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I. INTRODUCTION

&:mb‘cl |

n this work we report the levitation of highly absorbing particles with
This optical levitation is different from the
reported by Ashkin,l’z which applies to very

Suspension by radiation pressure requires weak

an infrared (IR) laser beam

radiation pressure phenomenc
weakly absorbing particulates.
absorbers since’ the photophoretic forcea’4 on a particle can be orders of
magnitude higher than that dde to photon momentum; therefore, i1t becomes
impossible to stably trap an abs\rping particle by tixe momentum of light alone
except, possibly, in a vacuum. Photophoresis is the force on a partiﬁlg due
to the rebounding of ambient gas molecules with gfeater velocities from parts
of the surface that are at a higher temperature. Absorbing nonsplerical
particles driven by such a force are known to migrate along complex paths.b
The motion can bte along helical paths, complex orbits, or just irregular,
random movement. For all of these paths, with the exception cf the random
motion, there 18 always a preferred direction, e.g., the axis of the orbit,
due to some external factor such as the direction of the light, gravity, and

applied electric and magnetic fields

Spherical absorbing particles irradiated with a plane wave move in a
straight line along the optical axig. Experimental evidence shows that the
photophoretic force on a good absorber is normal to the surface irradiated and
directed toward the center of the spt erical particle. Using an art lager with
an intensity profile having a minimum at the center, i.e., the doughnut wmode,
Lewittes et al.s have stably levz/tated a single spherical drop of absorbing
dye~impregnated glycerol. 1In other words, they have suspended a particle by
letting it £all to the botm of a light intensity weil where the particle is
nonuniformly heated,ao’that the rebounding gas molecules produce an integrated
force that keeps il: centered and overcomes the gravitational influence.

\ﬁaing a linearly pnlarized IR laser Wtﬁrm@-m, we are
suspendinyg highly absorbing spherical carbon particles. This seems to be in
total disagreement with our understanding of the radibmetric force on a

spherical particle, since for a Gaussian laser intensity profile\the particle
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shouid be pushed out of the beam. To the best of our knowladge this isYtbe
first report of an absorbing psrticle being stably trapped in a beam of light
for which external conditions have not been tailored to counteract the

preferred direction of migration.

In this ’communication we present the experimental observations and point
t the phyvsical mechanism that perhaps explains the phenomenon. Some of the
possible implications of these results are then discussed with regard to
providing a means for testing the electromagnetic diffraction theory of

aptical systems and to possible cousequences of using laser beams for a

variety of a?Plicati%
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II. EXPERIMENTAL DESCRIPTION AND OBSERVATIONS

A schematic of the apparatus 1is shown in Fig. l. It consists of an
evacuable glass cell with removable CaF, windows at the bottom and the top.
All experiments were performed with the cell at atmospheric pressure except
for pressure dependence tests noted in the text. Another CaF, window allows
viewing into the cell at a 45 deg angle. A continuous wave (cw) Nd:YAG
laser, A = 1.06 um, operated in the TEMj, mode with linear polarization is
directed into the cell from the bottom. The lager beam 13 expanded to a 5 mm
diameter and focussed inside the cell with a 50 mm focal length CaF, lens. A
40 povwer magnification telemicroscope in conjunction with an IR viewer, which
produces a visible image that 1s displayed on a video screen, is used for
observing the particles. Some of the figures shown below are photographs of
the video display. Aerosols are introduced into the beam by depositing a few
on the inside of the :op window and then tapping the window to release them.
An electron microscope photograph of tha spherical carbon particles used is
shown in Fig. 2; the radii of these particles range from 0.75 to 4.0 pm.

Figure 3 1s a photograph of a spherical carbon particle stably levitated
using a lager beam with a photon flux at the focal plane of ~ 103 W/cmz. The

‘particle is trapped very near the focal plane. Our experience with single,

" electrostatically levitated carbon particles shows that spherical particles

are a steady source of scattered radiation. Nonspherical particles, on the
other hand, if illuminated with a laser are obseﬁed to twinkle. Monitoring
the levitated particles in this experiment with both IR and visible radiation
confirmad that the stsbly trapped particles are sp‘nericall and that no clumping

together of particles is taking place.

Particulstes have been scuspended with laser beam intensities ranging
from ~ 102 to 107 W/cmz; their localization in the beam from particle to
particle remains nearly constant, with the largest variation being ~ 0.5 oam.
After a particle 1is trapped, varying the laser power from one extreme to the
other causes it to mnve up or down by a few tenths of a millimeter. Also, the

increase in intensity results in a more stahly trapped particle; 1.e., at the
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Fig. 1. Diagram of experimental apparatus used to trap and

obgerve absorbing carbon microspheres.




Fig. 2. Electron microscope photograph of spherical carbon ‘
partic.es used in the experiment. The radil range
from 0.75 to 4.0 um.




Fig. 3. A single carbon particle trapped vear the focal plane.’
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lower power the particle exhibits jitter with amplitude a freac+i~n of its size
in ‘all directions, but #; the iutensity s increasved the jitter decreases.

If nuuerous particles are sprayed Iinto the cell we observe some of the
complex migrations mentioned ubove. In addition, a number of particles remain
trapped above and helow the focai plane; however, we have observed a pattern
!~ the way they become suspended. The trapping of particles above the focal
plane markedly increases when a particle is caught near the focal plane.

Figure 4 shcws two suspendad particles; the distaace between them is ~ 0.5

om. Six levitated carbon aerosol particles are shown in Fig. 5. ' Using an
auxiliary hand-held IR viewer, we have observed that there are actually many
more trapped along the beam not seex ia this figpr_:e because of the limited

area viewed with che telemicroscope.

The experiment has been repeated with the lager directed down into the
cell from the top and sideways by rotating the apparatus so that the optical
axis i3 parallel to the table. These different experimental configurations
produced the game results: stable suspension of carbon aerosol purtic:l»es. It
seenms, tﬁerefore, tl.at gravity and convection are not necessary influences for
the levitation of particles. The mechanism is entirely particle, laser beam
and surrounding-gas molecule dependent. I

We have also performed the experiment usiﬁg.Al203 micron-gized sphkerical
particles. Under the exact conditions as were used for the highly absorbing

carbon particlees, the weakly absorbing aluwina particles were not trapped.
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Two carbon particles trepped near the focal plane.
separation satwesn particlas is ~ 0.5 wm.
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I11. THEORY AND CALCULATIONS

For low Knudsen number, 1.e., particle sizes much laryer than the mean
free path 5! sabient gas molecules, we have recently -hovn6 that the theory of
Yalamov ct'a1.7 is valid for calculating the photophoretic force on a micron-
sized particle. The expression for the force 1is

2
-4 RN rig :
[ ST . (1)

wvhere n,p, and T sra, respectively, the vtncouit.y, density, and temperature of
the gas, and K {s the thermal slip factor of 'he gas as it slides over the
particle surface. The particle’s radius and the.mal conductivity are denoted
by R and X, and I is the irradisting intensity. <ie anisotropy factor J is a
waasure of the magnitude of the forcq un& deteraines its direction; a negative
J tresults in a force tha: pushes the particle nioy frum the light rource elong

the axis of propagation.

For gae viscoeity n= 2.95 x 104 g/n§~ cz, particle thermal con~
ductivity x = Q.ZBU/c- K, using standatrd temperature and pressure, and taking
the thermal slip factorB to be X = 1.27, we calculate the force on a carbon
particle irradiated with I = 1 x 103 w/c-2 plane wave. The tc-ulting'forcc is
presented in Fig. 6 as & function of particle radius. Por a 1 um particle
this force is ~ 2 orders of magnitude higher than that due to gravitation and
radiation preseure. VWe see that the highly abeorbing carbon particles are
pushed away from the light source. The radiation-particle-iateraction picture
that emerges for carbor is that the spherical particle moves in a direction
which is opp-site to the surface that is irradiated; therefore, for a Gaussian
intensity distribution we would expect the particle to move along the optical

" axi{s and to have a finite force cowponent normal to the besm puehing it out of
the laser. Tiis physical plcture is corraborated by the levitarion of a dye-
{mpregnated glycerol particle mentioned above where the absorbing particle is
pushed towards the intensity ainimum. What we observe in out experiment is in

apparent contrast with this mechanism. However, a closer inspection of the

13
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laser intensity profile near the focus and, more i-portaizt, of the dlrection

of energy flow reveals that no contradiction exists.

After more than 60 years of experimental observations we can, finally,
not only quantitatively predict the motion of a photophoresis driven spherical
pnrticlé, but can use this force to optically characterize the particulate.6
If we can use this understanding to learn about the particle, then the next
step 13 a usage that reveals properties of the irradiating beam not eagily
observed on & microscopic scale by other neani. Specificaliy, we are refer-

ring to microscopic spatial structures and' localized vectorial features of

focussed laser beans.

We ‘use the theory developed by Wolf et 31.9-12 for calculating the
electromagnetic diffraction of an optical system, modified to treat a Gauaaian
intensity distribution, to calculate the structure of the electromagnetic
fielq near the focal region. The calculations are performed for the experi-
mental conditions presented above, namely, a laser beam, A = 1.06 um, passing
through a 5 mm aplanatic aperture, with a 100 =m radiue of curvature. A three
dimensional representation of the time-averaged energy density distribution
near the focal plane, showing a slice through the center of the beam, is pre-
sented in Fig. 7. The electric field is parallel to the plane shown. We see
that the energy density is highly structured and exhibits maxima and minima on
both sides of the focal plane. For the relatively small aperture in the
experiment, which corresponds to a half angle aperture of 2.86 deg, calcula-
tion of the time-averaged electric energy density performed with the electric
field parallel, perpendicular and at 45 deg, resulted {n the same distribu:isn
as is presented in Fig. 7 with the magnitule cut in half. Consequently, for
our experimental configuration, the electric energy density’ia independent of
the azimuthal angle, and the contours of coivtant energy density are rings
around the optical axis. Furthermore, at the focul plane the positions of thé.
bright and dark rings closely corregpond to the Airy diffraction pattern. 1If
we imagine rotating Fig. 7 about the optical axis, we see ghat there are small
volumes near the focal plane that are at lower energ} levels. These 1low
energy density volumes of themselves cannot account for the trapping of

particles. We i...e established that a photophoresis-driven spherical carbon

15 -



Pig. 7. Three dimensional plot of time-averaged electromagnetic
‘energy density near the focal plane for a slice through
the center of the laser bean.
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particle moves 1in a direction which 1s opposite to the surface that absorbs
the light. Therefore, if the energy flow is simply diverging for positive z-
coordinate values the particle should continue to move along these lines of
flow even if it goes through a region of lower energy density. At this point
it could be argued that the particle 1is caught inside an enerzy density well;
this, of course, is a possibility for the lager pointed up experiment. How-
ever, we have shown that gravity is not necessary for trapping particles; the
responsible mechanism must provide a stabilizing force in all directions that
keeps the particle trapped in a small volume of space.

The formalism devgloped in Refs. 9-12 goes beyond the usual scalar
diffraction theoriss and presents & wmethod for calculating the vectorial
features of the field near the focus. We use this representation to calcglate
the Poynting vector for the same geometry and coordinates used abuve. Figure
8 presents the tangents to the energ& flow 1lines passing through each point.
For the most part the beam converges to the focal phﬁe and then diverges;
however, there are regions where the energy flow is sharply dite;ted away from
this general trend. A blow-up of the x = 8.45 to 11.15 m, z = 1080 to
1140 ym region by a factor of 30 reveals some of the complexities in the
flow. The arrows in Fig. 9 are the calculated directions of the Poyﬁting
vector at the particular coordinates; to help visualire the energy flow, the
~dotted lines were drawn in. for an aplanatic system, this flow is quite
involved. Contrary to our usual notions, Ignatowsky, in 1919 ‘deduced that
there are regions where the flow is directed back toward the object.lo The
more recent detailed calculations of Ref. 12 show the flow of eunergy actually
whirling around at the focal plane. Our calculations, as can be seen in Figs.
8 and 9, reveal a swirling motion for z > O. In addition, fhese results
indicate that local maxima in the intensity are accompanied by converging
energy flow toward that point. Contours of constant energy density are repre-
sented by the solid lines in Fig. 9a and the three dimens!onal representation
of this same region is shown below in Fig. 9b. For a carbon particle located
at x = 9.125 ym and z = 1120 im any motion toward the forward direction {is
halted by the higher flux of photona Intercepted by the rear half of the
particle. The photons do not have to be directed back toward the source; 1t

17




-224

FOCAL PLANE ’x {imm}
e L.tJ.ﬁ

L R
D RS
s .

2.24

Fig. 8.

S T LT T T LT T LT T OPTICAL AXIS

Directior of Poynting vector p=ar the focus.

each point.

18

~

Z {mm)

Arrows
represent tangent to energy flow line passing through




11.15

{al

X (am)

9.80 |~y

16l

////(/———~HJ5

Q
N

845

1 | i
1080 [ARli] 1140

»
|
l
i
2 lumi (
|
i

Fig. 9. Blow-up of x = 8.45 to 11.15 um; z ~ 1080 to 1140 um regiom:
(a) direction of Poynting vector and contours (solid lines)
0of constant electric energy density;' (b) three dimensional
plot of electric energy density.

19




is only important tha: the rear half absorb mere energy. The removal of this
energy by the surrounding gas molecules imparts a force on t:heI particle con-
siderably greater than that due to photon momentum and 1s directed normal to
the surface. The mechanism is schematically summarized in Fig. |10. With this
pictorial insight it is easy to visualize a carbon particle "falling” into one

of these energy density "holes” and becoming trapped. The observation tﬁat
the number of particles trapped Increases after one is suspended suggests that
the electromagnetic field is further disturbed by the particle to form more
intensity minima and swirling in the energy flow, which, in tu!m, cause more

particles to be suspended and so on.

= 7-AXIS

Fig. 10. Schematic representation of mechanism responsibl

e for trappin
a particle. PP g
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IV. DISCUSSION AND CONCLUSION

We have shown that absorbing spherical carbon aerosol cam remain
suspended in the volume swept by a focussed CW Nd:YAG laser. Convection,
resulting from the heating of any part of the cell, as a possible levitating
mechanism was eliminated by reproducing the same results with the beam
entering fhe cell from the top and sideways. The two remaining known possible
forces are radiation 'pressure and photophoresis. Since for an absorbing
particulate the force due to the photon momentum is negligible compared to the
radiometric force, photophoresis emerges as the only possibie candidatec. From
Eq. (1) we see that the photophoretic force can be investigated by lowering
the pressure inside the cell, or by increasing the photon flux. Im: both cases
the particles should be displaced accordingly. Our experiments did not show a
proportional displacement.. We have argued that this behavior is due to the
particle being surrounded by regions of higher energy density and swirling
energy flow; a move towards a more intense part of the beam causes the rear
part of the particle to absorb more energy, resulting in an anisotropic gas
reaction that pushes the particle back. This is totally in accord with the
experimental observations that particles can be trapped with the laser beam
pointed in any direction and that the Jitter decreases when the power is
increased. The jitter decreasés because the increasing'intensity’shrinks the

volume that can be occupied ty the particle and constrains movement.

The spétial variations of the electromégnetic field near the focus have
been measured for a microwave beam by Carswell.13 Our experiment 18, we
believé, the first to probe the microscopic sﬁgtial structure of the field
that seems, if our conjecture 1s borne out, to furnish experimental prodf of
the complex vectorial features of the energy flow due to diffraction
effects. For applications of practical  interest most electromagnetic dif-
fractioh ‘theories are approximate representationg of the physical inter-
actlion. Our ‘observations seem to indicate that an absorbing micron-sized
narticle, perhaps electrostatically suspended as in Ref. 5, could be gsed to

investigate the complex structure of a diffracted laser beam by directly prob-

21




ing the spatial variations in the near, because of the relatively low power
required, as well as the far field. These types of studies could have some
bearing in the development and testing of new, rigorous diffraction theories
and in applications where the focusing of laser beams to small spot sizes are

important, e.g., laser fusion, multiphoton Absorption, and nonlinear optics.

Regardless of the mechanism responsible, these results point out that
relatively low power lasers used in an aerosol ecviroument czn trap absorbing
particles. Therefore, applications such as laser communication, among others,
cannot assume that the distribution’qnd motion of azerosol in the volume swept
by the laser 1s independent of the laser itself. Calculations assuming
aerosol distribution independent of laser—pafticle interaction might be
overestimating the transmission. ’
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LABORATORY OPERATIONS

The Aerospace Corporation functions ss an "architect-enginser” fcr
national security projects, specializing in advinced military spsce systams.
Providing research ‘support, the corporatica’s Laboratory Operaticas conducts
experimental and theoretical investigations that focus oa the application of
scientific and techanical advances to such systews. Vital to the success of
these investigations {s the technical staff's wide-ranging expertise and its
ability to stay current with new developments. This expertise is enhanced by
a research program aimed at desling with the many probless associated with
r-pidiy evolving space systems. Contributing their capadilities o the
research effort are these individual laboratories:

- Aarophysics Laboratory: Launch vehicle and reentry fluid mechsnics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, chemical dy ics, envir tal chemiscry, trace detection;
spacecraft structural mechanics, contamination, thermal and structural
control; high temperature thermowechanics, gas kinetics and rsdiation; cw and
pulsed chemical ard excimer laser davelopwent including chemical kinetics,

spectroscopy, - .ical resonators, besm control, atmospheric propagation, laser
effects and - .nterseasures.

Chemistry and Physics Laboratory: Atmospheric chemical resctions,
atmospheric optics, light scatteriug, etate-specific chaemical reactions and
radiative signaturas of aissile plumes, sensor out-of-field-of-view rejection,
applied laser spectroscopy, laser chemistry, laser optoelectrounics, solar cell
physics, battery electrochemistry, space vacuum and radistioan effects on
uaterials, lubrication and surface phenomena, thermionic emission, photo-
sensitive matevials and detectors, atomic frequancy standards, and
environmental chemistry.

Computer Science Laboratory: Program verificatiom, program translation,
performance-sensitive systea design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial {ntelligence, aicro-
electronics applications, cowmunication protocols, and cozputer sacurity. '

Electrouics Research Laboratory: Microelectroaics, solid-state device
physics, compound semiconductors, rsdiation hardening; electro~optics, quantum
electronics, solid-stacte lasers, optical propagation and cosmunications;
aicrowave semiconductor devices, mic-ovave/uillimeter wave messurements,
diagnostics and radiometry, microvave/millimeter wave thermioaic devices;
atowmic time and frequency standards; antennas, rf systems, electromagnetic
propagation ph , Space ication systems.

Materials Sciences laboratory: Development of new matarials: metals,
alloys, ceramics, polymers and thelr composites, and new forss of carbon; non—
destructive evaluation, component failure analysis and velisdility; fracture
mechanics and stress corrosion; analysis and evaluation of metarials st
cryogenic and elevated Cemperaturss as well as in space and enemy-induced
envirooments.

Space Sciences Laboratory:  Magnetospheric, auroral and cossic ray
physics, wave-particle interactions, magnetospheric plisma waves; atwospheric
and {onospheric physica, densiry and compeosition of the upper atacsphere,
remote sensing using atmospheric radiation; solar physics, infrared astronoay,
infrared signature analysia; effects of solar activity, magnecic storms and
nuclear explosions on the earth's stmosphere, {onosphere and sagnetosphere;
effects of electromagnetic and particulate radiations on spacs systems; space
instrumentation.
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