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We have demonstrated that an efficient energy transfer takes place frditor6r*

in calcium aluminate glasses. Ybimproves excitation efficiency at around 980 nm,
enhancing emission intensity of Trfluorescence at 1.2—1,6m. Nonradiative energy
transfer via electric dipole—dipole interaction between ytterbium and chromium ions
was found to be dominant over radiative b Cr** energy transfer. A diffusion-
limited energy transfer mechanism well explains the decay behavior 3t/@HB™-
codoped glasses. This codoping scheme may be applicable to offieraBtaining
crystals and glasses.

Conventional oxide glasses exhibit strong adsorptiorstanding associated with the processing condition and
in the 3.5-5um region, while infrared (IR) transmission mechanism of CY formation in glasses. For example,
cutoff of calcium aluminate glasses is aroundudn  incorporation of Ct* into fourfold coordination sites was
wavelength, which is mainly attributed to low vibrational promoted when these glasses were melted under an inert
energy (700 cmi?) of these glasses compared to thatatmospher& However, the content of ¢ ions was in-
(typically higher than 900 cit) of the conventional dependent of melting atmosphere, and the relative con-
oxide glasses. Calcium aluminate glasses have beentent of CP* increased with increasing oxygen partial
estimated to show the sum of scattering losses of appressure of the melting atmosphére.
proximately 0.04 dB/km at 1.5am.2 In addition, these In T4 symmetry, the C¥: A, — 3T, absorption tran-
glasses exhibit a mechanical strength comparable to thattion is electric dipole allowed while théA, - 3T,
of some silicate glassé<On the other hand, binary CaO- transition is electric dipole forbiddehHowever, due to
Al O, glasses have a narrow glass-forming region and éhe asymmetric phonons originated from distortion of the
pronounced tendency toward devitrification. However,perfect tetrahedron, th\, — 3T, transition can become
introduction of alkali and alkaline-earth metals to thepartially allowed. Therefore, strong absorption bands in
calcium aluminate system significantly improves thethe visible region are attributed to tfa, — T, transi-
glass-forming ability® On the basis of the above consid- tion, while the weak near-infrared absorption is most
erations, calcium aluminate glasses can be applicable likely arising from theT, level (Fig. 1). On the other
telecommunication uses. Renewed interests on thedwnd, an excited-state absorption (ESA) conspicuously
glasses have risen since stable formation of the +4 oxieccurs at the visible wavelength in Crdoped crys-
dation state of chromium dopant, which emits neartals®*° The same phenomenon is also evident iff*Cr
infrared luminescence, has been known. doped calcium aluminate glasseshis means that

Cr** ion under specific fourfold crystal fields in some optical pumping with wavelength longer th&®00 nm,
oxide glasses emits 1.2-1,6m fluorescence which is where the absorption efficiency is low, is better to avoid
attributed to an intra configurational transition. So the ESA. However, a significant ground-state absorption
far, formation of the stable +4 oxidation state of chro-between 1200 and 1500 nm takes place even in a glass
mium has been achieved only in calcium-aluminate andloped with low concentration of Cr, i.e., 0.1 mol%,Ox
alumino-silicate glasses’ There is still lack of under- [Fig. 1(a)], which reabsorbs the €r°T, - 3A, lumines-
cence responsible for the 1.2—1uén fluorescence and
thereby makes a deleterious effect by lowering the cor-
responding quantum efficiency. Increase of doping con-
AAddress all correspondence to this author. centration of the chromium ions to enhance the ab-
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sorption at the®T, level is also prohibited due to the fluorescence in the 1.2—16m band is about 190 nm.
probable concentration quenching effédthus, Cr con- Figure 3 shows the fluorescence decay profiles of
centration should be kept low and an efficient pumpYb®*:?F5,, -~ °F,,, transition. An exponential decay
mechanism is required for the chromium-doped crystalsvith the 1/e fall time of 823.s is evident in the 1.0 mol%
and glasses for laser and amplifier applications. Yb,0O5 single-doped glass [Fig. 3(a)]. This measured

In this paper, YB" ion, of which the strong absorption lifetime is comparable with a radiative transition prob-
peak is around 980 nm, is introduced as a sensitizer of

Cr**ion in calcium—aluminate glasses in order to provide
a suitable pump band. Spectral overlap betweer*Yb
emission and Ci absorption and the relatively high os-
cillator strength of Ct provide the theoretically ad-
equate backgrounds of Yb - Cr** energy transfer. _8r
51Ca0-36A}0,-10Ba0-3Zn0O (mol%) glasses =
doped with C50; and (or) YbO, were prepared in airby &
the conventional melt-quenching method. Starting mate% 6
rials with purity higher than 99.9% were weighed and &
mixed to yield 10-g-batch mixtures. The glass samplesc
were obtained by melting the mixtures in Pt crucibles atg
1650 °C fo 1 h and subsequent annealing at 700 °C. Upg
to 1.0 mol% YRO, could be dissolved in our host com- E
position without any sign of crystallization. A charge- ©
transfer band of & as well as the intraconfigurational
transitions of Ct* are resolved in the low-intensity ab-
sorption spectrum of the @D;-doped glasses [Fig. 1(a)]. ;
Absorption from YB* [Fig. 1(c)] is well overlapped ot . L . :
with the absorption of the Gf: 3A, - 3T, transition 1100 1200 1300 ~ 1400 ~ 1500 1600
[Fig. 1(b)]. Using a 978-nm pump, fluorescence emission wavelength (nm)
enhanced in magnitude at room temperature is evident iRIG. 2. Fluorescence emission spectra of calcium aluminate glasses
a glass codoped with 0.01 mol% £, and 1.0 mol% doped with (a) 0.01 mol% GO, only and (b) 0.01 mol% GO4/1.0

Yb,O; (Fig. 2). The full width at half-maximum of the mol% Yh,O5. Excitation wavelength was at 978 nm, the peak wave-
273 Cer length of the YB* absorption spectrum.

10

S

20

150 e

18

100

16

T-o--C-T-—F-J-=

14

50

12

T

10

T

800 1000 1200 1400

]
normalized intensity (a.u.)

absorption coefficient (cm™)

__________

L A i 0.000 0.001 " 0.002 0.003
600 800 1000 1200 1400

lenath time (s)
wavelength (nm) FIG. 3. Fluorescence decay curves of the*YBF;,, - 2F,, transi-
FIG. 1. Low-intensity absorption spectra of calcium aluminate glassesion for 1.0 mol% YkO,-doped glasses with @D, doping concen-

doped with (a) 0.1 mol% GO, (b) 0.01 mol% CsO4/1.0 mol% trations of (a) 0, (b) 0.01, and (c) 0.1 mol%, respectively. Solid lines
Yb,0O5, and (c) 1.0 mol% YBO,, respectively. were obtained from the least-squares fit to Eq. (2).
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ability of Yb3* in this glass host{L049 + 10 §%), which 1
is calculated from the absorption spectrum using the
Fuchtbauer—Ladenburg equatibnThis indicates that
the radiative transition rate of ¥his hardly affected by
the phonon environment. Meanwhile, when the concen- g
tration of Cr,O; is increased from 0.01 to 0.1 mol%, the
decay profiles result in shortened decay times and cle&#,
nonexponential decay behaviors [Figs. 3(b) and 3(C)]§.
Such a nonexponential decay suggests that there is &
energy transfer from ytterbium ion to another ion, mostZ
probably chromium ion in this case.

When the activators or quenching centers are preseng
a decaying behavior of the sensitizer fluorescence fol-
lows a nonexponential behavior at the beginning. At -2
the later stage of the decay, however, an exponen-
tial behavior starts to dominate because of either the
energy migration among sensitizer ions or ceasing of
donor—acceptor energy transférin general, both direct -3 ; ' ; S . L :
sensitizer— activator energy transfer and diffusion -10 9 8 -7 -6 5
among sensitizer ions affect overall decay behavior of a In(t) (s)
sensitizer. An overall deexcitation probability(t) with FIG. 4. Dependence ofI(t) on Ing) for 1.0 mol% YhbO,-doped

time t is expressed as follows: glasses with codopant of (a) 0.1 and (b) 0.01 mol%Ggr respec-
tively. Solid lines were plotted from the least-squares fit to the straight

N(t) = exp{-Wot - TI(t)} , (1) line.

whereW, is a reciprocal of lifetime without any energy
acceptor andlI(t) is a magnitude of the departure from
the intrinsic exponential behavior due to the energy transfe eLoefficient for energy migration among donors. Then, the
ﬁ]eut;’t\:eglr; Isrire‘fggtgn Zr]c?\eartr(]:gllg;?; 'Orgsorlt?oﬁamgletjfme critical transfer distanc®, can be calculated from an equa-
Wherg the exponens can be eithzr FG) 8. or 10 de- tion, R,° = C./W,. For an isolated sen5|t|zer—a}ct|vator pair

) . : separated byR,, the energy transfer occurs with the same
pending upon the electric-multipole character of the e a5 the spontaneous deactivation in the sensitizer. The
sensitizer—activator mteractldﬁ.Ther_l, the exponent of optimizedR, was estimated toeb4 + 1 nmusing results of
1I(t) can be revealed from a slope in the plot of In{-In o |eastsquares fits in Figs. 3(b) and 3(c). The distance

N(t) — Wt} versus Inf). It is verified in Fig. 4 that the . | than that of i - Cr*t fer i hosphat
slope is 0.74 and 0.62 for 0.01 and 0.1 MOI%QS  gaaats ¢ ransierin a phosphate

doped glasses, respectively. The slightly higher valué:1
that & considerable amount of difusion among-Yions  1C../Cf codoped glasses, since the spectral shape of
+, 2 g .
intervenes in the time scale of our observation. The dethe Y& *Feyz ~ ), transition was distorted accord-
ing to the absorption line shape of Craround YG*

crease in the exponent with increasing chromium congmission wavelength. On the other hand, a back energy
centration further indicates that the effect ofdlrectenergxransfer from chromium to ytterbium seems not to be

transfer become_?hdor?mantbashtk:jeﬁchromlum concentr E?ﬂausmle The measured lifetimes of the infrared emis-
tion increases. Therefore, both diffusion among sensigjq, in calcium aluminate glasses are in a range of sub-
tizer ions and single step electric dipole—dipole tranSfanlcroseconds {640 us at room temperature, and the fast

frr?m I;ebnsmzer% to (rjand(()jmrl]y ?'ﬁtr'b.Uted actlyatodr '(.)ns({t]ransmon rates mainly result from the strong nonradia-
should be considered, and the following equation derived, multiphonon relaxatiof::®

by Yokota and Tanimotd was used for the fits of ex- " conclusion, we have demonstrated improvement of

perimental decay curves: 980-nm pump efficiency as well as enhancement of 1.2—
1.6 wm fluorescence of Ci-doped calcium aluminate

1 b

Radlatlve energy transfer was also appreciable in the

N(t) = exp) - Wet — %3 7°*n,Csa”® t2 glasses by introduction of ¥ as a sensitizer. Electric
1+108%+ 15502\ %4 dipole—dipole energy transfer from ¥bto Cr**, which
< : : ) ] (2) s limited by diffusion among Y% ions, is a dominant
1+8.74% energy transfer mechanism. This codoping scheme may

Here,n, is an activator concentratioG, is an interac- be applicable to other Cf-containing crystals and
tion parameter, and = DC ;2% where D is a diffusion  glasses.
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