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Abstract
We study experimentally the lasing properties of dye-

doped polymer random media in which scattering
particles and spacer particles with spherical shape are
distributed. The intensity of emitted light and the
distribution of spikes in the emission spectrum are
analyzed. Experimental results show that the bubble-
structured random laser exhibits a higher peak in the
emission spectrum than conventional random lasers. The
mode analysis of random lasers is carried out to reveal the
feature of this new type of random structures.

1 Introduction
The random laser is a mirrorless laser in which multiple

scattering of light provides long optical paths and
feedback necessary for laser action [1-6]. Most of random
lasers consist of small particles distributed in an
amplifying medium or powder particles which themselves
have gain properties. In recent years, several novel
structures of random gain media have been investigated
for controlling the spectrum and efficiency of random laser
emission [7–9]. For example, monodisperse scattering
particles allow us to control the emission spectrum [7], and
when there is a defect in the distribution of monodisperse
particles, the light is concentrated and enhanced in the
defect region [8]. These two studies have revealed that the
laser emission can be controlled by adding some regularity
to the random structure. Another variation in the structure
is the shape of the scattering particles, which has been
found to affect the efficiency of random lasing [9].

In a previous study [10], we investigated the random
laser emission from random media with a “bubble
structure” which have non-scattering regions distributed
randomly. We found that the peak of emission spectrum is
enhanced under certain conditions. In this study, a
systematic control of spacer particles (SPs) constituting
non-scattering regions is carried out. Although this
structure seems to be similar to that of superdiffusive
media [11], the non-scattering regions in our model do not
necessarily realize a Lévy flight for light

2 Experiment
Figure 1 shows a schematic of the random structures we

used for random lasers. Random media with a bubble
structure are fabricated by using silica particles with

diameters of 30, 40, 60, and 100 m as SPs. TiO2 scattering
particles with a diameter of 180 nm and the SPs are
dispersed in light curable photopolymer (Adell K40)
which is doped with rhodamine 6G laser dye with a
density of 6.7 × 103 mol/l. The volume filling fraction of
scattering particles is 10%. The refractive index of TiO2

particles, silica particles, and K40 polymer are 2.7, 1.52,
and 1.5, respectively, so that scattering from silica particles
is almost negligible. The liquid polymer medium is then
put on a slide glass with a cover glass on top, and cured by
illuminating it with 405 nm violet laser light for 8 min. The
thickness of the fabricated random media is 0.2 mm.

A schematic diagram of the experimental setup is
shown in Figure 2. The sample is pumped by a frequency-
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Figure 2 Schematic diagram of the experimental setup for
measuring the emission spectrum.

Figure 1 (a) homogeneous and (b) inhomogeneous
distributions of scattering particles in dye doped polymer
media. Dashed circles in (b) represent spacer particles.
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doubled Nd:YAG laser beam with a wavelength of 532 nm
and a pulse duration of 10 ns. The pump beam is focused
vertically onto the surface of the sample using a cylindrical
lens of 50 mm focal length. The light emitted from the
sample is detected by a spectrometer (Ocean Optics
HR2000) through a collective lens and an optical fiber at an
observation angle of about 45°. A notch filter in front of
the fiber end removes the pump light.  The emission
spectrum is measured with a spectral resolution of 0.2 nm.
200 spectral data were obtained for each sample
configuration by changing the position of the pump spot.

3 Results
Typical emission spectra obtained from the

homogeneous and bubble structures are shown in Figure
3(a) and 3(b), respectively. Some spikes are seen to appear
in the spectra, showing that random lasing with resonant
feedback occurs in the samples. We found that some
spikes grow higher than others in the bubble medium,
whereas all the spikes look alike for the homogeneous
medium.

We performed experiments with all the combinations of
SPs: monodisperse particles of 30, 40, 60, and 100 m
diameters, and polydisperse particles of two, three, and
four different sizes. The volume filling fractions of SPs are
5 and 10%, and the volume fraction of each particle size is
the same for the polydisperse SPs. The average intensity in
the wavelength range of 560–590 nm and the average

value of the maximum peak intensity in the emission
spectrum are plotted as a function of the volume fraction
of SPs in Figure 4(a) and 4(b), respectively. The volume
fraction of 0% and the diameter of 0 m denote a
homogeneous medium schematically shown in Figure 1(a).
As seen from Figure 4(a), there is little difference in the
average intensity between the homogeneous medium and
the monodisperse and polydisperse bubble media. In this
respect, the emission efficiency is almost the same. On the
other hand, almost all the bubble structures exhibit higher
maximum intensity than the homogeneous medium. In
particular, a random laser with polydisperse SPs of 30–100
m diameters and 5% filling fraction presents up to 1.4
times higher emission intensities than the homogeneous
one. The other size groups (monodisperse) of the SPs show
lower maximum intensities than that of polydisperse one,
indicating that the size range of SPs should be wider for
high emission peak.

The emission peak intensity in the spectrum is higher
for the filling fraction of SPs of 5% than for 10%. Light
cannot be amplified in the SPs so that the gain volume
reduces as the SPs increase. The result suggests that the
optimal fraction of SPs for strong peak emission exist
between 0% and 10%.

We studied the mode properties of bubble random
media to examine the reason for the high emission spikes
in the spectrum. We pumped at the same region of the
sample and took a series of emission spectra. The intensity
correlation between different pairs of spikes in the

Figure 3 Emission spectra from (a) a homogeneous medium
(SP: 0%) and (b) a medium with a bubble structure (SP:
1.25% each for 30, 40, 60, 100 m).

Figure 4 (a) Average and (b) maximum intensity in the
emission spectrum for various sizes and volume fractions of
spacer particles.
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emission spectrum was then evaluated [12] for the
homogeneous medium and the bubble media containing
5% of the SPs with various sizes. We set the criteria that
the spikes which have the correlation coefficient of more
than 0.7 with each other belong to the same resonator.

Figure 5 shows the average number of resonators and
the average number of resonant frequencies in a resonator
obtained by pumping 20 different regions for each sample
configuration. As seen from Figure 5(a) and 5(b), the
number of resonators is small and the number of resonant
frequencies per resonator is large for the monodisperse SPs,
compared to those for the homogeneous medium and the
polydisperse SPs. Large values of the standard deviations,
however, make it difficult to compare the difference
between the average values. It is to be noted that the
variation in the number of resonators caused by a change
in the pump position is larger for the bubble media than
for the homogeneous one. This indicates that the position
of the SPs in the gain volume has a large effect on the
resonant mode of the random laser.

We cannot see a distinct difference between the mode
properties of the homogeneous medium and that of the
bubble one with polydisperse SPs. However, the
properties of photon diffusion should be different between
the two. Further experimental analysis is needed to
elucidate the emission properties of the bubble-structured
random laser.

4 Conclusion
We investigated the spectral and mode properties of

random lasers in which scattering particles are distributed
inhomogeneously. We found that dispersing spacer
particles in a random gain medium results in an increase
in the emission intensity at certain wavelengths. It is
suggested that the spacer particles contribute to the
selection of modes in which stimulated emission is
effectively enhanced. A simulation study is planned to
further explore the mechanisms of resonant modes of the
random laser with bubble structures.
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Figure 5 (a) Number of resonators in the sample media and
(b) the number of resonant frequencies of a resonator.
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