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ABSTRACT

The scattered light intensity from a spherical particle
passing through the cross-over region of two coherent laser
beams, varies periodically. Photodetection of this light
beams produces a periodic signal of varying amplitude.
The phase of the signal varies with the particle size and
refractive index, the beam crossing angle and wavelength,
and the position and size of the scattered ligth collecting
aperture. In this paper the phase variation with respect to
the particle absorptive index of retraction, collecting lens
size and beam crossing angle is calculated using both Mie
scattering theory and reflection theory. The two theories
show good agreement in phase predictions, especially for
large absorptive indices and for small collection lenses.
Both theories predict phase to be inversely proportional to
the beam crossing angle.

INTRODUCTION

Photodetection of the scattered light from a particle
moving across the cross-over region of two coherent laser
beams, generates two different signals called the Doppler
and pedestal signals{1]. The pedestal signal represents the
Gaussian beam intensity profile along the particle trajectory
in the cross-over region. The pedestal is modulated by the
high frequency Doppler signal. The period of the Doppler
signal is a function of the particle speed, beam crossing
angle and the wavelength of the laser beams. For a given
beam crossing angle, beam wavelength, beam polarization
direction relative to its propergation direction, and collecting
lens size and location relative to the cross-over region, the
phase of the Doppler signal relative to the pedestal signal
comprises information about particle characteristics includ-
ing size, refractive index and shape[2].

For large spherical particles, the diffraction lobe is
confined to a very narrow region about the incident beam
direction. Then, the phase of light scattered to a point in
space is determined by the path length difference between
the reference ray and refracted rays, and between different
refracted and reflected rays from the particle. When a par-
ticle is absorptive, the refracted ray contribution is negligi-
ble, and phase is solely determined by the path difference
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between the reflected rays of beams 1 and 2.

The characteristics of Doppler signal phase have been
evaluated or “calibrated” by several authors using either Mie
scattering theory or geometrical optics theory{2-5].

However, no comparison between the generalized Mie
scattering solution[6] and a geometrical optics approxima-
tion has been made. In this paper, variations in the phase
of the Doppler signal, relative to the pedestal signal, are
analyzed over the particle diameter range 0.1 to 18um.

Both a geometrical optics approximation and the gen-
eralized Mie scattering solution are used with a 0.1 pm
diameter interval, looking at the variations for several
refractive indices, incident beam crossing angles, and col-
lecting lens sizes.

PHASE ANGLE

In the dual cross-beam geometry, the scattered light
energy, I, on the surface of a collecting aperture in an arbi-
trary location is expressed as[7] ;

1
I= _'Z“Reuu + Ipp + Igexpliogt) + Ljexp(—iaghl, (1)

where scattered energy from beams 1 and 2 and beam
interference is expressed as Ij;, Lp, Ij; and I, and w, is
the angular Doppler frequency due to motion of the particle
relative to the propagating beams, Equation (1) can be
rewritten as

=1 + I cos(wgt + &), @
where Iy, is Re(ly; + 1)/2, I, is,

Le = {[Re(ly, + LR + [Im(Y; ~ L)Y, )
and the Doppler phase angle is,

Im(l,; — 1
b = tan et 12, @
Re(ly; + L)
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As shown in Equation (4), ¢ is a function only of
scattered light energy terms 1;, and I,;. Thus, & is a func-
tion only of particle characteristics (including size, reflective
index and shape) and optical parameters (including beam
crossing angle, beam polarization direction and collecting
lens size and location). In geometrical optics the incident,
reflected and transmitted rays are all in the beam incidence
plane. When a plane wave is incident on the surface of a
spherical particle, the beam incidence plane contains a
cross-section of the particle. Since rays in a beam have the
same propagation direction as the beam, the rays in one
beam reflected at the surface of the particle will not inter-
sect. Rays from beams of different propagation direction
will intersect. If the amplitude of Doppler shifted rays from
each incidence beam is represented as
Ejexp(w; - kR, + &) and Eexpw, - kR, + &),
respectively. Where w; and w, are Doppler shifted angular
frequency of the reflected rays, k is propagation constant in
the direction of a intersecting point of the reflected rays, R
and R, are direction vector of the reflected rays, and &,
and ¢, are initial phase of the reflected rays from beams 1
and 2, respectively. w; — w, gives Doppler frequency of the
resulted signal and the phase difference of the Doppler sig-
nal is given as kR, — R,) + (4, ~ &,). Figure 1 shows
the scattering geometry of rays of beams 1 and 2 reflected
at the surface of a spherical particle. In this figure, it is
assumed that the particle is at point O, the center of the
spherical coordinates. Considering a particle cross-section
plane for specific rays in each beam, select a‘reflected ray
from each beam, which meets at point C at (r, 8, ¢} on the
intersection line of the two beam incidence planes. As
shown in figure 1, kR, - B) + (&, — &) for small
values of o and o is given as (2nA}(R; - R))
+ (R} - Ry)}, i.e., the phase difference of the Doppler
signal is propotional to the path length difference between
reflected rays, (R{ + Ry) - (R; + R;). for small values
of a and ;. R; and R, are expressed as,

Rll = a(.l — cosy,), )

R, = [P + a® + 2racos{180° ~ (y, + &,)}]'?

- {1 + —cos(®; + b )
r

where a is the particle radius, R, and R, are expressed by
Equétions (5) and (6) with subscript 1 changed to subscript
2. In figure 1 triangle OPC for ray 1 has the angles COP
and CPO defined as 180° — v,, respectively. Since r >>
.8, o = 0 and y; = 90° — 8,/2. Similary &, =~ 0 and
v, = 90° — 6,/2. Substituting vy, into Equations (5) and

),

R] = a{1 — sin(9,/2)} %)

and

R, = r — asin(6;/2) ; (®

Hence,

(R, + R) - (R + R))
= 2a{sin(6,/2) — sin(8,/2)}. ©9)

From the spherical harmonics addition theorem, 8, is given
as,

cosB; = sinbsindsin(¢/2) + cosbeos(£/2)

= Acos(¢/2 — B). (10
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Figure 1. Scattering Geometry
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Where A = (cosze + sinzesinzda)”2 and B = tan"!(sinf
sind/cos8). Replacing £ with —£ in Equation (10) gives the
expression for cos8,. Since sin(6/2) = {(1 - cose)/z}m,
Equation (9) can be rewritten as,

(R + R) - (R, + R;)
= 2Y23[{1 - Asingr2 — )2
- {1 - Asin@g2 + )}

- \,%cos(gzz FP) - cost2 — B)

= ~212 Aagin(e/2)sing. (1)

The phase angle difference between two reflected rays is
given as,

o= ~EEJ2'Aasin(g/2)sinB

1
= ——~aDAsing,

V28 (12)

where D is particle diameter and 8 = A\/2sin(£/2) is called
the fringe period.[8]

Equation (12) shows the phase angle difference
between reflected rays from beams 1 and 2 is linearly pro-
portional to the particle diameter and position of the col-
lecting aperture, and is inversely proportional to the fringe
period. Furthermore, this phase angle difference is depen-
dent only to the direction of the intersection point of the
reflected rays. This means that the phase angle of the
Doppler signal is independent to the size of light collecting
aperture. For the derivation of Equations (5) - (7), no con-
tribution from the internally reflected rays was considered.
When particles have high absorptive index, the effects of
the internally reflected rays will be minimal. The phase
angle difference will be independent to the particle refrac-
tive index. The results of phase angle computations using
both Equations (4), for any particle, and (9), for solely
reflective particles, are given in the following section.

COMPUTATIONAL RESULTS

For the computations : 1) The center of the collecting
lens is located at a point (r, 54.6°, 29.8%). 2) The distance r
is normalized by the lens f/#s of 2, 4, 6 and 8 were con-
sidered. 3) The incident laser beam \ is 0.5145um. 4)
The incident beam crossing angles, £, are normalized by &
and values of 1, 2, 2.5 and 4pm were considered for 5.

Figure 2 shows phase angle variations with particle
refrative index, m = 1.56 - iX, where X, the absorptive
index, has values 0.0, 0.01, 0.05, 0.2 and 0.47. Figure 2
Mie theory predictions are for 8 = 2.5 um and {/# = 4.
Figure 2 is drawn between equivalent values -180.0° and
+180.0° ; as the phase angle passes through these values it
is plotted as a fictitious jump across 0° to indicate con-
tinuity. For small size parameters phase has a negative
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Figure 2. Variation of Phase for Various Absorptive Par-

ticles.

polarity, but changes polarity as size parameter increases for
X 2 0.05. Except for X < 0.01, large swings in the phase
curves only occur near the polarity change, and the large
swings in the X = 0.01 phase curve indicate a’ sudden
polarity change will occur at a size parameter value greater
than the maximum computed value of 92. As X increases
the phase polarity change occurs at smaller size parameters.
After the polarity change the phase variation with size
parameter tends toward a linear relationship ; however, the
increment in this relationship becomes slight smaller as X
increases.

Figure 3 shows phase variations with different combi-
nations 3 and f/# for the particle diameter range 0.1 - 18
wm and m = 14 - i0. Like figure 2, figure 3 is drawn
between equivalent values —180.0° and +180.0°. For § =
1 pm and f/# = 2 a phase angle increment of 360°
corresponds to a size parameter increment of about 26, but
then the phase variation with size parameter becomes irreg-
ular. Phase variations with size parameter for 8 = 1 um
and f/# 2, 4 and 6 are nearly the same until the f/# 2
variation becomes irregular. The f/# 4 and 6 variations
remain similar with a 360° phase increment for every size
parameter increase of 26, until the f/# 4 variation becomes
irregular at about a size parameter of about 80. After the
variations become irregular, a 360" phase increment still
occurs at regular size parameter intervals, but the associated
intervals are less than 26. The initial size parameter inter-
val associated with a 360° phase increment is about 53 for
8 = 2 pm and about 106 for 8 = 4 pm. The associated
size parameter intervals for X = 0.01 are the same as for
X = 00, but large swings occur in the phase curves at
larger size parameter values, similar to the swings noted in
figure 2. In summary, figure 3 confirms that: phase
increases linearly in proportion to the inverse of the fringe
period; a regular variation of phase extends to larger parti-
cle sizes as the f/# increases (i.e., phase linearity improves
when smaller size collecting lenses are used); and phase
becomes less linear with particle size as the particle size
increases.

Figure 4 compares phase predictions using Equations
(4) and (9) for f/# of 6 vs. 8, and for several refractive
indices, m = n - i0.5, with n values of 1.37, 1.56 and 1.77.
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Figure 3. Fringe Period Effects on Scattering Characteris-
tics.

These values correspond to the most common particle
refractive indices in coal combustion. As shown in figure
4, the phase increment increases with increasing n, and the
smallest increment occurs for n = 1.37, f/# 8. The phase
angle predicted by reflection theory is slightly less than for
Mie theory with n = 1.37, f/# 6; however it is slightly
greater than for Mie theory with n = 1.37, f/# 8. For size
parameter values greater than 30 the phase angles with n =
1.77, f/# 6 are within 6° of the angles with n = 137, f/#
8. A¢ change in phase corresponds to a size parameter
change of about 1.5. This indicates that reflection theory
predition of phase variation for large particles is as accu-
rate as Mie theory prediction, and the phase variation is
almost indifferent to the particle refractive index. Ocilla-
tions in the Mie generated phase curves increase in ampli-
tude as the size parameter value decreases. This indicates
that smaller particles are still transparent even when the
particle absorptive index of refraction is high, and refracted
and diffracted rays affect the phase. When the phase angle
difference for the selected intersecting points on surface of
light collecting aperture were averaged, the averaged value
was slightly less than the phase angle value at the center of

the aperture.
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Figure 4. Comparison Between Mie Theory and Reftection
Theory for Various Absorptive Particles

Reflection theory prediction of relationships between
the incident beam crossing angle and phase is accurate even
for transparent particie when smaller collecting lenses are
used. For highly absorptive particles, the phase variation is
well predicted by the reflection theory as long as the size
parameter values are greater than 30.
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