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Terrace-microspheres of high-index glass (BaO-SiO2-TiO2 glass, nD ¼ 1:93) containing 0:3 ppm of Nd3þ were used
to investigate the interaction between Raman scattering due to a glass matrix and fluorescence due to Nd3þ.
The terrace-microspheres were pumped with a tunable CW Ti:sapphire laser (790nm–830nm wavelength) for
changing pumping wavelengths. With pumping in the 800–830nmwavelength region, there was a spectral overlap
between Raman scattering and Nd3þ fluorescence. Under such conditions, Nd3þ fluorescence works as a seeding
and an amplifier of stimulated Raman scattering (SRS), resulting in SRS enhancement. With pumping of 20mW
power at around 830nm wavelength, the terrace-microspheres showed the strongest SRS gain, 5–6 times of that
of 790nm wavelength pumping. SRS thresholds of the terrace-microspheres were improved from 3mW
(790nm wavelength pumping) to 0:3mW (830nm pumping) due to the enhancement effect. The potential applica-
tion for a multiwavelength Raman laser with a low threshold was demonstrated in the near-IR region
(λ ¼ 840–940nm). © 2011 Optical Society of America

OCIS codes: 140.3945, 160.5690, 180.5655, 190.5650, 290.5910, 300.6450.

1. INTRODUCTION
Stimulated Raman scattering (SRS) is an important nonlinear
optical effect for generating tunable coherent radiation.
Glasses are particularly attractive as the materials for Raman
resonators because their broad gain bandwidths enable us to
achieve high tunability of emission wavelengths. In optical fi-
bers, due to the low optical losses of silica-glass-based optical
fibers and broad Raman bandwidths, the development of var-
ious types of Raman fiber lasers has been reported [1].

Microcavity-based Raman lasers are also highly attractive
for extending the available wavelength of the existing laser
source. In high-quality (high-Q) microspheres, their whisper-
ing gallery modes (WGMs) enhance Raman gains compared
with those of bulk samples. Recently, low-threshold spherical
Raman lasers were demonstrated with high-Q silica glass
microspheres and silica glass toroids several tens of micro-
meters in diameter using a fiber-taper optical coupler [2,3].
A low-threshold Raman laser was also demonstrated with
CaF2 crystalline resonators using angle-polished fiber [4].
Glass microspheres are expected to have potential uses such
as light sources of multiwavelengths [5] and low-threshold mi-
crolasers [6]. To excite high-Q silica microspheres (refractive
index nD ¼ 1:45), highly effective optical coupling of pumping
light into them is inevitable. Various techniques for achieving
sufficient optical coupling with silica glass spheres have been
tried using prism couplers [7], side-polished fibers [8], fiber
tapers [9], and so on. Among these coupling techniques, the
fiber tapers with few-micrometer diameters showed remark-
able optical coupling efficiency. Silica glass spheres should be
pumped with silica glass fiber taper to match the refractive
index and modes between the microspheres and the fiber
tapers. Fiber tapers, however, are drawn delicately from
silica-based optical fibers, and from a practical viewpoint,
fiber tapers with few-micrometer diameters are very fragile.

Thus, the development of other optical coupling techniques
is an urgent issue.

Glass microspheres of multicomponent glasses such as
those made from conventional optical glasses are also attrac-
tive because of the wide variety of compositions along with
their wide range of optical and physical properties. Optical
coupling using silica-glass-based fiber taper is not suitable
for pumping those multicomponent glass spheres, because
their refractive-index difference does not allow mode match-
ing. Therefore, an efficient coupling technique to the multi-
component glass spheres is required for practical devices.

In our previous work, a micrometer-sized spherical cavity
laser having a terrace-shaped pumping light entrance was in-
vestigated [10–12]. A terrace portion was formed on micro-
spheres of multicomponent glasses (nD ¼ 1:93) several tens
of micrometers in diameter using organic–inorganic hybrid
materials (nD ¼ 1:45) in the binary system of 3-methacrylox-
ypropyltrimethoxysilane (MOPS) and tetramethoxysilane
(TMOS). A microcapillary supplier of picoliter-volume sol
was used for the terrace formation. We reported the mechan-
ism of terrace formation and the suitable lasing conditions,
including terrace thickness, for SRS [13]. Stimulated Raman
emission of WGMs was demonstrated by pumping the spot
at the terrace portion with a CW Ar+ laser (514:5 nm wave-
length). A terrace-microsphere is useful for coupling with
high-index spheres, and SRS has been demonstrated by
just directly laser irradiating the terrace portion in a terrace-
microsphere. Terrace-microspheres are one successful ex-
ample of spherical lasers, and with a terrace entrance a wide
variety of multicomponent glasses of high refractive index will
be applicable in micrometer-sized optical resonators [14].

Since stimulated Raman emission builds up from
spontaneous Raman scattering, usually relatively high pump-
ing power is required for achieving notable conversion
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efficiencies. Recently, many authors have tried to find new
methods for enhancing SRS in gas and liquid mediums.
Various external seeding techniques were applied to reduce
the threshold of SRS: (1) fluorescence-seeded Raman genera-
tion, where the cells of Raman and dye are separated and the
seeding beam for Raman cells (gaseous CH4) was provided
from a cell containing dye (Rhodamine 640) [15], (2) fluores-
cence seeding by dissolving fluorescent dye in an ethanol
droplet [16], and (3) fluorescence working as an amplifier
of SRS emission [Raman emission of CS2 cells was amplified
by passing through the fluorescent dye cell (Rhodamine
6G)] [17].

In this paper, terrace-microspheres consisting of high-index
glass spheres (BaO-SiO2-TiO2 glass) containing Nd3þ were
used to investigate the interaction between the double effects
of Raman scattering due to a glass matrix and fluorescence
due to Nd3þ. When pumping at longer wavelengths than
800 nm, there is a spectral overlap between Raman and fluor-
escence. Under such conditions, SRS and fluorescence cannot
be treated independently, and enhancement of SRS is ex-
pected in terrace-microspheres by pumping with a tunable
Ti:sapphire laser. This is the first report (to our knowledge)
of SRS enhancement by fluorescence in the solid-state
spherical cavity. Study of the interaction between SRS and
rare-earth fluorescence in a glass matrix is attractive both
scientifically and technologically. Terrace-microspheres con-
sisting of Nd3þ-doped high-index glass spheres will open a
way to develop a spherical Raman laser with a low-threshold
multiwavelength emission.

2. EXPERIMENTAL PROCEDURES
Commercially available high-refractive-index (nD ¼ 1:93)
glass microspheres 21 and 40 μm in diameter (Union Co.) were
used for the fabrication of terrace-microspheres. Typical com-
position of the glass sphere is 38:0BaO-11:5SiO2-38:5TiO2-
6:7CaO-5:3ZnO [18] in the BaO-SiO2-TiO2 glass system
containing a small amount of Nd3þ. In order to estimate

the concentration of Nd3þ in this glass, fluorescence at around
900nm wavelength of a bulk glass was measured. The Nd3þ

content in this glass was measured as about 0:3ppm by com-
paring the fluorescent intensity of the high-index glass with
that of the standard Nd3þ-doped glasses (soda-lime silicate
glass). Microspheres were made by the flame spray technique,
where small pieces of glass cullet were melted in the flame
and smooth-surface glass spheres were formed by their
surface tension. Organic–inorganic hybrid materials were pre-
pared by the sol-gel technique using MOP) and TMOS as start-
ing materials. MOPS and TMOS were chosen to control the sol
characteristics, such as hydrophobic–hydrophilic properties,
viscosity, and polymerization rate. The 25MOPS–75TMOS sol
in the MOPS–TMOS binary system was hydrolyzed and poly-
merized in hydrochloric acid solution at room temperature.
Relative humidity of the atmosphere was controlled below
15% in a dry box. Using capillary-puller equipment, glass
microcapillaries of about 1 μm tip diameter were prepared
in advance. A picoliter of MOPS–TMOS sol was supplied by
the microcapillary into the extremely narrow space between
a sphere and a Teflon sheet [13]. A sol droplet with a volume
of 1 pL was supplied in the narrow space by the capillary.
While a glass sphere sank slightly into the sol, the sol solidified
rapidly. After gelling, terrace-microspheres were dried at
room temperature, then subsequently heated at 100 °C
for 60 min.

As a preliminary measurement, spontaneous Raman scat-
tering spectra of the BaO-SiO2-TiO2 and SiO2 glasses were
measured by a microscopic Raman scattering spectrometer
(JASCO, Model NRS-2100). The pumping wavelength was
514:5 nm (CW Arþ laser), with a spectral resolution of
1 cm−1. The incident laser beam was collimated to about a
1 μm diameter spot.

Moreover, the fluorescence spectrum and the excitation
spectrum of the Nd3þ-doped BaO-SiO2-TiO2 glass were mea-
sured by pumping with a tunable CW Ti:sapphire laser
(pumping wavelength λpump ¼ 780nm–830 nm). A schematic
of the setup for the pumping experiments is shown in Fig. 1.
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Fig. 1. (Color online) Schematic illustration of setup for pumping terrace-microspheres.
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A tunable CW Ti:sapphire laser (λpump ¼ 790 nm–830 nm) was
used for changing pumping wavelengths. The incident laser
beam was collimated to about a 2 μm diameter spot by an ob-
jective lens (×100, NA0.8). Terrace-microspheres were fixed
on the edge of a slide glass by an electrostatic force, and
the terrace portion was directly pumped by the laser light
spot. A long-pass filter was used to remove emissions at short-
er wavelengths than 835nm. The emissions from the terrace-
microspheres were sent to a grating monochromator (JASCO,
CT-25C) through an optical fiber and analyzed by a CCD
detector (ANDOR, iDus DU401A). Pumping wavelengths
(λpump) were monitored by a monochromator (OceanOptics,
USB4000). Pumping powers at the sample position were mea-
sured by a laser power meter (OPHIR, PD300-3W). To inves-
tigate the interaction between SRS and Nd3þ fluorescence,
various emission spectra of the terrace-microspheres were
measured by changing the pumping wavelength from 790 nm
to 830nm. Subsequently, emission intensities were plotted
against the pumping power, and SRS thresholds were esti-
mated at various pumping wavelengths.

3. RESULTS AND DISCUSSION
Figure 2(a) shows a typical SEM image of the terrace-
microspheres. A terrace was successfully formed on a glass
sphere. Typical sizes of terrace-microspheres are illustrated in
Fig. 2(b): a glass sphere 21 μm in diameter, with a terrace
portion 16 μm in diameter and 4 μm in height. In the pumping
experiments, glass spheres of different diameters were used:
21 and 40 μm. The refractive index of the 25MOPS-75TMOS
hybrid material was nD ¼ 1:45 after curing.

High-index BaO-SiO2-TiO2 glass spheres containing 0:3 ppm
of Nd3þ were used in the pumping experiments. Spontaneous
Raman scattering spectra of BaO-SiO2-TiO2 and silica glasses
are shown in Fig. 3. High-index BaO-SiO2-TiO2 glass showed
strong Raman scattering in wide range of wavelengths com-
pared with that of the silica glass. In the BaO-SiO2-TiO2 glass,
peaks at 300 and 800 cm−1 originated from bonds of Ti-O
and Si-O in the BaO-SiO2-TiO2 glass matrix [19,20]. The inten-
sity of Raman scattering of high-index glass (at 800 cm−1

Raman shift) was about 11 times larger than that of SiO2 glass
(at 430 cm−1 Raman shift). Since the BaO-SiO2-TiO2 high-
index glass showed strong Raman scattering in wide range of
wavelengths compared with that of the silica glass, a multi-
component glass is one of the most favorable candidates
for multiwavelength Raman lasers.

The BaO-SiO2-TiO2 glass microspheres also contained
0:3 ppm of Nd3þ, which is a well-known active ion for laser
emission [21,22]. In Fig. 4, fluorescence and excitation spectra
of Nd3þ-doped BaO-SiO2-TiO2 bulk glass are shown. The fluor-
escence was obtained by pumping the sample at a 810nm
wavelength. The excitation spectrum was measured by
monitoring the fluorescence peak at 880nm wavelength.
The excitation and fluorescent spectra showed the maximum
at around 810 and 883nm wavelengths, respectively. Pumping
by laser light at around a 810 nm wavelength (the transition
4I9=2 − 4F5=2) gave three principal fluorescent bands (wave-
lengths: 880, 1060, and 1325nm). Transition 4I3=2 − 4I9=2 gave
fluorescence in the 860–940 nmwavelength, as shown in Fig. 4.
When pumping the Nd3þ-doped BaO-SiO2-TiO2 glass at longer
wavelengths than 800nm, there would be a spectral overlap
between Raman and fluorescence. Under such conditions,
SRS enhancement is expected in terrace-microspheres by
pumping with a tunable Ti:sapphire laser.

10 m
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21µµm

4µm

16µm(b)

Fig. 2. (Color online) (a) SEM image of terrace-microspheres,
(b) schematic illustration of a terrace-microsphere.
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Emission spectra of terrace-microspheres 21 μm in diam-
eter pumped with various wavelengths are shown in
Fig. 5: 5(a) 792:7nm, 5(b) 808:4 nm, 5(c) 819:3nm, and 5(d)
830:2 nm. Pumping power was 20mW. In the same figure, to
make the origin of the emission spectra clear, Raman scatter-
ing and Nd3þ fluorescence bands were also plotted with blue
and red dotted lines, respectively. The blue dotted lines show
spontaneous Raman scattering spectra at the corresponding
pumping wavelengths (using the data of the Raman spectrum

in Fig. 3). The red dotted lines show fluorescent spectra of
Nd3þ-doped BaO-SiO2-TiO2 bulk glass at the corresponding
pumping wavelengths. Emission peaks due to WGMs were
observed on the broad backgrounds of spontaneous Raman
and Nd3þ fluorescence. Relatively strong SRS peaks corre-
sponding to around 815 cm−1 Raman shift were highlighted
with closed blue circles in the Fig. 5 spectra. On the other
hand, open red circles on the fluorescence peaks show the
WGMs due to Nd3þ at the same wavelength. When the pump-
ing wavelength was changed from 792.7 to 830:2 nm, Raman
scattering shifted to the longer wavelength side, and the
overlapping of Raman scattering and fluorescence bands
increased. For example, in the spectrum in Fig. 5(a), pumping
at a 792:7 nm wavelength, Raman and fluorescence bands
were not overlapped. In Figs. 5(b) and 5(c), pumping at
808.4 and 819:3 nm wavelengths, both bands were partially
overlapped. Finally, in the spectrum in Fig. 5(d), pumping
at a 830:2 nm wavelength, strong overlapping was observed.
It should be noted that the SRS peak intensities increased
with the shifting pumping wavelengths from Fig. 5(a) to 5(d).
In Fig. 5(d), the highlighted SRS peak intensity corresponding
to 820 cm−1 Raman shift was 5.5 times larger than that of
Fig. 5(a).

Emission spectra of the terrace-microsphere 40 μm in diam-
eter were also measured, as shown in Fig. 6. Mode spacing
values between two adjacent modes in Figs. 5 and 6 were
85 cm−1 (7:0nm) and 41 cm−1 (3:4 nm), respectively, at around
a 900nm wavelength, which corresponded to the sphere
diameters. Similarly, the intensity of highlighted SRS peak
increased from Fig. 6(a) to 6(d) with the pumping wavelengths
changing to the longer side, also increasing the spectral over-
lapping of Raman and fluorescence, and the strongest SRS
was observed in Figure 6(d).

The mode spacing of WGM is theoretically estimated from
the sphere radius r, the refractive index of the sphere n1, and
the index of the surrounding medium n2. The mode spacing
(wavenumber) of a spherical particle is given by [6]

Δ ¼ tan−1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn1=n2Þ2 − 1

p

2πrn2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn1=n2Þ2 − 1

p : ð1Þ

Typical mode spacing of the terrace-microspheres in Fig. 5
is 85 cm−1 at around a 900 nm wavelength. In this terrace-
microsphere (refractive index of the high-index sphere
n1 ¼ 1:93, terrace portion n2 ¼ 1:45), mode spacing is theore-
tically estimated from Eq. (1) as 86 cm−1. Thus the measured
mode spacing in Fig. 5 agrees well with the theoretical value.
Moreover, the mode spacing of the terrace-microspheres in
Fig. 6 is 41 cm−1 at around a 900nm wavelength, which is
similar to the theoretically estimated value of 45 cm−1. Their
Q-values were calculated from the FWHM of the spectrum as
about 104 and were limited by the resolutions of the spectro-
meter and CCD detector.

In Fig. 7, emission intensities of a terrace-microsphere 21 μm
in diameter [the same sphere shown in Figs. 5(a)–5(d)] are
plotted against the pumping power. The blue and red curves
in Figs. 7(a)–7(d) correspond to the blue and red circles in
Fig. 5 and show the resonant peaks due to SRS (around
815 cm−1 Raman shift) and the fluorescence (λ ¼ 903:6nm).
In Fig. 7(d), the peak intensity at a 903:6 nm wavelength was
not plotted because the emission seemed to originate from
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Fig. 5. (Color online) Emission spectra of a terrace-microsphere
21 μm in diameter at various pumping wavelengths: (a) 792:7 nm,
(b) 808:4 nm, (c) 819:3 nm, and (d) 830:2 nm. Pumping power was
20mW. To make the spectral overlapping of Raman scattering and
fluorescence clear, spectra of spontaneous Raman scattering (using
the data of the Raman spectrum in Fig. 3) and Nd3þ fluorescence
of Nd3þ-doped BaO-SiO2-TiO2 glass are also plotted with blue and
red dotted lines, respectively. The blue solid and red hollow circles
show the peaks used for plotting in Fig. 7: the emission peaks
due to SRS (Raman shift is around 815 cm−1) and fluorescence
(λ ¼ 903:6 nm), respectively.
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both Raman and fluorescence. The plots at low pumping
powers are scaled up in the insets to make the threshold clear.
In the SRS and Nd3þ fluorescence plots of Figs. 7(a)–7(d), the
slopes of emission intensity versus pumping power increased
clearly above thresholds. In the insets of Figs. 7(b) and 7(c), the
change point of the slope in Nd3þ fluorescence intensity versus
pumping power seemed to correlate with the threshold of SRS
(1 and 0:6mW, respectively). At a pumping power above the
SRS threshold, the energy of Nd3þ fluorescence converted into
SRS emissions, and the slope of the fluorescence curve de-
creased clearly. The slope of the SRS curve decreased at a high
pumping power, as shown in Fig. 7, whichwas attributed to the
gain saturation.

Thresholds of SRS and Nd3þ fluorescence of the terrace-
microspheres at various pumping wavelengths are shown in
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Figs. 8(a) and 8(b). The SRS thresholds decreased from (a) to
(d): (a) 3mW, (b) 1mW, (c) 0:6mW and (d) 0:3mW. On the
other hand, as shown in Fig. 8(b), thresholds of emissions
due to Nd3þ were 2:5–3mW at around a 790nm pumping
wavelength and decreased drastically below 0:5mW at longer
wavelengths than 800nm. With pumping at around a
820–830nm wavelength, SRS with a threshold of 0:3mW was
performed in terrace-microspheres. This threshold is the best
value for terrace-microspheres compared with our demon-
stration in the previous works (2:5mW [8,11]). It should
be noted that Nd3þ thresholds were always lower than
those of the SRS at all pumping wavelengths [compare
Figs. 8(a) and 8(b)].

Normalized SRS gains at a pumping power of 20mW
(estimated from the results in Figs. 5 and 6) are plotted against
the pumping wavelength in Fig. 9. Closed and open circles cor-
respond to the data of terrace-microspheres shown in Fig. 5
(d ¼ 21 μm) and Fig. 6 (d ¼ 40 μm), respectively. “Normalized
SRS gain” is [strongest SRS peak intensities at various pump-
ing wavelengths]/[SRS peak intensity at 816 cm−1 Raman shift
at a 790nm pumping wavelength]. With a shift in the pumping
wavelength, normalized SRS gain increased. With pumping at
around 830nm, the terrace-microspheres showed the stron-
gest SRS gain, which is 5–6 times of that of λpump ≈ 790nm.

In this work, two emissions of SRS and fluorescence can
traverse each emission center because both emissions are si-
multaneously generated from the same glass spheres by laser
pumping. Therefore, SRS enhancement by fluorescence will
cause both processes of seeding [15] and amplification [17].
Schematics of two Raman enhancement processes are shown
in Fig. 10: 10(a) seeding, 10(b) amplification. Stokes frequency
ωs ¼ ωpump − ωvib, where ωpump is the frequency of the pump-
ing laser and ωvib is a vibrational mode of the glass matrix.
Seeding will be provided by not only spontaneous Raman scat-
tering but also Nd3þ fluorescence when Raman and fluores-
cence bands overlap spectrally. Generally, for SRS without
external seeding, SRS intensity Is is given by the following
equation [16,23]:

Is ¼ Isp × expðIpgs − αÞL; ð2Þ

where Isp is the intensity of the spontaneous Raman scatter-
ing, Ip is the pumping intensity, gs is the Raman gain, α is
absorption and scattering loss, and L is the optical path length
in a microsphere. With seeding by fluorescence, the Stokes

emission no longer needs to start from spontaneous Raman
scattering, but it can initiate from fluorescence spectrally
overlapping the Raman band. Then SRS intensity becomes

Is ¼ ½Isp þ If ðωsÞ� × expðIpgs − αÞL; ð3Þ

where If ðωsÞ is the intensity of the fluorescence centered atωs

(overlapping the Raman band) and is proportional to the pro-
duct of the fluorescence cross section and the concentration
of Nd3þ. Isp is proportional to the product of the spontaneous
Raman cross section. If ðωsÞ > Isp even at very low Nd3þ con-
centration, because the cross section of fluorescence is much
larger than that of Raman scattering. Fluorescence seeding
lowers the SRS threshold and enhances the SRS signal.
Various methods such as external and internal seeding using
lasing dye and liquid Raman medium for reducing the SRS
threshold and enhancing the weaker gain of SRS were
reported [15,16,23–25].

As shown in Fig. 10(b), the SRS amplification process
by fluorescence was also observed. The Stokes emission
(ωs) from the glass matrix traverses the Nd3þ fluorescence
medium (Nd3þ is under population inversion) and causes sti-
mulated emission at the Stokes wavelength. The mechanism is
similar to signal amplification in a rare-earth-ion-doped opti-
cal fiber. The power gain g is given by [17]

g ≈ expfðσΔn0 − αÞLg; ð4Þ

where σ is the cross section of the resonant absorption,Δn0 is
the initial density of inverted Nd3þ, and L is the optical path
length in a microsphere. When the input SRS signal is strong,
the growth rate decreases with the increase of input SRS in-
tensity. This is a well-known “gain saturation” phenomenon
[26]. Recently, besides addition of a lasing dye into the solvent
[23], other methods using separated cells between the Raman
and fluorescence medium [17] were reported for SRS ampli-
fication and spectral narrowing of SRS signal [27,28].
Moreover, SRS enhancement can also be explained by the en-
ergy conversion of Nd3þ fluorescence intensity to SRS emis-
sion by the amplification process [Fig. 10(b)].
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815 cm−1) and (b) Nd3þ emission at around 900nm wavelength in the
terrace-microspheres at various pumping wavelengths. Closed-circles
and open-circles correspond to the terrace-microsphere shown in
Fig. 5 (d ¼ 21 μm) and Fig. 6 (d ¼ 40 μm), respectively.
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Fig. 9. Normalized SRS gain plotted against pumping wavelength
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spond to the terrace-microsphere shown in Fig. 5 (d ¼ 21 μm) and
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SRS peak intensities at various pumping wavelengths� = ½SRS peak
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We also think the seeding [Eq. (3)] and amplification
[Eq. (4)] were generated simultaneously and interacted with
each other. However it is difficult to show a single model,
because the seeding efficiency of amplified SRS and amplifi-
cation efficiency of Nd3þ-seeded SRS (they depend on wave-
length) are not clear at the present stage. Moreover,
absorption of Nd3þ may also be related to the enhancement
effect. We will attempt to measure the spectra at various Nd3þ

concentrations to investigate the enhancement effect and
influence of Nd3þ absorption in the future studies.

4. CONCLUSIONS
Terrace-microspheres consisting of high-index glass spheres
(BaO-SiO2-TiO2 glass, nD ¼ 1:93) containing 0:3ppm of Nd3þ

were used to investigate the double effects of Raman scatter-
ing due to the glass matrix and fluorescence due to Nd3þ. The
high-index glass showed strong Raman scattering in a wide
range of wavelengths (∼1000 cm−1) compared with that of a
silica glass. When pumping the Nd3þ-doped BaO-SiO2-TiO2

glass at longer wavelengths than 800 nm, there would be a
spectral overlap between Raman and fluorescence. Terrace-
microspheres of several tens of micrometers in diameter were
pumped with a tunable CW Ti:sapphire laser at various pump-
ing wavelengths (λ ¼ 790nm–830 nm) to control the overlap.
Raman and fluorescence bands were not overlapped at
λpump ≈ 790 nm. Pumping at the 800–830nm wavelength re-
gion, there was a spectral overlap between Raman and fluor-
escence, and enhancement of SRS by Nd3þ fluorescence was

demonstrated. SRS thresholds of the terrace-microspheres
were improved from 3mW (λpump ≈ 790nm) to 0:3mW
(λpump ≈ 830nm) because of the enhancement effect. Pumping
at around 830nm, the terrace-microspheres showed the stron-
gest SRS gain, which was 5–6 times of that of λpump ≈ 790nm.
In this work, two emissions of SRS and fluorescence can tra-
verse each emission center because both emissions are simul-
taneously generated from the same glass spheres by laser
pumping. Therefore, enhancement of SRS by fluorescence
was caused by the two processes of “seeding” and “amplifica-
tion” simultaneously in the terrace-microspheres. This is the
first report of SRS enhancement by fluorescence in the solid-
state spherical cavity. Terrace-microspheres consisting of
Nd3þ-doped high-index glass spheres will open a way to de-
velop a low-threshold spherical Raman laser for multiwave-
length emission in the near-IR region (λ ¼ 840–940 nm).
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