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We report an experimental check of the Mie-Debye theory for the variation of radiation
pressure on dielectric spheres with wavelength snd size using optical-levitation tech-
niques. Sharp resonances are observed which are shown to be related to dielectric sur-
face waves. They permit particle-size measurement to a precision of 1 part in 10 to
10'.

We report the first observation of the variation
of the radiation-pressure force on transparent di-
electric spheres with wavelength and size. We
use a technique based on optical levitation which
we call force spectroscopy. The measured force
shows a regular series of sharp optical resonanc-
es which are in excellent qualitative agreement
with the limited force data presently available
from Mie-Debye theory. This resonant behavior
can provide the most precise check on Mie scat-
tering theory and also a way of measuring sizes
of spheres to an accuracy exceeding that of pres-
ent far-field scattering techniques by at least two
orders of magnitude, These resonances are
thought to be due to dielectric surface waves.
This view is strongly supported by the observa-
tion of the scattered-light distribution in the near
field. Both the resonant coupling of light striking
the sphere edge and its subsequent isotropic tan-
gential scattering are seen. These measurements
should stimulate more precise calculation of ra-
diation pressure and of the scattered-light distri-
butions in the near field. Resonant effects are
also of interest for the interpretation of particle
scattering processes using optical models.

The Mie theory' for scattering of light by a
sphere large compared to a wavelength is the
best understood and most carefully checked ex-
ample of scattering of waves by a particle. It is
the basis of a vast theoretical and experimental

literature and is widely used for particle-size
measurement, ' Using Mie theory, Debye' calcu-
lated expressions for the radiation-pressure force
on a sphere as a function of the size parameter X
= 2wa/X, where a is the radius and A. the wave-
length. Recently Irvine' made the first computer
evaluation of. the radiation pressure and extended
computations of the total scattering cross section
to large values of X using relatively high resolu-
tion (up to M'/X = 10 '). At low X, calculations
of the total scattering cross section for low-loss
spheres show the well-known "ripple structure'"
as X is varied. Ripples are experimentally ob-
served in measurements of the total scattering
cross section for small x, ' in far-field radar
backscatter, ' and in 90' scattering. ' They are
attributed to dielectric surface waves as original-
ly proposed by Van de Hulst. ' Irvine' shows that
the ripple structure is larger on the radiation
pressure than on the total scattering cross sec-
tion and that at large X and high index n it sharp-
ens dramatically and eventually becomes an un-
resolved sequence of resonances. Unfortunately
he did not increase the resolution of his calcula-
tion further, since recent advances in the study
of radiation pressUge have now made possible the
observation of Mie-Debye resonances with a res-
olution exceeding these existing calculations,

Indeed, with focused laser beams of modest
powers one can use radiation-pressure forces to
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FIG. 1. (a) Measured power for levitation and approx-
imate radiation-pressure force vs ~ and & for a drop
of n=1.40. (b) Theoretica1 force Q&„vsX, n=l.33.

stably trap, levitate, and manipulate micron-
sized dielectric spheres. ' Particles levitated
against the forces of gravity act as sensitive
probes for various applied forces, '0 e.g. , elec-
trical, gravitational, and optical. Recently an
electronic feedback scheme" was devised to lock
a levitated particle's height to an external refer-
ence by controlling the laser power. The laser
power needed to hold the height constant is a, con-
tinuous measure of any variations of force on the
particle. Thus to measure the wavelength varia-
tion of the radiation-pressure force we use the
feedback stabilizer with a tunable dye laser as
the levitating laser. We then simply record the
light power needed to hold the sphere at fixed
height as ~ is continuously tuned by a motor-
driven birefringent plate rotating inside the dye-
laser cavity. We call this technique of force
measurement radiation-pressure-force spectros-
copy. For most experiments we used liquid
drops as test spheres because of their remark-
able perfection. Drops were made from highly
transparent, low-vapor -pressure silicone oil'0

having n = 1.40 and somewhat more volatile, in-

dex-matching oils with indices up to 1.53. To
levitate drops in the size range of 4 to 30 p, m re-
quired dye-laser powers in the range of 1 to 400
mW. Since the theory is calculated for plane
waves, particles were held at a height in the
beam where the intensity variation of the Gaus-
sian beam across the particle was very small.

Figure 1(a) is a tracing from the chart record-
ing of the levitating power vs A. for an 11.3- p,m-
diam silicone oil drop, shown upside down (with
zero power on the top). Since the radiation-pres-
sure force per unit power is proportional to the
inverse of the levitating power this view gives a
good approximate representation of the force var-
iation vs A. for comparison with the theoretical
computations of Irvine. The X scale is derived
from the A. scale using an approximate value of a
(+ 5%) as measured with a microscope. Figure
1(b) shows Irvine's theoretical force per unit
power, Q'„,versus X for n = 1.33 calculated with
a resolution M'/X =10 '. The experimental res-
olution ~A./A. is determined by the dye-laser line-
width of 4 A. Thus bA/'=—4xlo '=AX/X. Al-
though the data were taken for n —= 1.40 and X
=60, the resemblance to the theory is striking.
We find much sharper resonances and more
structure to the force variation for other size
ranges of silicone drops (i.e. , different X) and
for drops of higher index of refraction. Figure
2 shows a section of one such curve for a slightly
vola, tile index oil of n = 1.47. Since a scan over
the laser tuning range takes -—,

' h and it takes
minutes to change drops we can easily map out
the variation of force with X and n. A range of X
from -10 to 200 is readily accessible. We be-
lieve the measured force to be highly accurate.
The response of the laser-power monitor is con-
stant with A,. Other than weak interference rip-
ples from optics in the beam path there are no
artifacts of the tunable laser in the data. Since
the force depends solely onX for a given n we
can, as a check, obtain identical force curves,
appropriately shifted in A. , for different drop
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Measured power for levitation vs A and X for an approximately 8.0-pm-diam drop of n=1.47. The diame-
ter decreased -0.75% by evaporation as the wavelength was increased during the scan.
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sizes, We can also get force-vs-X data using a
fixed A. and a continuously varying radius a by
measuring the levitating power as drops of the
more volatile index oils slowly evaporate, These
data are completely free of interference ripples
from the optics. With evaporating drops we can
rerun parts of the force curve by decreasing A,

and letting X repeat itself as a decreases. With
evaporation we can view the force variation over
wide ranges of X and observe the evolution of
successive groups of interleaved resonances of
gradually diminishing sharpness as X decreases.
This variation in sharpness is in part seen in
Fig. 2. Irvine noted similar behavior in low-
resolution calculations (see his Figs. 2 and 3).

Experiments were performed to understand the
nature of the observed resonances. By simulta-
neously observing the force and the 90' scattered
light in the near field from two orthogonal direc-
tions, the so-called parallel and perpendicular
polarization directions, it is clear that the reso-
nances fall into two interleaved sets depending on
incident polarization. Next, if these resonances
are due to Van de Hulst-type surface waves they
should be excited by light striking the sphere
edge tangentially. To check this we manipulated
the drop with the feedback stabilizer away from
its usual plane-wave position to a location at the
focus of a strongly convergent beam where the
beam completely misses the edges of the sphere
and the sphere is supported solely by light pass-
ing through its axis. " In this case all sharp
resonances disappear and we are left with a
broad force variation of period ~ -=v/2n due to
interference from the weak front- and back-sur-
face reflections of the sphere. This is strong
evidence for the surface-wave picture, The fact
that edge illumination can cause strong surface-
wave resonances at first. sight violates one's in-
tuition based on the high ref lectivity of rays
striking the sphere at nearly tangential incidence.
However, viewing the sphere as a resonant, low-
loss optical cavity, it is clear that the buildup of
internally circulating light can modify the reflec-
tivity sufficiently to give strong coupling into the
sphere. Light thus coupled into the sphere should
then be scattered isotropically, emerging tangen-
tially. This suggests looking for direct visual
evidence of surface-wave coupling and tangential
scattering by near-field observations. Indeed
tangential scatter is clearly seen in the backward
direction. Not only do the edges of the sphere
brighten at resonance but we can distinguish per-
pendicular and para]. ].el resonances. When view-

FIG. 3. Near-field views in the forward direction of
an 11.3-pm-diam levitated drop: (a) no polarizer (ex-
posure E =

)~ sec); (b) through a crossed polarizer, off
resonance (E =4 sec); (c) through a crossed polarizer,
on resonance for parallel polarization (E =+8 sec);
(d) through a crossed polarizer on resonance for per-
pendicular polarization (E =+8 sec).

ing in the forward direction [Fig. 3(a)] we can
see the coupling process by using a crossed po-
larizer placed in front of the near-field image of
the sphere. This blocks almost all transmission
when off resonance [see Fig. 3(b)j. When tuned
on resonance for one of the polarization compon-
ents, the sphere by absorbing the resonant com-
ponent of the light striking the edge and passing
the orthogonal nonresonant polarization, in effect
acts as a rotated polarizer inserted between two
crossed polarizers and gives transmission. Since
the effective angle of the sphere "polarizer" var-
ies with azimuth and the absorption occurs only
near the sphere edge, we expect four arcs of
transmission with the maximum intensity at 45'.
This is what is observed; see Figs. 3(c) and 3(d).

Consider the accuracy of size measurement and

the related question of the accuracy of Mie-Debye
theory. Assuming that we had a high-resolution
curve of theoretical force vsX for the given n,
we could then determine a by identifying each of
a sequence of measured resonances with its cor-
responding X value. This comparison is unam-
biguous because of the distinctiveness of the
shape variations of the force curve (see Fig. 2).
From the theoretical X for each resonance and
the measured A. we get a by using a =XX/2~. The
accuracy of each radius determination, Ga/a, is



VOLUME 38, NUMBER 23 PHYSICAL RKVIKW LKTTKRS 6 JUNE 1977

equal to Q./h. , the accuracy of the wavelength de-
termination. Since we have observed resonant

o
widths of - —,

' A and can determine the resonance
peak to Q =-,' of full width, we expect an accuracy
5a/a = (—,', A)/(6000 A) = 1:10'. The extent to which
a values from different resonances are the same
tests the internal consistency of Mie-Debye the-
ory. In the absence of theoretical curves we de-
termined the ratio of radii of two silicone drops
roughly 13.1 pm in diameter by comparing a se-
quence of ten sharp resonances. These data give
the same ratio 1.007 22 for all ten resonances to
a rms accuracy of + 0.00003. The precision of 3
parts in 10' can be improved. It still shows the
high accuracy and internal consistency of the
resonance method. Even higher accuracies are
possible in measuring size changes of a single
particle. By tuning to a point of steep slope on
the side of a sharp resonance we have easily de-
tected changes of -10%%uo of the resonance height
as a volatile drop evaporated. This corresponds
to a change M =——,0 of the resonance width which
gives a sensitivity Ga/a = QC/X of 1 part in 5 x10'.
If a=5 p,m, then 5a —=0.1 A. Since 6a is consider-
ably less than a monolayer this is interpreted as
an average radius change. For comparison the
accuracy of standard Mie-theory radius measure-
ments" based on the far-field angular distribution
of scattered light is only -1%using Mie fringe-
counting techniques. By comparing intensities
with theoretical distributions this can be improved
to ™1:10',

The high precision of force spectroscopy is
useful for measurement of evaporation and con-
densation; study of the deposition of monolayers;
optical detection of drop oscillations and minute
drop distortions; and precise determination of
electronic charge in a Millikan experiment. At

higher values of n we expect even narrower reso-
nances. Eventually drop distortion due to the
radiation pressure itself should broaden the reso-

nances. Perhaps we can then use highly precise
glass spheres. An understanding of Mie-Debye
resonances is clearly necessary for accurate
measurement of radiation pressure and for prop-
er formulation of optical analogs" of molecular,
nuclear, and atomic scattering.

In conclusion we believe that radiation-pres-
sure-force spectroscopy can provide the most
exacting test of Mie theory. We have visually ob-
served dielectric surface waves and demonstrat-
ed measurement of sphere sizes to an accuracy
of 1 part in 10' to 10'.
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