion cross-section of the ytterbium sensitizer describes quite
well our experimental observations for the individual emis-
1 Y A2~ ) +3e 2T S A(PHyyp — ) sion intensities at 530, 550, aii¥0 nmand the integrated
== — , visible upconversion emission efficiency. Moreover, the same
T, 1+ 3eAEas/keT ; ; "
4 model has also been applied to ytterbium-sensitized -

(4) doped chalcogenide afi*t-doped fluoroindate glasses and
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has also proven to agree very well with the experimentasion flourescence emission BEr*t/Yb3t-codoped glasses
data, as described elsewhere [22, 23]. An alternative approaelnd fibers pumped dt064.um [28—30].

to explain our results would be the possibility that thermal

enhancement of the population in the highest lying Stark subAcknowledgementsThe financial support for this work by FINEP (Fi-
levels of the ytterbium ground-state manifold would give annanciadora de Estudos e Projetos), CNPq (Conselho Nacional de Desen-

important contribution to the temperature dependence of t

volvimento Cierifico e Tecnabgico), CAPES (Coordenadoria de Aper-
icoamento de Pessoal de Ensino Superior) and PADCT (Programa de

upconversion emission enhancement. However, when one dgpoio ao Desenvolvimento Cieifito e Tecnadgico), and PRONEX-
scribes the system using only a Boltzmann factor, the theoNEON (UFPEUFAL/UFPB) is gratefully acknowledged. The research of
etical results deviate rapidly from the experimental data fofarlos Jacinto da Silva is supported by an undergraduate studentship from

temperatures above35°C. The thermal population of the
highest Stark sublevels of course produces some enhance-
ment in the upconversion process, but certainly the tempera-

the PIBIGCNPg/UFAL (Programa Institucional de Bolsas de Iniciagdo
Cientfica).

ture dependence of the sensitizer absorption Cross'sec“%ferences

through the multiphonon-asssisted anti-Stokes excitation pro-
cess is the dominant mechanism.

From the results presented in Fig. 2, we have also ob-
tained the energy of 690 cnt! for the phonon-mode partic- 2.
ipating in the multiphonon-assisted anti-Stokes excitation of
the sensitizer. This result is to be compared with the one of 3
1100 cnt? for the maximum phonon-energy associated with 4
silica-based glass [20, 21, 24]. The deviation in the value for
the phonon energy obtained in our measurements, and the.
maximum value ofL100 cnT?, is due to the fact that in anti-
Stokes sideband excitation processes one has to consider
“effective-phonon-mode”, which has a much lower energy
than the host cut-off value [24]. At high temperatures the g.
population distribution of the phonons participating in the ex- 9.
citation process is centered around this low energy “effective-10-
phonon-mode”, as demonstrated both experimentally and the;
oretically by Auzel and Chen foEr*t-doped ZBLAN and
silica glasses [24]. On the other hand, the highest phonon fret2.
guency of the host is the one that minimizes the multiphonon
order in radiationless emission processes [25, 26].

1.

3 Conclusions

In conclusion, we have demonstrated both theoretically an&g'
experimentally a times eight thermally induced enhance-o.
ment in the infrared-to-visible upconversion efficiency in
an Er*t/Yb3-codoped germanosilicate optical fiber ex- 21
cited at 1.064pum. The eightfold efficiency enhancement .,
was obtained by heating the fiber in the temperature range
of 17°C to 180°C, and was attributed to the temperature-
dependent multiphonon-assisted sideband excitation process
of the Yb3+ sensitizer. The theoretical analysis utilizing rate
equations, and considering the absorption cross-section of the
sensitizer as a function of the phonon occupation number of
the host, has proven to agree quite well with experimentak4.
data. Our results suggest that this technique can be exploite?b:
to improve output powers and reduce threshold of rare-eart
(Pr, Er, and Tm) doped glasses and fiber lasers sensitized wit
ytterbium and pumped by high-power sources inIt@Eum 27.
wavelength region as has recently been demonstrated for an
Er3t/Yb3t-codoped germanosilicate optical fiber laser [27]. 28-
In addition, it can be used to improve the performance, byzg'
reducing the inherent thermal noise at high temperatures ofg.
optical temperature-sensing devices based upon upconver-
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