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1. INTRODUCTION

The primary purpose of this study was to determine whether
particle-size distributions for small-diameter aerosols (radius < 20
um) such as fog can be determined by a new, novel technique that uses a
method of resonantly distorting the liquid drops by an oscillating
electric field.* This technique makes use of the fact that a liquid
drop elongates along the axis parallel to an applied electric
field.l;2 It can be shown that the elongation is independent of the
sign of the field; hence, the force acting on the drop is proportional
to the square of the electric field. The phenomenon suggests the
following two cases, where a drop can be resonantly driven3 at its
natural vibrational frequency by an alternating electric field.

For case 1, suppose that a polarized beam of electromagnetic
radiation is modulated so that the amplitude of the electric field
varies as E = Eg cos wt (1 + m cos wyxt), where Eg is a constant,
w/2m is the carrier frequency, wp/2n is the modulation frequency, and m
is the index of modulation. The force on the drop, which is
proportional to E2, varies approximately as E§/2 (1 + 2 mcos wypt) (1 +
cos2uwt) for m << 1. If w is so large that the drop cannot
mechanically respond to 2w, then the force on the drop varies as Eg(l +
2 m cos wpt)/2. The modulation frequency, Wy, can be adjusted to match
the mechanical vibrational frequency,' w,, given by

e \/H(n - 1)(n + 2)1 (1)
n pal

where n is the mode number, T is the surface tension, P is the density,
and a is the drop radius. BAs other workers have pointed out,5 the
lowest order (n = 2) mode dominates; thus, resonance occurs when the
electromagnetic wave incident on the liquid drop is amplitude modulated
at wy; = (81/pa3f5= Woe

lw. A. Mack, Proc. Roy. Soc. London A 133 (1933), 565.

251r G. Taylor, Proc. Roy. Soc. London A 280 (1964), 383.

3c. T. 0'Konski and H. C. Thacher, J. Phys. Chem. 56 (1953), 955.

“MMRthhN.msauw,ﬁeMmmofwmd(MWLNwYmk
1877, revised 1894, reprinted 1945).

P. R. Brazier-Smith, M. Brook, J. Latkam, C. P. R. Saunders, and M.
H. Smith, Proc. Roy. Soc. A 322 (1971), 523.

*The research which developed the new technique was conducted at
the Harry Diamond Laboratories by R. P. Leavitt, C. A. Morrison,

N. Karayianis, and D. E. Wortman. This research has not been formally
reported.
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For case 2, suppose that an alternating voltage is applied to two
condenser plates which produce an electric field varying as E =
Eo cos wpt. The force on a liquid drop situated between these plates
varies as Eg(l + cos2wpt/2). A resonance occurs for this case when
Wy= 2wm.* Hence, the electric field driving the drops will be only
Lw,, whereas wy= Wy for case 1. Billings and Holland® have previously
measured millimeter-size water drops under experimental conditions that
correspond to this latter case.

In another earlier work, Brook and Latham’ demonstrated that single
vibrating millimeter-size drops can produce modulation of backscattered
microwave signals and the modulation frequency can be related to
drop size. Also, some earlier studies” ®' have shown that
millimeter-size water drops can be caused to elongate in dc electric
fields, to vibrate in ac electric fields, and to elongate so much that
they rupture in electric fields of the order 10" V/cm. (R. P. Leavitt,
C. A. Morrison, and D. E. Wortman, of the Harry Diamond
Laboratories--HDL-~have done similar studies of which data are
unpublished.) In addition, Billings and Holland® found that rupture for
drops smaller than 3 mm occurred at considerably lower field strengths
when they varied the frequencies of the applied field near the drops'
resonance frequencies than occurred in the static case. Results of
these earlier studies suggest that somewhat weaker amplitude-modulated
electric fields, as transmitted by a CO; laser, might suffice to cause
mechanical oscillations of detectable magnitude for drops driven at
their resonance frequencies.

In this work, aerosocl drops contained in a fog chamber were
illuminated with a polarized, amplitude-modulated, CO, laser beam that
acted to drive the drops, as in case 1. In order to determine whether
the drops were oscillating mechanically, a second unmodulated He-Ne
laser was beamed collinear with the CO, laser. Scattering of the He-Ne
radiation by the drops was then detectedby a sensitive detection system
that could measure ac signals with intensities as low as about 10~ W.
The intensity of the He-Ne 1light scattered from the drops at the

},_w. A. Mack, Proc. Roy. Soc. London A 133 (1933), 565.

Sir G. Taylor, Proc. Roy. Soc. London_z_zgg (1964), 383.

3c. 7. O'Konski and H. C. Thacher, J. Phys. Chem. 56 (1953), 955.

“Lord Rayleigh (J. W. Strutt), The Theory of Sound (Dover, New York
1877, revised 1894, reprinted 1945).

5P. R. Brazier-Smith, M. Brook, J. Latham, C. P. R. Saunders, and M.
H. Smith, Proc. Roy. Soc. A 322 (1971), 523.

o3, . Billings and D. F. Holland, J. Geophys. Res. 74 (1969), 6€884.

M. Brook and D. J. Latham, J. Geophys. Res. 73 (1968), 7137.

*Farlier noted work of Morrison, Karayianis, and Wortman, HDL.

Further references to the earlier work are listed at the end of
this report in a Selected Bibliography.
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resonance frequency, w2 = wp, should be proportional to the density of
drops in the fog that oscillate at that frequency. The particle-size
distribution of the fog can then be obtained* by varyingthe modulation
frequency and examining the intensity of the ac signal’ produced by the
scattered light.

The scattered He-Ne laser signal of wavelength A = 0.6328 um was
observed for amplitude-modulation frequencies of the CO, radiation from
4 x 10% to 3 x 106 Hz, which correspond to fundamental resonance
frequencies of drops of radii varying from 21.2 to 1.19 um. No
amplitude modulation was detected in the scattered He-Ne radiation.
Calculations were then made to determine the amplitudes of the
oscillations for the drops when illuminated, as was done in this
experiment, by the CO; radiation of intensity 100 W/cm2. It was found
that the amplitude of oscillation calculated for 20-um drops, for
example, is 2.7 X 10’1°m, which is less than the 107/ m amplitude
required to produce measurable signals. Also, the oscillation
amplitudes are proportionately smaller for smaller drops. Intensity
calculations,® 7 allowed us to estimate that 0.5 percent changes in
radii for the drops of radii between 1.19 and 21.2 um should produce
measurable amplitude-modulated signals in the scattered light. In the
experiment performed only millimeter-sized drops would have distorted
with such measureable magnitudes when illuminated with a
100-W/cm” polarized beam that had an index of modulation of about 0.4.
The fundamental oscillation frequencies for millimeter-sized drops
correspond to frequencies outside the range detected in this work.
However, in section 4 comparisons are made of oscillation amplitudes
calculated for millimeter-sized drops with the experimental results of
Billings and Holland.® 1n section 4 calculated results for water drops
of various radii are also given that show the amount of distortion,
which scales directly with the incident intensity, produced by a
radiation flux of 100-W/cm2 intensity.

2. APPROACH AND THEORETICAL CONSIDERATIONS

In this work an oscillating electric field, which was provided by a
linearly polarized, amplitude-modulated, continuous-wave (cw) CO; laser
beam, acted on aerosol drops to drive the drops at their mechanical
resonance frequencies. A second unmodulated, cw He-Ne laser beam was
shown collinear with the first beam. Scattering from the drops, which
were in the path of the laser beams, was detected in the visible

5J. J. Billings and D. F. Holland, J. Geophys. Res. 74 (1969), 6884.
M. Brook and D. J. Latham, J. Geophys. Res. 73 (1968), 7137.

8p. W. Barber and D. S. Wang, Applied Optics 17 (1978), 797.
*Earlier noted work of Morrison, Karayianis, and Wortman, HDL.

tp. w. Barber (private communication).




wavelength region. If the «cross sections of the drops change
sufficiently at the mechanical oscillation frequencies of the drops, a
detectable amplitude-modulated component will be observed in the
scattered He-Ne light.

The amplitude of the electric field acting to distort the liquid
drops is related? to the power in the beam by the expression

E = ¥2Icu (in mks units), (2)

where I = power/meter2 of the 1laser, c is the velocity of light,
and M is the permeability of free space (u = 47 x 1077 H/m). This
relation was obtained by time averaging the Poynting vector for a
transverse wave propagating in free space. The force on a drop is
proportional, in the notation of Jackson,? to the square of the
electric field, or

where K is a constant which depends on the geometry, dielectric
constant, etc. If a time average of this force is taken over a period
of the CO, laser frequency, Tre which 1is short compared to a period of
the amplitude modulation, one obtains

F(t) = f“ F(t) dt = KE2(¢) . (4)

2"

How this force, applied by the modulated, cw laser beam, acts to distort
and drive liquid drops is the subject of another paper* and only the
pertinent results are given here. In that paper,* solutions were
obtained for a viscous liquid drop acted on by an oscillating electric
field. The approach taken was like that of Rayleigh's“ treatment of an
oscillating water drop in that the formulas were derived for small
amplitude distortions from spherical shapes. As pointed out by P. R.
Brazier-Smith et al® good agreement with Rayleigh's result has been
obtained experimentally for cases where 1large amplitude vibrations
occur.

“Lord Rayleigh (J. W. Strutt), The Theory of Sound (Dover, New York
1877, revised 1894, reprinted 1945).

Sp. R. Brazier-Smith, M. Brook, J. Latham, C. P. R. Saunders, and M.
H. Smith, Proc. Roy. Soc. A 322 (1971), 523.

%2. D. Jackson, Classical Electrodynamics (Wiley, New York, 1963, p.
205) .

*R. P. Leavitt, C. A. Morrison, and D. E. Wortman, unpublished data.
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| In the treatment of the problem, it was assumed* that the distance

from the origin to a point on the surface of the droplet can be
expanded in a Legendre series as

o

R(t) = a_(t) + k};_:l a, (t) P, (cose) , (5)

BRI . SR S b i s e

where the ay's are, constrained so that the volume of the drop remains
constant at (4m/3)al and a is the radius of the undistorted drop.
The potential energy, Us, of the drop due to surface tension, Y, is the
area of the drop multiplied by the surface tension, or

j ™
3 U = Yf as /R sinbds , (6)
| P (6

where ds is the arc length along the surface. When equation (5) was
substituted into (6) and the necessary integration was gerformed, the
| potential energy due to surface tension correct through ay was found.*

The kinetic energy, T, was found* by evaluating the integral
2
'r=f*zp varndr (7)
¥ where p is the density and v is the velocity. A potential

function ¢ was found for the case of an incompressible liquid with no
sources, sinks, or rotating flows, where

{ ¢ = zn: By ¥ P - (8)

Leavitt et al* showed that in the absence of other energy sources, a
Lagrangian can be formed, where L = T - V, to obtain equations of
motion for the a, (t) in equation (5) in agreement with the results of
Rayleigh.“ The more generalized Lagrangian used by Leavitt et al*
contained the electromagnetic energy and the viscosity.

_ “Lord Rayleigh (J. W. Strutt), The Theory of Sound (Dover, New York
3 1877, revised 1894, reprinted 1945).

*R. P. Leavitt, C. A. Morrison, and D. E. Wortman, unpublished data.
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The electromagnetic wave acting to drive the liquid drop was
considered* to have a wavelength large in comparison with the drop
radius, and it was further assumed that there is no free charge. The
potential is then a solution of Laplace's equation, V2¢ = 0, and E =
-Vé. The appropriate solutions are

A
n
% 3% Z———n T1 B, - ErP) (9)
nr
b
and
- n
ot = En:sn * 5 (10)

where E is the electric field in the region in the absence of a drop
and ¢° and ¢! are the electromagnetic potentials outside and inside the
drop. The electromagnetic energy stored in the drop is given by the
! expression

12 > -
UE=(E—81T—1)IE1-EdT , (11)

where € is the dielectric constant of the drop at the laser
frequency, 21 is the electric field inside the drop, and the integral
covers the volume of the drop. After appropriate boundary conditiens
were used to evaluate the Ap and B, of equations (9) and (10), and
after the necessary integration was performed by also using equation
(5) in equation (11), an expression for UE in terms of the a, was
obtained. *

e i b

In considering the dissipation of energy due to viscosity, Leavitt
et al* used the results of Lambl® for the case of an irrotational fluid
where the rate of energy dissipation was found to be g

e ekt 0

F=-§f'\5 (v2) ds ' (12)

10sir H. Lamb, Hydrodynamics, Chap. XI (Dover, New York 1879, sixth
edition 1932, first American edition 1945).

*R. P. Leavitt, C. A. Morrison, and D. E. Wortman, unpublished data.




and where M is the coefficient of viscosity. After making the
appropriate expansions and evaluating the necessary integrals needed in
the Lagrangian, the following equation of motion was obtained.*

4ﬂpa3 it 81 (n-1) . 41 (n-1) (n+2)y % o aUE (13)
n(2n+l) n n n (2n+1) n 3an 2

As inted out by many of the earlier workers, such as Brazier-Smith et
al,” the n = 2 mode dominates, and it is necessary to study only this
fundamental oscillation mode in order to determine its stability.

For
this n = 2 case, equation (13) reduces further* as follows.
For the n = 2 case one

may consider the time average of the
electric field to be

1 E2 a dc term and an ac term

; 2 .. 0 +2 € at the modulation fre-

' 4 2 [1 e ] quency w/27 and modula- (14)
1

F tion index m
1

and
2 Ega 0}2 8 the mechanical frequency (15)
K* = oa—= +|02 = 3 f the 4
247y pa € drop
as ay
1cu
I‘2=—2, u2=—a,anduk=—a.
pa

Then equation (13) can be expressed by

E 2 : 2 <1¥2 { 512
u, + Toup + (wg) u, = (%)(2—:;—) 6‘:2) (1 + 2m coswt)K?
|

4(37e-52) _28(e+2) ]
*[1 * T35er2) 2t 33Ee) :

(16)

5p. R. Brazier-Smith, M. Brook, J. Latham, C. P. R. Saunders, and M.
H. Smith, Proc. Roy. Soc. A 322 (1971), 523.
*R. P. Leavitt, C. A. Morrison, and D. E. Wortman, unpublished data.
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In order to obtain approximate amplitudes for water drops as a
function of power in the laser beam, the u, terms in equation (16)
were neglected* giving

2
e - 2 9 2. 22 e-1
u, + I'z uz + W; up = Z w5 K (€+2 (1 + 2m coswt)
where
2 9x2 (e-1)2 (37¢ - 52)
. Wat= WZ p .
_3 (e+2)
i The solution* of equation (17) is
H uz (t) = 2-K2 L 3 l1+2mQ, cos(uwt - ¢)] (18)
| - 4 £+2 e |
where
wp : Fa
Qs = T ¢ = cos e
and
oL 2 . 12
w =Ywj Fz .

Using the above solution, one finds that if, for example, a CO, beam of
intensity 100 W/cm? is beamed onto a 2-um-radius water drop of surface
tension Y= 75 dynes/cm, the amplitude of the distortion, au, is 2 x
1032 cm. Such a small value suggests that any frequency component in
the 1light scattered from small droplets driven by a relatively 1low
powered laser would not be detected. In order to be detected, the
oscillation amplitude caused by the oscillating electric field would
necessarily have to be larger than the amplitude of oscillation in the
n=2 mode caused by thermal vibrations, which is a, = (5 kT/16 ﬂf)% or
about 18 at 300 K(k = 1,38044 x 1016 ergs/k). hdditional results
are given below.

*R. P. Leavitt, C. A. Morrison, and D. E. Wortman, unpublished data.
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3. EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus used in this study consisted of (1) a
means of illuminating a column of 1liquid drops with a modulated, cw,
CO, laser beam, (2) a means of generating, containing, and measuring
the drops, (3) a means of illuminating the 1liquid drops with a He-Ne
laser beam and of detecting the scattering of this beam from the drops,
and (4) a means of signal processing in order to detect extremely small
signals. A discussion of these various subsystems is given in the
appendices where it_is also shown that ac signals of power levels
between 10 16 5 10717 w of 0.6328-um radiation could be detected.

A forward-scattering experiment was conducted that lacked
sufficient sensitivity to allow such small ac signals to be detected.
Hence, in most of the experiments, the CO; and He-Ne lasers were
aligned collinearly as shown in figure 1. A 4-mm-diam CO, beam,
collimated and polarized in the vertical plane, was passed into the
electro-optical modulator. A modulated CO, beam, polarized in the
horizontal plane, emerged from the modulator and was brought to a focus
in the fog chamber. An electric field of about 275 V/cm in amplitude
acted on the drops in the vicinity of the focus point (this corresponds
to a power density of 100 W/cm?). This focus point was about 4.5 in.
(114.3 mm) beyond the exit polarizer of the modulator. A small part of
the CO, beam, < 15 percent, was split off the main beam and was
monitored during the course of the experiments by the photoconductive
HgCdTe detector described in appendix A. The intensity modulation
index of the CO, laser beam, as defined in appendix B, was measured to
be between 20 to 45 percent over the frequency range from 10" to 3 x
10% Hz with a faster and more sensitive photovoltaic HACdTe detector.

Figure 1 also shows that the He-Ne light was passed collinearly
with the CO2 laser beam through the focus point of the CO, laser light.
Alignment of the beams was accomplished by allowing the CO, laser to
burn small apertures (< 1 mm in diameter) at the exit and entrance
openings to the fog chamber and the He-Ne light was made to center on
these apertures.

A 0.75-in. (19,0 mm) hole was cut in the fog chamber wall
perpendicular to the focussing region of the CO, laser beam. A laminar
flow of air directed past this opening prevented aerosol drops from
collecting on the surface of the photomultiplier tube (PMT), which was
6 cm from the focus point, as shown in figure 1. The He-Ne 1light
scattered from the drops in the vicinity of the CO; laser beam focus
was then collected by the PMT,

After the CO, and He-Ne beams were aligned and the fog was

introduced into the fog chamber, scattered He-Ne light was observed.
The intensity of the scattered 1light typically was about 4 x 10 :! w,

13




relatively sensitive experimental equipment was used (described
appendices A to F), it is of particular interest ¢» examine the results
of the calculations. It should be mentioned that these calculated

This estimation of the power corresponds to an anode current of 10-’ a.
The spectrum analyzer was generally set at -70 dBm and the resolution
was set at 200 Hz. Data were recorded in not more than 5 x 10" Hz
intervals and the signal was averaged at least 1013 times at each data
point which gives about a 39-dB improvement in the signal-to-noise
ratio. An acousto-optic modulator was used to modulate the He-Ne
light, which scattered from the drops, as a check to see that the

detection system was working properly over the entire modulation
frequency range before and after each experiment.

' FOG GENERATOR |

AUXILIARY MEANS
FOG ;0 ;WE'ASURE
ELECTRO- CHAMBER DROP DIAMETER

OPTIC L
MODULATOR — 0 I

[ OSCILLOSCOPE |—[ CO, DETECTOR |

CO, LASER

f BEAM
SPLITTER
DRIVER IMPEDANCE
AMPLIFIER AMPLIFIER
(AT w)
f
SIGNAL TRIGGER SIGNAL
GEN::I(\DTOR SIGNAL PROCESSOR

Figure 1. Schematic diagram of equipment used in water-drop
experiment.

4. RESULTS AND DISCUSSION

No amplitude modulation of the He-Ne scattered light was observed
in the frequency range from 4 x 10% to 3 x 108 Hz. This frequency
range corresponds to the mechanical oscillation frequencies of drops
varying in radius from about 21.2 to 1.19 um. According to the
measurements made with the Royco particle-size measuring device
described in appendix C, about 60 percent of the water drops had radii
that measured from 2.5 to 6 um. These water drops have mechanical
oscillation frequencies in the range covered in the experiment but

might be too small for practical measurements as the calculated results
will show.

Since no ac signal was observed in this experiment, where the
in

14
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results were obtained using a model developed in a theoretical effort*
paralleling this work that suggests that the distortion of small drops
by laser beams will be difficult. Earlier workers have reported that
drops as small as 20 um have been observed to elongate sufficiently to
explode in electric fields of strengths comparable to those transmitted
by more powerful laser beams (about 10 kV/cm) and that drops smaller
than 3 mm can be caused® to explode in oscillating electric fields at
lower field strengths than for the static case. The field carried by
the CO, beam in this work, however, was relatively weak, and at the
focus region of the CO, beam, the amplitude of the electric field was
abou§ 275 V/cm (this corresponds to the measured power density of 100
W/cm€) .

In making these calculations by evaluating equation (17), it was
assumed that ka is small or that X >> a, where k = 2n/), )\ corresponds
to the wavelength of the electromagnetic radiation acting on the drop,
and a is the radius of the drop. Also, the calculations were made
using the coefficient of viscosity = 0.1 ise and an electric field
strength of 275 V/cm (intensity of 100 W/cm“). However, the distortion
of the drop radius scales linearly with the power density throughout
the tables (or as the square root of the applied electric field). For
example, if the distortion of the radius is given as 10710 m in the
tables, an increase in the power density by a factor of 10 will result
in the distortion being 1079 m.

The results of the calculations made using a dielectric constant
for water, €, equal to 1.39 (e = 1.182 for A = 10.6 Am) are given in
table I and are valid for drops of radius < 1.687 uym. For such small
drops, the maximum change in the radius is too small to be detected
with this equipment, being of the order 10714 m, Since measurements
were made over the frequency range corresponding to the mechanical
frequencies of drops varying in radius from 1.19 to 21.2 um, a
calculation was made for the case of water drops in alternating
electric fields corresponding to the mechanical frequencies of larger
drops, and these results are given in table II. This case, called the
near static case, corresponds to case 2 mentioned earlier, where the
electric field is applied by parallel, conducting plates. In this
case, the dielectric constant used for water was 78.2, and ka is small
for all values of a that are considered.

6J. J. Billings and D. F. Holland, J. Geophys. Res. 74 (1969), 6884.

dat*R. P, Leavitt, C. A. Morrison, and D. E. Wortman, unpublished
a.

isee first entry of Selected Bibliography.

15




TABLE 1. MECHANCIAL OSCILLATION FREQUENCY OF FUNDAMENTAL MODE
FOR WATER DROP AND CALCULATED CHANGE IN RADIUS,WHICH
DROP UNDERGOES IN ALTERNATING ELECTRIC FIELD OF
AMPLITUDE 275 V/cm

Note: The dielectric constant, surface tension, and viscosity
coefficients for zater used in the calculation are
€ =1.39, 1t = 75 dyne/cm,and v = 0.1 poise.

; Drop Radius Mechanical Frequency Change of Drop Radius

(um) (Miiz) (um)

i oo :

4 ! 3.90 2.2 x lo_g

| 1. 3.38 %7 « 10

1.2 2.97 3.4 x 107°

1.3 2.63 52 ol T

1.4 2.35 5.0 x 107 °

3 1.5 2.12 6.0 x 10°°

| 1.6 1.93 7.0 x 107° |

I 1.7 1.76 8.1~ 10 :

1.8 1.61 9.4 x 107° i
1.9 1.49 bl g

2.0 1.38 1.2 x 107" E

!

i :

|

! ‘
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TABLE I1. MECHANICAL OSCILLATION FREQUENCY OF FUNDAMENTAL MODE FOR
WATER DROP AND CALCULATED CHANGE IN RADIUS,WHICH DROP
UNDERGOES IN ALTERNATING ELECTRIC FIELD OF AMPLITUDE
275 V/cm
Note: The dielectric constant, surface tension, and

viscosity coefficient for water used in the
calculation are € = 78.2, 1 = 75 dynes/cm, and
u = 0.1 poise.

Drop Radius Mechanical Frequency Elongation of Drop Radius
(um) (Hz) (um)
1.0 3.90 x 10° 1.5 x 1077
1.2 2.97 x 10° 2.4 x 1077
1.4 2.35 x 10° 3.5 x 10”7
1.6 1.93 x 10° 5.9 x 1077
1.8 1.61 x 10° 6.6 x 1077
2.0 1.38 « 10° 8.6 x 107’
3.0 7.50 x 10° 2.4 x 10°°
4.0 4.87 x 10° 4.8 x 10°°
5.0 3.49 x 10° 8.5 x 107
6.0 2.65 x 10° 130
7.0 2.10 x 10° 2.0 x 10°°
8.0 1.72 x 1¢° 2.7 x10°°
3.0 146 x 10° 3.7 x 10°°
10.0 1.23 x 10° 4.8 x 10°°

20.0 4.36 x 10" 2.7 x 107"
30.0 2.37 % 10° 7.5 x 10°°
40.0 1.54 x 1" 1.5 x 1077
50.0 1.10 x 10" 2.7 x10°°
100.0 3.90 x 10° 1.5 x 102
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A comparison of the change in water drop radius for the two cases
given in tables I and II shows that the second case gives a larger drop
distortion at a given electric field strength. Equation 17 shows that
the reason for this is the much larger dielectric constant for water in
the second case.

In addition, the results of table II can be used in conjunction
with the intensity calculations to determine the power and drop size
requirements needed to cause large enough oscillation amplitudes to
produce modulated signals for the scattered He-Ne light.

Calculations have been made by R. Barber* for variously sized,
spherically shaped water drops to estimate the oscillation amplitudes
of the drops necessary to produce detectable modulation of the
scattered He-Ne light. From these calculations it was estimated that
scattering from the drops undergoing a 0.5-percent change in radius for
the 15-um drops would produce modulated signals that could be detected
by the equipment described earlier and shown in figure 1. Smaller
sized drops would not give detectable ac signals. These estimates also
yield that variations in the backscattering are more sensitive to
radius changes of the drop than is the scattering for the more forward
angles. A 13-percent change in the intensity of Ehe backscattered
light, for example, was calculated for a change of 7 A in the radius of
a 15-uym water drop. This compares with a 5-percent change in intensity
at 90 deg for this case. An explicit solution for the scattering
coefficients for ellipsoids has not been obtained®’ 11 except for
special cases, and so calculations are presently underway to obtain
additional estimates for the scattering from oscillating water drops.

Since other workers, such as Billings and Holland® studied larger
size water drops than were generated in these experiments, calculations
were extended to drops of larger radii for comparison with these
earlier measurements. The results of these calculations, wheree = 78.2
and ka >> 1, are given in table III. Since the elongation of the drop
is assumed to increase linearly with the power density (or as the
square root of the electric field), additional calculations were made
for the case that the electric field is varied while the amplitude of
the drop distortion and volume are helid fixed. Results of these
calculations are given in table IV for the near static case where the

eJ. J. Billings and D. F. Holland, J. Geophys. Res. 74 (1969),

6884.
1??. W. Barber and D. S. Wang, Applied Optics 17 (1978), 797.

M. Kerker, The Scattering of Light and Other Electromagnetic
Radiation (Academic Press, New York 1969).

*private communication.




TABLE I11. MECHANICAL OSCILLATION FREQUENCY OF FUNDAMENTAL MODE FOR
WATER DROP AND CALCULATED CHANGE IN RADIUS, WHICH DROP
UNDERGOES IN ALTERNATING ELECTRIC FIELD OF AMPLITUDE
275 V/cm
Note: The dielectric constant, surface tension, and

viscosity coefficient for water used in the
calculation are € = 78.2, t = 75 dynes/cm, and
4 = 0.1 poise.
Drop Radius Mechanical Frequency Elongation of Drop Radius
(mm) (Hz) (um)
0.25 986 0.15
0.50 349 0.85
0.75 190 2.33
123 4.78
93.8 7.55
74.4 11.10
60.9 15.49
51.0 20.80
43.6 27.07
37.8 34.35
33.2 42.70
29.4 52.16
26.3 62:77
23.7 74.59
21.5 87.65
19.7 102.0
17.3 126.0
16.6 134.7

15.4 153.1




TABLE V. CALCULATED ELECTRIC FIELD STRENGTH REQUIRED TO DISTORT
PROLATE SPHEROIDAL WATER DROP SO THAT RATIO OF MAXIMUM
TO MINIMUM AXIS RATIO b/a = 2 FOR STATIC AND NEAR-STATIC
CASES.

Note: The static case corresponds to an external
electric field applied to the drop and the
near static case corresponds to an alternating
field applied at the fundamental mechanical
frequency of the drop where € = 78.2 and

ka >> 1.
i
:
|
{ Electric Field for Electric Field for
Drop Radius (mm) Near Static Static Case
i Case (kV/cm) (kV/cm)
i ] 2.81 13.62
3 1.2 2.45 12.43
‘ 1.4 2.18 11.51
; 1.6 1.98 10.76
: 1.8 1.81 10.15
1 2.0 1.67 9.63 ;
2.2 1.56 9.18 ‘
2.4 1.46 8.79 v
b
2.6 1.37 8. 44 2
2.8 1.30 8.14 ;
i 3.0 1.23 7.86 H
¢ 3.2 Tratiy 7.61
| 3. 1.2 7.38 i
| 3.6 1.08 7.18 i'
3.8 1.03 6.98 ,
1
4.0 0.99 6.81 ‘
4
(1
i._
:g 20 t
i ;
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ratio of the major to minor axis of the prolate spheroidal drop is b/a
= 2, In order to sustain a constant b/a = 2 value for this case, the
electric field varies as a,” /" where ag is the radius of the
undistorted drop. Earlier calculations* for the static case (an
applied dc electric field) showed that the electric field strencth
required to produce a constant b/a ratio varies as a64/2 , and results
for this case are also given in table IV. A comparison of the results
calculated using both methods with the experimental results® is given
in figure 2.

12
n[

O ALTERNATING FIELD
0O STATIC FIELD

s Expenmsnm.\‘/l

DYNAMIC

ELECTRIC FIELD (kV/cm) TO MAINTAIN b/a = 2
*
T

TR | SRS SR | URRNND, | 1 1 1 1 | PR S U 58
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

RADIUS OF UNDISTORTED DROP, mm

Figure 2. Electric field strength when drop's major axis
to minor axis ratio equals 2 versus drop size
for various electric fields.

Figure 2 illustrates that 1lower field strengths are required to
distort the drops when they are driven at their mechanical resonant
frequencies than are required in the static case. However, results of
the calculations for the case where the drops are driven resonantly
give the same distortions for the drops at 1lower electric fields as
were reported by Billings and Holland.® Also, their experimental
results show that drops smaller in radius than 2.4 mm distort to a b/a
ratio equal to 2 at lower field strengths than for the 1larger size

87. . Billings and D. F. Holland, J. Geophys. Res. 74 (1969), 6884.
*See first entry of Selected Bibliography.

21

bt T NIETIPUP NP E LS =TSP BRI




drops. This is contrary to the calculated results for both the static
case and the case where the drops are driven resonantly. Other
workers, such as Taylor? report that water drops become unstable at b/a
ratios < 2, and this condition could cause an error in the
measurements. The experimental results, however, are close to the
static dc field calculations whereas the calculated results for the
oscillating drops yield distortions greater than reported6 for drops of
millimeter size.

5. CONCLUSIONS

‘ Results of this study indicate that particle-size distributions for
i liquid drops 1larger in size (2 20 um) than those that comprise most
fogs (< 20 um) might be determined by driving liquid drops resonantly
with an oscillating electric field as in case 1l or 2. However, this
| method does not seem practicable for determining particle-size
| distributions for fog. 1In performing the experiments, this technique
i required us to (1) wuse a linearly polarized, amplitude-modulated
‘ CO2 laser beam to drive water drops of a given radius resonantly at
their fundamental vibration frequency, (2) determine that the drops are
;3 indeed oscillating by detecting an ac component at the modulation
‘ frequency in He-Ne laser light scattered from the drops, and (3) vary
; the modulation frequency to correspond to the mechanical oscillation
E. frequency of drops of another radius. The intensity of the ac signal
| would then vary with the concentration of drops of a particular radius.

In the measurements that were made with

et

(a) a linearly-polarized, modulated 3-W CO, laser focussed to give
power density of 100 W/cm?, and k

V]

(b) a 2-mW He-Ne laser and a sensitive detection system capable of
measuring ac signals with intensities as low as about 10~ W,

no ac signals were detected that corresponded to oscillating water
drops of radii in the range 1.19 to 21.2 um. This result is in 1line
with the results of theoretical calculations that were also made, 1
first, to determine oscillation amplituder for the drops driven
resonantly at their fundamental vibration frequency and, second, to
determine scattering intensities made from drops of different radii and
shapes. In the first calculation, it was found that the litude of
oscillation for 20-pm radius drops, for example, is 2.7 x 10~ 0 m, and
the oscillation amplitudes decrease for smaller drops as the 5/2 power
of the radius. Since the calculated oscillation amplitudes scale

. 25ir G. Taylor, Proc. Roy. Soc. London A 280 (1964), 383.
67. J. Billings and D. F. Holland, J. Geophys. Res. 74 (1969), 6884.
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directly with the power density, slightly higher powered lasers would
produce detectable oscillations in 20-um drops, for example, but to
obtain observable oscillations in 1l-um radius drops, one would require
power densities greater than 107 W/cm?, which would cause air breakdown
and would vaporize the drops.l2

Estimates of the required oscillation amplitudes needed to produce
4 measureable ac signals were obtained from intensity calculations®ll of
| the 1light scattered as a function of angle, drop size, and, to some
degree, drop shape. These intensity calculations are not presented in
detail here since calculations are presently underway to determine
| better estimates for the scattering of laser 1light from oscillating
| water drops. However, the preliminary results indicate that radius
| changes of 0.5 percent for drops of radii greater than about 20 um
should be detectable according to the calculations and according to
: experimental results of other workers.!? The calculations indicate
i that the backscattered 1light intensity changese'11 more with the drop
; radius and shape for the values of ka used here than it does at more
‘i forward angles. In addition, the calculated results for
I millimeter-sized water drops indicate that the drops driven resonantly

may be distorted to the same b/a values in electric fields lower in
amplitude than Billings and Holland® reported. Future studies of the
light scattered from drops larger than 20 ym in radius between
conducting plates will examine this point.
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APPENDIX A

In this experiment a model 941S GTE-Sylvania CO, laser was used to
drive the liquid drops. The CO; laser head was adjustably mounted on
an optical rail situated on a heavy workbench and aligned. The laser
head contains a tube which provides a vertically polarized output beam
of about 2.4 W, as measured by a Scientech model 362 power meter, in a
TEM;, mode at a single wavelength near 10.6 um. The output from the
laser has a diameter of about 4 mm. A GTE-Sylvania model 750 water,
heat exchanger was used during most of the experiment to cool the
quartz cavity of the CO, tube for greater stability. The laser tube
contained a piezoelectric tuning assembly that holds the mirror. By
adjusting a regqgulated O- to 1500-V power supply to operate the
piezoelectric stack, the cavity length could be changed and different
wavelength CO, lines could be selected. The maximum power that could
be transmitted through the electro-optic modulator occurred at a
wavelength of 10.6 um because of the quarter-wave plate mounted on the
modulator. The beam divergence should have been about 4 mrads,
according to the 941S specifications.

The output from the cw, CO2 laser was beamed into a GTE Sylvania
model 410 CdTe modulator. This modulator varies the polarization angle
of an incoming polarized beam at a rate equal to the frequency of the
input signal. A Hewlett Packard model 651B test oscillator provided a
sine wave for the modulator driver, which in turn applied a voltage
across the CdTe crystal modulator. A quarter-wave plate followed this
modulator and effectively biased it so that up to 45-percent intensity
modulation resulted when only about 400 Vdc were applied to the CdTe
crystal in the modulator unit. This biasing1 by a quarter-wave plate,
however, caused an effective insertion loss of 50 percent for the
modulator unit. A polarizer (analyzer) followed the quarter-wave
plate. A modulated signal of about 1.2 W was transmitted through the
modulator unit. Alignment and operation of the modulator is described
in appendix B.

The modulator unit itself consists* of a positive lens (made of
zinc selenide and of focal length, f; =~ 1 in.) which condenses the 4-mm
beam to a diameter of about 2 mm. A negative lens (f, ~5 or 6 mm) is
then placed at the appropriate distance to pass a collimated beam
through the CdTe crystal which has electrodes attached. A similar
negative lens (f;) and then positive lens (£f;) recollimates the beam.
The latter two lenses act like a Galilean telescope in that their focal
points coincide.

12, Yariv, Quantum Electronics, New York, wiley and Son, 2nd ed.

(1975), 339. )
#C. Johnson of II-IV, Private Communication.
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APPENDIX A

About 1 W of the modulated CO; was passed through a beamsplitter (a
flat piece of KRS5) and into the aerosol chamber. A small part of the
beam reflected off the beamsplitter into a 0.5-mm square HgCdTe IR
detector. This photoconductive IR device was cooled to liquid nitrogen
temperature in a metal dewar, which 1limited its field of view to 60
deg. The SBRC specification report said that this detector has a D* of
2 x 1010 cm (Hz)Z/W at 10.6 um when operated at a chopping frequency of
10* Hz. Next, the output from this detector, which was biased to
operate with a detector current of 5 mA, was then displayed on a
Tektronix 485 oscilloscope.

28
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APPENDIX B

An explanation of electro-optic modulation is given by variv.! a
schematic diagram for a typical electro-optic amplitude modulator is
shown in figure 14 of that reference (p 339). An addition analysis of
that system has been worked out* and is given below.

Consider Ehe incident E vector along the x-axis. The modulator
resolves the E vector into components along x' and y', where

T e -
a 1 ~ 2 X = = (xl+y.)
X' =— (x-y)
/3 V2
- 1 A A A 1 S Lol
y' === (x + ¥) y == {(~x* +¥')
V2 V2

and after passing through theh modulator, the x' component picks up an
extra phase relative to the y' component, so that

E=i (x ™V 4 ;,-) :
2

Now the quarter-wave plate resolves these into new components where the
unit vectors are given by

X" cos® + §“ sinb

X' cos® - y' sind x!

= -x" sin® + §" cosb

~>
|

¥" = X' sin® + y' cosé

and the x" component picks up an extra phase of w/2. Thus, after
passing through the quarter-wave plate,

i inmv/v imv/v
E= L [x" ei"/2 (cose e i sin6> + y" (sine e e COSG):I .
V2

Expressing these in terms of x and y gives

12, Yariv, Quantum Electronics, New York, Wiley and Son, 2nd ed.
(1975) .
*R. P. Leavitt, private communication.
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APPENDIX B

E=-21 [(i' cosé - ' sing) e™/? (cose % i sine)

S

+ (x' sin® + y' cosf) (sine elﬂv/v“ + cose)]

bl N

E = 7%-{&'[(cosze ej'"/2 + sinze)ei"v/v“ - cos6 sine(ei“/z—l)]
+ §'[

-sinb cose(ei"/z-l)elnv/v" + (sinze elw/2 + cosze)]:

or

LS Pt b

in/2

-
E =

[;;[(cose - sin6)cosh e

N

+ (cos® + sin8) sine] eli™v/ vy

in/2
+ [--(cose - sinf) sinb e 5 + (cos® + sing) cose]

(B-1)

. in/2
+y g[-cose (sin® + cos6) e T/ + sin® (cos6 - sine)] ei'n‘v/v,".

+ [sine (sin® + cosb) eiﬂ/z + <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>