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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
u r n )  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.5 This technique makes use of the fact that a liquid
drop e1ongat~s along the axis parallel to an applied electric
field.1, 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 driven 3 at its
natural vibrational frequency by an alternating electric field.

Fbr case 1, suppose that a polarized beam of electromagnetic
radiation is modulated so that the amplitude of the electric field
varies as B = B0 cos cut (1. + m cos cu,.~t ) ,  where E0 is a constant ,
cu/2iT is the carrier frequency, cum/2n is the modulation frequency, and m
is the index of modulation. The force on the drop , which is
proportional to E 2 , varies approximately as E~/2 (1 + 2 m cos w~t) (1 +
cos2cut) for in << 1. If w is so large that the drop cannot
mechanically respond to 2~~, then the force on the drop varies as E~~(l +
2 m cos Wrnt )/2 . The modulation frequency , Wm, can be adjusted to match
the mechanical vibrational frequency,~ cu1~1, given by

= fn (n — l)(n + 2 ) T  (1)
n pa3

where n is the mode number , T is the surface tension , P is the density ,
and a is the drop radius . As other workers have pointed out ,5 the
lowest order (n = 2) mode dominates ; thus , resonance occurs when the
electrQnagnetic~~lave incident on the liquid drop is amplitude modulated
at (132 = (8t/pa 3)~ = 

~~~

H 1W. A. Mack , Proc. Roy . Soc. London A 133 (1933) , 565.
2Sir G. Taylor , Proc. Roy. Soc. London A 280 (1964), 383.
3c. p . 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. L~fl~&n, 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. Xarayianis, and D. H. 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 B =
E0 cos w~t. The force on a liquid drop situated between these plates
varies as E~ (l + cos2w~t/2). A resonance occurs for this case when

~‘2= 
2win.5 Hence, the electric field driving the drops will be only

½cu2, whereas cu2= w~ for case 1. Billings and Holland6 have previously
measured millimeter—size water drops under experimental conditions that
correspond to this latter case.

In another earlier work, Brook and Latham7 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’ 6,t 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 lO~ V/cm. (R. P. Leavitt,
C. A. Morrison, and D. B. Wortman, of the Harry Diamond
Laboratories--HDL--have done similar studies of which data are
unpublished.) In addition, Billings and Holland6 found that rupture for
drops smaller than 3 nzn occurred at considerably lower field strengths
when they varied the frequencies of the applied field near the drops’ H
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 CO2 laser, might suffice to cause
mechanical oscillations of detectable magnitude for drops driven at
their resonance frequencies.

In this work , aerosol drops contained in a fog chamber were
illuminated with a polarized, amplitude—modulated , CO2 laser beam that
acted to drive the drops, as in case 1. In order to determine whether
the drops were oscillating mechanically , a second unznodulated He-Ne
laser was beamed collinear with the CO2 laser. Scattering of the He-Ne
radiation by the drops was then detectedby a sensitive detection sxstem
that could measure ac signals with intensities as low as about 10 ” W.
The intensity of the He-Ne light scattered from the drops at the

~W. A. Mack, Proc. Roy. Soc. London A 133 (1933), 565.
Sir  G. Taylor , Proc. Roy. Soc. London A 280 (1964), 383.
3c. T. O’Konski and H. C. Thacher, .7. Phys. Chem. 56 (1953), 955.

~Lord Rayleigh (.7. 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 H.
H. Smith, Proc. Roy. Soc. A 322 (1971), 523.

J. Billings and D. F. Holland, 7. Geophys. Res. 74 (1969), 6884.
7M. Brook and D. J. Latham, .7. Geophys . Res. 73 (1968), 7137.
*Earljer noted work of Morrison, Karayianis, and Wortman, HDL.
tpurthey references to the earlier work are listed at the end of

this report in a Selected Bibliography.
6
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resonance frequency , w2 = w~, 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 obtained5 by varying the modulation
frequency and examining the intensity of the ac signal7 produced by the
scattered light .

The scattered He-Ne laser signal of wavelength A = 0.6328 pm was
observed for amplitude—modulation frequencies of the CO2 radiation from
4 x 101+ to 3 x 106 Hz, which correspond to fundamental resonance
frequencies of drops of radii varying from 21.2 to 1.19 p~ . 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 C02 radiation of intensity 100 W/cm2. It was found
that the amplitude of oscillation calculated for 20—pm drops, for
example , is 2.7 X 1O~~°m, which is less than the l0~~ m amplitude
required to produce measurable signals. Also, the oscillation
amplitudes are proportionately smaller for smaller drops. Intensity
calculations,81t allowed us to estimate that 0.5 percent changes in
radii for the drops of radii between 1.19 and 21.2 vm should produce
measurable amplitude-modulated signals in the scattered light. In the
experiment performed only millimeter-sized drops would have distorted
with s~ch measureable magnitudes when illuminated with a

• lOO-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 c~ nparisons are made of oscillation amplitudes
calculated for millimeter—sized drops with the experimental results of
Billings and Holland.6 In 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 lOO-W/cm2 intensity.

H
2. APPROACH AND ThEORETICAL CONSIDERATIONS

In this work an oscillating electric field, which was provided by a
linearly polarized, amplitude-modulated, continuous-wave (cw) CO2 laser
beam , acted on aerosol drops to drive the drops at their mechanical
resonance frequencies. A second unmodulated, ow 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

~J. J. Billings and D. F. Holland, .7. Geophys . Res. 74 (1969) , 6884 .
• M . Brook and D. J. Latharn, .7. Geophys. Res. 73 (1968), 7137.

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

W. Barber (private communication).
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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 related9 to the power in the beam by the expression

E = I2Icp (in inks units) , (2)

where I = power/meter2 of the laser , c is the velocity of light,
and p is the permeability of free space (p = 4it X l0~~ H/rn). 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,9 to the square of the
electric field , or

F = K E 2 ( 3)

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 CO2 laser frequency, TL, which is short compared to a period of
the amplitude modulation, one obtains

F(t) = L(L F(t) dt .~~~
2(t) . ( I)

L-’O

How this force , applied by the modulated, ow 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,5 solutions were
obtained for a viscous liquid drop acted on by an oscillating electric
field. The approach taken was like that of Rayleigh ’s3’ 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 5 good agreement with Rayleigh ’s result has been
obtained experimentally for cases where large amplitude vibrations
occur.

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

R. Brazier-Smith, M. Brook, .7. Latham, C. P. R. Saunders , and H.
H. Smith, Proc. Roy. Soc. A 322 (1971) , 523.

9j • 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 assumed5 that the distance
from the origin to a point on the surface of the droplet can be
expanded in a Legendre series as

R(t )  = a Ct) + 
~~l 

a
k

(t) P
k
(cose) , (5)

where the ak ’s are constrained so that the volume of the drop remains
constant at (4 ir/3)a 3 and a is the radius of the undistorted drop .
The potential energy , U s, of the drop due to surface tension , y ,  is the
area of the drop multiplied by the surface tension, or

U = .rJ
2 

d+ JR  
sineds , (6)

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

The kinetic energy , T , was found* by evaluating the integral

T = f ½ P  v
2 

dT (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

+ > 8  r’1 p . (8)n f l  n

z~eavitt 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 ak (t) in equation (5) in agreement with the results of
Rayleigh .1’ The more generalized Lagrangian used by Leavitt et al*
contained the electromagnetic energy and the viscosity.

3’z.ora Rayleigh (.7. W. Strutt), The Theory of Sound (Dover, New York
1877, revised 1894, reprinted 1945).

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

9
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The electromagnetic wave acting to drive the liquid drop was
considered5 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 Ii
-Vi. The appropriate solutions are

A
= 

~~~rf l +  1 ~n 
- ErP 1 (9)

and

= E~ 
r~ p ( 10)

n

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

UB 8; 
1) f~i . d~ , (11)

where £ is the dielectric constant of the drop at the laser
frequency , ~~~‘ is the electric field inside the drop , and the integral

- 
- covers the volume of the drop . After appropriate boundary conditir’ns

were used to evaluate the A~ 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.x was

• obtained .5

In considering the dissipation of energy due to viscosity , Leavitt
et al5 used the results of Lamb~~ for the case of an irrotationa]. fluid
where the rate of energy dissipation was found to be

F = - 1L J .~ (v2 ) ~S (12)

- 

10 Sir H. Lamb, Hydrodynamics, Chap. XI (Dover , New York 1879 , sixth
edition 1932 , f i r s t  American edition 1945) .

*R. P. Leavitt , C. A.  Morrison , and D. S.  Wortrna n , unpublished data .
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and where P 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. *

4lrpa3 .. 
+ 8ir (n—l) • 

+ 
4Ir (n—l) (n+2)y a = - ~~~ (13)

n (2n+l) n n n (2n+l) n
n

As pointed 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 further5 as follows.

For the n = 2 case one may consider the time average of the
electric field to be

2 a dc term and an ac term
E2 = ~~ [i + 2 in cos~t] 

at the modulation fre-
2 quency w/2i~ and modula- (14)

tion index m

and

2 
E~a I o\2 8~ itthe mechanical frequency] (15)K = 24wy ~~~2) 

= 
Lof the drop i

lOp a2 a3’r 2 = — , ~~ = — , and u3’ = —

pa 2

Then equation (13) can be expressed by

112 + r 2 U2 + ~~~~ 
~2 

= (9)(~_1)2 (o)2 Cl + 2m coswt)K2

x [1 + u2 + 3(3 +4 ) uz.] . (16)

5P. R. Brazier-Smith, M. Brook , .7. Latham, C. P. R. Saunders, and M .
H. Smith, Proc. Roy. Soc. A 322 (1971), 523.

5R. P. Leavitt, C. A. Morrison, and D. S. 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 3’ terms in equation (16)
were neglected* giving

+ r2 112 + (4 u2 = . (4 K2(C
÷~ )

2 

~~~~ 
+ 2m

where

2 /~ \2 9K2 (s_l)2 (37c — 52)1
~ 2 =  

k~2) i 1 —j g  I .
L (c+2) 3 J

The solution5 of equation (17) is H

u2(t) ~ K~ 
~c_ i)2 

El + 2 rn Q2 cos(wt - +)] (18)

where
fr 2 \

Q2 
r ‘ • = ~~~

and

w =~/ ( 4 - r~

Using the above solution, one finds that if, for example, a CO2 beam of
intensity 100 W/cm2 is beamed onto a 2-i.im-radius water drop of surface
tension Y =  75 dynes/cin , the amplitude of the distortion , au2 is 2 x

• lO 12 cm. Such a small value suggests that any frequency component in
the light scattered from small droplets driven by a relatively low
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 a2 = (5 kT/l6 7 T T ) ½ or
about 1A at 300 K ( k  = 1.38044 x lO 16 ergs/k). Mditional results
are given below.

• 5R. P. Leavitt, C. A. Morrison, and V. E. Wortma n, unpublished data .
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3. EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus used in this study consisted of Cl) a
means of illuminating a column of liquid drops with a modulated, cw,
002 laser beam, (2) a means of generating, containing, and measuring
the drops, (3) a maans of illuminat ing the liquid 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 to l0~~~ w of 0.6328—pin 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 CO2 and He—Ne lasers were
aligned collinearly as shown in figure 1. A 4-mm-diem CO2 beam,
collimated and polarized in the vertical plane, was passed into the

• electro-optica]. modulator. A modulated 002 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/cm2). This focus point was about 4.5 in.
(114.3 sri) beyond the exit polarizer of the modulator. A small part of
the 002 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 CO2 laser beam, as defined in appendix B, was measured to
be between 20 to 45 percent over the frequency range from 103’ to 3 x
106 Hz with a faster arid more sensitive photovoltaic HdCdTe detector.

Figure 1. also shows that the He-Ne light was passed collinearly
with the C02 laser beam through the focus point of the 002 laser light.
Alignment of the beams was accomplished by allowing the 002 laser to
burn small apertures C C 1 sri 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 002 laser bears. 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 light
scattered from the drops in the vicinity of the CO2 laser beam focus
was then collected by the PMT.

After the CO2 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 light typically was about 4 x lO~~

1 W.
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This estimation of the power corresponds to an anode current of ].Q 7 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 ~~ Hzintervals 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 thedetection system was working properly over the entire modulation
frequency range before and after each experiment.

FOG GENERATO R
OSCILLOSCOPE CO2 DETECTOR

AUXILIARY MEA~ iJ
TO MEASUREFOG DROP DIAMETER

ELECTRO- CHAM BER
CO2 LASER 

MODULATOR HE-NE LASER

BEAM MT
SPLITTER

DRIVED TRANS-
IMPEDANCE

~~IvI r ..ur u~~n 
AMPLIFIER

IAIco)

SIGNAL TRIGGER SIGNAL
GE NERATO R SIGNAL PROCESSOR

AT

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 to 3 X 106 Hz. This frequency
range corresponds to the mechanical oscillation frequencies of drops
varying in radius from about 21.2 to 1.19 pm. 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 pm . 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 therelatively sensitive experimental equipment was used (described in
appendices A to F), it i~ of particular interest t~ examine the resultsof the calculations. It should be mentioned t~~t these calculated
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results were obtained using a model developed in a theoretical effort*
3 paralleling this work that suggests that the distortion of smal’ drops

by laser beams will be difficult. Earlier workers have reportedT that
drops as small as 20 pm have been observed to elongate sufficiEtntly to
explode in electric fields of strengths comparable to those transmitted
by more powerful laser beams (about 10 ky/cm) and that drops smaller
than 3 nan can be caused 6 to explode in oscillating electric fields at
lower field strengths than for the static case. The field carried by
the CO2 beam in this work, however, was relatively weak , and at the
focus region of the CO2 beam, the amplitude of the electric field was
about 275 V/cm (this corresponds to the measured power density of 100
W/cm2).

In making these calculations by evaluating equation (17), it was
assumed that ka is small or that A >> a, where k = 2ir/X , A 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 poise and an electric field

• strength of 275 V/cm (intensity of 100 W/cni~). 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 10 -10 in in the

• tables, an increase in the power density by a factor of 10 will result
in the distortion being i0~~ m.

The results of the calculations made using a dielectric constant
for water, £ , equal to 1.39 Cc = 1.182 for A = 10.6 )tm) are given in
table I and are valid for drops of radius < 1.687 pm. For such small

• drops, the maximum change in the radius is too small to be detected
• with this equipment , being of the order 10-13’ 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 pm , 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.

J. Billings and D. F.  Holland , J. Geophys. Res. 74 (1969), 6884.
• *R. P. Lea vitt, C. A. Morrison, and D. E. Wortman, unpublished

data .
ISee first entry of Selected Bibliography.
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TABLE I. MECHANC IAL OSCILLAT I ON FREQUENCY OF FUNDAMENTAL MODE
FOR WATER DROP AND CALCULATED CHANGE IN RAD I US,WH I CH
DROP UNDERGOES IN  ALTERNATING E L E C T R I C  F I E L D  OF
AMPLITUDE 275 V/cm

Note: The dielectric constant, surface tension , and viscosity
coefficients for ~‘ater used in the calculation are

= 1.39 , r 75 dyne/ cm,and p 0.1 poise.

Drop Radius Mechanical Frequency  Change of Drop Rad i us

(p m) (MHz) (pm)

1 3.90 2.2 x

1 . 1 3.38 2.7 x

1.2 2.97 3.4 x lO~~

1.3 2.63 4.2 x IO~~

1.4 2.35 5.0 x

1.5 2.12 6.3 x lO~~

1.6 1.93 7.0 x lO~~

1.7 1.76 8.1

1.8 1.61 9 .4  x 1O~~

1.9 1.49 1. 1 x io
8

2.0 1.38 1.2 1O~~

I
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TABLE II. MECHAN I CAL OSCILLAT I ON FREQUENCY OF FUNDAMENTAL MODE FOR
WATER DROP AND CALCULATED CHANGE IN RADIUS,WHIC H DROP
UNDERGOES IN ALTERNATING ELECTRIC FIELD OF AMPLITUDE
275 V/cm

NOte: The dielectric constant , surface tension, and
viscosity coeffici ent for water used in the
calculation are c — 78.2, 1 — 75 dynes/cm, and
p = 0.1 poise.

Drop Radius Mechanical Frequency Elongation of Drop Radius
(pm) (Hz) (pm) 3
1.0 3.90 x io

6 
1.5 x

1.2 2.97 x io
6 

2.4

1.4 2.35 x iO
6 

3.5 x

1.6 1.93 x IO~ 4.9 IO~~

1.8 1.61 x ~~~ 6.6

2.0 1.38 io
6 

8.6

• 3.0 7.50 X 10~ 2.4 x 10
6

4 .0 4.87 x 4.8 x

5.0 3.~~~9 ~ ‘io
5 

8.5 x i~~~
6

- 5
6.0 2.65 x 10 1. 3 ~ 10

7.0 2 . 1 0  x ~~ 2.0 x IO~~

8.0 1.72 x Ic 5 
2.7 x

9.0 1. 144 x lO~ 3.7 x

10.0 1.23 x 4 .8 lO~~

20.0 4.36 x iO~ 2.7 x 1O~~

30.0 2.37 x I0~ 7 .5 x Io ’

40.0 1.54 ~ 1C~ 1.5 x

50.0 1.10 x lO
s’ 2.7 x 13~~

100.0 3.90 x IO~ 1.5 x i~~~
2
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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 l5-~.im 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 the backscattered
light , for example, was calculated for a change of 7 A in the radius of
a 15—pm 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 obtained8’11 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 Holland6 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, where e = 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
fo r the case that the electric field is variec~ while the amplitude of
the drop distortion and volume are held fixed. Results of these
calculations are given in table IV for the near static case where the

6J. J .  B i l l i ngs  and D. F . Holland , J .  Geophys . Res . 74 (1969 ) ,
6884.

8P. 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).
*prjvate communication.
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TABLE I I I .  MECHAN I CAL OSCILLATION FREQUENCY OF FUNDAMENTAL MODE FOR
WATER DROP AND CALCULATED CHANGE IN R A D I U S , W H I C H  DROP
UNDERGOES IN ALTERNATING ELECTRI C 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
p = 0.1 poise .

Drop Rad i us Mechanical Frequency Elongation of Drop Radius
(mm) (Hz) (pm)

0.25 986 0.15

0.50 349 0.85

0.75 190 2.33

1.0 123 4.78

1.2 93.8 7.55

1.4 74.4 11.10

1.6 60.9 15.49

1.8 51.0 20.80

2.0 43.6 27.07

2.2 37.8 34. 35

2.14 33.2 42.70

2.6 29.4 52.16

2.8 26.3 62.77

3.0 23.7 74. 59

3.2 21.5 87.65

• 
3 . 4  19 . 7  102.0

3 . 6  17 . 3  1 2 6 . 0

3.8 16.6 134.7

4.0 15 .14 153. 1
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TABLE IV . CALCULATED ELECTRIC FIELD STRENGTH REQU I RED TO DISTORT
PROLATE SPHEROIDAL WATER DROP SO THAT RATIO OF MAX I MUM
TO MINIMUM AXIS RATIO b/a 2 FOR STATIC AND NEAR-~ i AT I C
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 c — 78.2 and
ka >> l.

Electric Field for Electric Field for
Drop Radius (mm) Near Static Static Case

Case (ky/cm) (kV/cm)

1 2.81 13.62

1.2 2.45 12.143

1.4 2.18 11. 51

1 . 6  1 .98  10.76

• 1 . 8  1 . 81  10 . 1 5

• 2.0 1.67 9.63

2.2 1.56  9 .18

2.14 1.46 8.79

2 .6  1 .3 7  8 . 4 4

2.8 1.30  8 . 14

3.0  1 . 23  7.86

3.2 1.17 7.61

3 . 1 4  1 . 12  7 .38

3.6  1 .08  7 . 1 8

3.8  1 .03  6.98

4.0 0.99 6 .81
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ratio of the major to minor axis of the prolate spheroida l drop ii b/a
= 2. In order to sustain a constant b/a = 2 value for this case, the
electric field varies as a0

3
~
’ where a0 is the radius of the

undistorted drop. Earlier calculations* for the static case (an
applied dc electric field) showed that the electric field strength
required to produce a constant b/a ratio varies as a~~l/2 , and results
for this case are also given in table IV. A comparison of the results
calculated using both methods with the experimental results6 is given
in figure 2.

EXPERIMENTAL .!.J~~ 
ALTERNATING FIELD

(~~ STATIC FIELD
_a 4

o 3 •
2 DYNAMIC

2 • ~~~~~~~~~~~

1.0 1.2 1.4 1.6 1.6 2.0 2.2 2.4 2.6 2.6 3.0 3.2 3.4 3.6 31 4.0

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 lower 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 lower electric fields as
were reported by Billings and Holland.6 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 larger size

j~ Billings and D. F. Holland, J. Geophys. Res. 74 (1969), 6884.
*5cc f i r s t  entry of Selected Bibliography .
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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 2 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 reported 6 for drops of
millimeter size.

5. CONCLUSIONS

Results of this study indicate that particle—size distributions for
liquid drops larger in size ( .~ 20 um) than those that comprise most
fogs (< 20 urn) might be determined by driving liquid drops resonantly
with an oscillating electric field as in case 1 or 2. However, this
method does not seem practicable for determining particle—size
distributions for fog. In performing the experiments, this technique
required us to (1) use a linearly polarized, amplitude-modulated
C02 laser beam to drive water drops of a given radius resonantiy at
their fundamental vibration frequency, (2) determine that the drops are

• 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

• 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

• (a) a linearly—polarized, modulated 3-W CO2 laser focussed to give
a power density of 100 W/crn 2 , and

(b) a 2-mW He—Ne laser and a sensitive detection system capabl
7
e of

measuring ac signals with intensities as low as about 10_ i W ,

no ac signals were detected that corresponded to oscillating water
drops of radii in the range 1.19 to 21.2 urn. This result is in line

• with the results of theoretical calculations that were also made,
first , to determine oscillation amplitude..’ 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 azn~litude of
oscillation for 20—um radius drops, for example, is 2.7 x l0~~0 m, and
the oscillation amplitudes decrease for smaller drops as the 5/2 power

• of the radius. Since the calculated oscillation amplitudes scale

• 2Sir G. Taylor, Proc. Roy. Soc. London A 280 (1964), 383.
J. Billings and D. F. Holland , 7. Geophys. Res. 74 (1969), 6884.
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directly with the power density, slightly higher powered lasers would
produce detectable oscillations in 20— jim drops, for example, but to
obtain observable oscillations in l-um radius drops, one would require
power densities greater than io~ W/cm

2, which would cause air breakdown
and would vaporize the drops. 12

Estimates of the required oscillation amplitudes needed to produce
measureable ac signals were obtained from intensity calculations8’~ of
the light 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 light from oscillating
water drops. However, the preliminary results indicate that radius
changes of 0.5 percent for drops of radii greater than about 20 urn
should be detectable according to the calculations and according to
exper imental results of other workers.13 The calculations indicate
that the backscattered light intensity changes 8,U more with the drop
radius and shape for the values of ka used here than it does at more
forward angles. In addition , the calculated results for
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 Holland6 reported. Future studies of the
light scattered from drops larger than 20 pm in radius between

• conducting plates will examine this point.
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APPENDIX A

In this experiment a model 94lS GTE-Sylvania CO2 laser was used to
drive the liquid drops. The C02 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

• TEM00 mode at a single wavelength near 10.6 pm. 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 CO2 tube for greater stability. The laser tube
contained a piezoelectric tuning assembly that holds the mirror. By

• adjusting a regulated 0- to 1500-V power supply to operate the
piezoelectric stack, the cavity length could be changed and different
wavelength C02 lines could be selected. The maximum power that could
be transmitted through the electro-optic modulator occurred at a
wavelength of 10.6 pm because of the quarter-wave plate mounted on the

• modulator. The beam divergence should have been about 4 xnrads ,
according to the 94lS 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 , f1 1 in.) which condenses the 4—nun
beam to a diameter of about 2 mm . A negative lens (f2 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 (f2) and then positive lens (f1) recollimates the beam.
The latter two lenses act like a Galilean telescope in that their focal
points coincide.

• 1A . Yariv, Quantum Electronics, New York, Wiley and Son, 2nd ed.

(1975) , 339.

*~~~~. Johnson of II-IV , Private Communication .
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APPENDIX A

About 1 W of the modulated CO 2 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 limited its field of view to 60
deg. The SBRC specification report said that this detector has a D* of
2 X 1010 cm (Hz)~ ,’W at 10.6 pm 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 Yariv.1 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 the incident E vector along the x-axis. The modulator
resolves the E vector into components along x ’ and y’, where

1
‘. 1 .. .

~ x = — (x ’ +y ’)x’ (x - y)

• —. .. 
~ 1 , ~~, ~~,y’ =—(x + y) y = — ~~~~~X + y )

/i

and after passing through the modulator , the ~~~
‘ component picks up an

extra phase relative to the y’ component, so that

= 

~~

— (
~

‘ e~~’~’~’w + 9’)

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

= ~~~
‘ cos8 — y ’ sinO ~~~

‘ = ~~~
“ cos~ + 9” sinO

9” = ~~‘ sinO + 9’ cosO 9’ = —i” sinG + 9” cosO

and the ic” component picks up an extra phase of ir/2 . Thus , after
passin g throu gh the quarter-wave plate ,

• + 1 1’.,, iir/2 / inv/v / iirv/v
E = — I X e 

~ 
cosO e - sinG I + y” (sinG e + cos 0)I

Express ing these in terms of x and y gives

‘A. Yariv, Quantum Electronics, New York , Wiley and Son, 2nd ed.
(1975) .

*R. P. Leavitt, pri vate communication .
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APPENDIX B

= -
~~~~ [~è’ cosO — 

~“ 
sine) ein/’2 (cosO e /v,r 

— sinG )

+ (cc’ sinG + 9’ cosO) (sine et ”~’~ + cosO)]

= -
,
~~. icc ’ [(cos2e eulT h/2 

+ sin20)e ~~~~ — cose sine(e~~
/’2_
i)] 

•

+ 9’[_sine ~~~~~~~~~~~~~~~~~~ + (sin2~ e
ih1/’2 

+ cos2e)]~

or

= ~~~ [ ; c ~O~ - sinG)cos0 
i~/2 + (cose + sinG) sinG] ei~~/~~

+ [_ (cosO — sine) sine e ’ + (cosO + sinG) cos0]~
(B—i)

I iir/2 1 jir ’v• + y 
[—cosG(sin0 + cosO) e + sine (cosO — sine)J e v, 

~

+ [sinG (sine + cosG) e~~
”2 + cosG (cosO — sinG)]L j

The polarizer then selects the y—component. The intensity is

r
I = E E* = — 

~—cos0(sin0 + cos0)e + sinO (cos0 — sinG)y y  4

x[-cos0(sin0 + cos0)e~~~
2 

+ sin0(cos0 — sinG)]

ilrv/vlrr —iit/2 1 1
÷ L8~T~0 (sinG + cose)e + cos0(cos0 — sinO)j [ —cosO (sinG

+ cosG)e~~~
2 
+ sinG (cosO - sinG)

]
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APPENDIX B

+ ~~~~~~~ [sinO (sinO + cosG)e~~ ”2 + cosG (cosO — SinO)]{_cosG(sjnO + cosO)

+ sinG (cosO — sinG)]

+ 
~~
. [sine~ sine + cos9)eifl~

/2 
+ cosO(cosG — sinG)][si~e(sj~e + cosG)

e~~~~~2+ cosG(cosG - sinG)] .

The first and last terms combine to give

. (cos 2O + sin2G) (sinG + cosG)2 + (sin~e + cos
2O) (cosG — sinG) 2

(2 cos2G + 2 sin2 O) = 4

and the second and third terms give

e ilTV/Vlr
[ sin 2G cos2e — e~~

”2 (cos 2G — sin2G)] + complex conj.

= —2 sin2 G 00820 cos icy/v — 4 (cos~ 0 — sin 2 G) cos(lrv/v + 11/2)

Thus we have

= 4 — 2 sin 2 G cos2 G cos (,rv/v
) + i(cos 2e - sin29) sin (irv/v ) . (B— 2)

With the modulator off , the intensity is

= 4 — 2 sin 2 G cos2 O = 4 cos2 29

33
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APPENDIX B

which reaches its maximum of 0.5 when 0 = 0, t ir/2 or ic .

With the modulator on and V = V sin x , the average intensity is

I/I = i_f’ dx 4 - 2 sin 2 0 cos2 G cos 
(~~~ )

sinx

+ 4(cos2e — sin 2 G) sin( _2.)sinx

The last term drops out.

We need
11

I cos (a sinx ) dx = 2w 3 (a)
J 0—11

and obtain

/lrV \  /
= 1 — 2 sin2G ~~2o .~ ~~~ = 1 — sin2 20 3 j ... ..2.0 2 0\  V 1.J 2\ 0\V

This yields

~1l - sin 2 20 J ~~\— cos 2 201
~ (mod) - I (no mod) °\ V1!/ J_

— 1 2I (no mod) n~cos 20

(B—3)

The above relation means that the output intensity does not change when
the modulator is turned on or off as long as the quarter-wave plate is
rotated to give maximum transmission.

If one assumes that the quarter-wave plate is aligned for maxim~m~transmission , as when 0 = 0, equation (8—2) becomes

34
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~~~~~~~(
‘
1+sin !!

I 2~~ viio

With the modulator on and V = v sin u t, this becomesm m

i_ i(’
l + s in ! sin w t\I

~ 
2~~ vw m /

which can be written

= sin2(~. + sin w t )  . (B-4)

If rm = lTvm/vw <-< 1 this becomes I/b ~ +Fm ciii w~t], which is
the same as equation 14.3—8 in Yariv;1 here rm represents the

• - modulation index and the modulation frequency is 
~m 

= Wm/211

The intensity modulatio~t can be defined for the case rm << 1 as in
Yariv.1 Or, by using equatio~ (8—4), we can define modulation index m =

[I(mod)-I(no mod)~ /I(no mod). By choosing sin c~~t = 1,

M = 

+ 

~
) - sin2(~

)

The phase retardation for the CdTe crystal in this geometry is

2w N3 r~,1 LVr Ad

A • Yariv, Quantum Electronics , New York , Wiley and Son, 2nd ed.
(1975).
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where

N0 = index of refraction = 2.6

rL.l = applicable electro—optic coefficient = 6.8 x 10-12 nVV

L = 5 0 mm

v = modulation voltage = 400 V

A = operating wavelength = 10.6 pm

d = width of crystal. = 3 mm

r = 0.472 radians = 27 deg.

The intensity modulation index , then , is M = 15 percent.

I
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APPENDIX C. --LIQUID DROP GENERATORS , FOG CHAMBER, AND PA~~ICLE SIZINGDEVICE*

*

*R. Doherty of ARRADCOM at Edgewood Arsenal provided and operated
most of the drop generatio n and measuring equi~znent . He was p rimarily
responsible for determining the particle sizes and concentrations tha t 

•were used in this experiment.
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APPENDIX C

Three separate methods were used to generate monodisperse liquid
aerosols and then a polydisperse fog. Initial experiments used a
Berglund-Liu monodisperse generator which produced olive-oil drops in
diameters ranging from about 6 to 12 ~‘m. Preliminary efforts were not
successful in detecting modulated signals in the scattering from these
drops, whose mechanical frequencies might vary from about 3 x 106 to
1.8 x l0~ Hz (calculated by assuming y = 32 dynes/cm). Consequently,
this part of the experimental apparatus was replaced with a liquid

• water drop generator to obtain higher concentrations of drops in the
size range of interest.

• A means of qeneratina monodisperse water drops was set up as shown
in ficcu re C—i.  An AgCl crystal , which was placed in a ceramic boat
within the quartz tube as shown in the figure, was heated in a furnace
to 600 C. The AgCl nuclei , which were boiled off , were carried by a

• stream of N2 gas to a glass condensing section. Steam, generated by a
flask in a heating mantle, condensed on the AgCl centers to produce a
stream of drops emanating from a 30—pm—diaxn tube. A constant fog was
then formed in the fog chamber . About 30 percent of the drops varied
in diameter from 10 to 12 pm. Another 30 percent were in the size
range from 5 to 10 pm in diameter . In addition, the concentration was
determined to be about 320 particles/cm3 .

STEAM

FURNACE CONDENSING
SECTION CONTROL 

WATER

~~ VALVE

~~~~~~~~~~~~~~~~~~~~ 

HEATING MANTLE

Figure C-i. Schematic diagram of equipment used to generate
monodisperse water drops of radii approximately
equal to 5 pm.

The particle-size and concentration measurements were made with a
Royco Instrument device, module 508 with a model 225 counter. This
device, which counts particles in five separate channels in ranges
selected by the user , monitored the aerosols in most of the
experiments.
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Particle sizes and concent..ations similar to those obtained by
forming water drops on AgC]. nuclei were found in the fog chamber when
steam from the flask was simply directed into the fog chamber. Most of
the scattering measurements were made by utilizing this simpler method
to obtain a diameter size distribution of water drops in a range
extending down to at least 2 .38 pm (corresponding to a mechanical
oscillation frequency of about 3 x 106 Hz , which is about the maximum
frequency for the electro—optic modulator) .

The dimensions of the fog chamber shown in figure 1, body of the
report, were 30 x 15 x 40 cm (L x ~ x h). In every case the plastic
walls of the chamber were covered with black paper and/or cloth to
minimize the scattering of any extraneous light into the photoinultiplier
tube .

40
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APPENDIX D

• In carrying out this experiment, a Spectra-Physics model 133 He-Ne
laser was aligned collinearly with the C02 laser and beamed onto the
drops as is shown in figure 1, body of report. The randomly polarized
output from this  laser measured less than 2 mW , and the beam diameter
measured abr,ut 2 mm. The beam divergence was expected to be about
1 mrad .

Since the distribution of the scattering from the oscillating drops
as a function of angle was not known , an attempt to determine the
extent of the modulated scattered signal was made by shining the He-Ne
beam transmitted through the fog into an RCA 4459 photomultiplier tube
(PMT). If the drops were not oscillating, the transmitted intensity,
I , would be related to the intensity of the light incident on the water
dr plets by the expresion I = 10 e T

~ where t is the turbidity,1 £ is
the path length , and I~, is the incident intensity. If the droplets

• were oscillating, say at the modulation frequency , the time-varying
cross-sections of the drops would scatter light into all angles.

• Hence , the transmitted signal would contain the modulation frequency .
After preliminary efforts to see modulation of olive-oil droplets were
not successful , this arrangement of the detection system was also

• changed to that shown in figure 1.

An RCA 4459 PMT was used as the detector . The usual operating
voltage between the cathode and anode in this experiment was 1500 Vdc.
The typical sensitivity at this voltage is 2 A/lumen and the current

• amplification is about 1.2 X l0~ ; the dark current was measured to be
about 0.58 x l0 10 A on a Keithley 417 picoaznmeter.

The output from the PMT was fed into a transimpedance amplifier
(TIA) . This TIA has a gain greater than 15 over the entire range from
4 x to 3 x io6 Hz.

In the preliminary experiments, the output from this TIA was fed
directly into a Tektronix 7A22 differential amplifier which was plugged
into a ‘~ektronix 7704 oscilloscope. In later experiments the output
from the TIA was fed into a Tektronix 7Ll3 spectrum analyzer that was
coupled to a PDP 11/15 computer through the 7704 oscilloscope system,
and this signal processing is described in appendix E.

1M. Kerker , The Scattering of Light and Other Electromagnetic
Radiation (Academic Press , New York 1969).
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APPENDIX E

The most sensitive measurements were made by feeding the signal
from the transimpedance amplifier (TIA) into the spectrum analyzer
coupled to a PDP 11/15 computer. The 7Ll3 spectrum analyzer is a high
performance instrument whose features include (1) greater than 70-dB
dynamic range, (2) sensitivity down to —128 dBm, (3) resolution
capability from 3 MEz to 30 Hz, (4) full y calibrated display mode s of
either 10 dB/div, 2 dB/div, or linear , (5) calibrated sweep spans from

5 100 MHz/div to 200 Hz/div, and (6) full range of video filte ring for
noise averaging. The 7L13 SA plugs into and operates with a 7704 A
oscilloscope system that allows the signal to be stored and averaged.

The signal from the spectrum analyzer was converted from analog to
digital and stored. The analog—to-digital converter takes a horizontal
and vertical sample every 6.5 ps• For sweep speeds slower than 0.5 ins,
all 512 locations (horizontal sample of 9 bits) are filled on one
sweep . The vertical sample contains 10 bits or 1024 points.

In an attempt to further improve the sensitivity of the system,
the signal from the spectrum analyzer was averaged. This averaging
technique removes uncorrelated noise from repetitive signals that are

• synchronously triggered . If this signal is sampled at the same points,
then the average value of the time—accumulated samples at each point
will be equal to the actual value of the waveform at each point . If
this signal is corrupted with noise whose long— t~~~n average is zero but
can still be synchronously triggered, the average value of the

- 

•. time—accumulated samples at each point on the noise-corrupted signal
will approach the value of the noise— f ree signal at each sample point.

• As more samples are averaged, the signal—to—noise ratio is increased by
the 61, where M is the number of averages. If M is expressed as a

• power of 2, then the improvement in signal-to—noise ratio will
correspond to 3 dB per power of 2. A maximum number of averages for
the system was found to be 32 ,759 (2 15 = 32 ,768), which is nearly a
45-dB improvement in signal-to-noise ratio. Thus, a signal too sm all
to be detected by using the 7Ll3 spectrum analyzer alone could be

• detected by this signal—processing technique.
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APPENDIX F. --SENSITIVITY OF DETECTION SYSTEM FOR SCATTERED He-Ne LIGHT
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APPENDIX F

In order to determine the sensitivity of the detection system for
measuring small signals, the equipment was set up as shown in figure
F-i. The power in the modulated He-Ne beam that was incident on the
first glan polarizer measured 0.6 m W with a Scientech—l62 powermeter.
The modulation index of this beam was determined to be about 0.05 ,

• which corresponds to one-half the peak-to-peak value of the ac signal
divided by the dc voltage where the output from the Photomultiplier
Tube (PMT ) was terminated across a 10~ ~2 load. The transmission of
each glan prism (polarizer) was measured to be 35 percent on a Cary 14
spectrophotometer. The transmission of the two polarizers was further
reduced by rotating the optic axis of the second polarizer with respect
to the first. If 0 describes the angle between the optic axes of the
polarizers , with 0 = 0 deg giving complete extinction , the intensity
through these varies as sin20. Light transmitted through the
polarizers then was passed through a Corning CS7-57 filter , which
measured 0.286-percent transmission of the He—Ne light. The beam
diameter of the light through the filter was about 2 nun , and it was
incident on a 0.152-nun-diem aperture placed in front of the PMT. By
changing the angle 1 deg away from complete extinction of the light
through the crossed polarizers, a signal could be easily seen on the
spectrum analyzer . These data translate into a detectable signal of

• 1.8 x 10 -1k w [0.6 ntW x (0.35)2 x sin2 10 x 0.05 x 2.86 x
(0. 152/2) 2]. The modulation index was then lowered by changing the
input signal into the modulator, until the signal could not be seen on
the spectrum analyzer. A 20-dB change could yet be detected easily by
signal averaging 2~ times. This corresponds to a detectable signal of
about l0~

16 W.

SIGNAL
GENERATOR AND __

DRIVER AMPLIFIER TRANSMISSION

APERTURE

HE~N ACOUSTO~OPTIC PMT

• TRAN SMISSION 

~~~~~
• AVERAGER — SA nA

Figure F-i. Schematic diagram of equipment used
to test sensitivity of detection
system. (Amplitude-modulated

• 
• signals of 0.6328—pm wavelength

• 
5 

He-Ne light could be detected
with this system.)
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APPENDIX F

As a check on this detection sensitivity for small signals, the
modulation index was again adjusted to 0.05. The polarizers were
adjusted to give a current of 6 X l0 10 A as measured on the
picoanuneter. Since the gain is about 1.2 X l0~, this will give
[6 x lO 10 (anode current)]/l.2 X 1O~ (gain) = 5 X iO~~~ A as the
cathode current. An S-20 surface has a typical sensitivity of 25 mA/W;
hence, (5 x lO _15)/25 x W = 2 x 10—13 W. But the modulation index
is 0.05 which gives a value of iO 1~ W producing the ac signal observed
on the spectrum analyzer. Again this signal could be reduced by 20 to
30 dB and yet be detected by signal averaging. Thus, the minimum *

detectable signal seems to be between iO~~
6 and 10 17 W. This

corresponds to the power carried by i02 or l0~ photons/s since the
energy of a photon of wavelength 0.6328 Urn equals 3.14 X lO 19joules
(w = hV = hc/A).
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