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Negative nonlinear absorption in Er 3*-doped fluoroindate glass
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We report the observation of negative nonlinear absorption in fluoroindate glasses doped with
erbium ions. The pumping wavelength is 800 nm which is doubly resonant with EBns
transitions. A large nonlinear intensity dependence of the optical transmittance and strong
upconverted fluorescence are obtained. The dependence of the upconverted fluorescence intensity
with the laser power is described by a system of coupled-rate equations for the energy levels’
populations. ©1998 American Institute of Physids$S0021-897¢98)07816-5

I. INTRODUCTION II. EXPERIMENT

. . . The samples used, prepared according to the procedure
Presently there is great interest in the study of the non- P brep 9 b

. . . . described in Refs. 6, 7, 12, and 14 have the following com-
linear absorption behavior of new materials because of PO50sitions in mol %: (39-X) INFs—20ZnF—20SrH—16

sible photonic applications such as frequency ”pconverSiOBan—ZGd5—2NaF—1GaE—xErF3 (x=1 and 3. The

’2 . . ’4 . . ) X
lasers’ all-optical switches;" and bistable devices. samples present good optical quality and do not show any

Among the new materials available to date, fluoroindateystallization under examination with the optical micro-
glasses doped with rare eaffRE) ions appear as promising scope.

candidates to be used in photonic devices because of the low Optical absorption spectra in the 200—800 nm were ob-
multiphonon emission rates and high fluorescence efficientained with a diode array spectrophotometer and the results
cies for RE ions, as compared when they are doping othemre similar to the ones already presented in Ref. 14.
glasses. The excitation of NNA was performed using a commer-
Various spectroscopic studies of RE dopedgthBsed cial continuous-wave diode laser operating at 800 nm and
glasses have appeared in recent years. For instance, baglivering ~5 mW. The laser beam was focused on the

studies on the optical properties of fluoroindate glasse§@Mple using a lens with 10 cm of focal length. The fluores-
doped with EG*, G, PP, N&*, Tm®*, and Dy* cence, collected perpendicularly to the direction of the inci-

dent beam and dispersed by a 0.5 m grating spectrometer,
was detected with a GaAs photomultiplier. For the transmit-

oroindate glasses were also presetfted illustrating the tance measurements Si photoqllodes were used. The signals
were processed with a lock-in or a digital oscilloscope

large potentiality of this glass _fan_wlly as efficient optical up- coupled to a personal computer for data processing.
converters. Moreover, applications such as flashlamp

pumped laser’ temperature sensdt,and processing of
waveguides for integrated opti€sare already known.

In this paper we report the first observation of negative ~ Figure 1 shows the dependence of the transmitted beam
nonlinear absorption(NNA) in Er**-doped fluoroindate intensity as a function of the incident laser intensity. The
glass, at room temperature. This effect, previously observet@ser wavelength was chosen at 800 nm in order to be simul-
in highly doped erbium—yttrium aluminum gar@snd in taneously resonant with one erbium transition originating

4 . s
semiconductor is characterized by a decrease of the trans{Tom the gdround St_""tij 15/22 lorz, a?d als40 with tre;nfnmns
mission with increasing intensity. It is usually due to g associated to excited statehy;— ("Fsi2,"Far) and "1z
double resonance of the incident radiation with a pair of = 12" . .

. - . . . The experiments wer rformed with the twd Econ-
electronic transitions. It can be studied directly by ob:servmgCen e experiments were performed with the twdEco

the t ission th hth | ndirectly b trations available and both samples exhibit NNA which
€ transmission through the sample orindirectly by measule, seq 5 decreasing transmission as the laser intensity is in-

ing the resulting upconverted radiation as a function of th‘?:reasing. The obtained results are shown in Fig. 1, where the
intensity of the incident laser. This upconverted radiation is)gints represent the experimental data. The solid lines in Fig.
only present when the highest excited state has a large radi@-\vere obtained using the expressids (1—R)2e~ %[ 1

tive branching ratio to the lowest lying states, as is the case- az/e0] ((1—R)(1—e %% ]! for the transmittance, where
presented here. From the applied point of view this effect iR=0.04 is the air—glass interface reflectivity, is the laser
also important for optical limiting applicatioffsand for op- intensity on the front surface of the samplierepresents the
eration of bistable devices. sample lengthg, is the measured linear absorption coeffi-

were reported- 1! Frequency upconversion and energy trans
fer processes involving Pt-, Erf'-, and Nd*-doped flu-

lll. RESULTS AND DISCUSSION
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FIG. 2. Upconverted fluorescence spectrum excited with a diode laser op-
erating at 800 nm.
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. indicates possible steps in the excitation process. The first
Laser Intensity (W/cmz) P P P

step is a resonant transitidih;s.,—*l o, followed by a fast
FIG. 1. Transmittance at 800 nm as a function of the incident laser powePONradiative relaxation to levell 11/, followed by a slow
for the samples withk=1 andx=3. nonradiative decay to levél ,5,. Excited state absorptions
(ESA) to highly excited states?l;;,,— (*Fs2,*Fs), and

. . . . - 4 137—2H 115> occur and originate the frequency upconver-
cient, anda, is the nonlinear absorption coefficient. The sion emissions

parameters used in these fittings are presented in Table I. It is important to note that cross relaxations
The fluorescence spectrum observed in the 500—700 nrzmHm2 o) — (Mo ¥zn) and CF 10— (11

range for the sample witk=3 is shown |n4F|g. 2. The 4) y"may contribute to increase the population of levels

spectral bands correspond to transitiéHs ;,— *l 5, (~520 411, and %l 15, and thus the emission at550 nm is en-

4 4 4 4
M), “Sgi—"l 1572 (~550 NM), and"Fg/;—"l152 (~670 NM. - anced The red emission@B70 nm (Fgjy— %15 OCCUTS
The spectrum for the other sample is similar except for the,so nonradiative relaxatiofSs/y— *F or,.

band intensities which decreases with the erbium concentra- |, Fig. 5 we present a simplified scheme for the energy

tion. . . levels including all the essential excitation steps. Level 1
The frequency upconversion process was monitored,egnonds to the ground stétgyy,, level 2 corresponds to

through the fI_uoresqence atc50 nm an(_d th_e dependenc_e of aither?| 1120 *1 15, and level 3 represents levéis, , and

the emitted signal with the !aser intensity is shown in Flg. 3.all other levels of higher energies. Sty is not consid-

We note that the sample with=3 presents a strong nonlin- ore in the model because the red emission is weaker than

ear dependenadslope 5 in the log—log plotwhile an almost  yhe green fluorescence. A four level system was also em-

guadratic dependence_is observed fqr the other sample. ployed but no significant improvements compared to the
We have also studied the dynamics of the frequency up-

conversion process as a function of the pump intensity. In

these temporal studies the excitation beam was chopped at a
frequency of 8 Hz while the upconverted fluorescence was 100 =
monitored with a digital oscilloscope. The temporal resolu- %‘ C
tion of the detection system is 0.1 ms. £ i slope =5
Figure 4 shows the dependence of the fluorescence from g L x=3
thex=3 sample for four different intensities. It is important S =
to note that the signal rise time is10 ms, although the § = 10
lifetime of the fluorescing level is 0.Gs* This behavior g -
indicates that long-lived states participate as intermediate = ? L o}
stages in the upconversion process. g E i
In order to understand the upconversion dynamics we g & T slope = 1.85
first consider the energy level scheme of Figa)5which g 1 x=1
g ;
TABLE |. Parameters used to fit the theoretical expression of the intensity - C
dependent transmittance. . L il
1 —1 10 100
atem) colem’) celom W) Laser intensity (W/cmz)
x=1 0.29 0.317 0.001
Xx=3 0.28 1.028 0.631 FIG. 3. Dependence of the upconverted fluorescence emitted at 550 nm as a

function of the incident laser intensity.
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FIG. 4. Fluorescence intensity at 550 nm vs time during laser illumination with an excitation intensity of 56.6 W)c2# W/cnt (b); and 7.5 W/crA (c).
Sample withx= 3.

three level model are obtained. The observed temporal bes[4],,,+%l4,]. The software packag@ATHEMATICA was

havior is reproduced using a rate-equation approach whicfjgeq to solve numerically the system of equations presented
takes into account the contributions due to the two pumping,gye.

ratesR;(1—2) andR,(2—3). The equations for the popu-

3 7 The agreement of the model with the experimental re-
lation densities assume the form:

sults can be verified in Fig. 4, where the solid line was ob-
tained using the parameters indicated in Table Il. The values

ny=—RynN;+Won,+Wsn;—Smyng, 1 )
! v 2 SR @) of W31, Ws,, andW, were obtained from Refs. 14 and 16.
fy=RyN;— (Rp+W,) Ny + Wi+ 2SN, 2 The ratio be‘Fween the pumping rgtES_L and R,, and the
cross-relaxation rat&, were determined from the upconver-
Na=R,N,— W3nz—Snns (3)  sion intensity measurements as a function of the incident

laser intensity. From the steady state solution of Etjs=(3)
where n;, n,, andn; denote the population densities in we can calculate the upconverted fluorescence and compare
levels 1, 2, and 3, respectively, ang+n,+n;=1. The pa- the results with the observed behavior under cw excitation.
rametersW, and Ws,+ W5;,=W, are the relaxation rates of In Fig. 6 we show the results of the comparison with the
levels 2 and 3, respectivelyS is the effective cross- experimental results from Fig. 3. It is important to mention
relaxation parameter associated to proce$é8s,(°H1/) that the parameters used here are the same as obtained from
— Mol [ *s—2l13n] and  [*Syu(®Hi)— %1130 the fitting of the transient experiments.
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values for the parameters are those indicated in Table Il obtained fitting the

theoretical expressions to the results of Fig. 4.

W, relaxation which enables the excitation of two ions in the
(*“111/2,1 13p) States when pumping transitidh, s;,—*l o,.

A closely related effect which is also possible to observe
with our samples is the phenomenon of photon
avalanché®2?*=2® The main difference is that in the ava-
lanche effect the sample’s absorption is initially very small
and constant with the laser tuned far from resonance in the
4 W, first step. Under these conditions there is an intensity thresh-
R, old where the transmission starts to change, which is not
what happens in the present measurements. We can say that
the negative nonlinear absorption observed for the experi-
1 Tysn2 mental situation discussed here is a limiting case where the

(b) avalanche effect is absefgven for very low powers the
transmission depends nonlinearly on the intensibecause
the ratio between the pumping ratid®, /R, is too large.

oy 4
Lop , "Tisp

FIG. 5. Simplified energy levels schem@) Relevant levels of Ef; and
(b) three-level model used in the calculations.

V. CONCLUSION

We note that the dependence of the cross-relaxation rate We have reported negative nonlinear absorption in an
with the erbium concentratiofes shown in Table Jlis a  Er*-doped fluoroindate glass pumped at 800 nm. The ex-
consequence of the change in the distances between the @grimental results, obtained using a low power diode laser,
tive ions. This dependence explains why the NNA effect isdepend on the erbium concentration because the interaction
less pronounced in the sample witks 1. The nonlinear be- among ion pairs which contribute significantly to the NNA
havior of transmittance and upconverted fluorescence as Rfocess is strongly dependent on the relative distance among
function of laser intensity is mainly due to the large cross-Er" ions. The presented theoretical model agrees with the

experimental results and provides an estimate for the effec-
tive cross-relaxation rate among erbium ions.
TABLE Il. Parameters used to fit the temporal behavior of the upconvertec{ies [k:)?tvmvetgr? frliil:cl)tisnggf:emed here and dye to the similarn-
fluorescence. glass and fluorozirconate glass, we
conclude that other nonlinear effects, such as photon ava-
Wa(sh)  Wa(s™hH  Wo(sH)  S(shH R/Ry lanche, may also be observed in jAbased glasses using
inexpensive diode lasers with appropriate wavelengths. Fur-
ther experiments along this line will be performed in the near
future.

638 262 100 1750 0.012
781 321 109 1300 0.012

X X
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