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Violet and blue light amplification in Nd  3*-doped fluoroindate glasses
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We report optical gain at 382 and 414 nm from®Netoped 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 varidus Nd
concentrations. ©1999 American Institute of Physids$§0021-8979)09109-4

I. INTRODUCTION was implemented using the procedure given in Ref. 9 and the

Solid-state lasers based on frequency upconversion ph ctual composition used in the present experiments is the

. g2 - ollowing in mole percent: (3%) InF;-20 Znk-20 Srk-16
nomena in rare-earttRE) doped materials’ are promising B
violet/blue light sources for applications such as high-densityBan'2 GdRy-2NaF-1Gag-x NdF; (x=0.5, 1, 3. One sam-

; : . . . “ple of ZBLAN glass with the following composition in mole
:j:;:as;tcoléage, displays, contaminant detection, and bIOIOg'C%ercent: 52 720 NaF-20 Bal4 LaFy-3AIF,-1 NdF, was

. . . also used for comparison with FIG samples. Linear absorp-
A common procedure to investigate new upconversio P P P

. . . r‘{ion measurements were made using a commercial spectro-
lasers is to choose a convenient host with a low energy pho-

non spectrum which allows a larger lifetime of RE meta_photometer.

. - Figure 1 is the schematic of the experimental setup for
stable states and large luminescence efficiency. Amongst the . .
. nonlinear measurements. The probe beam was obtained us-
suitable hosts such as heavy metal-based amorphous matlrl- a low power white lamp whose wavelength,] was
ces, fluoride glasses have received great attention due to if9 P P 9Ny

small optical phonon energiésEluoroindate glasse&IGS) selected using a 25 cm grating monochromator. The pump

belong to this class of materials and they have been exter%:)-earn at wavelengtih, was obtained from a dye laser

sively studied in the last yeafs?’ Besides a large efficiency pumped by the second harmonic of a neodymium:yttrium—

as frequency upconverters, FIGs are known to have a hig Ium!num—garnet laser or the second harmon_|c beam. A me-
. : . . . qhanlcal chopper was used to modulate the intensity of the
resistance to moisture with good chemical and mechanica

" : B probe and pump beams at the frequendieandf,, respec-
stablth:)y tzntdh: Ip?rgsee;rtaﬂlsa?:?):le\/necrxs/i:,)vrllng(ﬁsﬂelrz pgﬁ(r)r:)rﬁance h(,jltsively. The signals were detected by a GaAs photomultiplier

- (Eonnected to a lock-in amplifier, which is triggered by an
been evaluated through laser slope-efficiency measuremene > ctronic sianal aenerated by the chooper. The detection
and not much attention has been devoted to measure th Ic s 9 y bper. :

nonlinear coefficient related to the mechanism responsibltg.echnlque used was based on the measurements of the Fou-

for feeding population to the fluorescent levels. This is gen-rler component atfg +f,) present in the transmitted probe

erally difficult to quantify because the amplification of the beam due to the presence of the pump beam.

signal in one-pass events in the nonlinear medium is usuallyhrozgﬁ t%r:F:%gnallitr;c;gro:nter:ﬁugoet;ii tk;,\?ja[)ny \f[\ﬂteh sltr:t)ennslgump
small.

laser beam with intensitl,, can be described by

In this article we report the first observation of amplifi-
cation in violet and blue wavelengths using™Nedoped FIG dly(2) 5
samples excited by lasers operating in the red/green range. A g, = ~ @1l1(2) + B123(2)11(2). (1)

method to measure the nonlinear coefficient, using an inco-

herent light source as a probe and a laser beam as the purpe solution of Eq(1) for the transmitted intensity is given
source, is introduced based upon the behavior of Fouriepy
components of the amplified signal. The results are presented o2 _  oh2r2
for two different pumping wavelengths and various 3Nd 11(d)=(1-R)“exp(— a;d)1,(0)exp{ B12(1~R)715(0)
concentrations. Comparison with results obtained for X[1—exp(—2a,d)]/2a,)}, 2)

Nd®*-doped fluorozirconatéZBLAN) glass is also made. _ _ o
wherea; and a, are the linear absorption coefficients at the

probe and pump beam wavelengths, respectivielys the

reflectivity at the sample’s surfaced,is the sample thick-
The fluoroindate glasses used were based op &isithe  ness,l,(0) is the intensity of the pump beam just before

network former and various modifiers. The glass synthesigntering the sample ang,, is the nonlinear coefficient. The

Il. EXPERIMENTAL SETUP AND TECHNIQUE USED
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FIG. 1. Experimental setup used for the nonlinear measurementsviy, 0.0 360 : 460 1 560 - s&o : 700

and M; are metallic mirrors; DM is a dichroic mirror;4L, L,, and L; are
convex lenses of focal length equal to 5, 5, and 10 cm, respectively; F are Wavelength (nm)
color filters, OF is a multimode optical fiber, SPEC is the monochromator (b)

and the photomultiplier tube. 4
P P 30 D,,

nonlinear term in Eq(1) arises because the intensity of the 2p
probe beam is affected by the presence of the pump beam, %1 2p
and the quadratic dependencelgrcomes from the fact that
two photons are necessary to originate the nonlinearity as
will be explained below. The value @#,, is usually small

and the intensity change of the signal due to its passage
throughout the sample is feeble. The main difficulty in this
kind of experiments is to distinguish between the spontane-
ous emission generated m{ due the frequency upconver-
sion process excited by the pump beam and the amplified
probe beam component. As shown in Fig. 1, the strong beam
is made collinear with the probe beam and both beams are
focused on the sample. A broad band incoherent light source 5
was used as the probe beam and the spectral region of inter- 4
est(360—440 nmto be sent through the sample is selected 4;"2

using a dichroic mirroDM). The experiments were per- ° o

formed at two Wavelengths of the pump beam at 583 Qr 53|2—|G. 2. (a) Absorbance spectrum of Nd-doped fluoroindate glagsample

nm. The_pump and probe beam_s were chopped at differeqfiih x=3 and thicknessl=1.80 mm). The absorption band at 380 nm
frequencies that are not harmonic of each other before theypr,,,) is magnified for visualization(b) simplified energy level scheme
reach the DM. As indicated in Fig. 1 we choobg=5f,/6 showing the excitation pathways and the observed upconversion fluores-
with f,=112Hz. Color filters at the entrance of the spec-€"c€ €Mmissions.

trometer prevent scattered light due to the pump beam to

enter the monochromator. The light signal from the sample, . .
in the violet-blue range, has three components: an upcon- " Oneé Set of experiments the pumping wavelength was

verted scattered light modulated at frequerfigy the probe tuned to 583 n2m, close to the absorption band ce.ntered at
beam with a frequency modulatiofy, and a component 27/ NM (192—°G72) but not on resonance to avoid hole

with frequency €,+ f,) that results from the interaction of PUrning due to the large power emitted by the dye laser.
both beams|, and|,, with the N&* ions in the sample. Upconverted quoriscent I|2nes we4re observed at wavelengths
The signal at {;+f,) carrying information on the stimu- S°4 NM (D32, “Dspy *liz= "), 382 nm €Pgp
4 .4 2 4
lated emission process is electronically filtered by a lock in_’4|9/2'_ 4D3/2' 4 D5/2'2 'llfzj li2, 414 nm EPgp,
and the data are sent to a personal computer for processinﬁélI 11/2; 4D3/2' . D5/2'2 Ill/Zj 132, and 449 nm {Py;,
=132 “D3ap, “Dsja, “l11/0— 1151, corresponding to two

photons absorbed from the pump beam as indicated in Fig.
lll. RESULTS AND DISCUSSIONS 2(b). Other emissions in the visible and in the infrared range

The linear absorption spectrum of one sample is showran be easily assigned to the Ndlevels but we are not
in Fig. 2@). The bands are due to the Ndions and their interested in their behavior for the present purpose. A log—
positions are independent of the Ndconcentration. This is  log plot of the violet and blue fluorescence as a function of
characteristic of inhomogeneously broadened transitions inthe pump power exhibited a quadratic dependence for each
side the 4 shell which are not very sensitive to the perturb- emission line, corroborating the assumption that two photons
ing crystalline field. from the excitation source are necessary to excite levels

)
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FIG. 3. (a) Upconverted emission lines at 382 and 414 nm for excitation at E ;
583 nm in FIG sample witkk=0.5; (b) probe beam amplified signal modu- ﬁ 8 'y
lated at ¢,+f,) for the sample withx=0.5. The probe wavelength\ () % b=
was scanned in the range between 370 and 430 nm while the excitation ® % 272L “ o
wavelength §,) was fixed at 583 nm. The scales are arbitrary. g, - % Q' ._i
@ oA
3 ._l
4 4 2 2 = "
Djp, “Dgj, <112, @and“P, and to produce each upcon- -
verted photon. The spectrum corresponding to emissions at 5 1.00 L :
382 and 414 nm are shown in Fig(afor the sample with g 0.0005 0.0010 0.0015 0.0020 0.0025

x=0.5. These emissions have been previously studied under
pulsed® and continuous wave excitatithand they are par-
ticularly interesting because of their large oscillator FIG. 4.(a) Signal at 414 nm detected at frequendy- f,) as a function of
strengths. Since it was already observed laser action iH]e squared pump power for excitation at 532 nm in FIG sample with

3+ . 2 =1 and thicknessd=1.45mm (Hl); x=3 and d=1.80 mm (@®); and
Nd®*-doped ZBLAN fibers at these wavelengti$?we set 5 AN with x—1 and de 2.45 mm (A). (b) Same as i@ with pump

an apparatus to measure the coefficiBpf in our samples  wavelength at 583 nm. The dashed lines represent the fit of the experimental
and to investigate the expected stimulated emission when thiata with Eq.(2) with the coefficientsdy, of Table I.

pump and probe beams are present.

After a careful adjustment of the overlap between the
probe and the pump beams on the sample we scanned theg to the upconversion lines at 382 and 414 nm as illustrated
probe beam wavelength and recorded the signaf at {,) in Fig. 3(b). We also measured the amplitude of the signal
for a fixed incident pump power. In this case the signals amodulated at {; +f,) as a function of the pump power for
(f;+f,) are observed only at two wavelengths correspondvarious Nd* concentrations and typical results are shown in

[Pump power (W)’

TABLE |. Values obtained for the nonlinear coefficie8t, (cn/W?) using different excitation wavelengths
and different concentrations of Rid in FIG and ZBLAN.

Pump wavelength 532 nm 583 nm

Sample

\Emission line 382 nm 414 nm 382 nm 414 nm

FIG x=0.5 (1.9-0.1)x101! (1.1+0.1)x 10 (2.650.1)x10 7 (2.0+0.1)X10°7
x=1 (5.3+0.2)x10°  (1.8+0.1)x10° ¥  (6.3+0.2)x10°7 (3.2+0.2)x10° 7
x=3 (3.4:0.1)x10° ¥ (1.3+0.1)x10° ¥  (4.4+0.3)x10°7 (3.1x0.1)x10°7

ZBLAN x=1 (2.3£0.3)x10° 12 (3.3+0.3)x10 2  (2.7+0.1)x10 7 (2.2£0.1)x10 7
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Fig. 4 for the samples witk=1 and 3. The measurements sers based in Nid -doped fluoroindate glass fibers exploiting
were repeated with the pump laser at 532 nm and both fluathe process studied here is promising.

rescence lines were analyzed. As shown in Fig. 4 the experi-

mental results exhibit an exponential growth as a function cACKNOWLEDGMENTS
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