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I n  the 1970s, it was proposed that a 
periodic potential produced by light 
waves could be used to create a stable 
crystal-like structure in an atomic gas 
(1 ). Atoms in these "crystals" would be 
confined to regions much smaller than 
the optical wavelength. Thus, these 
crystals can produce substantial density 
enhancements over the initial atomic 
gas. This kind of crystal formation also 
includes strong cooling processes, so the 
phase-space density enhancements can 
be enormous. Crvstals in two and three I 
dimensions should offer increases in 
phase-space density of orders of magni- 
tude compared with simple one-dimen- 
sional crystals because the atoms are 
confined to smaller volumes. In addi- 
tion, three-dimensional crystals should 
offer huge lifetime enhancements be- 

temperatures low enough for stable trapping. 
To  understand polarization gradient cool- 

ing, it is useful to note that fo ia  weak field, 
the light-induced Stark shift between two 
atom; levels a and e is ~ ro~or t iona l  to the . . 
square of the Rabi frequency, 1 & 1 2  = I pw 

E 1 where u.. is the d i ~ o l e  matrix ele- , - 
ment between states a and e ,  and E is 
the electric field vector due to the light. 
For a two-level system in a one-dimen- 
sional standing wave, this is just pro- 
portional to the intensity, but for a sys- 
tem with a polarization gradient, the 
light shift can change with the direc- 
tion of the electric field vector, even if 
its magnitude remains constant. 

In the weak-field limit, where co- 
herence~ can be ignored, the total en- 

I ergy shift ofan atom with a ground state 
aneular momentum I and an excited 
state angular momentum 1' is propor- 
tional to the weighted sum of energies 
of the magnetic sublevels of the ground 
state, given by 

I I 

cause there would be no spatial escape 
route for the confined atoms. These where Pm, ,mJ is the population of ground 
large densities of cold confined atoms state sublevel mJ. Thus, a moving atom 
should provide many opportunities optical founarym ..c;rystals.. or ultracola ruDlalum atoms are can convert kinetic energy to potential 
for enhanced fundamental measure- formed inside this vacuum chamber (center) as they fall into mi- energy if either p or I Q I2 depends on 
ments of atom-field interactions, as croscopic optical traps produced by carefully coordinated laser position, even if the magnitude of E is 
well as atom-atom interactions among beams. The red light from a helium-neon laser is a tracer that spatially invariant. A n  atom will be 
cold atoms separated by less than an the light path the barely v i s i b l e  780-nm trapping light cooled if its kinetic energy is converted 
optical wavelength. In addition, such from a diode laser [Courtesy T. W. Hansch, University of Munich] to potential energy with respect to the 
periodic lattices may set the stage for field and then makes a spontaneous 
the study of myriad quantum statistical ef- cally trapped has a long history. As Ashkin transition to a ground state with a lower po- 
fects inmany-body systems.Two-dimensional pointed out ( 5 ) ,  at low intensities the opti- tential energy. This is the basic mechanism 
crystallization of atomic gases may also have cal potential for a two-level atom is equal to underlying polarization gradient cooling. In 
important technical applications to lithogra- the light shift, which is in turn proportional one-dimensional demonstrations of polar- 
phy, where the creation of narrow ordered to the intensity. Thus a weak standing- ization gradient cooling, two weak counter 
structures is of particular importance (2). wave light field results in a sinusoidal fields of opposite polarizations 

The hopes generated by these many ex- tential with a period of half of the optical form a light field with a polarization grad- 
citing possibilities were dashed when further wavelength 1. Later experiments showed that ient that produces cooling. If the two coun- 
calculations showed that crvstallization of atoms with more than two levels form one- ter ~ r o ~ a e a t i n e  fields have o ~ ~ o s i t e  circular 

L . "  " L L 

two-level atoms in one-dimensional stand- dimensional optical crystals (6). This crys- polarizations, then the Stark shifts of the 
ine waves will not occur because o~t ica l  heat- tallization occurs because multilevel atoms mound states are inde~endent of Dosition. - " 
ing would produce an equilibrium kinetic have additional cooling processes associ- The atoms are cooled by optical pumping 
energy that is at least of the order of the ated with polarization gradients, which al- into the local m, = 0 ground state, where the 
depth of the optical potential well (3). Thus, lowed equilibrium kinetic energies below the local quantization axis for the atom is paral- 
two-level atoms will not form long-lived or- limit for two-level atoms. In particular, it lel to the electric field vector at each point, 
dered crystals. These calculations did not, allows equilibrium kinetic energies much so the light is always n: polarized. The 9 = 0 
however, apply to atoms with more than two lower than the depth of the optical poten- state has the lowest potential energy due to 
levels, and experiments showed that multi- tials, so a stable periodic atomic lattice will the Stark shift induced by the n: light. This 
level atoms are confined in three-dimensional be created by the light (6). Detailed experi- cooling can be understood by considering 
optical potentials with sizes of the order of an ments demonstrated one-dimensional crys- an atom which starts at a position x = 0. As 
optical wavelength (4). These observations, tallization in good agreement with these the atom moves away from this point to x + 
caused a ereat renewal of interest in the DOS- theories (7). The extension to two dimen- dx. its state. which was m; = 0 at x = 0. is now . , 
sibility o? creating optical crystals, with' at- sions is complex and subtle and has recently a superposiion of the m,: states, which have 
oms confined to regions much smaller than a been demonstrated in two verv elegant ex- higher energies. so the atom has converted - , - - - ,  

wavelength. periments: one by Hemmerich and Hansch kinetic energy to potential energy. Optical 
The mechanism bv which atoms are o ~ t i -  at the Universitv of Munich (8) and a sec- ~ u m ~ i n e  will trv to move all of the ~ o ~ u l a -  . , L L "  L .  

ond by Grynberg et al. at the Ecole Normale tion to the mJ = 0 state at the new position x 
The author is i n  the Department of physics, Harvard Superieure in Paris (9). Both experiments + dx and in so doing will radiate away the 
University, Cambridge. MA 02138. used polarization gradient cooling to achieve potential energy, resulting in cooling. Thus, 
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the cooling in this case 
is associated onlv with 
changes in p because 
lR12 are invariant. In 

addition, there is no 
crystallization because 
the Stark shifts are in- 
dependent of position. 

By contrast, if the 
two counter propagat- 
ing fields have opposite 
linear polarizations, 
then there are spatially 
dependent Stark shifts 
which can traD atoms. 
The  origin of these Setting an optical trap. Two optical standing-wave fields are created 
trapping potentials can in the x and y directions, with a phase difference (p. The polarization 
be derived from an an- gradients for different values of (p lead to optical arrays of light traps. For 

alysis of the polariza- (p = 90, the atoms are trapped in a two-dimensional array at the points 
where the polarization is circular. [Reprinted from (8) with permission] 

tion as a function of po- 
sition. The ~olarization 
of the totalkeld is linear when there is zero 
phase shift between the two counter propa- 
gating traveling waves, whereas the total 
polarization is circular when the accumu- 
lated phase shift is x/4. The phase differ- 
ence between the two fields goes as 2~(2x/h),  
so the distance between fields of the same 
circular polarization is h/2, but opposite cir- 
cular polarizations are separated by h/4. 

An atom in the m, = J state has its poten- 
tial minimum where the Stark shift for that 
state is a maximum, which occurs where the 
field is o+ polarized. Thus, the m, = J ground 
state sublevel has potential minima sepa- 
rated by h/2. Similarly, the potential minima 
for the m, = -J sublevel occur where the light 
is o- polarized. These potential minima are 
separated from each other by h/2, and offset 
from the m, = J minima by h/4. Thus, there 
are four potential minima per optical wave- 
length. Polarization selection rules will result 
in the atoms being optically pumped into the 
ground state with the minimum energy, so 
atoms are trapped near potential minimum. 
Thus, atoms trapped at neighboring field 
antinodes have opposite values of m,, which 
is similar to an antiferromagnetic medium. 

Recent detailed experiments have shown 
that in one-dimensional systems, atoms can 
be confined to the lowest quantum states of 
these periodic optical potentials. The spa- 
tial distributions of atoms in these wells was 
very narrow, approximately 1/15 of an opti- 
cal wavelength (6). One might imagine 
that a similar two-dimensional confinement 
could be obtained by simply creating a simi- 
lar potential in two dimensions, x and y; how- 
ever, the situation is more complicated be- 
cause there is an additional Darameter in the 
two-dimensional case: the phase difference, 
cp, between the field in the x direction and 
the field in the y direction. 

Hemmerich and Hansch have successfully 
observed two-dimensional crystallization of 
rubidium atoms using two optical standing 

waves oriented along the x and y axes and 
linearly polarized in the xy plane (8). In con- 
trast with the one-dimensional case, the in- 
tensity here is not spatially invariant but has 
maxima and minima, where successive max- 
ima are separated by 112. When cp = 90°, then 
~olarization alternates between linear and 
circular, as in the case of opposite linearly 
~olarized beams in one dimension: however. 
in the two-dimensional case the spacing be- 
tween opposite linear circular polarization is 
h/2 not h/4 in the one-dimensional case. As 
in the one-dimensional case, atoms in the m, 
= J state will be trapped near the positions 
where the light is o+ polarized, mj = -J state 
will be trapped near the positions where the 
light is 0- polarized. As in the one-di- 
mensional case, atoms trapped at neighbor- 
ing field antinodes have opposite values of 
mi, so the crystal is a two-dimensional antifer- 
&magnetic medium. 

This trapping was observed by measuring 
the absorption from a weak probe beam. For 
(D = 90". the measurements of the Munich 
group showed that the spacing between the 
ground state and the first excited state was 
159 kHz,in good agreement with the theo- 
retical value of 161 kHz, obtained by model- 
ing the potential well as a two-dimensional 
simple harmonic oscillator. In addition, 
the measurements indicate that the popula- 
tion in the ground state of these two-dimen- 
sional wells was approximately four times 
the population in the first excited state. 

In contrast, when cp = 0" the atoms are 
not nearly as well localized. For cp = 0°, the 
light is linearly polarized everywhere, which 
is similar to the one-dimensional case of op- 
posite circular polarization, except for the 
intensity variation which was absent in one 
dimension. In this case. the ~otential  min- 
ima occur at the intensity maxima, where the 
Stark shift for each of the ground state sub- 
levels is a maximum. The trapping in this 
case is attributable only to the intensity gra- 

Three-dimensional molasses. Optical cesium 
crystals in three dimensions were created by 
aligning the lasers along the threefold symme- 
try axes of a tetrahedron. Figure shows the 
minima of the optical potential (dark zones). The 
minima lie on a body-centered-cubic lattice at 
points of postive circular polarization. [Re- 
printed from (9) with permission] 

dient. in contrast with the (D = 90" case where 
the trapping was dominatid by the polariza- 
tion gradient. In addition the polarization 
gradient cooling is not as strong as in the cp = 
90" case; consequently, the localization is 
less pronounced in the cp = 0" case than in 
the cp = 90" case. 

The two-dimensional version of the 
Munich experiment depended strongly on 
phase relationship between the two perpen- 
dicular standing waves. By contrast, there 

. was no phase dependence in the Paris exper- 
iment, which demonstrated crystallization of 
cesium atoms using three traveling waves at 
120" to one another. For the three-beam case, 
the ~otentials are inde~endent of the rela- 
tive phases of the three traveling waves. 
Changes in the phase relations simply result 
in translations of the potentials in space, 
rather than changes in the potential depth 
(as in the case of the two standing waves that 
can be decomposed into four traveling waves). 
The Paris group cites the more general result 
that whenever an optical molasses is com- 
posed of p beams in an n-dimensional space, 
then phase shifts will be equivalent to spatial 
translations as long asp = n + 1. 

For the three traveling-wave geometry 
in two dimensions the ~otent ia l  minima are 
located at the points where the total field is 
circularlv ~olarized. These ~ o i n t s  form a hex- , . 
agonal lattice. In this pattern o+ polarized 
potential wells alternate with Q polarized 
wells, so atoms in neighboring potentials 
have opposite angular momentum direc- 
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tions and the ordering of localized atoms 
D 

will be antiferromagnetic, like the crystal 
created by the Munich group when cp = 90". 
Absorption probe experiments by the Paris 
group showed that the vibrational energy 
levels were independent of direction in the 
plane, indicating that the potential wells 
are circularly symmetric. The measured o- 
tential depths varied as + IntensitylDetuning 
in good agreement with theory. 

The Paris erouu also demonstrated three- " 

dimensional crystallization using four travel- 
ing-wave fields in a tetrahedral eeometrv. 
~ h r e e  of the fields were linearly pilarized A 
the plane perpendicular to the direction of 
propagation of the fourth beam, which was 
circularlv uolarized. The  fourth beam breaks , 
the symmetry between o+ and o- potential 
wells due to the other three beams. In par- 
ticular, if the fourth beam is o+ polarized, the 
o+ wells will be deeper. In this case, the po- 
tential minima are located on a body-cen- 

tered-cubic lattice, and the trapped atoms 
are primarily in the m, = J state. Thus, unlike 
the one- and two-dimensional cases which 
were antiferromagnetic, the three-dimen- 
sional crystal is analogous to a ferromagnetic 
medium. The broken symmetry between the 
three dimensions also results in an asymme- 
try in the potential wells. The crystals were 
again probed using absorption, but in this 
case the vibrational energy levels varied with 
direction because of the ellipsoidal shapes of 
the potential wells. Finally, the Munich group 
reports that they also have preliminary re- 
sults of three-dimensional crystals. 

The wealth of experimental possibilities 
created by these two- and three-dimensional 
crystals is yet to be explored. The density 
limits and role of atom-atom interactions 
are still unknown. In addition, transferring 
this two-dimensional order to a solid surface 
would present considerable experimental 
challenges, but may offer very narrow dots 

A New Twist on lntegrins 
and the Cytoskeleton 

Steven R. Heidemann 

T h e  movement, shape, and polarity of cells 
depend on the close cooperation of proteins 
outside the cell [the extracellular matrix 
(ECM)], proteins on the surface of the cell 
(cell adhesion molecules, that is, integrins), 
and uroteins inside the cell (the cvtoskel- 
eton). In this issue of Science, an elegant bio- 
physical study by Wang and co-workers (1) 
confirms a mechanical connection among 
ECM components, integrins, and the cyto- 
skeleton, which are responsible for changes 
in cell form and function. Indeed. their new 
result suggests that integrins are part of a 
group of cooperating molecular elements that 
are organized according to tensegrity (ten- 
sional integrity) architecture, the building 
concept of R. Buckminster Fuller that un- 
derlies geodesic domes. 

Cultured cells lose their characteristic flat- 
tened shape and become round when their 
adhesion to the culture dish is loosened by 
the proteindegrading enzyme trypsinor when 
their cytoskeleton is disrupted by drugs. Cur- 
rent thinking about this interplay between 
cell adhesion and the cytoskeleton is strongly 
influenced by the structure of focal adhesions 
(2). These regions of very close contact (ap- 
proximately 15 nm) between the plasma 
membrane of cells and their underlying sub- 

The author is in the Departments of Physiology and 
Microbiology, Michigan State University, East Lansing, 
MI 48824. 

stratum appear to represent direct mechani- 
cal linkages from the outside to the inside of 
the cell. In the now classic model, proteins of 
the ECM, including collagen, laminin, and 
fibronectin, bind to the extracellular region 
of a plasma membrane receptor, an  integrin. 
Integrins are a superfamily of integral mem- 
brane proteins that are heterodimers of m n d  
p subunits (3). Many integrins have an  affin- 
ity for the amino acid sequence arginine- 
glycine-aspartate (RGD) in their ECM ligand. 
The integrins also have a small cytoplasmic 
region that binds to elements of the actin 
cytoskeleton: Immunofluorescent images of 
focal adhesions show co-localization of 
integrins with the termini of actin bundles 
and with actin-binding proteins. Also, 
integrins bind in vitro to actin-binding pro- 
teins such as talin and a-actinin (2,  3). 

These biochemical studies have been ad- 
vanced considerably by the work now re- 
ported by Wang and co-workers. They have 
used a sophisticated application of mag- 
netometry, a method for investigating the 
mechanics of cells and cytoplasm that goes 
back at least as far as Crick's only (I believe) 
experimental report (4). Magnetic micro- 
beads were coated with different ligands 
and used in combination with external mag- 
netic fields to exert controlled mechanical 
stresses on integrin receptors without chang- 
ing the shape of the cell. For example, beads 

that can be used for lithography. The possi- 
bility of confining several cold atoms in a 
single potential offers the hope of observing 
interesting collective effects and may pre- 
sent a suitable system for observing Bose- 
Einstein condensation. 

References 

1. V. S. Letokhov, V .  G .  Minogin, B. D. Pavlik, Zh. 
Eksp. Teor. Fiz. 72, 1328 (1977). 

2. G .  Timp etal . ,  Phys. Rev. Lett. 69, 1636 (1992). 
3. J .  P. Gordon and A. Ashkin, Phys. Rev A 21,1606 

(1980); R. J .  Cook, ibid. 20, 224 (1979). 
4. C .  Westbrook etal . ,  Phys. Rev. Lett. 65,33 (1990); 

N. P. Bigelow and M. G .  Prentiss, ibid., p. 29. 
5.  A. Ashkin, ibid. 40, 729 (1978). 
6. P. Verkerk e t a l ,  ibid. 68,3861 (1992); P. S. Jessen 

etal . ,  i b i d ,  p. 49. 
7. J.  Dal~bard e ta l . ,  in Proceed~ngs of the I T t h  Inter- 

national Conference on Atomic Physics, S. 
Haroche, J.-C. Gay, G .  Grynberg, Eds. (World 
Scientific, River Edge, NJ, 1989); S. Chu et al., 
ibid. 

8. A. Hemmerich and T .  W.  Hansch, Phys. Rev. Lett. 
70, 41 0 (1 993). 

9. G .  Grynberg et a/., Ibid., p. 2249. 

coated with synthetic RGD peptides or anti- 
body to the b, integrin subunit would be ex- 
pected to  bind specifically to integrins, 
whereas beads coated with acetylated low 
density lipoprotein (LDL) or bovine serum 
albumin (BSA) would bind to other mem- 
brane uroteins not involved in cell adhesion. 
The beads were allowed to attach to capillary 
endothelial cells in culture dishes. Earlier 
experiments from the same lab showed that 
fibronectin, an  RGD-containing ligand for 
several integrins, regulates the assembly of 
these cells into blood vessel-like tubes (5). 
The attached ferromagnetic beads (which 
remain magnetized after withdrawal of an  
external magnetic field) were magnetized in 
a uniform dipole orientation by application 
of a strong, very brief, homogeneous mag- 
netic field. A second, longer and weaker ho- 
mogeneous magnetic field was then applied 
perpendicular to the first, thus producing a 
mechanical twisting force. The extent of bead 
rotation was measured by an  in-line magne- 
tometer that detected the original magnetic 
field vector that persisted during twisting. 
In the absence of anv mechanical restraints 
on  the beads, the second pulse would be ex- 
pected to completely reorient the beads to 
the new magnetic field, that is, twist the 
beads through 90" and completely eliminate 
the original magnetic field vector. Indeed, 
beads coated with BSA or LDL twisted near- 
ly this much. In contrast, beads coated with 
RGD peptide or antibodies to integrin twisted 
through less than 30" at the highest reported 
forces, indicating a significant mechanical 
constraint on the twisting of integrin-bound 
beads. The constraint is evidently due to 
c~toskeletal linkages to integrins. Addition 
of poisons directed against the three prin- 
cipal cytoskeletal filaments-microfila- 
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