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Abstract: Efficient three-photon luminescence (3PL) from a scintillating
silicate glass co-doped with Gd>" and Tb®" was generated by using a
focused femtosecond laser beam at 800 nm. Four emission bands centered
at 496, 541, 583, and 620 nm were identified as the electronic transitions
between the energy levels of Tb*" followed by three-photon absorption
(3PA) in Gd*" and Tb*" and the resonant energy transfer from Gd** to Tb*".
More interestingly, a strong polarization dependence of the 3PL was
observed and it is ascribed to the polarization dependent 3PA in Gd** and
Tb*" and/or the angular distribution of photogenerated electrons in the glass.
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1. Introduction

Owing to their potential applications in high-energy and nuclear physics, medical imaging,
and industry, scintillators and especially rare-earth-ion-doped glasses have attracted great
interest in the last two decades because such glasses can be fabricated at a low cost and in
large quantities [1-5]. More importantly, optical fibers made of these glasses will further
broaden their applications in the fields of thermal neutron detection and radiography,
nondestructive testing, and radiation dosimetry [6—8].

In the research and development of scintillating glasses, Terbium-doped glasses have been
the focus of many studies because of their high luminescence efficiency at around 550 nm
which is convenient for direct coupling with silicon detectors [6]. Being as important as
scintillating materials, Tb**-doped glasses and fibers have been used in nondestructive testing
and high-resolution medical imaging [8]. More interestingly, it has been shown that the
luminescence can be further enhanced by adding Gd** into Tb**-doped glasses because of the
resonant energy transfer (RET) from Gd** to Tb*" [9,10]. In contrast to the intensive and
extensive studies of scintillating glasses by using high-energy radiation such as ultravoilet or
X ray, less attention has been paid to their nonlinear optical properties such as the up-
converted processes produced by femtosecond (fs) laser pulses in the near infrared region. In
fact, these glasses are favorable candidates for the generation of short wavelength radiation
through multiphoton absorption (MPA) because rare-earth ions possess numerous energy
levels in the infrared, visible and ultraviolet regions [11-13]. In addition, the excited states of
rare-carth ions generally have long lifetimes [14,15], which also support stepwise excitation
in MPA. The efficient upconversion in combination with the long lifetimes of these rare-earth
ions make them attractive for imaging of life cells with no autofluent background and
photobleaching [13].

In this article, we investigate the multiphoton-induced luminescence (MPL) of a
scintillating silicate glass co-doped with Gd** and Tb*" by using a focused fs laser beam. The
composition of the glass is 56Si0,-10A1,0;3-12L1,0-20Gd,03-2Tb,0O3 (mol%) and the
detailed fabrication process can be found in a previous publication [16]. The dependence of
the luminescence intensity on the excitation density and especially polarization was
examined. The physical mechanism responsible for the MPL and its polarization dependence
was proposed.

2. Experimental details

The experimental setup used to study the MPL of the glass and its polarization dependence is
schematically shown in Fig. 1. The 800-nm fs laser light with a repetition rate of 76 MHz and
a pulse duration of ~120 fs delivered by a Ti: sapphire oscillator (Mira 900, Coherent) was
introduced into an inverted microscope (Observer Al, Zeiss), reflected by a dichroic mirror

#181857 - $15.00 USD Received 21 Dec 2012; revised 18 Feb 2013; accepted 23 Feb 2013; published 4 Mar 2013
(C) 2013 OSA 11 March 2013 / Vol. 21, No. 5/ OPTICS EXPRESS 6021



and focused on the glass, which has been polished, by using a 40 x objective lens (NA =
0.65). The diameter of the excitation spot was estimated to be ~4.4 um. The luminescence
from the glass was collected by the same objective lens and delivered to a spectrometer (SR-
500I-B1, Andor) equipped with a charge-coupled device (CCD) (DU970N, Andor) for
analysis. The polarization of the fs laser light was modified by using a half-wave (A/2) plate
while its intensity was adjusted by using an attenuator.
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. alf-wavelength plate
reflection

mirror

spectrometer CCD

Fig. 1. Experimental setup used to generate the MPL from the scintillating glass and to
investigate its dependence on the polarization of the fs laser light.

3. Results and discussion
3.1 Single-photon-induced luminescence from the glass

Before studying the MPL of the glass, we first examined the emission and excitation spectra
of the glass under single photon excitation by using a fluorescence spectrometer (F-4500,
Hitachi). They are shown in Fig. 2(a) by the black solid curve and dark blue dashed curve,
respectively. In the emission spectrum obtained by single photon excitation at 253 nm, one
can see four narrow emission bands centered at 496, 541, 583, and 620 nm which have been
observed in glasses of different compositions co-doped with Tb*" and Gd*" under the
excitation of ultraviolet or X ray [16-19]. They have been attributed to the electronic
transitions between the energy levels of Tb** (i.e., Dy — 7F6, D, = 'Fs, °D, — 'F,, and °D,
— "F;), as depicted in Fig. 3. Although Gd®* was doped in the glass in a large amount, we did
not see any emission from Gd’". In the excitation spectrum obtained by monitoring the
luminescence intensity at 549 nm, one can see a broad band with a strong intensity ranging
from ~240 to ~280 nm, implying a high efficiency for three-photon absorption (3PA) by using
fs laser at ~800 nm.

3.2 Three-photon-induced luminescence from the glass

In Fig. 2(a), we also show the MPL spectra of the glass obtained at 800 nm for different
excitation densities by colored curves. The excitation densities given in Fig. 2 are average
power densities obtained by dividing the average powers of the fs laser with the area of the
excitation spot. The corresponding peak power densities can be readily deduced and they are
several orders of magnitude larger than the average power densities. Similarly, four narrow
emission bands centered at 496, 541, 583, and 620 nm are observed. However, the relative
intensities of the four emission bands (2.96: 7.81: 1.13: 1) are found to be different from those
observed in single photon excitation (5.90: 14.31: 1.56: 1).

#181857 - $15.00 USD Received 21 Dec 2012; revised 18 Feb 2013; accepted 23 Feb 2013; published 4 Mar 2013
(C) 2013 OSA 11 March 2013 / Vol. 21, No. 5/ OPTICS EXPRESS 6022



3500

3000 (a) ——P_=7.95x10" W/em® ,=253mm
P, =100x10° W/em®
2500F 0L ——P,=120x10" Wem’
P_=139x10° W/eni®
2000 F ‘ L
——P_=1.50x10° Wem®
1500F . P_=1.79x10° Wiem®
: L —— P, =1.99x10° Wen?

1000F 7 .

PL intensity (arb. units)

500F f

A "./\\7

L =550mm
[0 AT AE i eeans
200 250 300 350 400 450 500 550 600

Wavelength (nm)

10°F (b)

slope =3.1

10°F slope =2.8

/=490 nm
/=548 nm

£=3591 nm

PL intensity (arb. units)

10°F slope =3.0

/=623 nm

10° 1.5x10° 2x10°

2
Excitation power density (W/cm®)

Fig. 2. (a) Emission and excitation spectra of the glass under single photon excitation and its
MPL spectra under different excitation densities at 800 nm. (b) Logarithmic plots of the PL
peak intensity versus excitation density for the four different emission bands along with fits.

In order to gain a deep insight into the nonlinear process involved in the MPL of the glass,
the excitation density dependence of the luminescence intensity at the central wavelength of
each emission band was analyzed and the results are presented in Fig. 2(b). The fitting of the
excitation density dependent luminescence gives a power index of ~3 for all emission bands,
indicating that 3PA is responsible for the generation of the luminescence. As far as 3PA
processes are concerned, there are three possible ways. One is the stepwise excitation to a
high-energy level by continuously absorbing three photons. This process requires the
existence of equally separated energy levels with energy interval equal to the one-photon
energy of the pump light. Another is one-photon excitation to a real level followed by a two-
photon absorption (2PA) or two-photon excitation to a real level followed by one-photon
absorption. The third is the simultaneous absorption of three photons. From the energy level
diagrams of Gd*" and Tb*" presented in Fig. 3, it can be clearly seen that there are not two
energy levels whose energy interval equals to the one- or two-photon energy of the pump
light. It is further confirmed by the absorption spectrum of the 0.5-mm-thick glass shown in
Fig. 4. In the insets of Fig. 4 where the magnified violet and visible spectral regions are
shown, one can identify three tiny peaks which can be attributed to the absorptions in Gd*"
and Tb®". The red and green arrows indicate the absorptions in Gd** due to the electronic
transitions %S5, — °I; (J = 11/2, 13/2, 15/2) and *S;, — P4y, respectively. The corresponding
wavelengths appear at ~273 nm and ~312 nm. The blue arrow indicates the absorption in Tb>*
due to the electronic transition 'Fs — °D, corresponding to a wavelength of ~490 nm. On the
other hand, the energy of three photons, which corresponds to a central wavelength of ~267
nm, matches approximately the energy interval for the electronic transition *S;, — “I; in Gd**
(~273 nm) and the electronic transition 4/° — 454" in Tb*" (~281 nm) [16]. Therefore, it is
thought that the three-photon Iuminescence (3PL) of the glass originates from the
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simultaneous absorption of three photons. In the 3PL shown in Fig. 2(a), all the emission
bands can be attributed to the electronic transitions between the energy levels of Tb** and
emissions originating from the electronic transitions between the energy levels of Gd** are not
observed. This phenomenon suggests the transfer of electrons generated via 3PA from Gd** to
Tb®" when these two ions are located close together. This mechanism has been proposed
earlier to interpret the luminescence from the glass generated by single photon excitation [16—
18]. From Fig. 4, it can be seen that part of the pump energy may be lost due to the electronic
absorption in the glass, reducing the efficiency of 3PL. In fact, the absorption at a short
wavelength of ~267 nm cannot be avoided even for undoped glass. A possible way to reduce
such absorption is to shift the pump light to a longer wavelength of ~820 nm (or ~936 nm).
By doing so, we can resonantly induce the electric transition *S;, — Iy (or *S;, — °Pyp) in
Gd**, which corresponds to a wavelength of ~273 nm (or ~312 nm), through 3PA.
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Fig. 3. Energy level diagrams for Gd>* and Tb** showing the 3PA in Gd** and Tb*" followed by
nonradiative relaxation (NR), resonant energy transfer (RET) from Gd*" to Tb*, and the
electronic transitions between the energy levels of Tb* corresponding to the four emission
bands observed in the MPL spectrum.
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Fig. 4. Absorption spectrum of the glass in the ultraviolet, visible and near infrared regions.
The red and green arrows indicate the absorptions in Gd** due to the electronic transitions 57,
— Iy and 287, — °P;,, while the blue one indicates the absorption in Tb** due to the electronic
transition ’Fs — °D,. The insets show the magnified spectral regions where the small
absorption peaks can be identified. The vertical coordinate for each inset has been changed
from linear to logarithmic in order to show clearly the absorption peaks.
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3.3 Polarization dependence of the three-photon-induced luminescence

Keeping the physical mechanism for the 3PL in mind, let us examine the polarization
dependence of the 3PL. In experiments, we changed the polarization of the fs laser by rotating
the A/2 plate placed outside the microscope. The reason why we did the experiments by using
an inverted microscope is that the system shown in Fig. 1 provides high excitation density
(small focused laser spot) as well as efficient collection of the generated luminescence.
Similarly experiment was also carried out without using the microscope and polarization
dependent luminescence was also demonstrated. However, the polarization dependence is not
as strong as that observed by using the microscope because of the low excitation density and
collection efficiency.

Initially, the laser light is horizontally polarized (¢ = 0°) and it corresponds to a s-
polarized wave for the dichroic mirror. If we make it vertically polarized (6 = 90°) by rotating
the A/2 plate by 45°, then it corresponds to a p-polarized wave. For both s- and p-polarized
waves, their linear polarization states are preserved after being reflected by the dichroic
mirror and focused by the objective lens. Accordingly, linearly polarized light along 0° (E,)
or 90° (E,’) can be obtained on the focused plane (see Fig. 1). In order to see the effects of
polarization on the 3PL of the glass, we chose to generate an elliptically polarized light by
utilizing the reflection phase difference between the s- and p-polarized waves. It was achieved
by changing the polarization of the incident light before the dichroic mirror. The polarization
states on the focused plane measured for different polarization angles (6 = 0°, 30°, 45°, 60°,
and 90°) by using the combination of a Glan-Taylor polarizer and a power meter are shown in
Fig. 5(a). Two linearly polarized beams along 0° and 90° and three elliptically polarized
beams with different ellipticities are clearly identified.

In order to find out the effects of polarization on the 3PL intensity of the glass, we have
recorded the 3PL spectra under different polarization states by simply rotating the A/2 plate.
The polarization dependent 3PL intensities at the central wavelengths of the four emission
bands are presented in Fig. 5(b). For all emission bands, a periodic variation of the 3PL
intensity with the change of the polarization angle is observed and the period is found to be
90°. Minima in the 3PL intensity are found to appear at N x 45°, where N is an integer. The
3PL intensity at minima is only one-fourth of that at maxima occurring at N x 90°. In this
case, the excitation light is elliptically polarized as shown in Fig. 5(a). It implies that the up-
conversion efficiency for elliptical polarization is lower than that for linear polarization. Since
the 3PL originates from the 3PA in Gd’" and Tb*", it is thought that the 3PA processes in Gd**
and Tb*" depend on the polarization of the excitation light. Actually, polarization dependent
two-photon luminescence (2PL) has been observed in Gd*'- and Eu”*"-doped crystals [19-22].
While the 2PA of most electronic transitions can be well interpreted by the second-order
perturbation theory, a large discrepancy was found between the theoretical analysis and the
experimental observation for some electronic transitions [19]. To the best of our knowledge,
this puzzle has not been solved yet. Different from the previous experiments which were
carried out in rare-earth-ion-doped crystals, we studied a rare-earth-doped glass in which the
effects of site symmetry and crystal field are absent because glass is optically isotropic. By
excluding such effects, the polarization dependent 3PA can only be interpreted by the
anisotropy of the electronic transitions involved in the 3PA processes of Gd** and Tb*" and/or
by the angular distribution of photogenerated electrons in the glass which has been observed
previously in Ge-doped silica glass [23]. However, more experiments are needed to clarify
this important issue. Another difference we want to emphasize here is the excitation
polarization dependent 3PL is observed in all emission bands. In rare-earth-ion-doped
crystals, however, this kind of polarization dependence was observed only for some specific
electronic transitions [19]. This feature provides another evidence for the RET from Gd** to
Tb*" because the polarization dependent 3PL is determined mainly by the polarization
dependent 3PA in Gd*' because of the large amount of Gd*" doped in the glass.
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Fig. 5. (a) Polarization states of the fs laser light with polarization angles of 0°, 30°, 45°, 60°,
and 90° after being reflected by the dichroic mirror. (b) Polarization dependent 3PL intensities
at the central wavelengths of the four emission bands. (c) Excitation polarization dependent
3PL intensities at the central wavelengths of the four emission bands plotted in a polar
coordinate.

In order to clearly show the polarization dependent 3PL from the glass, we have plotted
the 3PL intensity as a function of polarization in a polar coordinate, as shown in Fig. 5(c).
Another feature that is worth noting in Fig. 5(b) is the small difference in the 3PL intensity for
the two linear polarizations perpendicular to each other. It is found that the 3PL intensity for
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the polarization at 0° is about 1.1 times of that at 90°. This feature is not obvious for the
emission bands with weak intensities (4 = 490, 591, and 623 nm) but it becomes significant
for the emission band with the strongest intensity (A = 549 nm). Actually, the reflectance of
the dichromic mirror for s- and p-polarized waves is generally different. In our case, this
difference is quite small and it cannot be resolved when we compared the power of the s- and
p-polarized waves after the dichromic mirror (see Fig. 5(a)). However, the third power
dependence of the 3PL on excitation density makes it possible for discriminating the small
difference because it is quite sensitive to the small change in the excitation intensity. In
addition, the efficient 3PL further enlarges the difference which can be easily identified in
Fig. 5(b). Based on the difference in 3PL intensity, it is deduced that the power of p-polarized
wave is about 1.03 times that of s-polarized one after being reflected by the dichroic mirror.

4. Summary

In summary, we have investigated the MPL from a scintillating silicate glass co-doped with
Gd*" and Tb*" by using a focused fs laser light at 800 nm. The efficient upconversion
luminescence appearing in the visible region was demonstrated to be 3PL and the physical
mechanism is thought to be the 3PA in Gd** and Tb>* followed by RET from Gd** to Tb*". A
strong polarization dependence of 3PL was observed and it is attributed to the polarization
dependent 3PA in Gd’* and Tb’" and/or the angular distribution of photogenerated electrons
in the glass. The efficient MPL from rare-earth-ion-doped glass is expected to find
applications in various fields of science and technology.
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