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A, F PROBL
Scattering of ultra- short laser pulses by microscopic particles has

been studied both experimentally and theoretically. The interesting
regime is that for which the physical length of the laser pulse is less
than the particle size. Both our experimental and theoretical efforts
concentrated on the scattering by a single sphere and included both
time averaged and time resolved studies.

Since a femtosecond laser had to be constructed for this work,
and since this was a new technology, we made studies of chirp and
phase modulation in such lasers that led to two publications and a
thesis.

Plane wave scattering by small clusters of spheres in various
configurations has been studied. Definitive theoretical results have
been obtained and have been compared with the microwave analog
measurements of the upper-left 2X2 submatrix of the complete
Mueller matrix. Laser levitation and manipulation techniques to
produce arbitrary clusters of two, three, or four spheres have been
investigated so that complete Mueller matrix measurements can be
made in the visible.

Studies have been made of the symmetries of Mueller matrices for
forward (0°) and backward (180°) scattering by dielectric particles of
various shapes.

Other problems include investigations of optical scattering at zero
degrees, and measurements of absorption in the presence of high
densities of scatterers




1) Time Averaged Scattering of Femtosecond Laser Pulses. Time

averaged data with superb signal to noise has been obtained for
ultrashort laser pulse scattering by spheres. All work was done at
intensities sufficiently low that nonlinear effects were not important.
Theoretical predictions were obtained by a Fourier decomposition of
the incident pulse and then summing the plane wave Mie solutions
with the appropriate weights. There was excellent agreement with
the experimental data under all conditions. The results using pulses
of similar bandwidth but different pulse durations show conclusively
that time averaged results depend only on the spectral content of the
pulses and not on the temporal duration.

2) Time Resolved Scattering (Experimentall. In a sense this is
optical radar on microscopic particles. Experimental work has been

limited to time resolved scattering from thin plates and fibers. Both
interference and auto-correlator techniques have been used. Two
internal reflections in a 240 um glass plate have been observed and
time resolved in both forward and backscattering. Observing two
internal reflections in forward scattering corresponds to observing a
signal that is down in intensity by a factor of =3x10-°6 from the
incident beam. Two time resolved reflections from a 75 um fiber have
also been observed. It is straight forward to extend this work to time
resolved scattering by a single levitated microscopic particle.
Amplification of the reference beam for the auto correlator will
increase the sensitivity by =105; an excimer laser will soon be available
that can pump a bow-tie amplifier and provide this gain of 105.

3) Time Resolved Scattering (Theoreticall. We have written a set

of programs to calculate the time-resolved scattering of ultra-short
pulses from a dielectric sphere at any scattering angle. For the special
case of backscattering, our results are in agreement with the earlier
work by Rheinstein for this case. For sufficiently short pulses, the




scattered intensity is a set of discrete peaks occurring at
characteristic delay times. Previous studies have succeeded in
identifying many of the major peaks as due to axial rays, bounce rays,
stationary rays and surface waves. The surface waves include the
possibility of taking short cuts through the dielectric sphere.
Refraction into the sphere occurs at the critical angle and internal
reflection can occur many times before the ray exits. However, the
identifications made by previous workers are at most semi-
quantitative, leaving clearly observable discrepancies between the
calculated peak positions and predicted positions based on some
simple geometric-optics formulae. These discrepancies are bigger for
the later (and therefore much weaker) peaks, which correspond to
longer travel times inside the dielectric sphere. Also some peaks
were not identified.

We have done calculations to much higher precision in order to
include many more peaks in our analysis and thus enable us to analyze
these discrepancies in more detail. Calculations of the scattered
intensity vs delay time have been plotted on a semi-log scale covering
12 orders of magnitude. Programs have also been written to give the
predicted positions of all four types of peaks based on geometric
optics. Identifications made in previous works were based mainly on
the positions of the back-scattering peaks. We have also looked for
other signatures, such as the angular dependence of the scattered
pulses. Our much more detailed study has enabled us to uncover
several new features not discovered and/or understood in previous
work. (Some are specifically related to forward scattering which was
not studied previously.) We have reported some of these new findings
in the 1988 and 1989 CRDEC conferences, and have also written a
technical report for the 1988 conference proceedings.

Unfortunately, the computers we have been using in our
calculations, a VAX 11/782 main frame and a VAX 2000 work station,
do not have the accuracy we require. (After all, we need to analyze




peaks which have at least ten orders of magnitude less intensity than
the most intense peak!). We recently concluded that it was absolutely
necessary to switch to a new machine-- a DEC station 3100 which is
roughly 11.5 times faster then the VAX 11/782 and the VAX 2000
work station, and have now managed to obtain a large number of
results which are much more reliable than those previously obtained.
We have presented some of these results at the 1989 CRDEC
conference. In order to reach reliable conclusions about all the
discrepancies and new features we have observed, a more thorough
study using a computer such as the new IBM 25 MIPS machine (or
perhaps even a supercomputer) is required. Fortunately, Texas A&M
University - has recently acquired a new CRAY Y-MP2/116
supercomputer which we anticipate using for a more definitive study
of this problem.

4) Femtosecond Laser Development. We have discovered and
developed a simple modification that greatly enhances the stability of

colliding pulse mode-locked(CPM) femtosecord dye lasers. It basically
consists of a spectral filter that is placed within the four prism
sequence that is used to provide negative group velocity dispersion in
the laser cavity. It enables one to run the laser reliably for long
periods of time at much shorter temporal widths than was previously
possible.

We have also completed rigorous calculations of the time
dependence of the frequency shifts arising from the collisions of
femtosecond optical pulses both in nonresonant and in saturable
media. The results are particularly applicable to the gain and absorber
jets in CPM lasers and show the conditions for short, stable pulse
formation. ~ It was shown that there are conditions for which the
pulses produced would be spread by either sign of group velocity
dispersion.




5) Optical Scattering by Sphere Multiplets. We developed an
order-of-scattering technique to study the light scattering of two or

more interacting spheres. This new method provides, what is to our
knowledge, the first complete physical description of the classical
processes involved in cooperative EM scattering by an aggregate of
spheres. Comparisons were made between microwave analog
experimental results (kindly provided to us by Dr. Ru Wang) and our
theoretical calculations for linear chains of three and five spheres.
The effects of particle orientation were also investigated theoretically.

The order-of-scattering method was extended to the more
difficult problem of scattering by clusters of spheres, the centers of
which need no longer lie on a common axis. Comparisons were made
between theoretical and experimental results for triangular and
tetrahedral arrays of spheres and the agreement was very good.

Experimental work on this problem has proceeded to the point
that we have developed laser levitation techniques to levitate and
individually manipulate up to three solid spheres into arbitrary
configurations. This would have been much simpler with liquid
spheres, but it is necessary to use solid spheres because they will be in
contact in some configurations. Complete Mueller matrices will be
measured so a much more thorough test of the calculations is possible
than with the microwave analog measurements.

6) Mueller Matrix Symmetries in Forward/Backward Scattering.
By determining the symmetries in the Mueller matrix for scattering by

dielectric particles of various shapes in the forward (0°) and backward
(180°) directions, we have been able to develop general classifications
of particle morphologies. For forward scattering there are six distinct
symmetry classes with distinct scattering properties; for back
scattering there are three. Each includes a class whose Mueller
matrix has no signature indicative of a particle symmetry. We believe
this would provide an ideal classification scheme for nonspherical




particles, particularly in view of the promising new approach to the
measurement of scattering at zero degrees described in the following.

7) Scattering at an Angle of Zero Degrees. We have designed a

scheme which for the first time permits measurement at zero degrees
of the optical scattering by a single particle. It involves modulating the
phase in one arm of a Mach-Zehnder interferometer and modulating
the position of the particle in the other arm. Both the amplitude and
phase of the zero degree scattering can be measured using lock-in
detectors at linear combinations of the modulation frequencies and
their harmonics. The first direct verification of the Optical Theorem
in the visible region of the spectrum will now be possible. The
method was described at the 1989 CRDEC conference.

8) Absorption Measurements in the Presence of Scattering. We

have developed a new instrument for accurately measuring the optical
absorption of a medium even in the presence of a high density of
scatterers. Measurements of the absorption of pure water have been
made to an aécuracy of 1% to 2% even in the presence of
nonabsorbing scatterers at a density that gives an extinction length
due to scattering of =5 cm. The device was described at the 1989
CRDEC conference and in the proceedings. Application of the method
to the measurement of the absorption of aerosols and smokes is being
pursued. ‘
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