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Abstract. Laser induced fluorescence and amplification of fluorescence by laser
pumped Rhodamine-6G solutions – having selected volumes – in water have been
investigated. The results are comparatively presented for bulk and pendant droplets
with emphasis on the amplification obtained in the second case. In the case of pendant
droplets two different collection geometries of the fluorescence signal were used.
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1. INTRODUCTION

Microfluidics is a research area that deals with generation and manipulation
of small volumes of fluids. Systems based on small droplets are treated within the
interdisciplinary field of microfluidics due to their potential applications in physics,
biology [1], chemistry and pharmaceutical industry. Recent data on the use of the
water solutions of medicines, laser irradiated are reported in [2–7]. In the last
decades, in optics, an increased interest is oriented towards the microdroplets [8, 9]
due to their spherical geometry with a near perfect surface induced by surface
tension. Inside a sphere, an electromagnetic wave can suffer total internal
reflection, taking place a confinement of light similar to that specific to an optical
resonator. This phenomenon is known as “Wispering Galery Modes” (WGM) [8],
[10–12].
A particular interest is devoted to the laser beams interaction with liquid
microspheres, which can be resonant or unresonant [13]. The resonant interaction
refers to the fact that the laser beam is partially or fully absorbed by the droplet’s
components and it is accompanied by phenomena such as laser induced
fluorescence (LIF) [14], amplified spontaneous emission (ASE) [15], lasing
emission [14, 15], or by photochemical induced modifications of the molecule’s

2

Characterisation of fluorescent pendant droplets

1279

structure [16]. We performed studies on resonant interaction with droplet
containing different kinds of constituents: laser dyes for which lasing can be
obtained [17], emulsions for which an enhancement of photoluminescence occurs
or medicines whose molecular structures may be changed [16]. The unresonant
effect takes place when the resonant effect is missing due to the lack of beam
absorption by droplet’s materials. The use of a very high energy laser beam
properly tailored could be also responsible for the unresonant effects on droplets
[13]. A combination for the resonant and unresonant effects on droplets obtained at
incidence with a laser beam could produce both mechanical effects as well as light
emission to the lasing limit.
Here, we report studies on the resonant interaction of a pulsed laser beam and
pendant droplets containing solutions of Rhodamine 6G (Rh6G) in water.

2. MATERIALS AND METHODS

In our case, pendant droplets are constituted by a solution of Rhodamine 6G
(Rh6G) in ultrapure water. Rh6G is member of xanthene derivatives family having
a high fluorescence quantum yield, 0.95 at 25 ºC [18]. The Rh6G solution was
prepared with ultra-pure water at several concentrations (10-5M, 10-4M, 10-3M).
In Fig. 1, the experimental set-up used to expose the droplets to laser
radiation is shown. The beads were generated using a computer controlled Droplet
Generator System (MICROLAB 500 Dual Syringe Diluter, Hamilton). The droplet
volume, used for these experiments, was 10 µl, corresponding to a diameter of
2.67 mm. The droplets were hanging on a hydrophobic, stainless steel capillary
with the outer diameter 0.72 mm, so that the solution was not adhering to the inner
or the outer surface of it. For droplet excitation, we used the second harmonic
generation (SHG) from a pulsed Nd:YAG laser beam (Continuum, Surelite II)
having available 532 nm wavelength, the pulse time width at half maximum 6 ns
and the repetition rate 10 pps. The used energy per pulse was 2.2 mJ. The
fluorescence signal was collected with a VIS optical fiber having the inner core of
400 µm. There were used two geometries for the collection of the fluorescence
signal. In the first configuration, the optical fiber has been moved along a direction
parallel to the optical axis from the input of the laser beam into the droplet to the
exit of it from the droplet, with a step of 400 µm. In the second, measurements
were performed by placing the optical fiber at different angles on the equatorial
line of the droplet. The fluorescence signal was analyzed with an Acton Research
Spectrograph coupled with an iCCD camera, controlled by computer. All the LIF
spectra recorded were averaged for 10 pulses, for a better signal to noise ratio.
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Fig. 1 – Experimental set-up used for irradiation of pendant droplets seeded with solutions of Rh6G.
Evolution of the laser beam waist is represented in Fig. 2.

For comparison, LIF experiments were performed also on bulk samples,
placed in a spectrophotometric cuvette, the liquid volume being 1 ml.

3. RESULTS AND DISCUSSIONS

The intensity and the width of the fluorescence bands depend on several
parameters, such as the energy density introduced in the system, the solution
concentration, the number of molecules excited by the laser beam and the
temperature.
The laser beam is sent to the droplet through a lens (L1) with the focal length
of 150 mm (Fig. 2a). For the same positions of the droplet and of the optical fiber,
LIF signal was measured for several positions of the lens with respect to the
droplet. The values of the fluorescence peak intensity as a function of distance
between lens and droplet are shown in Fig. 2b. The intensity of the fluorescence is
decreasing with the proximity to the focal point, since the power density is higher
and localized on a small area and the number of the excited laser dye molecules
decreases. Thereupon, in the focus point, the resonant effects are surpassed by the
unresonant effects, and the droplet is destroyed [13]. After passing the focal point,
the intensity is increasing, but it remains smaller than in the positions placed
diametrically opposed.
For the next experiments, it was chosen a distance of 100 mm between the
lens and the droplet. This corresponds to a beam waist of 2.5 mm. In such a way
the beam is covering almost entirely the droplet that has the diameter of 2.67 mm.
The droplet irradiated surface is a spherical cap with the area of 0.3 cm2.
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Fig. 2 – a) Cartoon depicting the evolution of the laser beam waist; b) intensity of laser induced
fluorescence spectra of Rh6G 10-5M solutions in ultrapure water taken in different focus positions.

Fig. 3 – Comparison between fluorescence spectra emitted by a droplet and a bulk sample
(placed in a spectrophotometric cuvette) containing Rh6G solution (10-5M concentration).

In Fig. 3, a comparison is made between the fluorescence spectra measured
for a solution of 10-5M of Rh6G in ultrapure water in a bulk sample and in a
pendant droplet. Both systems were irradiated with the same energy 2.2 mJ. Even if
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the volume of the droplet is much lower than the volume of the cuvette, it is
obvious that on the pendant droplets, the intensity of the fluorescence spectra is
increasing with an order of magnitude with respect to bulk. Also the shape of the
spectrum is changing and the maximum of the fluorescence band is moving to
longer wavelengths. This is due to an amplification of the fluorescence signal
inside the droplet. This effect is also reported in literature [12] where as active
medium is placed in a microresonator with a spherical geometry. The sphericity of
the droplet ensures the spherical resonant cavity, in which light could be confined
by repeated total internal reflections at the surface of the droplet.
When the pumping beam is passing through the droplet, the intensity of the

I = I 0e

−ε lc

beam is decreasing by the Beer-Lambert law, where I0 and I are the intensity of the
incident radiation and transmitted radiation, respectively, ε is attenuation
coefficient, c is the concentration of the absorbent and l is the optical path length in
the sample. The absorption coefficient ( ε x c) depends on concentration and
wavelength of the beam as presented in absorption spectra in Fig. 4. The absorbed
energy contributes to excite the molecules of Rh6G from the ground singlet state to
the first excited singlet state. From this state a significant number of the excited
molecules could decay in the ground state through emission of fluorescence or
other processes [19].
With respect to the Beer-Lambert law, after laser beam passes through the
droplet, the intensity of the incident beam is attenuated N times, calculated in
Table 1 for different concentrations.

Fig. 4 – The absorption spectra of solutions of different concentrations of Rh6G in ultrapure water.
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Table 1
Concentration
[M]
10-6
5·10-6
10-5
5·10-5
10-4
5·10-4
10-3

Attenuation
coefficient
[M-1cm-1]
126400
93020
95620
80308
75330
49499
35868.6

d (penetration depth)
[mm]

N
[%]

79.11392
21.50075
10.45806
2.49041
1.32749
0.40405
0.2788

96.76
88.60
77.98
35.20
14.10
0.16
0.008

The radiations are emitted along a direction so that they will suffer a total
reflection at the interface of water and air. The critical angle for total reflection at
the interface water-air is 48.59°. This confined radiation could interact with other
excited molecules and can give a stimulated emission. The emitted photons have
the same frequency, phase and direction of propagation as the photons which
produce them, and consequently we obtained the higher amplification of the signal
compared to the bulk.
Studies were also made for concentrations of Rh6G in ultrapure water varied
from 10-5 M to 10-3 M. LIF was measured in bulk, in a spectrophotometric cuvette
(1ml of solution) and in pendant droplets. The LIF spectra measured for both
samples are shown in Fig. 5a–b. For bulk, at the concentration of 10-5 M, it was
obtained the typical fluorescence broadband of Rh6G. By increasing the
concentration to 10-4 M the intensity of the fluorescence increases, due to the higher
number of the molecules that are excited. For concentration greater than 10-4 M, the
intensity of the fluorescence decreases, due to reabsorption processes and the
formation of non-fluorescent dimmers [20]. With the concentration increase, the
fluorescence bands are red shifted due to the reabsorption and consequently the
reemission takes place at longer wavelengths [21].

Fig. 5 – Comparison between fluorescence spectra of Rh6G solution emitted by droplet and bulk
(spectrophotometric cuvette) at different concentrations.
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By increasing the concentration of the droplet sample, the intensity of the
fluorescence peak is slowly decreasing and the maximum is strongly shifted
towards longer wavelengths.
Further, experiments were made for different signal collecting geometries.
The position of the collecting optical fiber was changed along an axis which is
parallel with the incident beam in the equatorial plane of the droplet, with a step of
400 µm. In Fig. 6, the emission spectra collected in three different positions (front,
center and back as in Fig. 6a) are shown for a concentration of 10-5M. In position 1,
the spectrum obtained has three different peaks. The peak recorded at 532 nm, is
the excitation laser beam, reflected on the droplet surface. The typical broad band
of the fluorescence of Rh6G is obtained with the maximum intensity at 560 nm as
it is also for the bulk sample case. The main difference between the fluorescence
properties measured in droplet compared to bulk, is the rise of a third peak at
625 nm. This corresponds to the amplification of the fluorescence signal in droplet,
which can be considered as a spherical resonant cavity [22]. When optical fiber
moves towards the back of the droplet (positions 2 and 3), the reflection of the
incident beam is no longer collected, the fluorescence intensity is drastically
decreasing and only one peak is observed. The peak intensity of the emission with
respect to the collecting position is presented in Fig. 6. The maximum intensity is
near the position 1 and 3 and decreases significantly when the optical fiber reaches
the center. The geometry of irradiation leaves a number of unexcited molecules
that reabsorb the fluorescence, which leads to a lower intensity signal measured in
position 2.

Fig. 6 – a) Cartoon depicting the optical fiber for measuring fluorescence at different positions
on a droplet; b) laser induced fluorescence of Rh6G solution measured at different position
on the equatorial plan of a droplet.

On the other hand, a red shift of the lasing peak measured from point 1 to
point 3 occurs. This effect is characteristic for an increasing of concentration as it
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was presented above. In this case, a concentration gradient is obtained in droplet
due to irradiation. When the laser beam interacts with the first layers of the droplet,
a part of the molecules are destroyed due to the high energy, which leads to a
decreasing of concentration in this area, compared with the back of the droplet.
The LIF signal was measured also at different angles (Fig. 7a) around the
droplet in the equatorial plane for droplet at 10-3 M concentration. It was observed
that the intensity of the signal depends on the collecting angle and this can be seen
in Fig. 7b.

Fig. 7 – a) Cartoon depicting the experimental set-up for measuring fluorescence at different angles
on a droplet; b) intensity of the signal measured at different angles.

The signal collection at 0° angle corresponds to the acquisition signal at the
back face of the droplet on the direction of the propagation of the laser beam.
The acquisition at 180° is in the opposite position with respect to that at 0°.
It must be kept in mind that the measurements are not possible at 180° due to the
blocking of the pumping laser beam. The intensity of the amplification band
showed a value higher near the 0° acquisition angle; then the intensity decreases
according to a dumping pattern showing another maximum at around 90°.

4. CONCLUSION

The fluorescence of Rh6G solution has been investigated in pendant
microdroplets. It was found that emission spectra for such systems has different
characteristics compared with the ones measured for bulk. The main difference is
the existence of a sharp peak at longer wavelengths and an amplification of
intensity, even if the droplets contained a lower quantity of fluorophores. Also, the
increasing of the concentration of Rh6G leads to a red shift and a slow intensity
decreasing of the emission peak. In addition, the intensity and the position of the
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laser induced fluorescence peak have a strong dependence on position of the
droplet with respect to the focal lens and to the collection point.
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