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Applications of Laser 
Radiation Pressure 

A. Ashkin 

Historically, the idea that light carries 
momentum and therefore can exert 
forces on electrically neutral objects 
goes back to Kepler and Newton. It was 
confirmed by Maxwell. However, Max- 
well found the momentum to be small, 
implying small forces when light from 
conventional sources is absorbed or re- 

of strongly affecting the dynamics of 
small neutral particles ranging from mi- 
crometer-sized macroscopic particles 
down to molecules and atoms. This new 
capability permits one to stably trap 
small particles, levitate them against 
gravity, manipulate them singly, com- 
bine them in pairs, channel them selec- 

Summary. Use of lasers has revolutionized the study and applications of radiation 
pressure. Light forces have been achieved which strongly affect the dynamics of indi- 
vidual small particles. It is now possible to optically accelerate, slow, stably trap, and 
manipulate micrometer-sized dielectric particles and atoms. This leads to a diversity 
of new scientific and practical applications in fields where small particles play a role, 
such as light scattering, cloud physics, aerosol science, atomic physics, quantum 
optics, and high-resolution spectroscopy. 

flected by macroscopic objects. Indeed, 
it was only after the turn of the century, 
when the high-vacuum pump was in- 
vented and experiments were performed 
with mirrors suspended on fine torsion fi- 
bers, that researchers were able to elimi- 
nate disturbing thermal or radiometric 
forces and detect minute forces from the 
reflection of light, in agreement with 
Maxwell's theory (1). 

Nothing in this early history suggested 
that there would be practical appli- 
cations for these light forces. Only in as- 
tronomy, where light intensities and dis- 
tances were huge, did radiation pressure 
play a significant role in moving matter. 
It took another invention, that of the la- 
ser, to radically alter this situation and 
make radiation pressure a useful labora- 
tory tool. The optical forces arising from 
the momentum of laser light are capable 
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tensity of about 108 watts per square cen- 
timeter. Assuming the light is reflected 
from the sphere with an average reflec- 
tivity of 10 percent one achieves an ac- 
celeration of approximately 106g, where 
g is the acceleration due to gravity (2). 
This is huge by any previous terrestrial 
standard. Transparent dielectric parti- 
cles are considered in this example in or- 
der to avoid thermal problems such as 
melting and radiometric forces. 

For large forces to be exerted on 
atoms (2) it is necessary to use light of 
high spectral purity, which will interact 
strongly with narrow atomic resonance 
lines. Under strong excitation (or satu- 
rated conditions), an atom with a typical 
spontaneous emission lifetime of - 10-8 
second can absorb and spontaneously 
emit a maximum of about 108 photons 
per second. Since the velocity of atoms 
is changed by a few centimeters per sec- 
ond per photon absorbed or emitted, this 
gives forces that can significantly affect 
atoms moving with velocities typical of 
thermal atomic beams. To achieve satu- 
ration requires an intensity of only about 
10-2 W/cm2 because the absorption cross 
section of atoms for resonant light is very 
large, - X2. This intensity can be ex- 
ceeded by factors of around 108 with dye 
lasers, which has important conse- 
quences for achieving large forces on 
atoms. Another feature of focused laser 
light not shared by any other light source 
is the existence of high-intensity gradi- 
ents. This leads to large gradient forces 
(2-4) with the properties that make pos- 
sible stable optical trapping and manipu- 
lation of particles on the scale of the opti- 
cal wavelength. 

In this article the discussion of radia- 
tion pressure will be restricted, as is tra- 
ditional, to neutral particles, since it is 
here that one can best describe the 
forces as arising from absorption and 
scattering of light momentum. Forces on 
charged particles such as electrons can, 
of course, be similarly described. How- 
ever, forces on electrons are most con- 
veniently considered in terms of conven- 
tional electric and magnetic fields. 

The author is head of the Physical Optics and 
Electronics Research Department at Bell Laborato- 
ries, Holmdel, New Jersey 07733. 

tively along laser beams, and use them as 
sensitive probes for measuring optical, 
electric, magnetic, radiometric, viscous 
drag, and gravity forces. These tech- 
niques based on light pressure have pres- 
ent and potential applications in a wide 
variety of subjects such as light scatter- 
ing, cloud physics, aerosol science, plan- 
etary physics, laser fusion, atomic and 
molecular physics, quantum optics, iso- 
tope separation, and high-resolution 
spectroscopy. 

Qualitatively, one can see how the 
properties of laser light, namely its high 
degree of spatial coherence and spectral 
purity, have resulted in large light forces. 
For example, by focusing a laser beam of 
modest power, about 1 watt, to a spot 
size of about a wavelength, X, one can 
subject a dielectric sphere 1 micrometer 
in diameter to the very high light in- 
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Forces on Macroscopic Particles 

Consider first the force of laser light on 
transparent uniform dielectric spheres 
(2, 5-7) in the size range 1 to 100 tm, for 
example. Let a sphere with an index of 
refraction higher than that of the sur- 
rounding medium be placed off-axis at 
position Q in the field of a nearly parallel 
TEM00-mode Gaussian beam, as shown 
in Fig. 1. In a simple ray optics picture, 
the principal contribution to the force 
comes from rays such as a and b, which 
are predominantly refracted through the 
sphere, giving rise to forces Fa and Fb in 
the direction of the momentum change. 
Surface reflections are negligible. Since 
there is more light at a than at b, 
Fa > Fb, and one sees that there are two 
components to the net force: one in the 
axial direction of the light, denoted by 
Fax, that would exist even for a plane 
wave, and the other a transverse gradi- 
ent force, Ftr, pulling the sphere into the 
high-intensity region of the light. The 
gradient force can be comparable with 
the axial force for typical beam diame- 
ters, and at achievable light intensities 
both can be made as much as thousands 
of times the particle weight mg, where m 
is the particle mass. 

The existence of these light forces was 
first demonstrated in experiments with 
transparent micrometer-sized spheres in 
liquids, where viscosity is high and grav- 
ity plays a minor role. Spheres were 
guided along laser beams and driven by 
the light with velocities proportional to 
their radii. Stable optical trapping of in- 
dividual particles was first observed with 
spheres in liquids in a trap geometry con- 
sisting of a pair of opposing focused 
beams (2). Optical trapping is also pos- 

sible in less dense media, such as air, 
where one can stably trap or levitate par- 
ticles against the force of gravity with a 
single, vertically directed laser beam (5). 

Figure 2 shows the basic optical levita- 
tion apparatus. A uniform dielectric 
sphere is located at equilibrium point E 
above the focus of a TEM00-mode Gaus- 
sian beam, where gravity and the axial 
light force in the upward direction bal- 
ance. The equilibrium is stable since any 
vertical displacement from E results in a 
restoring force due to the change in light 
intensity caused by the beam diver- 
gence, and any transverse displacement 
results in a restoring force due to the 
transverse gradient force. Levitation is 
done in a glass cell to avoid disturbing air 
currents. Solid particles are introduced 
into the beam by lifting them off the 
transparent base plate. This requires an 
impulse from a piezoelectric ceramic 
shaker to break the van der Waals bond 
with the plate. Liquid drops can be cap- 
tured by allowing drops produced by 
an atomizer to fall through a small hole in 
the roof of the cell and enter the light 
beam. If they are in the proper size 
range, they are captured. Inherent in the 
process of capturing a particle and bring- 
ing it to rest in a stable trap is the need 
for damping. In air, the viscosity of the 
gas prevents the escape of particles that 
enter the essentially conservative optical 
potential well from the outside. Once 
captured, a particle can be moved any- 
where in the cell by simply moving the 
beam; the particle is constrained to fol- 
low. The power required to levitate uni- 
form solid or liquid dielectric spheres in 
the size range 1/2 to 100 /m varies from 
microwatts to several watts cw (continu- 
ous wave). 

For Gaussian beams with focal spots 
smaller than the particle diameter, there 
is another stable region of levitation be- 
low the focus of the beam (6). With a pair 
of opposing horizontal beams with focal 
spots less than the particle diameter 
there are several stable regions of levita- 
tion (8). One can also capture and hold 
assemblages of more than a dozen 
spheres in a single beam, locked in stable 
rigid arrays (9). Each sphere becomes 
trapped at a local intensity maximum in 
the optical diffraction pattern of all parti- 
cles located below it. Drastic rearrange- 
ments occur only when one of the lower 
particles is displaced from its local trap. 
Nonspherical particles such as spheroids, 
teardrops, and spherical doublets, trip- 
lets, and quadruplets have also been 
levitated. Such particles were assembled 
in the air by an extension of the levita- 
tion technique, using two beams to make 
various solid and liquid spheres collide 
and combine (10). Such nonspherical 
particles orient themselves stably at 
fixed angles with respect to the levitating 
beam. 

There is another class of particles for 
which the transverse gradient force is re- 
versed and the particles are pushed out 
of the high-intensity region of a beam. 
Included in this class are transparent hol- 
low dielectric spheres (6) and highly re- 
flecting metals (11), where the transverse 
force is dominated by reflected rays, and 
low-index particles in a high-index medi- 
um, where refraction through the parti- 
cles reverses (2). Such particles can be 
levitated or trapped by using the TEM01* 
laser beam mode, which has an intensity 
minimum on the beam axis. 

An important aspect of levitation is the 
remarkable visibility it affords. Particles 
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Fig. 1 (left). Optical forces on a dielectric sphere and an atom in a TEMoo mode Gaussian laser beam. Fig. 2 (right). Basic apparatus for 
optically levitating dielectric spheres and feedback stabilization apparatus for levitating in vacuum and measuring forces. Abbreviations: PZT, 
piezoelectric ceramic shaker; EOM, electrooptic modulator. 

v 

Feedback apparatus 

I 

SCIENCE, VOL. 210 1082 



sit at rest in high-intensity light beams, 
free of other scattering sources. One can 
thus focus microscopes on the particles, 
as shown in Fig. 2, and project enlarged 
images on screens for convenient visual 
observation, measurement, or photogra- 
phy. 

Levitation is also possible in high vac- 
uum (12). This was done by capturing a 
particle in air, where the viscosity is 
high, and then slowly pumping out the 
air. If the particle's optical absorption is 
low enough, there are no serious distur- 
bances from residual thermal or radio- 
metric forces, which reach a maximum 
during the evacuation process. In high 
vacuum, viscous damping and radiation 
damping are weak and only radiation 
pressure forces are operative. One com- 
plication that then arises is the spontane- 
ous buildup of random oscillations due to 
fluctuations in the levitating beam itself. 
This can be regarded as a form of kinetic 
heating, and it can result in escape of the 
particle. 

The problem of kinetic heating was 
overcome by introducing feedback opti- 
cal damping (12). A feedback system, as 
sketched in Fig. 2, senses the height and 
vertical velocity of the particle and elec- 
tronically feeds back to an electrooptic 
modulator which controls the levitating 
light power. The system can "lock" 
the average position of the particle to 
a fixed height and change the optical 
power in proportion to the velocity to 
give strong optical damping. It can, in 
fact, damp both vertical and horizontal 
oscillations due to a coupling of these 
two motions. In practice, it holds parti- 
cles motionless in high vacuum. Feed- 
back control of levitated particles pro- 
vides another important capability, 
namely automatic force measurement. 
By monitoring the laser power needed to 
levitate a particle at a fixed height, PIev, 
in the presence of an external force, one 
automatically obtains a direct measure of 
the magnitude of the applied force rela- 
tive to the particle's weight. This tech- 
nique is useful in many applications of 
levitation in air as well as in vacuum. 

Applications with Macroscopic Particles 

One of the major applications of radia- 
tion pressure is to the study of light scat- 
tering. This is natural since the basic 
light pressure forces themselves arise 
from light scattering. Indeed, measure- 
ment of the wavelength dependence of 
radiation pressure forces on dielectric 
spheres by levitation techniques (13) re- 
vealed for the first time the existence of a 
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Fig. 3. Resonant behavior of light forces on dielectric spheres. The spectra show the variation 
with wavelength of PlevA and PlevB, the power needed to levitate oil drops A and B, which have 
index of refraction n = 1.47 and slightly different diameters (- 10 /m). The resonances of 
sphere A are shifted - 50 A higher in wavelength than the corresponding ones in sphere B. 

complex spectroscopy of very sharp res- 
onances. This is illustrated in Fig. 3, 
which shows the variation of Piev for two 
spherical oil drops with slightly different 
diameters as the wavelength of a levitat- 
ing dye laser is varied. The underlying 
spectroscopy of the sphere is shown by 
the fact that the sequences of force reso- 
nances for sphere A are identical with 
those for sphere B, only shifted in wave- 
length. The resonances were attributed 
(13) to the so-called van de Hulst dielec- 
tric surface waves (14), which couple in- 
to and out of spheres at the edges and 
can run around spheres and resonantly 
close on themselves. At resonance, the 
force increases and Piev drops. This pro- 
cess involves diffraction and cannot be 
understood by simple ray optics. 

Use of these surface wave resonances 
provides a new method of relative and 
absolute size measurement that is two to 
three orders of magnitude more accurate 
than previous methods based on Mie- 
Debye scattering theory (14) for spheres. 
Relative measurement of size is based on 
a comparison of the wavelength of a par- 
ticular resonance for different spheres 
and can have an accuracy of about 1 part 
in 105, determined by the width of the 
sharp resonances. Absolute measure- 
ment of size and also index of refraction 
requires a comparison of experiment 
with theory. Recent high-resolution 
computer calculations of the force spec- 
trum (15) from Mie-Debye theory gave 
impressive agreement with experiment 
but also predicted sharper resonances, 
which were unresolved experimentally. 
This implies that even more precise mea- 
surements may be possible. 

Another sensitive way to detect sur- 
face wave resonances is by direct obser- 

vation of near- and far-field light scatter- 
ing from levitated spheres (13, 16, 17). 
Near-field observations, in addition, give 
information on the internal light fields 
and the origins of surface wave reso- 
nances. For example, in the photograph 
shown in Fig. 4 of the near-field back- 
scatter from a levitated oil drop, one sees 
that surface wave emission from the 
edges of the sphere dominates the back- 
scatter. The existence of sharp surface 
wave resonances can also affect the 
wavelength dependence of inelastic light 
scattering from small particles. Such par- 
ticle resonance effects were recently ob- 
served in the fluorescence from dye-im- 
pregnated spheres (17, 18). Minute dis- 
tortions of liquid drops-as small as 1 
part in 105-caused by electric fields 
have been observed by shifts of surface 
wave resonances (17). Such distortions 
give a new way of measuring the surface 
tension of liquids. In retrospect, it is re- 
markable that it has taken so long to rec- 
ognize the usefulness of the basic spec- 
troscopy of the fundamental spherical 
scattering particle. 

Extension of the levitation technique 
to nonspherical particles (10) should 
make possible equally detailed scattering 
and force measurements on these parti- 
cles. For example, one can hope to mea- 
sure surface wave resonances of sphe- 
roids. In levitation experiments with 
oriented particles of more complex 
shape and internal structure, the ability 
to directly observe near-field transmis- 
sion patterns and correlate them with the 
full far-field scattering patterns provides 
a new way to understand complex scat- 
tering without need for difficult mathe- 
matics (10). 

Application of radiation pressure to 
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cloud physics and aerosols is based on 
the ability to manipulate and sensitively 
observe individual cloud-size liquid 
drops (9). One can study such fundamen- 
tal processes as drop evaporation or con- 
densation, drop-drop collision, inter- 
action of charged drops, supersaturation 
of drops, and their crystallization. Evap- 
oration or condensation can be observed 
directly with microscopes or, more sen- 
sitively, by measuring size changes with 
surface wave resonances (13). For ex- 
ample, by observing the scattering from 
a drop with a fixed-wavelength laser as 
the drop diameter varies continuously 
with time, one obtains the full surface 
wave spectrum of the sphere. By tuning 
a laser to the steep wings of a narrow res- 
onance, one can observe changes in the 
average diameter of a drop of 1 part in 
106 or about 0.1 angstrom for a 10-,tm 
drop-a sensitivity of a fraction of a 
monolayer. Collisions between two 
drops of known size and charge can be 
seen by using the two-beam levitation 
technique (10). Fusion of drops of oppo- 
site electric charge can be induced by an 
externally applied electric field (9). Su- 
persaturation and crystallization were 
observed in levitation experiments with 
drops of various salt solutions in envi- 
ronments of varying humidity (17). Use 
of radiation pressure has also been pro- 
posed for manipulation of water droplets 
in the near-zero-gravity environment of 
the Atmospheric Cloud Physics Lab pay- 
load being designed for the Shuttle 
Spacelab (19). 

Use of optically levitated particles for 
the measurement of applied forces relies 
on direct observation of the displace- 
ment of particles from equilibrium or on 
detection of changes in the stabilized lev- 
itating power in the feedback force mea- 
suring technique. Measurement of opti- 
cal forces was discussed above. 

Measurement of the electric force on 
charged levitated particles gives a sensi- 
tive determination of electric charge. In- 
deed, this led to the discovery of photo- 
emission rates as low as a few electrons 
per minute from optically levitated fused 
silica spheres due to a new type of three- 
photon nonlinear photoelectric effect in 
dielectrics (20). Using the optical levita- 
tion feedback technique to measure elec- 
tric force, one can detect changes of the 
electric charge of single-electron units 
(21). Figure 5 illustrates the steplike 
decreases in optical levitating power 
caused by feedback in response to in- 
creased electric force as the charge on 
a sphere changes by units, from -1 
electron up to 10 electrons, due to charg- 
ing by ultraviolet light. Transition to 
full electric field or Millikan-type sup- 
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Fig. 4. Near-field photograph of - 12-/xm di- 
electric sphere as seen in backscatter, show- 
ing the predominance of dielectric surface 
wave scatter from the sphere edges. 

port can be made with increased charge. 
Combining Millikan support of an oil 
drop with optical measurement of size, 
and therefore mass, makes possible an 
absolute measurement of the charge of 
the electron accurate to about 1 part in 
104 to 105. It is also seen in Fig. 5 that one 
has a sensitivity of measurement of a 
fraction of an electronic charge with oil 
drops in this general size range, which 
makes a search for quarks possible. Stat- 
ic electric charges deposited on surfaces 
can be measured with a sensitivity corre- 
sponding to a few electrons and a spatial 
resolution of micrometers by scanning a 
charged levitated particle over the sur- 
face and detecting the electrostatic 
force. It is hard to conceive of measuring 
surface charge with comparable sensitiv- 
ity by other methods. 

Diamagnetic forces on optically levi- 
tated particles have also been observed 
by manipulating the particles into re- 
gions with static magnetic field gradients 
(17). In this way one can sensitively mea- 
sure relative diamagnetic susceptibili- 
ties. It is well known that stable diamag- 
netic levitation is possible at a magnetic 
field minimum (22). Surprisingly, one 
can apply sufficiently strong magnetic 
gradients to such weakly diamagnetic 
particles as fused silica spheres and 
glycerol drops to achieve stable diamag- 
netic levitation. These particles were 
transferred from optical levitation traps 
into small magnetic traps. 

Another basic force on small particles 
that can be measured by levitation with 
the feedback force measuring technique 
is the radiometric force. This is caused 
by thermal gradients and is called pho- 
tophoresis when the origin of the heat is 
optical absorption in the particle. The 
variation of the radiometric force with 
pressure can be observed (12) from its 
value at atmospheric pressure through 
its maximum and down to negligible val- 
ues in high vacuum. The radiometric 
force is a sensitive measure of optical ab- 

sorption in particles. Levitation under 
high vacuum, where radiometric forces 
are less than 10-7 of the radiation pres- 
sure forces, proves unequivocally that 
particles can be trapped solely by the 
forces of radiation pressure. 

Whenever gas surrounding a fixed lev- 
itated particle flows, it subjects the par- 
ticle to viscous drag forces by Stokes' 
law. Measurement of the viscous forces 
as a function of position with a maneu- 
verable levitated particle gives a means 
of mapping gas flow patterns in cham- 
bers of varying shape. Flows as low as 
micrometers per second are readily de- 
tectable, for example, when vacuum 
chambers are slowly evacuated (12). 

An important potential application of 
radiation pressure is to high-speed me- 
chanical rotation of micrometer-sized 
particles in vacuum (12). This is possible 
with the feedback stabilization tech- 
nique, which damps all linear motion 
while leaving rotational motion un- 
damped. If one calculates, for example, 
the highest rotational frequency and cen- 
trifugal acceleration possible with a 4- 
,tm-diameter silica sphere, at the point of 
rupture, one obtains - 1500 megahertz 
with an acceleration of - 1012g. This ex- 
ceeds by a factor of about 103 the record 
values achieved by Beams (23) in his 
classic ultracentrifuge experiment on 
0.4-millimeter-diameter magnetically lev- 
itated steel spheres. Angular acceleration 
can be achieved with torques based on 
the angular momentum of light. Measur- 
able torques in reasonable agreement 
with the angular momentum of circularly 
polarized light have been observed on 
optically levitated particles at atmo- 
spheric pressure (17). In planetary science 
the lifetime of moderate-sized interplan- 
etary dust grains is thought to be governed 
byjust such a rotational bursting process 
driven by solar radiation pressure (24). 
The optical torques, however, are due to 
a windmill-type effect caused by asym- 
metries in particle shape. Attempts to 
study such torques are being made with 
lasers and levitation techniques (25). 

It has been suggested that optical levi- 
tation could be useful for the support of 
targets in laser fusion experiments (6, 
26). This is based on actual levitation of 
hollow quartz Microballoons that are 
typical of fusion targets and on the abili- 
ty to stabilize the position of particles in 
high vacuum by optical feedback. Levi- 
tation may also be useful for manipula- 
tion and fabrication of more complex fu- 
sion target structures (10). 

Another potential application of radia- 
tion pressure is to the separation and ma- 
nipulation of biological particles such as 
cells and viruses in liquids (2). Lasers 
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can do this with transparent dielectric 
spheres in liquids, where the spheres 
range in size from about 0.1 to 50 Mm. 
With real biological particles care must 
be taken to avoid thermal absorption in 
the particles and the liquid. In order to 
understand optical forces on particles 
smaller than the wavelength of light 
(- 0.5 ,m), one has to abandon simple 
ray optical pictures (2) and invoke 
Rayleigh scattering (14). Indeed, the 
trapping of particles in the 0. 1-am region 
is more akin to the trapping of atoms in 
the off-resonance regime. 

Radiation pressure from lasers has 
been used to help resolve some funda- 
mental questions about the momentum 
of light in dielectric media. In a well- 
known gedankenexperiment, the sign of 
the light force on a free liquid surface is 
used to distinguish between the propos- 
als of Minkowski and Abraham for the 
momentum in dielectrics (27). A pulsed 
laser experiment of this sort was per- 
formed on a water surface and sufficient 
force was achieved to overcome surface 
tension and generate a readily observ- 
able surface distortion (28). The result 
favored the Minkowski momentum. 
Analysis of this and other force measure- 
ments in liquids with conventional light 
sources has given a better picture of mo- 
mentum in dielectrics (29, 30). 

Radiation Pressure on Atoms 

The basic forces and applications of 
radiation pressure on atoms are concep- 
tually similar to those already discussed 
for macroscopic particles. For example, 
there is a scattering force that drives 
atoms in the direction of the light and a 
gradient force that pulls atoms into or 
out of regions of high light intensity. Use 
of these forces leads to transverse con- 
finement of atomic beams within an opti- 
cal beam and to the possibility of stable 
trapping of individual atoms in single 
Guassian beams, in analogy to levitation. 
The concept of heating of trapped mac- 
roscopic particles due to laser beam fluc- 
tuations and the idea of optical damping 
have their direct counterparts in atomic 
behavior. Applications to isotope sepa- 
ration are analogous to macroscopic par- 
ticle sorting. There is a similar capability 
for particle manipulation on the scale of 
the light wavelength. Potential applica- 
tions to high-resolution atomic spectros- 
copy are reminiscent of the demon- 
strated spectroscopic applications to 
macroscopic dielectric spheres. The de- 
tails of radiation pressure on atoms 
must, however, be different because of 
the considerable difference in particle 
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Fig. 5. Changes in the optical levitating power 
caused by the automatic feedback system as 
the charge on a sphere in an electric field in- 
creases by single-electron amounts. 

size and the quantum nature of the inter- 
action. Indeed, light forces on atoms are 
large only in the vicinity of a resonance 
transition. Their effects have therefore 
been termed resonance radiation pres- 
sure. 

Figure 1 shows the resolution of the 
average forces on an atom into axial and 
transverse gradient components when 
the atom is off-axis at position R in an 
essentially parallel, nearly resonant 
Gaussian beam. The axial force is called 
the spontaneous scattering force and is 
denoted by Fscat. It is the average driving 
force in the direction of the incident light 
arising from the scattering process in- 
volving absorption of photons and their 
subsequent, on the average symmetric, 
spontaneous emission. This scattering 
force exists even for incident plane wave 
light. The idea of atomic recoil, which is 
the basis of this force, goes back to Ein- 
stein. Recoil of an atom due to absorp- 
tion and emission of a single photon (the 
Einstein Riickstoss) was observed (31) 
with resonance lamps in prelaser times. 
At laser intensities the scattering force 
(32) increases to a maximum value set by 
saturation of the atomic transition. The 
force is a maximum at exact resonance. 
Its saturated magnitude is sufficient to 
stop a sodium atom moving at thermal 
velocities of - 5 x 104 cm/sec in about 
10 cm if continuously applied. 

The scattering force has been directly 
observed in atomic beam deflection ex- 
periments with lasers (33-35). In these 
experiments resonant light striking a col- 
limated atomic beam at right angles to its 
direction of motion causes sizable trans- 
verse deflections. The frequency sensi- 
tivity of this process has been used in 
high-resolution atomic beam deflection 
spectroscopy (35). Such deflections have 
also been used as a method of isotope 
separation (34) based on the finite iso- 
tope shift of resonance frequencies. A 
scheme for a continuously operating 

atomic beam velocity selector has been 
proposed (32) that uses the scattering 
force. The scattering force has also been 
observed to exert a significant pressure 
on a resonant atomic vapor; light-in- 
duced pressure increases of about 50 
percent were seen (36). The strong ve- 
locity dependence of the scattering force 
due to the Doppler shift led to the impor- 
tant concept of optical cooling or damp- 
ing of atomic motions (37). A pair of op- 
positely directed plane wave beams of 
equal intensity, tuned to a frequency be- 
low an atomic resonance, should damp 
any atomic motion along the direction of 
the beam pair since the Doppler shift al- 
ways increases the scattering force of the 
opposing beam. Cooling of all com- 
ponents of atomic motion in an atomic 
vapor and transverse cooling of an atom- 
ic beam were proposed as uses for this 
technique. More will be said about this in 
connection with atom traps. 

The transverse component of the aver- 
age force on an atom in the Gaussian 
beam of Fig. 1 is due to the so-called di- 
pole force (3, 4, 38, 39) and is designated 
by Fdip. This force arises in general from 
a gradient of the light intensity. The di- 
pole force can be considered as the force 
on an optically induced atomic dipole in 
the gradient of the optical electric field. 
It is directed along the intensity gradient 
and is dispersive in nature because of its 
dependence on the atomic polarizability. 
Atoms are pulled either into or out of the 
region of high light intensity, depending 
on whether the light frequency is tuned 
below or above resonance. The dipole 
force is zero, on the average, right at res- 
onance. It is the near-resonance form of 
electrostriction in gases. The dipole 
force arises from stimulated emission 
processes and can be equivalently under- 
stood in terms of the net light scattering 
coming from the interference of dipole 
radiation from the atom and the stimulat- 
ing incident beam (40). To obtain large 
dipole forces one has to balance the ef- 
fect of detuning from exact resonance 
and the amount of saturation for a given 
amount of available power (3). It was 
shown that the dipole force can be repre- 
sented as the negative gradient of a po- 
tential which, for - 1 W of power and 
sodium atoms, for example, can be as 
deep as - 104 hyN- 10-4 electron volt, 
where h is Planck's constant and YN is 
the natural width of the resonance line. 
A potential of this depth is capable of 
confining atoms moving with a velocity 
of - 2 x 103 cm/sec. 

Observations of this dipole force of 
resonance radiation pressure at optical 
frequencies were first made in a Gaus- 
sian laser beam where the transverse 
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component of the dipole force was used 
to transversely confine and focus a co- 
propagating neutral sodium atomic beam 
to a small spot size (41, 42). Figure 6 
shows the experimental setup used to in- 
ject the atomic beam into the core of a 
tunable Gaussian dye laser beam. Figure 
7A shows the shape of the atomic beam 
at the focal plane of the optical beam in 
the presence of light. When light tuned 
below resonance is turned on, atoms are 
transversely trapped within the light 
beam and focused or concentrated to an 
intense spot as shown. For light tuned 
above resonance (Fig. 7B), atoms are 
ejected or defocused from the beam, as 
expected from the dispervise character 
of the dipole force. One can in principle 
also trap atomic beams within light 
beams with light tuned above resonance 
by confining them on the axis of the 
TEMo0* mode of the laser beam, where 
the light intensity is a minimum. This is 
analogous to levitation of hollow dielec- 
tric spheres in air or of bubbles in liquids 
with the TEMol* laser mode. 

The fundamental experiment de- 
scribed above not only shows the essen- 
tial properties of the dipole force but sug- 
gests several applications. For example, 
one should be able to perform isotope 
separation with an atomic beam contain- 
ing two isotopes and a laser beam tuned 
between their resonance frequencies. 
The light beam should confine one iso- 
tope and eject the other, thereby achiev- 
ing single-step separation ratios that can 
approach 103 (41). Optical steering of 
atomic beams was experimentally dem- 
onstrated by moving the guiding light 
beam (41). Other possibilities are the 
cleaning up of "dirty" atomic beams by 
confining only a desired species of atom. 
The ability to increase atomic beam in- 
tensities in small focal spots or in a long 
apparatus by the focusing and confining 
action of the dipole force is also useful. 

Other proposals for use of the dipole 
force involve the transient behavior of 
the force when the interaction of the 
atoms with the light is short compared to 
a natural lifetime (43, 44). Transient ac- 
celeration of atoms to high velocity in a 
rapidly moving standing wave field has 
been analyzed theoretically (38). Use of 
the transient dipole force to deflect 
atoms passing transversely through a 
standing wave field has been considered 
for isotope separation (43, 45). Atomic 
beam deflection has been observed ex- 
perimentally under these circumstances 
(46). 

We now turn to the important topic of 
the fluctuations of the light forces acting 
on atoms due basically to the quantum 
nature of the interaction. Indeed, the 
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Fig. 6. Apparatus for observing focusing and 
defocusing of an atomic beam by the dipole 
force of a nearly resonant laser beam. 

forces described above, for cases where 
the atom interacts with the field for times 
long compared to a natural lifetime, were 
only the average forces that the light ex- 
erts on atoms. Fluctuations in spontane- 
ous scattering are intuitively understood 
as arising from the temporal and spatial 
randomness of the absorption and spon- 
taneous emission processes (39, 47-49). 
Less obvious is the origin of fluctuations 
in the dipole force (48-51). Force fluctu- 
ations add randomness to the prediction 
of the dynamics of motion of atoms 
based on the average force and can be 
considered as a constant source of heat, 
which is added to the initially cold orbits 
predicted by the average force. The lim- 
iting effects of the fluctuations of the 
scattering force were observed directly, 
for the first time, in the atomic beam fo- 
cusing experiment, where the size of the 
atomic focal spot as calculated for a 
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Fig. 7. (A) Focusing of an atomic beam by 
light tuned below resonance. (B) Defocusing 
of an atomic beam by light tuned above reso- 
nance. 

transversely cold beam was found to in- 
crease monotonically with the amount of 
fluctuation heating of the transverse mo- 
tion of the atoms (52). This fluctuation 
heating, in the absence of any additional 
cooling mechanism, must eventually 
lead to escape of all the initially cold 
atoms from the light beam. 

Consider now ideas of how to make 
optical traps, using the above informa- 
tion on light forces. The observed con- 
finement of atomic beams within the core 
of light beams (41, 42, 52) is a form of 
atom trapping, but only in two dimen- 
sions. Trapping of atoms in stable circu- 
lar orbits was also considered in early 
proposals for use of the saturated scat- 
tering force (32). More recent concepts 
consider localized traps (3, 39, 48, 49), 
with the atoms held as nearly at rest as 
possible. Thus the basic optical trap con- 
sists of an optical field configuration with 
a point of stable equilibrium such that 
any displacement of an atom from this 
point results in an average restoring 
force. The maximum kinetic energy of an 
atom that can be confined in a trap is de- 
fined as the well depth. If one places an 
atom with zero velocity at the equilibri- 
um point of a trap, one expects that the 
average energy of the atom will increase 
at a steady rate due to heating from the 
quantum fluctuations until the atom 
eventually escapes from the trap in a 
time called the retention time. If the fluc- 
tuation heating of atoms can be counter- 
acted by a sufficiently strong damping or 
cooling mechanism, such as optical cool- 
ing (37), then presumably atoms can be 
retained indefinitely. Indeed, the equilib- 
rium kinetic energy of an atom in a trap 
results from a balance of the heating and 
cooling rates (39, 48, 49). The effec- 
tiveness of a trap in containing an atom 
is determined by the Boltzmann factor, 
given by the ratio of the well depth to 
the equilibrium kinetic energy. A large 
Boltzmann factor implies a low probabil- 
ity of thermal excitation over the top 
of the trap barrier and a very low proba- 
bility of quantum mechanical tunneling 
through the barrier for typical trap di- 
mensions. In practice, therefore, we 
seek both a low average kinetic energy 
and a large Boltzmann factor. 

It has been proposed (39) that atoms of 
an atomic vapor can be trapped in rela- 
tively large volumes on the many local 
intensity maxima of three orthogonal 
pairs of standing wave beams tuned 
- yN/2 below the atomic resonance. This 
tuning was chosen to provide trapping 
and optimal damping. The resulting well 
depth of the trap is -hyN. Unfortu- 
nately, it was recently shown (48, 49) 
that damping for a standing wave field 
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varies as a function of position, at low 
atomic velocities, and is actually zero at 
the maximum of the standing wave, 
where atoms are expected to collect. A 
further problem with traps tuned for 
maximum damping is that one obtains an 
equilibrium kinetic energy of - hyN, giv- 
ing a Boltzmann factor of about unity. 
Such traps are therefore very leaky. 

Traps proposed more recently have 
wells that are two to three orders of mag- 
nitude deeper (3) than the standing wave 
traps considered above. These traps are 
based on strongly focused Gaussian 
beams tuned to produce essentially max- 
imum depth for a given laser power. In 
geometry, they resemble the macroscop- 
ic particle traps described above. Per- 
haps the simplest such atom trap is a 
single strongly focused Gaussian beam. 
In this trap stability is achieved by mak- 
ing the axial gradient strong enough that 
the backward dipole force on an atom 
exceeds the scattering force tending to 
drive it away from the focus. For a tun- 
ing of 102 to 103 yN below resonance, 
trap depths of - 102 to 103 hyN are pos- 
sible, but with much reduced damping. 
In fact, the Boltzmann factor is again 
- 1. However, use of an additional opti- 

mally tuned plane wave damping beam 
has been considered as a means of cool- 
ing atoms in such a trap to a minimum 
kinetic energy of - hyN. This corre- 
sponds to a large Boltzmann factor and a 
minimum temperature of - 10-3 to 10-4 
K. A possible problem with this damping 
scheme is related to the optical Stark 
shift of the atomic resonance of atoms 
moving in the trapping beam. Solutions 
to this problem have been proposed (45). 
It has been shown, however, that single- 
beam traps with no additional damping 
beams can be designed with sufficiently 
low dipole and scattering force heating 
that the retention time of initially cold 
atoms can be many seconds (49). This 
implies that an experimental demonstra- 
tion of localized atom trapping is not 
contingent on damping. The effects of 
adding cooling beams can then be stud- 
ied subsequently. Other versions of 
cooled traps based on a pair of opposing 
focused Gaussian beams having deep 
transverse and deep standing wave po- 
tentials are possible (3, 48). 

Injection of slow or cool atoms into 
traps will probably involve radiation 
pressure slowing of atomic beams with 
the scattering force (3, 53). This is neces- 
sary because of the well-known absence 
of slow atoms in the low-energy tail of 
the Maxwellian distribution of atomic 
beams. Slow atoms are generally useful 
for other devices such as atomic clocks. 
Atoms caught in optical traps should be 
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directly observable by their scattered 
fluorescence. Indeed, it should be pos- 
sible to see even single atoms in this 
fashion, since scattering rates of about 
106 to 108 photons per second are ex- 
pected. Single atoms have been experi- 
mentally detected by their resonance flu- 
orescence in other contexts (54, 55). The 
ability to observe the fluorescence of a 
single atom also leads to the interesting 
possibility of sensing the position and ve- 
locity of an atom in a trap and then using 
electronic feedback on the trapping laser 
power to damp out fluctuations, just as 
was done for dielectric spheres in vacu- 
um (12). 

In the well-developed field of ion trap- 
ping there have recently been some high- 
ly relevant experiments on the optical 
cooling of ions (56, 57). The concepts of 
optical cooling of ions held in electro- 
magnetic traps were developed indepen- 
dently of those for radiation pressure 
cooling of neutral atoms, although in es- 
sence they are equivalent (58). The ex- 
periments have demonstrated significant 
optical cooling of ions by laser light. 
This success with ion traps bolsters 
hopes for optical cooling of neutral atoms 
in the more complex environment of an 
optical trap. 

One immediate application of optical 
atom traps is to the study of basic atomic 
behavior under high optical excitation: 
the radiation forces, their fluctuations, 
the optical Stark shifts and other non- 
linearities, and optical cooling mecha- 
nisms. High-resolution spectroscopy is 
an application common to optical neutral 
atom traps and ion traps. With very slow 
confined atoms one can make observa- 
tions for long periods of time under con- 
ditions where first- and second-order 
Doppler effects are small. For many 
spectroscopic studies with optical traps 
the presence of the high-intensity light 
with its optical Stark shift would be un- 
desirable. This problem could be over- 
come by turning the trapping beam off 
periodically for times long enough to 
study the high-resolution spectroscopy 
of the cold unexcited atoms but short 
enough to prevent escape of the slow 
atoms. 

Some of the fascination with optical 
atom traps comes from their manipula- 
tive possibilities. For example, one can 
conceive of doing chemistry with indi- 
vidual atoms by combining separately 
trapped neutral atoms to form mole- 
cules, in analogy with the experiments 
on combining levitated macroscopic par- 
ticles (10). With trapped cold neutral 
atoms one could study forces between 
atoms such as the weak van der Waals 
forces. There is also the possibility of ob- 

serving for the first time coupling forces 
that exist between pairs of atoms under 
strong optical excitation when they ap- 
proach one another in the near field of 
their radiation patterns (59). Further- 
more, with atoms closely coupled to one 
another in their near field, or similarly an 
atom coupled to itself through its image 
in closely spaced mirrors, one has the 
prospect of observing modifications of 
the natural lifetime and radiation pat- 
terns of free atoms (60). One can also 
imagine arrays of atoms. The closest 
possible distance of approach of individ- 
ually localized optically trapped cold 
atoms is a quarter of the optical wave- 
length of the trapping beam. This is pos- 
sible in standing wave traps based on a 
pair of focused Gaussian beams (3). Tun- 
neling of atoms between the successive 
field maxima of a standing trap has been 
considered (39). Tunneling between shal- 
low standing wave maxima can be con- 
veniently studied in traps with strong 
overall confinement in regions of fo- 
cused-beam standing wave traps (48). 
The periodic potential of an optical 
standing wave has been considered for 
use as a stop and passband filter for the 
transmission of atoms of different veloci- 
ties (39). 

Many of the applications of optical 
traps mentioned above should be realiz- 
able with single-beam traps, in which the 
retention time for cooled atoms can be 
seconds. Successful addition of optical 
cooling, giving minimum kinetic energies 
of 10-3 to 10-4 K and much longer reten- 
tion times, would greatly increase the 
utility of the technique. Whether this ad- 
ditional cooling can be achieved is the 
biggest unresolved question in optical 
trapping of atoms. 

Although little direct work has been 
done on resonance radiation pressure on 
molecules, the same basic principles 
should apply. The scattering forces in 
general will be weaker because of the 
longer lifetimes, but strong dipole forces 
and trapping should be possible near mo- 
lecular resonances. 
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The deep crustal structure of the root 
of the Sierra Nevada in California has 
been studied periodically since 1936. At 
that time Lawson (1) used average crus- 
tal and upper-mantle densities and iso- 
static principles to estimate that the Sier- 
ran root extends downward into the 
mantle to reach a total crustal thickness 
of 68 kilometers in the vicinity of Mount 
Whitney. At Lawson's request, Byerly 
(2) in 1937 reviewed seismic evidence 
bearing on the Sierran root. Byerly dem- 
onstrated that seismic waves from earth- 
quakes in northern and central Califor- 
nia, as recorded at seismograph stations 
in Owens Valley, just east of the Sierra 
Nevada, arrived late when compared 
with seismic waves recorded at the same 
stations from earthquakes in Nevada and 
southern California. He concluded that 
these delays in travel times supported 
Lawson's findings. 

Byerly assumed that the Pn seismic 
waves, which travel in the uppermost 
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waves, which travel in the uppermost 

mantle and arrived at seismograph sta- 
tions at Tinemaha and Haiwee from 
earthquakes to the west and northwest, 
emerged from a sharp western edge of 
the Sierran root. He further assumed 
that they were delayed by propagation 
through the low-density rocks of the 
Sierra Nevada batholith, in which seis- 
mic wave velocity is low. On the basis 
of these assumptions, the observed de- 
lays, and P-wave velocities through the 
crust and upper mantle of 5.6 and 8.0 
kilometers per second, respectively, he 
calculated that the maximum width of 
the root is 70 km and that the minimum 
is 40 km. Byerly made no estimate of 
the depth of the Sierran root because, 
according to his assumptions, Owens 
Valley would lie in a "shadow" of the 
batholith in which waves emerging from 
the bottom of the root would not be 
observed as first arrivals. 

In 1939, Byerly (3) elaborated on his 
earlier study and concluded that seismic 
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waves arriving at Santa Barbara from an 
earthquake in Nevada could have been 
delayed as much as 1.2 seconds, owing 
to diffraction under the root. From this 
he calculated that the maximum crustal 
thickness beneath the Sierra Nevada 
could be as much as 71 km. 

Recent Evidence Confirms, and 

Denies, the Existence of a Sierran Root 

In the early 1960's, the U.S. Geologi- 
cal Survey conducted an extensive seis- 
mic-refraction study of crustal structure 
in the western United States (4). Eaton 
(5) interpreted a profile of that study re- 
corded across the Sierra Nevada be- 
tween explosion sites near San Fran- 
cisco, and Fallon, Nevada. His analysis 
of travel times of waves generated by the 
explosions indicated that the Mohorovi- 
cic (Moho) discontinuity at the base of 
the crust descends to a depth of at least 
40 km beneath the Sierra Nevada. Eaton 
later interpreted two seismic-refraction 
profiles based on explosions at Shasta 
Lake, Mono Lake, and China Lake, Cal- 
ifornia, and concluded that the high 
southern part of the Sierra Nevada is un- 
derlain by a crust about 54 km thick. Oli- 
ver (6) demonstrated that gravity data in 
the Sierra Nevada are consistent with 
Eaton's crustal model. Prodehl (7) rein- 
terpreted the profiles originally analyzed 
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