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Control of nonlinear absorption and amplification
of light in Er**-doped fluoroindate glass
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Nonlinear absorption and amplification of a probe laser beam can be controlled by adjustment of the intensity-
modulation frequency and the wavelength of a pump laser beam. A demonstration of this effect in Er®*-doped
fluoroindate glass is presented. The results show maximum amplification of the probe beam (~12%) when a
pump laser emitting 16 mW of power is modulated at ~30 Hz. In the limit of low modulation frequencies, or
cw pumping, induced absorption of the probe beam is the dominant nonlinear process. © 1999 Optical Society

of America [S0740-3224(99)02811-8]
OCIS codes: 160.5690; 300.6420; 230.4320.

1. INTRODUCTION

The phenomenon whereby the intensity of a probe beam
transmitted through a sample is altered by modulation of
a pump beam has been studied in many ways.>® This
phenomenon has been investigated in media with a vari-
ety of mechanisms, for the study of light—matter interac-
tion, and in various applications. For example, the inter-
action between two beams can be demonstrated in laser-
induced grating experiments, such as in Kerr-like media®
and in photorefractive materials,® and in cross-phase-
modulation experiments.®” Another important category
of process is based on the effects of induced absorption or
amplification owing to the coupling between two beams.
Examples of this category are illustrated in Refs. 8 and 9,
where saturation effects are exploited in organic materi-
als.

In this paper we present a new way to control the in-
tensity of a probe beam through the modulation frequency
of a pump beam, its wavelength, or both. A study of op-
tically induced modulation (OIM) of a cw laser beam
transmitted through a sample of Er®*-doped glass owing
to the presence of another beam was performed to char-
acterize the OIM effect. We used samples of a fluoroin-
date glass that is a material that has already been inves-
tigated for a variety of photonic applications such as
frequency upconverters,'%-# a temperature sensor,'® and
a laser host.*® We investigated the efficiency of the OIM
process by varying the pump laser wavelength and its
intensity-modulation frequency.

2. EXPERIMENTAL PROCEDURE AND
RESULTS

The sample used was a fluoroindate glass (FIG) with the
following composition (in  mol. %): 37 InF;-20

ZnF,—20 SrF,—16 BaF,—2 GdF;—2 NaF-1 GaF;—2 ErF,.
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The glass was synthesized with standard proanalysis
oxides and fluorides as the starting materials. The pro-
cedure is a classic ammonium bifluoride process. How-
ever, gallium and indium oxides are sensitive to hydroli-
sis during their conversion into fluorides. The fluoride
powders that we used to prepare the desired compositions
were then mixed together and heat treated first at 700 °C
for melting and then at 800 °C for refining. The melt was
finally poured between two preheated brass plates to per-
mit the preparation of samples of different thicknesses.
Fining, casting, and annealing were carried out in a way
similar to that for standard fluoride glasses under a dry-
argon atmosphere. The samples prepared had good
chemical stability and good resistance to moisture.

Optical absorption measurements were made with a
double-beam spectrophotometer. For all measurements
the spectrophotometer bandwidth was smaller than the
observed linewidths, which are mainly due to inhomoge-
neous broadening. The absorption spectrum of the
sample in the visible range is presented in Fig. 1. The
infrared spectrum as well as the Raman scattering spec-
trum of this material was presented previously.” It is
important to recall that the small phonon energies of the
FIG matrix permit longer lifetimes of the Er®" electronic
levels'®3 compared with those of other commonly used
glasses.’®® The energy-level diagram for Er®*-doped
FIG is shown in Fig. 2, together with the relevant transi-
tions for the present experiments.

The OIM process was investigated in a two-color pump-
and-probe experiment. The pump used was a cw dye la-
ser that operates from 620 to 660 nm. Most of the mea-
surements were made with the laser wavelength tuned to
650 nm, resonant with the central wavelength of the tran-
sition 415, — *Fg, and off resonant with the transitions
Mo — *Kis, *lop — *Ggp, and Iz, — *Fg by 157,
380, and 295 cm ™, respectively. The probe beam was ob-
tained from a cw He—Ne laser operating at 633 nm; we
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Fig. 1. Absorption spectrum. Thickness of the sample, 2.5 mm.
The two peaks marked with * at 255 and 275 nm are due to Gd®*
present in the glass matrix.
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Fig. 2. Energy levels of Er®* and the proposed excitation
scheme. The pump laser is set on resonance with the transition
41,15p — *Fgp at 650 nm, and the probe beam, at 633 nm, is on
resonance with the transition %13, — *Fg,. The numbers in
parentheses are the lifetimes of the relevant levels.

kept the laser's power below 7 uW to prevent a possible
photon avalanche.’® The He—Ne laser was chosen be-
cause its wavelength is resonant with the transition be-
tween excited states *l,5, < “Fx,, as indicated in Fig. 2.
The pump and the probe laser beams were collinear, and
focusing of both beams in the sample was achieved with a
lens of 2.5-cm focal length. The pump beam was modu-
lated at frequency f by use of a mechanical chopper, and
the OIM process was studied through the measurement of
the probe beam intensity transmitted through the
sample. The probe beam was monitored with a 0.5-m
monochromator attached to a photomultiplier tube
coupled to a digital oscilloscope.

Frequency upconversion emissions at 407 nm (?Hygyp,
— *ligp), 474 nm (*Ggp — *lizp), 525 nm  (PHyyp
— “*l4g5), and 550 nm (*S,, — *145,) were observed for
all modulation frequencies used and for pump wave-
lengths in the range 620-660 nm. The blue and green
emissions have a quadratic dependence on the pump laser
intensity, indicating that each photon emitted is due to
the annihilation of two incident photons. The upcon-
verted fluorescence decreased with increasing pump beam
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modulation frequency f, and its intensity was stronger for
the pump beam wavelength in resonance with the
ground-state absorption (*1,5, — *Fgp,) at 650 nm.

The behavior of the probe beam transmitted through
the sample was investigated for various modulation fre-
qguencies of the pump beam. The presence of the pump
beam induces intensity modulation of the probe beam,
causing either absorption or amplification as it propa-
gates through the sample. The OIM signal had the same
modulation frequency f as the pump beam, and its ampli-
tude was sensitive to the spatial overlap of the two
beams. No OIM signal was detected when the probe
beam was blocked, which indicates that there was no
leakage of the pump beam throughout the monochro-
mator.

Amplification of the probe beam is illustrated in Fig. 3,
which shows an exponential growth of probe beam inten-
sity as a function of pump beam power for f = 34 Hz.
The amplitude of the amplified signal was measured as a
function of f while the pump beam power was fixed at 16
mW. The results are shown in Fig. 4, the maximum OIM
signal was observed near f = 30 Hz, corresponding to a
12% increase of the probe beam. When the pump laser
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Fig. 3. OIM signal detected as a function of pump laser power at
650 nm. The intensity of the pump beam is modulated at f
= 34 Hz. The solid curve is an exponential curve that repre-
sents the best fit with experimental data.
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Fig. 4. OIM signal as a function of the modulation frequency of
the pump beam (pump power, ~16 mW). The solid curve is the
best fit of an empirical curve with the experimental data.
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Fig. 5. Transmitted probe beam intensity (filled squares) as a
function of the pump beam wavelength for a cw pumping regime
and OIM signal (open squares) as a function of the pump beam
wavelength for a pumping modulation frequency of 34 Hz (pump
power, ~16 mW). Dashed curves are guides to the eye.

was operating in a cw regime, an induced absorption of
the probe laser was observed.

We also investigated induced absorption and amplifica-
tion of the probe beam when the wavelength of the pump
beam was changed but its power was fixed. The results
are shown in Fig. 5, which displays the behavior of the
transmitted probe beam intensity when the pump beam is
operating at a constant intensity and when its intensity is
chopped at 34 Hz. We note that the phenomenon of am-
plification is more pronounced when the pump beam
wavelength \ is on resonance with the transition “1;g,
— “%Fg, and that the signal decreases for A < 650 nm as
well as for A > 650 nm.

3. DISCUSSION

The dynamics followed by the excited-state populations
are responsible for the characteristics of the OIM effect,
the main excitation pathways are indicated in Fig. 2.
First, the pump beam creates a population in excited
state “Fg,, followed by nonradiative decay to level *Ig,.
Subsequently, a second pump photon is absorbed in a
phonon-assisted transition from level *Ig, to level 2K 5,
or “*Gg;,. The population reaches level *Fs, after mul-
tiphonon relaxation from higher-lying levels. The probe
beam interrogates the population difference between lev-
els *Fg, and *l45,, and, as a consequence, the OIM sig-
nal measured is the result of a balance between absorp-
tion owing to “*lgp, — (°Kysp, *Ggp) and stimulated
emission corresponding to “Fs;, — *l13,. The excitation
pathway described in Fig. 2 illustrates why a decrease of
the OIM signal is observed for small frequencies (Fig. 4).
Indeed, for f < 30 Hz the pump pulse is long enough (>15
ms) for the population to reach smaller energy levels such
as *1,3, during the pulse interval. Hence, because of the
long lifetime of level *I5, (~10 ms), there is an accumu-
lation of population in this level and the probe photons
have a probability of being absorbed from level “1,3, to
level *Fg,. Accordingly, in the cw regime of excitation
the absorption process dominates, and thus a reduction in
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the transmitted intensity of the He—Ne beam is observed.
Also, we observed strong nonlinear absorption of the
pump beam in one-beam experiments with cw
excitation.?! Analogous reasoning explains why the OIM
signal becomes weaker for increasing f. The second
pump photon is absorbed only after the population ini-
tially deposited in level *Fg, reaches level *lg,. The
lifetime of level *Fg, is ~400 us,?? which implies that for
modulation frequencies in the range 30 Hz-1.25 kHz the
population at level #I4, will be negligible. Consequently,
the OIM signal is minimized because of the weak absorp-
tion through *lg, — (?Kys2, “Ggpp) during the time inter-
val in which the pump laser is present. For higher
modulation frequencies, f > 1.25kHz, the pump beam
can be considered cw because the intensity modulation is
faster than any characteristic time involved in the pro-
cess. Therefore, strong absorption at either fast modula-
tion frequencies or cw pumping should be expected, based
on the results found in the one-beam experiment.?! The
absorption cross sections of the excited-state transitions
have to be higher than the absorption cross section of the
ground-state transition for the nonlinear absorption to be
efficient.”® Indeed, the absorption cross section of the
transition *1,5, — *Fg, is five times larger than the cross
section of transition *l;5, — “Fg,%* and the nonlinear
absorption process was well described by a model based
on coupled nonlinear rate equations for the level's
population.?!

For practical applications it is important to measure g,
the nonlinear coefficient of the material, and the OIM sig-
nal amplitude can be used to estimate its value. Hence
the propagation of the probe beam with intensity I,
through the nonlinear medium, in the presence of a
strong pump beam with intensity I,, can be described by

dly(2)
dz

= —a1l(2) + BLA(2)14(2), )

where z is the position along the propagation direction.
The solution to Eq. (1) for the transmitted intensity is
given by

11(d) = (1 = R)*exp(—a;d)1;(0)exp{B(1 — R)?1,%(0)
X [1 — exp(—2a,d)]/2a,}, 2

where «; and «a, are the linear absorption coefficients at
the probe and the pump beam wavelengths, respectively,
R is the reflectivity at the sample’s surfaces, d is the
sample thickness, and 1,(0) is the intensity of the pump
beam just before the beam enters the sample. The non-
linear term in Eq. (1) arises because the intensity of the
probe beam is affected by the presence of the pump beam,
and the quadratic dependence on I, comes from the fact
that two photons of the pump beam are necessary to begin
the nonlinearity. When the pump beam is off, 1,(0)
= 0, we obtain

1,°(d) = (1 = R)?exp(—a;d)1,(0). ®3)

Therefore the value of g can be determined from Eqgs. (2)
and (3). The ratio 1,(d)/1,°(d) is proportional to the
OIM signal, as shown in Fig. 3, and we found that B
= (3.6 £0.2) X 10 8cm®W? for a pump intensity-
modulation frequency of 34 Hz. The parameters used
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were 1,(0) = 4.5 X 10° W/cm? (pump power, 17 mW), a,
= 271lcm™, d = 1.25¢cm, and R = 0.04. The nonlin-
ear coefficient g8 depends on modulation frequency f, as il-
lustrated in Fig. 4, and can be calculated for each value of
f by the same procedure.

4. CONCLUSIONS

In summary, we observed optically induced modulation
corresponding to nonlinear absorption or amplification of
a probe beam at 633 nm in resonance with excited states
of erbium ions in a fluoroindate glass. The excitation
source was a dye laser tuned about the transition *Ig,
— “4Fg, of Er3*. The efficiency of the process was stud-
ied as a function of the modulation frequency of the pump
laser intensity, and the results show maximum amplifica-
tion of the probe beam (~12%) when the pump laser emit-
ting 16 mW of power is modulated at ~30 Hz. In the
limit of low modulation frequencies, or cw pumping, in-
duced absorption of the probe beam is the nonlinear pro-
cess, which dominates. One can control the degree of ab-
sorption induced in the probe beam by tuning the pump
beam near 650 nm to be in resonance with a transition
originating from the ground state of Er3*.
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