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Violet and blue light amplification in Nd 31-doped fluoroindate glasses
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We report optical gain at 382 and 414 nm from Nd31-doped fluroindate glasses after excitation with
lasers operating either at 583 or 532 nm. Stimulated emission due to a frequency upconversion
process results in increase of the emitted violet and blue light intensity and emission line narrowing.
Large optical gain is measured by pump-probe spectroscopy using samples with various Nd31

concentrations. ©1999 American Institute of Physics.@S0021-8979~99!09109-4#
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I. INTRODUCTION

Solid-state lasers based on frequency upconversion
nomena in rare-earth~RE! doped materials1–7 are promising
violet/blue light sources for applications such as high-den
data storage, displays, contaminant detection, and biolog
research.8

A common procedure to investigate new upconvers
lasers is to choose a convenient host with a low energy p
non spectrum which allows a larger lifetime of RE me
stable states and large luminescence efficiency. Amongs
suitable hosts such as heavy metal-based amorphous m
ces, fluoride glasses have received great attention due t
small optical phonon energies.7 Fluoroindate glasses~FIGs!
belong to this class of materials and they have been ex
sively studied in the last years.9–20 Besides a large efficienc
as frequency upconverters, FIGs are known to have a h
resistance to moisture with good chemical and mechan
stability and a large transparency window~0.2–8mm!.

Up to the present upconversion laser performance
been evaluated through laser slope-efficiency measurem
and not much attention has been devoted to measure
nonlinear coefficient related to the mechanism respons
for feeding population to the fluorescent levels. This is g
erally difficult to quantify because the amplification of th
signal in one-pass events in the nonlinear medium is usu
small.

In this article we report the first observation of ampli
cation in violet and blue wavelengths using Nd31-doped FIG
samples excited by lasers operating in the red/green rang
method to measure the nonlinear coefficient, using an in
herent light source as a probe and a laser beam as the p
source, is introduced based upon the behavior of Fou
components of the amplified signal. The results are prese
for two different pumping wavelengths and various Nd31

concentrations. Comparison with results obtained
Nd31-doped fluorozirconate~ZBLAN ! glass is also made.

II. EXPERIMENTAL SETUP AND TECHNIQUE USED

The fluoroindate glasses used were based on InF3 as the
network former and various modifiers. The glass synthe
6780021-8979/99/85(9)/6782/4/$15.00
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was implemented using the procedure given in Ref. 9 and
actual composition used in the present experiments is
following in mole percent: (39-x) InF3-20 ZnF2-20 SrF2-16
BaF2-2 GdF3-2 NaF-1 GaF3-x NdF3 (x50.5, 1, 3!. One sam-
ple of ZBLAN glass with the following composition in mole
percent: 52 ZrF4-20 NaF-20 BaF2-4 LaF3-3AlF3-1 NdF3 was
also used for comparison with FIG samples. Linear abso
tion measurements were made using a commercial spe
photometer.

Figure 1 is the schematic of the experimental setup
nonlinear measurements. The probe beam was obtained
ing a low power white lamp whose wavelength (l1) was
selected using a 25 cm grating monochromator. The pu
beam at wavelengthl2 was obtained from a dye lase
pumped by the second harmonic of a neodymium:yttrium
aluminum–garnet laser or the second harmonic beam. A
chanical chopper was used to modulate the intensity of
probe and pump beams at the frequenciesf 1 and f 2 , respec-
tively. The signals were detected by a GaAs photomultip
connected to a lock-in amplifier, which is triggered by
electronic signal generated by the chopper. The detec
technique used was based on the measurements of the
rier component at (f 11 f 2) present in the transmitted prob
beam due to the presence of the pump beam.

The propagation of the probe beam with intensityI 1

through the nonlinear medium excited by the strong pu
laser beam with intensityI 2 , can be described by

dI1~z!

dz
52a1I 1~z!1b12I 2

2~z!I 1~z!. ~1!

The solution of Eq.~1! for the transmitted intensity is given
by

I 1~d!5~12R!2 exp~2a1d!I 1~0!exp$b12~12R!2I 2
2~0!

3@12exp~22a2d!#/2a2!%, ~2!

wherea1 anda2 are the linear absorption coefficients at t
probe and pump beam wavelengths, respectively,R is the
reflectivity at the sample’s surfaces,d is the sample thick-
ness,I 2(0) is the intensity of the pump beam just befo
entering the sample andb12 is the nonlinear coefficient. The
2 © 1999 American Institute of Physics
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nonlinear term in Eq.~1! arises because the intensity of th
probe beam is affected by the presence of the pump be
and the quadratic dependence onI 2 comes from the fact tha
two photons are necessary to originate the nonlinearity
will be explained below. The value ofb12 is usually small
and the intensity change of the signal due to its pass
throughout the sample is feeble. The main difficulty in th
kind of experiments is to distinguish between the sponta
ous emission generated atl1 due the frequency upconve
sion process excited by the pump beam and the ampl
probe beam component. As shown in Fig. 1, the strong be
is made collinear with the probe beam and both beams
focused on the sample. A broad band incoherent light sou
was used as the probe beam and the spectral region of i
est ~360–440 nm! to be sent through the sample is selec
using a dichroic mirror~DM!. The experiments were per
formed at two wavelengths of the pump beam at 583 or
nm. The pump and probe beams were chopped at diffe
frequencies that are not harmonic of each other before
reach the DM. As indicated in Fig. 1 we choosef 155 f 2/6
with f 25112 Hz. Color filters at the entrance of the spe
trometer prevent scattered light due to the pump beam
enter the monochromator. The light signal from the sam
in the violet-blue range, has three components: an upc
verted scattered light modulated at frequencyf 2 , the probe
beam with a frequency modulationf 1 , and a componen
with frequency (f 11 f 2) that results from the interaction o
both beams,I 1 and I 2 , with the Nd31 ions in the sample.
The signal at (f 11 f 2) carrying information on the stimu
lated emission process is electronically filtered by a lock
and the data are sent to a personal computer for proces

III. RESULTS AND DISCUSSIONS

The linear absorption spectrum of one sample is sho
in Fig. 2~a!. The bands are due to the Nd31 ions and their
positions are independent of the Nd31 concentration. This is
characteristic of inhomogeneously broadened transitions
side the 4f shell which are not very sensitive to the pertur
ing crystalline field.

FIG. 1. Experimental setup used for the nonlinear measurements. M1 , M2 ,
and M3 are metallic mirrors; DM is a dichroic mirror; L1 , L2 , and L3 are
convex lenses of focal length equal to 5, 5, and 10 cm, respectively; F
color filters, OF is a multimode optical fiber, SPEC is the monochroma
and the photomultiplier tube.
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In one set of experiments the pumping wavelength w
tuned to 583 nm, close to the absorption band centere
577 nm (4I 9/2→2G7/2) but not on resonance to avoid ho
burning due to the large power emitted by the dye las
Upconverted fluorescent lines were observed at wavelen
354 nm (4D3/2, 4D5/2, 2I 11/2→4I 9/2!, 382 nm (2P3/2

→4I 9/2; 4D3/2, 4D5/2, 2I 11/2→4I 11/2!, 414 nm (2P3/2

→4I 11/2; 4D3/2, 4D5/2, 2I 11/2→4I 13/2!, and 449 nm (2P3/2

→4I 13/2; 4D3/2, 4D5/2, 2I 11/2→4I 15/2!, corresponding to two
photons absorbed from the pump beam as indicated in
2~b!. Other emissions in the visible and in the infrared ran
can be easily assigned to the Nd31 levels but we are not
interested in their behavior for the present purpose. A lo
log plot of the violet and blue fluorescence as a function
the pump power exhibited a quadratic dependence for e
emission line, corroborating the assumption that two phot
from the excitation source are necessary to excite lev

re
r

FIG. 2. ~a! Absorbance spectrum of Nd31-doped fluoroindate glass~sample
with x53 and thicknessd51.80 mm!. The absorption band at 380 nm
(2P3/2) is magnified for visualization;~b! simplified energy level scheme
showing the excitation pathways and the observed upconversion fluo
cence emissions.
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4D3/2, 4D5/2, 2I 11/2, and 2P3/2 and to produce each upcon
verted photon. The spectrum corresponding to emission
382 and 414 nm are shown in Fig. 3~a! for the sample with
x50.5. These emissions have been previously studied u
pulsed19 and continuous wave excitation20 and they are par-
ticularly interesting because of their large oscillat
strengths. Since it was already observed laser action
Nd31-doped ZBLAN fibers at these wavelengths,21,22 we set
an apparatus to measure the coefficientb12 in our samples
and to investigate the expected stimulated emission when
pump and probe beams are present.

After a careful adjustment of the overlap between
probe and the pump beams on the sample we scanned
probe beam wavelength and recorded the signal at (f 11 f 2)
for a fixed incident pump power. In this case the signals
( f 11 f 2) are observed only at two wavelengths correspo

FIG. 3. ~a! Upconverted emission lines at 382 and 414 nm for excitation
583 nm in FIG sample withx50.5; ~b! probe beam amplified signal modu
lated at (f 11 f 2) for the sample withx50.5. The probe wavelength (l1)
was scanned in the range between 370 and 430 nm while the excit
wavelength (l2) was fixed at 583 nm. The scales are arbitrary.
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ing to the upconversion lines at 382 and 414 nm as illustra
in Fig. 3~b!. We also measured the amplitude of the sign
modulated at (f 11 f 2) as a function of the pump power fo
various Nd31 concentrations and typical results are shown

FIG. 4. ~a! Signal at 414 nm detected at frequency (f 11 f 2) as a function of
the squared pump power for excitation at 532 nm in FIG sample witx
51 and thicknessd51.45 mm ~j!; x53 and d51.80 mm ~d!; and
ZBLAN with x51 and d52.45 mm ~m!. ~b! Same as in~a! with pump
wavelength at 583 nm. The dashed lines represent the fit of the experim
data with Eq.~2! with the coefficientsb12 of Table I.

t

on
s
TABLE I. Values obtained for the nonlinear coefficientb12 ~cm3/W2! using different excitation wavelength
and different concentrations of Nd31 in FIG and ZBLAN.

Pump wavelength 532 nm 583 nm

Sample
\Emission line 382 nm 414 nm 382 nm 414 nm

FIG x50.5 (1.960.1)310211 (1.160.1) 3 10211 (2.660.1)31027 (2.060.1)31027

x51 (5.360.2)310211 (1.860.1)310211 (6.360.2)31027 (3.260.2)31027

x53 (3.460.1)310211 (1.360.1)310211 (4.460.3)31027 (3.160.1)31027

ZBLAN x51 (2.360.3)310212 (3.360.3)310212 (2.760.1)31027 (2.260.1)31027
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Fig. 4 for the samples withx51 and 3. The measuremen
were repeated with the pump laser at 532 nm and both fl
rescence lines were analyzed. As shown in Fig. 4 the exp
mental results exhibit an exponential growth as a function
the pump intensity that is observed for all samples stud
Also shown are the results for ZBLAN:Nd31 sample. The
exponential curves fitted to the experimental results with
sis in Eq.~2! give the values of the nonlinear coefficientb12

shown in Table I for the two excitation wavelengths and
different concentrations of Nd31 in both host matrices. It is
important to note that the values ofb12 for 583 nm are;104

times larger than the values obtained for 532 nm. This
hancement occurs because the laser at 583 nm is clos
resonance and the oscillator strength of the transition pea
at 577 nm is larger than for the absorption line centered
521 nm. We also observe that the most efficient sample is
Nd31-doped fluoroindate glass withx51. The reason being
the strong fluorescence quenching in the more concentr
sample withx53 due to cross-relaxation processes betw
Nd31 neighbors.19

Another relevant feature to consider is the behavior
the linewidths~Dl! of the upconverted emissions in Fig. 3~a!
in comparison with the spectrum of Fig. 3~b!. The value of
Dl for the amplified emissions is smaller for both lines
382 and 414 nm. This line narrowing is due to the ampl
cation process even though the interaction length is only 1
mm.

The results reported indicate the possibility of using F
as a better gain medium than ZBLAN at 382 and 414 nm.
course the development of good quality optical fibers ba
on FIG may allow the operation of efficient upconversi
fiber lasers in the future.23

Finally, in order to be sure that the detected signals w
due to stimulated emissions instead of induced absorption
independent experiment was performed. Using two HeNe
sers modulated at frequenciesf 1 and f 2 , we operated the
photodetector in the nonlinear regime, set the lock-in ph
to f50 and measured a negative signal at (f 11 f 2). Keeping
the lock-in parameters fixed such thatf50, and returning to
the scheme of Fig. 1, we observed a positive signal atf 1

1 f 2) which indicates that a signal due to stimulated em
sion was detected.

In summary the results presented in this article dem
strate a simple method to measure optical gain in single-p
experiments using bulk samples doped with RE ions. T
technique has shown a high sensitivity and allowed us
determine the gain parameter for the violet and blue em
sions at 382 and 414 nm in Nd31-doped FIG and ZBLAN
for two absorption bands pumped either at 583 or 532 n
The results show that operation of efficient upconversion
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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sers based in Nd31-doped fluoroindate glass fibers exploitin
the process studied here is promising.
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