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20, ABSTRACT CONTINUED

' R Nonlinear optical interactions in a droplet occur at remarkably
low input intensity levels because the droplet acts as a lens to concen-
trate the input radiation at a location just within the shadow face and
as an optical cavity to provide feedback for the internally generated
radiation, The following nonlinear optical effects have been observed
in sin liquid droplets: (1) lasing; (2) stimulated Raman scattering
up to the l4th order; (3) coherent Raman gain due to the presence of
andther input wave; and (4) phase-modulation broadening of the elasti-
lly scattered and stimulated Raman scattered radiation.

LIB within the droplet occurs when the rising portion of the input

laser pulse causes multiphoton ionization which is followed by cascade

H multiplication. The resultant plasma within the droplet transforms a
nominally transparent droplet into an absorbing droplet, and the remain-

ing portion of the input laser pulse heats the droplet., Plasma is

ejected from the droplet, first from the shadow face‘ﬂnd then from the

illuminated face. Even after the plasma has been quenched, the droplet

1 undergoes explosive vaporization. We have measured the following pro-
perties of LIB and explosive vaporization: (1) the location of LIB

} initiation; (2) the propagation velocities of the ejected plasma;

4 (3) the time-averaged electron density along a line; (4) the time-

averaged atomic temperature along a line; and (5) the shape of the drop-

let as it undergoes explosive vaporization.

2 Multiple scattering calculations and measurements were made from
two closely spaced fibers which served as a prototype of densely packed
aerosols.™~ To simplify the experimental requirements, a fiber-mirror
configuratjon was used to approximate the two-fiber configuration. When
the fiber-mirror separation was less than the fiber diameter, both inter-
ference and interacting effects between the real fiber and its image were
observed. ‘s The comparison between the exact calculation for two fibers
and the experimental results from the fiber-mirror configuration was
excellent and provided new insight into the multiple scattering from
closely spaced aerosols.‘=5,:___~~
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INTRODUCTION

During the three years of ARO support, significant progress has been made toward
furthering the understanding of high energy and high intensity laser beam interactions
with single liquid droplets with radius, a, much larger than the incident laser wave-
length, A, i.e., droplets with large size parameters X = 21wa/Ag. Our research efforts
involved nonlinear optical effects, such as lasing and four-wave mixing processes, and
laser-induced breakdown (L1B) and explosive vaporization effects that occur during and
after the laser pulse. In addition, our investigations involved the area of multiple
scattering from two closely spaced fibers.

Our research capabilities during the last year were greatly improved by the
acquisition of several items of capital equipment through the DoD-University Research
Instrumentation Program. In particular, a streak camera enabled us to determine the LIB-
generated plasma propagation velocity, and a framing camera allowed us to photograph

the droplet during and after explosive vaporization.

RESEARCH ACCOMPLISHMENTS

A brief summary is presented of our main findings related to nonlinear optical
effects which leave the droplet shape intact and to LIB and explosive vaporization which
dramatically alter the shape of the droplet. The multiple scattering calculations and
measurements from two closely spaced fibers which served as a prototype of densely
packed aerosols are also described. Details of our accomplishments can be found in the

publications resulting from the research (see page 11).




Nonli Optical Eff

when a plane wave is incident on a droplet with a large X, the droplet can be
envisioned as a lens to concentrate the laser radiation in three places: (1) outside the
shadow face, (2) just inside the shadow face, and (3) just inside the illuminated face.
while these three locations can be qualitatively predicted by geometric optics, the exact
amount of intensity enhancement in the locations requires detailed Lorenz-Mie calcu-
lations. Complete knowledge of these high intensity regions is important to all nonlinear
optical and LIB studies. Our collaboration with Prof. Peter W. Barber's group at Clarkson
University resulted in computer-intensive calculations of the internal- and near-field
intensity distribution of a 1arge X sphere and in an experimental mapping of these three
locations of intensity concentration by a fluorescence technique (see publication = 1),

Another unique feature of a large X droplet is that its spherical liquid-air inter-
face is capable of trapping some of the internally generated radiation (e.g.. fluorescence
or spontaneous Raman) when the wavelength is equal to one of the numerous wavelengths
which correspond to morphology-dependent resonances (MDR's). With geometrics optics,
it is known that internal rays which strike the liquid-air interface with angles larger
than the critical angle experience quasi-total internal reflection. Using a physical optics
description, those internal rays which maintain the same phase front after completing
one trip around the entire droplet circumference are trapped within the spherical inter-
face. The droplet for specific wavelengths acts as an optical cavity to provide feedback
for the internally generated radiation. Because of the optical feedback, lasing and stimu-
lated Raman scattering (SRS) have been observed from liquid droplets with astonishingly
low pump intensity thresholds. Color photographs show that the radiation of lasing drop-
lets and of droplets undergoing SRS is confined just inside the liquid-air interface where
the optical feedback is high. (See publications #2 and #3 for color photographs.)

The 1asing spectra were noted to consist of sharp peaks within the broad fluores-

cence wavelength region. These iasing peaks are separated by nearly equal wavelengths,




in accordance with the MDR's of a sphere with large X and with the index of refraction
m > 1. Small changes in the lasing peaks have been used as indicators of small radius
changes resulting from the evaporation of each droplet within the linear stream of
flowing droplets. In addition, utilizing the small amount of wavelength oscillation in
these peaks, we have deduced the amount of small shape oscillation. From the frequency
ang the damping rate of the oscillation amplitudes, we can extract the dynamic surface
tension and the bulk viscosity of the droplet. (See publication #4 for a summary of this
diagnostic technique.)

The SRS spectra can be used to provide information on the molecular species
contained within the droplet and, to a lesser extent, information on the species concen-
tration. The energy loss of the SRS peaks (usually measured in wave number shifts from
the input laser radiation) is equal to the molecular vibrational energy. Thus, the wave
number locations of the SRS peaks are fingerprints of the molecular species contained
within the droplet. The intensity of the SRS peaks has been shown to monotonically
increase with species concentration. However, fluctuations in the SRS peak intensity
are large and, therefore, the SRS intensity is not an accurate measure of species concen-
tration. (For more details on the use of SRS for species identification, see publication
=S.)

In addition to 1asing and SRS, three additional nonlinear optical effects were
observed in large X and transparent droplets. One such nonlinear effect is multiorder
Raman scattering which can be readily seen from liquid droplets. The second-order SRS
can be pumped by the internal fields of the incident radiation and the first-crder SRS.
The third-order SRS can be pumped by the internal field of the second-order SRS. With
such successive pumping by the first-order SRS process, up to the 14th-order SRS has
been observed (see publication #6).

The second nonlinear optical effect observed from large X and transparent droplets

is phase-modulation broadening of the elastically scattered radiation and of the SRS.
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Because the internal radiation at Ay and at the multiorder SRS wavelengths is so intense.
the refractive index of the droplet is altered, i.e., m changes from mg at low intensity

to mg + nyI(t) at high intensity, where n; is commonly referred to as the intensity-depen-
dent index of refraction. Since the refractive index is proportional to the time-varying
intensity I(t). the internal waves circumventing the droplet-air interface experience a
time-varying phase shift and, hence, a frequency modulation. Using a time-averaged
detection system, the effect of frequency modylation is observed as a wavelength
broadening of the scattered radiation originally centered at Ay and/or at the various
multiorder SRS wavelengths (see publication #7).

Coherent Raman gain is the third nonlinear optical effect observed from large X
angd transparent droplets which are irradiated by two input beams with wavelengths at
Ao and A,. The second beam provides additional Raman gain and parametric signals at the
first-order Stokes of the first beam. The combined effect of the additional gain and the
parametric signals due to the presence of the second beam is to lower the SRS threshold
of the first beam (see publication =8).

Several invitations to international conferences on nonlinear optics gave us the
opportunity to review our findings on optical effects from single droplets. (See publi-

cations #9 - #12)

n Explosi .

Ethanol droplets containing efficient fluorescent molecules are known to reach the
laser threshold at remarkably low input pump intensity. We investigated the emission
properties of lasing droplets at input pump intensity tevels far beyond the lasing thresh-
olds. The following sequence of emission events occurs as a function of increasing pump
intensity: (1) lasing emission is reached with low input intensity; (2) both SRS and laser
emission are noted at higher input intensity: (3) the internal laser intensity is sufficient

to induce SRS at still higher input intensity: and (4) the LIB threshold is reached when




the input pump intensity reaches =1 Gw/cm2, causing the appearance of an intense con-
tinuum emission associated with the recombination of the plasma and the deceleration of
the electrons. Once the L1B threshold has been reached, the plasma emission is observed
from not only within the droplet but also cutside it in the region behind the illuminated
face. Whereas the emission within the droplet consists of a broad continuum that
extends toward the UV range, the emission outside the droplet consists of a broad
continuum and discrete peak emission, which is characteristic of fluorescence from
highly excited atomic and ionized species, such as singly ionized nitrogen N(11) and singly
ionized oxygen O(11) in air. (For more details, see publication #13.)

One of the key questions in the field of the LIB of transparent droplets with
X >> 1 is the location of the breakdown initiation, i.e., is the breakdown initiated
within the droplet shadow face where the internal intensity is concentrated or outside
the droplet shadow face where the external intensity is even higher than the internal
intensity? we modified our spectrograph in such a way that the spatial information
along the vertical spectrograph slit is preserved. If a two-dimensional optical multi-
channetl vidicon is placed at the exit plane of the spectrograph, this vidicon can detect
both the spectral information dispersed along the horizontal direction and the spatial
information preserved along the vertical direction. This instrument then enables us to
determine simuitaneously the pltasma emission from many points (both within and outside
the droplet) along an axis parallel to the laser beam. Our results indicate that LIB is
initiated outside the shadow face for water droplets surrounded by a low LIB threshold
gas such as Ar. However, LIB is initiated inside the shadow face for water droplets
(radius < 40 um) surrounded by air. In the case of larger water droplets (radius >
SO pm) surrounded by air, the location of LIB initiation shifts to the region outside the
shadow face. For fluorocarbon (Cgf 45) liquid, known for its high dielectric breakdown
strength, the L1B of CgF (g droplets is always initiated in the gas region outside the

droplet shadow face. for more details, see publications #14 and =15,




Another key question in field of the LIB of transparent droplets relates to the
electron density and species temperature within different parts of the piasma plumes
that are ejected from the droplet interface. We used the spatial preserving spectro-
graph-vidicon instrument described above to determine the plasma emission line shape
along a line parallel to the laser beam. The spectral linewidth of discrete emission
peaks from atomic species is known to be broadened by the electric fields of the elec-
trons surrounding the atomic species, i.e., atomic line broadening results from the
electric fields of the electrons through the first- or second-order Stark effect. We
were, therefore, able to extract the spatial variation of the electron density along a
line by noting the linewidth broadening of the atomic emission peak along a line which
encompasses the regions outside the droplet illuminated and shadow faces. In addition to
a density variation, an asymmetry in the electron density is noted in these two regions.
Based on the appearance of a line reversal in the line shape of the resonance emission
from Na or Li markers placed in the water droplet in the form of NaCl or LiCl, we con-
clude that the region in front of the shadow face is optically thicker than the region
behind the illuminated face. The intensity ratio of two discrete wavelength peaks of the
same species can be used as an indicator of the species temperature, provided that local
thermodynamic equilibrium has been reached within the plasma plume. Wwe measured the
intensity ratio of the hydrogen Baimer lines and were able to extract the hydrogen tem-
perature along a line which encompasses the regions outside the droplet illuminated and
shadow faces. For more details, see publication * 16,

The spectroscopic instrument used to determine the location of the LIB initiation,
the electron density, and the atomic species temperature had spatial resolution dut
lacked temporal resolution. Through the DoD-University Research Instrumentation
Program, we obtained a streak camera that has a time resolution in the 0.1 nsec range.
we measured the propagation velocity of the plasma emission front by imaging a line,

which encompasses the region within the droplet and the regions outside the droplet




itluminated and shadow faces, on the vertical slit of the streak camera. Using this
technique, we also determined the propagation velocity of the plasma emission for the
following: (1) the plasma ejected from the dropiet shadow face: (2) the plasma traveling
inside the droplet from the shadow face toward the illuminated face: (3) with the laser
pulse on, the plasma ejected from the illuminated face after the internal plasma has
reached the illuminated face: and (4) with the laser pulse off, the external plasma
traveling toward the laser from the droplet illuminated face. At high input intensites,
the propagation velocities of the plasma traveling toward the laser provide information
on the optical detonation wave. The response of our streak camera is not fast enough fcr
us to determine the velocity of the breakdown wave that is initiated just outside the
droplet shadow face during the rising portion of the laser pulse. (For more details, see
publication #17.)

A transparent droplet is transformed into an absorbing droplet once LIB occurs.
The plasma produced by the LIB process during the initial part of the laser pulse can
absord and scatter the remaining part of the incident radiation. Once LIB is initiated
within the droplet shadow face region, the absorbed laser energy is subsequently local-
ized in this region. This localizeg absorption eventually heats the entire droplet via the
thermal diffusive mechanism which takes several miiliseconds for micrometer-size drop-
lets. The DoD-University Research Instrumentation Program also provided us with a
framing camera that is capable of photographing a droplet every S0 nsec with a frame
time of 10 nsec. Using a back-illuminated technique, we photographed a transparent
water droplet at various time delays after irradiation by a green high intensity laser
beam (Ao = 0.532 um). Such ultrafast photographs reveal that vapor first emerges from
the droplet shadow face and that the shadow face is partially consumed by the vapori-
2ation process. At a subsequent time, long after the laser pulse is shut off, more and
more of the droplet shadow face is consumed as the heat travels from the shadow face

toward the illuminated face. We were able to measure the ejected vapor velocity, the




receding velocity of the liquid-air interface starting from the shadow face side, and the
velocity of the remaining droplet as it is propelled toward the laser by the rapid vapor-
jization occurring at the shadow face. (For more details on the fate of the transparent
droplet after LiB has been initiated, see publication #18.)

Similar ultrafast photographs were taken with the framing camera of an absorbing
water droplet and of a partially absorbing ethanol droplet after irradiation by a CO, laser
pulse (Ag = 10.6 uym). For a water droplet, the absorption coefficient at 10.6 um is so
large that the CO, radiation is absorbed within a crescent-shaped region at the illumi-
nated face. After the laser pulse is shut off, rapid vaporization occurs at the illumi-
nated face, and the remaining water droplet is propelied away from the laser. A part of
the illuminated face is consumed by the rapid vaporization, and the liquid-air interface
starts to recede from the illuminated face and continues to recede toward the shadow
face. The absorption coefficient of an ethanol droplet at 10.6 pm is not as large as that
of water. Due to the focusing effect of the spherical illuminated face, the CO, radiaticn
is concentrated toward the ethanol droplet shadow face and, therefore, the absorption is
localized in this high intensity region. Rapid vaporization starts at the shad ‘¥ face, and
the remaining droplet is propelled toward the laser. More and more of the shadow face is
removed as the rapid vaporization continues. The liquid-air interface starts to recede
from the shadow face and continues to recede toward the illuminated face. It is inter-
esting to compare the photographs of the transparent water droplet after irradiation by a
greer laser beam, the highly absorbing water droplet after irradiation by a CO; laser
beam, and the moderately absorbing ethanol droplet after irradiation by a CO;, laser beam.
whether the laser energy is initially absorbed by the molecular vibrations (e.g., water
and ethanol droplets at Ag = 10.6 um) or by the plasma resulting from the LIB (e.q..
water dropiets at A\g = 0.532um) does not seem to affect the fate of the droplet after

the laser pulse ends. For more details, see publication #19.




A request to contribute a paper for a special issue of Applied Optics devoted to
propagation and scattering in the atmosphere gave us a chance to review our work in the

field of LIB in transparent liquid droplets. (For details, see publication £20.)

Multiple Scatteri

Experimental data on multiple scattering from well characterized micrometer-size
objects provide important test cases for modelers engaged in developing complicated
computer codes for multiple scattering from an ensemble of aerosols. Our objective was
to investigate the multiple scattering of two interfering and interacting fibers, using the
fiber-mirror configuration as a prototype experiment for the more complicated two-fiber
experiment.

Our experimental fiber-mirror configuration was dictated by the major difficulty
in maintaining paratlelism between the two fibers while changing their separation dis-
tance. However, it was not difficult to maintain a parallel alignment between the mirrcr
surface and the fiber axis as the fiber-mirror distance d was varied. Using an optically
fiat mirror ensures that the image fiber has the same radius as the actual fiber (=5 uym)
which is held stationary in front of the movable mirror. The front surface of an Au or Ag
mirror was mounted on a piezoelectric translator which was ramped by a periodic saw-
tooth waveform. The fiber-mirror combpination was illuminated by a broadband tungster
light source, and the scattered radiation was dispersed by a spectrograph and detected by
an intensified linear array detector. Consequently, the scattered radiation over a large
wavelength region was simultaneously detected as d was linearly ramped.

Typical scattering spectra from the fiber-mirror combination consist of peaks at
wavelengths that correspcnd to MDR's. When d >> 3, interference effects from the actual
and image fibers are observed. However, when d = a, both interference and interacting
effects are noted in the scattered spectra. The scattering spectra become particularly

interesting when d < a. For the TE case, the perpendicular component of the scattered
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fields (relative to the mirror surface) can excite the surface plasmons associated with
the Au or Ag mirror. In the TM case, the surface plasmons play a lesser role, and the
two interacting fibers play the dominant role since the surface plasmons cannot be
excited with a tangential electric field (relative to the mirror surface). we noted that,
when d = 3, the fiber-mirror interaction causes the locations cf the MDR's to be shifted
away from those with d >> a. Such shifting in the MDR's was confirmed by a computer
calculation based on the exact solution for the scattering spectrum of two interacting
fibers. These exact calculations were made feasible by the close collaboration with
Prof. Peter wW. Barber of Clarkson University. The agreement between the experiment of
the fiber-mirror configuration of two identical fibers was remarkable. Our results
further the basic understanding of light scattering from two closely spaced particles
which are larger in size than the incident wavelengths. (For more details about our
results on the calculations of two fibers and on the fiber-mirror experiments, see

pudlication #21.)
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