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Abstract: Two-dimensional fluorescence and lasing images of a
Rhodamine-6G doped water spray are observed with color photography.
The lasing microdroplets are identified by their two reciprocal lasing spots.
The microdroplet sizes are measured using the digitized images. The
measured mean microdroplet diameter is 6@mM with a standard
deviation of 23.1pum. The measured microdroplet size distribution

compares favorably with the normal Gaussian size distribution.
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OCIS codes: (010.1100) Aerosol detection; (230.5750) Resonators; (250.5230)
Photoluminescence; (300.2530) Laser induced fluorescence.
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1. Introduction

Sprays are ubiquitous in today's high technology world; and are used in numerous
industries, such as medicine, automotive, aerospace, and agriculture. In automotive and
aerospace, fuel sprays are important for the combustion process. In automotive engines,
hollow-cone nozzle injectors are used to introduce the spray into the combustion chamber.

The constituents of a spray emerging from a nozzle are both in the vapor and the liquid
phase. The liquid phase consists of three components: ligaments, small droplets, and large
droplets. The spray diverges as it leaves the nozzle, and forms liquid ligaments. These
ligaments subsequently break-up into microdroplets, which evaporate as the air entrainment
into the diverging spray increases. The relative vapor/liquid composition of the spray is
critical to the operation of an internal combustion engine (ICE). Break-up length,
penetration depth, spray angle, and the size and spatial distribution of the microdroplets are
all important characteristics of the sprays [1]. Particularly, the ignition delay in Diesel
engines is dependant on the microdroplet size and number density, i.e., microdroplet size
distribution of the spray. Additionally, the carbon monoxide and nitrous oxide emissions
from ICE’s are found to be dependent on the spray microdroplet size distribution [2].

2. Microdroplet and spray imaging and microdroplet sizing

Various one- and two-dimensional in-situ and non-intrusive optical techniques have been
applied for individual microdroplet and spray imaging and microdroplet sizing [3-4]. One-
dimensional in-situ techniques such as intensity deconvolution, [5] interferometric phase
shift, [6] interferometric imaging, [7] phase Doppler interferometry, [8-9] elastic light
scattering, [10-11], and Mie scattering, [12] techniques are limited to single microdroplet
measurements, whereas extinction, [13-14] absorption, [15] multiple angle elastic light
scattering, [16-17] and Fraunhofer diffraction [18-19] are applicable to spray measurements.
Fraunhofer diffraction is the most commonly used one-dimensional microdroplet size
measurement technique, and is capable of a resolutionuof With a collection lens of 100

mm focal length in dilute sprays. Two dimensional in-situ elastic imaging techniques such
as direct photography, [20] flashlamp illumination, [21-22] backlighting, shadowgraph, [23]
direct laser imaging, [24-25], digital image processing, [26] interferometric imaging, [27]
Shifrin inversion, [28] Schlieren, [29] and holography [30] are suitable for dilute spray
characterization. For the study of dense sprays, two-dimensional in-situ inelastic imaging
techniques such as two color exciplex imaging (TCEI), [31] laser induced fluorescence
(LIF), [32] lasing, and stimulated Raman scattering (SRS) [33-34] are required.

In the elastic scattering images of the spray, it is not possible to distinguish the vapor and
liquid phases or the components of the liquid phase. TCEI is capable of differentiating
between the vapor and the liquid phases of the spray [35]. In order to also make LIF phase
sensitive, LIF emission from the vapor phase can be eliminated by selecting a dye, which has
a low concentration, and poor quantum efficiency in the vapor phase. Rhodamine 6G, being
an ionic dye molecule, has a low vapor pressure, and poor quantum efficiency in air, whereas
it has a high quantum efficiency of 0.9, when dissolved in a liquid [36]. Consequently, when
Rhodamine 6G is added to the liquid emerging from the nozzle, the LIF image is mainly
from the liquid ligaments and microdroplets in the spray. The lasing emission from larger
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microdroplets is red shifted relative to the LIF emission. In both TCEI and LIF the droplet
size is estimated from the ratio of the fluorescence intensity to the Mie scattering intensity
[37]. However, in lasing (or SRS) [38] the microdroplet size can be directly measured form
the separation of the two reciprocal lasing (or SRS) spots, without the necessity for
additional Mie scattering measurements. Lasing requires much lower input laser intensities
compared to SRS, and therefore is less susceptible to multiple scattering of the incident laser
intensity. In this paper, we report, for the first time, to our knowledge, the sizing of the
microdroplets in a hollow-cone nozzle spray using the lasing images of microdroplets doped
with Rhodamine 6G dye.

3. Microcavity Electrodynamics

The microdroplets are perfect optical microcavities. Therefore, we have to understand the
unique optical properties of the microcavities. First, the microcavity acts as an optical
resonator for light rays with specific wavelengths, which after one round trip, return to their
starting position in phase, i.e., resonate in the microcavity [39-40]. This optical feedback is
responsible for the observation of nonlinear optical processes, such as lasing (or SRS), in
optically transparent microdroplets. For the lasing (or SRS) to occur in a microdroplet, the
roundtrip gain has to be bigger than the roundtrip loss. When the microdroplet liquid is not
optically transparent, e.g. paint, ink, or oil suspensions in water as in the case of insecticide
sprays, the roundtrip gain will be less than the roundtrip loss, and lasing (or SRS) will not
occur in the microdroplet. In that case, a substitute transparent liquid with the same
mechanical properties doped with the appropriate laser dye can be used for spray
characterization.

Second, in a microcavity, the photon density of states (DOS) are enhanced at the cavity
resonances, when compared with the continuum of photon states of a bulk sample. The
spontaneous emission (luminescence) cross-sections (quantum efficiencies) at the
microcavity resonances are larger than the bulk spontaneous emission cross-sections because
of the enhanced photon DOS [41]. This brings the additional possibility to control the
emission properties of materials [42]. The cavity alteration of the spontaneous emission was
first proposed for radio waves [43]. Afterwards, the microcavity alteration of the spontaneous
emission was proposed [44] and observed in organic microcavities, [45] in the optical part of
the electromagnetic spectrum. In addition, alteration of the spontaneous emission in
semiconductor microcavities was observed [46] and calculated [47].

There are two coupling regimes between the microcavity photon modes and the gain
media modes (e.g., excitons): weak coupling and strong coupling. In this weak coupling
regime, the interaction (Rabi coupling) strength is smaller than the microcavity mode
damping (linewidth) and the gain media mode (e.g., exciton) damping (linewidth). The
spontaneous emission spectrum is altered due to a redistribution of the DOS by the presence
of the microcavity. However, in the strong coupling regime, the interaction (Rabi coupling)
strength is bigger than the microcavity mode damping (linewidth) and gain media mode
(e.g., excitons) damping (linewidth), and Rabi splitting of the microcavity and gain media
mode (e.g., excitons) occurs [48]. The proposition of strong coupling in optical
microcavities, [49] was followed by its experimental observation [50] and theoretical
calculation [51].

Optical microcavities can now be realized in solid state systems such as organic materials
[52] and semiconductors [53]. Semiconductor microcavities are used in resonant cavity
enhanced (RCE) optoelectronic devices, which are wavelength selective and ideal for dense
wavelength division multiplexing (DWDM) applications [54]. The simple planar Fabry-
Perot resonator is the most widely used geometry in semiconductor microcavities [55]. As
they alter the optoelectronic properties of the photonic gain media, semiconductor
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microcavities can be used in very efficient light emitting diodes (LED's), [56] in RCE
LED’s, [57] in low threshold vertical cavity surface emitting lasers (VCSEL'’s), [58-59]
external-cavity surface emitting lasers, [60] microdisk, [61] and microwire [62] lasers.

4. Microdroplet Electrodynamics

The occurrence of lasing in relatively large microdroplets can be explained by examining the
electromagnetic and quantum electrodynamic (QED) properties of the microdroplets [63].
Because of the spherical liquid-air interface, a third effect can occur in a large microdroplet
in addition to the previously mentioned optical effects, i.e., optical cavity feedback, and

enhanced cross section. For a plane wave illumination, the internal input intensity is
concentrated in two small regions along the principal diameter. This intensity magnification

can be as high as 100 times just within the microdroplet shadow face, and 10 times just
within the microdroplet illuminated face, [64] and reduces the threshold of nonlinear optical

processes. Figure 1 shows the schematic of the equatorial plane of the microdroplet.

T

[y

\g;:///

!
\

Fig. 1. The schematic of the equatorial plane of the microdroplet showing the focusing effect of the
microdroplet with high intensity pump regions and the counter-propagating morphology dependent
resonances. The pump input laser is shown in green, the fluorescing microdroplet is shown in
yellow, and the counterpropagating and lasing MDR’s are shown in orange-red. The two high
intensity spots in the illuminated and shadow side are indicated by green ellipses.

Additionally, as mentioned in the previous section, the microdroplet acts as an optical
cavity for specific wavelengths that satisfy the morphology-dependent resonances (MDR's)
[65-66]. MDR's are usually treated as standing waves, which can be decomposed into two
counterpropagating traveling waves, which propagate around the microdroplet rim [67]. The
counterpropagating traveling waves must experience quasi-total-internal reflection (TIR)
repeatedly at the spherical microdroplet interface and return to the starting point with their
initial phase. For wavelengths that are on MDR's, and within the optical gain profile of the
medium, the generated nonlinear waves circulate around the microdroplet rim, and
experience gain at the two high internal intensity regions. Occasionally, when the
monochromatic input laser frequency, is tuned to a MDR (an input resonance), there can be
an even larger enhancement of the internal intensity, which can further reduce the threshold
for nonlinear optical effects [68]. Finally, the fluorescence cross sections of molecules in the
microdroplets can be larger than those in an optical cell because of the modified final DOS
of the quantum mechanical transition probability. In a microdroplet, the final states of the
guantum mechanical transition probability are the microdroplet cavity modes (described by
MDR's), while for bulk liquid in an optical cell the final states of the transition probability
are the continuum modes of an infinite system [69]. These three effects (enhanced internal
field, optical cavity feedback, and enhanced cross section) reduce the threshold for nonlinear
optical effects, e.g., the lasing threshold for dye-doped microdroplets.
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MDR's are responsible for lowering the intensity thresholds for lasing in fluorescent dye-
doped droplets [70]. For spherical microdroplets, the spectral position of the MDR's can be
calculated from the Lorenz-Mie theory [71]. The density of MDR's per unit frequency
interval [72] is sufficiently large (typically 2 MDR's per c¢hfor microdroplets with a radius
of 40 um and a wavelength of 500 nm) that numerous MDR's are spanned by both the
fluorescence linewidth (typically £&m™). The quality factor of a MDR, defined as the
energy stored in the microdroplet cavity divided by the energy lost per cycle, has been
calculated to be on the order of®lfor a microdroplet with a size parameter of 300, real part
of the index of refraction of 1.5, and imaginary part of the index of refraction &f 1By
measuring the decay time of the SRS leaking from an ethanol microdroplet with a radius of
35um after the input beam is shut off, the quality factor is experimentally determined [73]
to be on the order of 70 Such large quality factors greatly reduce the input intensity needed
to achieve the lasing threshold at discrete frequencies corresponding to MDR's within the
fluorescence linewidth. Individual lasing peaks at MDR's may be resolved with a moderate-
resolution spectrograph (with 1 chresolution). The absolute frequency of the MDR's or,
more simply the separation between the MDR-related peaks, provides an accurate
measurement of the microdroplet size [74-75].

5. Fluorescence and Lasing in Microdroplets

The lasing wavelengths of laser-dye doped microdroplets are on the red side of the
fluorescence maximum. The red shift of the lasing spectrum of microdroplets as well as that
of the dye-doped liquids in an optical cell are associated with the increasing dye absorption,
which reaches a maximum on the blue side of the fluorescence maximum. The lasing
threshold is proportional to the difference between the fluorescence quantum efficiency and
the absorption loss. For dyes with small Franck-Condon shifts, the fluorescence maximum
and absorption maximum are closely separated. Consequently, for these dyes the lasing
wavelength region is significantly red shifted relative to the fluorescence maximum. As the
dye concentration is increased, the red shift increases further. Therefore, the radiation from
the large microdroplets in the spray, which are more likely to achieve the lasing threshold, is
expected to be red shifted relative to the fluorescence from the small microdroplets and
liquid ligaments of the spray, which do not achieve the lasing threshold. The Rhodamine 6G
dye-doped larger microdroplets are expected to emit orange-red lasing radiation. However,
the radiation from the Rhodamine 6G dye-doped liquid ligaments is expected to remain
yellow because the shape of the liquid ligaments cannot provide optical feedback for the
internally generated fluorescence and/or amplified fluorescence radiation. Again, the vapor
phase does not contribute to the radiation because of Rhodamine 6G's low vapor pressure
and poor fluorescence quantum efficiency in the vapor phase. From Lorenz-Mie calculations,
it is known that the quality factor (Q) of the MDR's decrease as the microdroplet radius
decreases and/or the microdroplet index of refraction approaches that of the surrounding
medium.

For Rhodamine 6G dye doped water microdroplets with an index of refraction of 1.33,
we are uncertain of the size below which the lifydactors are too lovto support lasing at a
fixed input pump intensity. With a stream of monodisperse water microdroplets with radii
greater than 20 micrometer and containing Rhodamine 6G, the lasing threshold is achieved
with an input pump laser intensity of 0.1 KW/énBecause the smaller microdroplets have
lower Q MDR’s and less MDR'’s within the gain profile of the Rhodamine 6G dye, than
larger microdroplets, the small microdroplets will only fluoresce, when the input laser
intensity is below the lasing threshold intensity. Due to cavity QED considerations, some
small droplets will also lase with lower thresholds than the larger microdroplets. However,
small droplets have relatively lower chance of lasing, since bigger droplets have more
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MDR’s within the gain profile of the Rhodamine 6G dye. The Q’s of the MDR’s are limited
by the absorption coefficient of the water containing® 2 Rhodamine 6G. The absorption
coefficient of Rhodamine 6G is approximately® 1™ cm™, which results in an absorption
coefficient of 10 crit, and limits the Q’s to 1 This reduction of in Q’s further limits the
number of available MDR’s for lasing.

Additionally, a change in dye concentration will also change the lasing threshold in the
microdroplets. An increase in the dye concentration will both increase the gain, and the
absorption loss in the microdroplets. After the saturation of the gain, a further increase of the
concentration will further reduce the Q’s. In our system, a uniform dye concentration is
assumed for all microdroplets sizes, since the microdroplet evaporation rate is on the order
of 100 um?/s [76]. At our nozzle speeds of 10 m/s, this will not cause a substantial increase
in the dye concentration

6. Experimental Procedure

The lasing and fluorescence images of the spray were obtained using the setup shown in Fig.
2. The illumination source is the second-harmonic output of a multimode Q-switched
Nd:YAG laser. The laser has an excitation wavelength of 532 nm, a repetition rate of 10 Hz,
and a pulse duration of 15 ns. The laser beam is propagating along a horizontal line with a
vertical polarization. The laser beam is formed into a sheet with a length of 10 mm and a
thickness of 10@m using the combination of a diverging spherical lens and a converging
cylindrical lens. The green illumination sheet, with an intensity of 0.1 G\{/amercepts a
select portion of the nozzle spray. The hollow-cone nozzle has a flow rate of 6.25 liters/hr at
a back pressure of 4.2 Kg/émand a cone angle of 30°. A water spray containing 10
* M Rhodamine 6G emerges from the vertically directed nozzle and is photographed with a
35 mm camera. The fluorescence emission spectrum of Rhodamine 6G is in the yellow-
orange-red part of the optical spectrum [65]. The spray is imaged through an orange-red
filter (Corning 3-66) and recorded on a 1600 ASA color film. The incident pump beam is
filtered by the color filter. The photographs were later digitized for image analysis. The ionic
Rhodamine 6G is selected because of its poor fluorescence quantum efficiency in the vapor
phase and its low vapor pressure [77].

532 nm laser sheet

Hollow-cone nozzle

_ 35 mm camera
Imaging lens Color filter

Fig. 2. The experimental setup used to image the spray. A laser sheet illuminates the spray
emerging form the hollow-cone nozzle. The spray is imaged through a filter onto the camera.
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7. Microdroplet Imaging with Fluorescence and Lasing

c) .
'

®

Fig. 3. The experimentally obtained images of the single lasing microdroplets in the (a-c) four

times and (b-d) two times magnified images of the Rhodamine-6G doped water spray. Notice the

two reciprocal lasing spots corresponding to the two counter-propagating lasing beams. In Fig. 3
(f) there are two sets of perpendicular lasing modes.

(@) . (b) . (
(d) . (e) .

In order to interpret the high magnification lasing images of the spray, images of single
lasing droplets were investigated. Figure 3 shows images of individual lasing microdroplets.
The images shown in Fig. 3 are obtained from a region 1 cm distant from the nozzle orifice.
Two reciprocal orange-red dots produced by the lasing radiation, that leaks from the
microdroplet rim, is the distinct feature of these images. Experimentally, when the input
laser intensity is just above threshold, the lasing appears as two reciprocal small orange-red
dots located on the microdroplet rim. The appearance of the two orange-red dots is
consistent with the better spatial overlap of the internal pumping region and the MDR's,
which are localized around the microdroplet perimeter. The detected radiation from the two
orange-red dots is associated with the nonlinear lasing waves, which leak from the
microdroplet rim, and are in resonance with MDR's.

8. Spray Imaging with Fluorescence and Lasing

The microdroplet size data is collected from a total of 6 lasing and fluorescing liquid spray
images. Four of these images are shown in Figures 4-7 (a). In the images, there is a gradual
color variation from yellow to orange to red. The fluorescence is yellow compared to the
orange-red lasing, which occurs towards the long wavelength side of the Rhodamine 6G dye
gain curve. Only liquid ligaments and small microdroplets appear yellow in the fluorescence
image of Rhodamine 6G-doped water spray. Because the large microdroplets achieve the
lasing threshold, we are able to distinguish the red-shifted lasing emission of the large
microdroplets from the yellow fluorescence emission of small microdroplets and liquid
ligaments. Figures 4-7 (b) show the analyzed wavelength-shifted fluorescence and lasing
images of the hollow-cone-nozzle spray. The white rectangular boxes depicted in Figs. 4-7
(b) are zoomed in Figs. 4-7 (c) and (d), which show the experimentally obtained and
analyzed images, respectively. The lasing microdroplets are selected using the two reciprocal
lasing spots corresponding to the two counter-propagating laser beams around the great
circles of the microsphere. Each microdroplet is then numbered, and its diameter is
measured in pixels, and then converted to spatial units. The size calibration is performed
using the magnification of the collection optics and the nozzle size. The result of the size
measurements is plotted as a histogram in Fig. 8.
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(d)

Fig. 4. Experimentally obtained (a) original image and (b) analyzed image of the lasing and
fluorescing Rhodamine-6G doped water spray with two times magnification. The white box in (b)

indicates the enlarged region shown in (c) and (d). Magnified region of the experimentally

obtained (c) original image and (d) analyzed image of the lasing and fluorescing Rhodamine-6G
doped water spray. A microdroplet is defined by a pair of reciprocal lasing spots.

The solid red dots in Fig. 8 represent the experimental size measurement data. A
Kolmogorov-Smirnov goodness-of-fit test applied to the measured microdroplet size
distribution [78-79] satisfied the normality condition. The blue curve in Fig. 8 represents the
theoretical fit using the normal Gaussian probability distribution function (PDF) with a
mean microdroplet diameter gf= 69.7 um and a standard deviation 6f= 23.1um. The
obtained PDF compares favorably with the theoretical normal Gaussian PDF. The normal
Gaussian PDF is given as p(x).

L dofd=my
D(X)—Umexp{ 2[ > j y
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(d)

Fig. 5. Experimentally obtained (a) original image and (b) analyzed image of the lasing and
fluorescing Rhodamine-6G doped water spray with two times magnification. The white box in (b)

indicates the enlarged region shown in (c) and (d). Magnified region of the experimentally

obtained (c) original image and (d) analyzed image of the lasing and fluorescing Rhodamine-6G
doped water spray. A microdroplet is defined by a pair of reciprocal lasing spots.

whered is the microdroplet diametey the mean microdroplet diametes,the standard
deviation of the microdroplet diameter. The normal Gaussian PDF can be integrated to yield
the normal Gaussian cumulative distribution function (CBE).
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(b)

(d)

Fig. 6. Experimentally obtained (a) original image and (b) analyzed image of the lasing and

fluorescing Rhodamine-6G doped water spray with two times magnification. The white box in (b)

indicates the enlarged region shown in (c) and (d). Magnified region of the experimentally

obtained (c) original image and (d) analyzed image of the lasing and fluorescing Rhodamine-6G
doped water spray. A microdroplet is defined by a pair of reciprocal lasing spots.

+00 2
F(x)=ijex —1(d ,uj dx- )
o2, 2\ o
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(d)

Fig. 7. Experimentally obtained (a) original image and (b) analyzed image of the lasing and
fluorescing Rhodamine-6G doped water spray with two times magnification. The white box in (b)

indicates the enlarged region shown in (c) and (d). Magnified region of the experimentally

obtained (c) original image and (d) analyzed image of the lasing and fluorescing Rhodamine-6G
doped water spray. A microdroplet is defined by a pair of reciprocal lasing spots.

The CDF is plotted in Fig. 9 for our microdroplet size distribution. Again, the solid red
dots represent the experimental cumulative number of microdroplets, and the blue curve
represents the theoretical normal Gaussian CDF. The obtained CDF compares favorably
with the theoretical normal Gaussian CDF.
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Fig. 8. The histogram plot of the number of microdroplets and the respective normal Gaussian fit
as a function of the microdroplet diameter.
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Fig. 9. The plot of the cumulative number of microdroplets and the respective normal Gaussian
CDF as a function of the microdroplet diameter.

9. Conclusions

Yellow fluorescence and orange-red lasing images of a dense water spray containing
Rhodamine 6G dye are used for microdroplet identification and the analysis of microdroplet
size distribution. The large microdroplets are distinguished easily, since the lasing is only
attainable in the large microdroplets. This technique is of limited use for aerosols, which
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have small microdroplets with diameters on the order of a micrometer. Small microdroplets
have few MDR’s with small quality factors, and thus are unable to support lasing. Because
the temporal resolution is defined by the input laser pulse duration (15 ns), this technique is
well suited to the study of rapid injection events. The microdroplet size distribution obtained
from the spray compares favorably with the normal Gaussian size distribution. With the
proper adaptations, this technique might be used for the design and characterization of new
nozzles and other spray delivery equipment in various industries.
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