
of about 0.5 c m 3 for a period of about 0.5 sec. 
The optical trap i tself is comprised of a single, 

strongly focused Gaussian laser beam tuned about 
10 4 natural l inewidths below the atomic resonance. 
The trap relies on the "dipole force" of resonance ra
diation pressure, which is proportional to the gradient 
of the light intensity. For tuning below the resonance 
transition, the force is such that the atoms seek out the 
regions of greatest light intensity. (This"single-beam, 
gradient-force trap" was first proposed by Ashkin in 
1978.) 

In the experiment, the trapped laser beam was fo
cused into a collection of atoms confined and cooled 
by optical molasses. The trapped atoms were ob
served as an intense, small spot of fluorescence with
in the much more diffuse light scattered from atoms 
in the molasses. 

The use of optical molasses was crucial to the suc
cess of the trapping experiment. First, ultracold atoms 
are needed to load the trap, which is only 5 m K deep. 
Second, the random-walk motion and long storage 
time of atoms in optical molasses allows the atoms to 
continuously diffuse to the trap surface and be cap
tured. 

Thus, considerably more atoms can be trapped 
than the number given by the molasses density mult i
pl ied by the trap volume. The optical molasses was 
also used to provide cooling for the trapped atoms. In 
the absence of this additional cooling mechanism, 
trapped atoms heat up and boi l out of the trap in times 
on the order of 5 msec. 

Using 200 m W of trap laser power, about 500 atoms 
were trapped in a volume of about 1 0 - 9 c m 3 for peri
ods of several seconds. The atomic density of the trap 
was approximately 5 x 1 0 1 1 c m - 3 , about 10 6 times the 
molasses density. The trap lifetime appears presently 
to be l imited by the 2 X 10-9 torr background pres
sure within the vacuum chamber; the innate trap life
time was calculated to be about 10 4 sec. The tempera
ture of the trapped atoms was inferred to be about 350 
µK, only slightly hotter than atoms in optical molas
ses. 

The trapped atoms are confined transversely with
in 2 µm and the loaded trap can be rapidly moved 
without a significant loss of trapped atoms by simply 
redirecting the laser beam. The trap serves as "optical 
tweezers," providing the ability to localize and ma
nipulate ultracold atoms in a precise way. 

The collection of trapped atoms comprises an inter
esting gas. The high density and ultralow tempera
ture represents a previously inaccessible regime for 
gaseous matter. M u c h higher densit ies and lower 

temperatures seem readily attainable. It appears that 
these dense, ultracold gas samples w i l l be ideal can
didates for a variety of experiments in which funda
mental atom-atom and atom-trap interactions are in
vestigated. 
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Focused-ion-beam micromachining 
of optical surfaces 

R.A. E L L I O T T , J . P U R E T Z , 
R.K. D E F R E E Z , J . O R L O F F , A N D 

L . W . S W A N S O N 
O R E G O N G R A D U A T E C E N T E R , B E A V E R T O N , O R E . 

Dur ing the past few years, there has been consider
able interest in monolithic integration of optical and 
electronic elements on semiconductor wafers to en
able fabrication of optical computers and the next 
generation of broadband communicat ion systems. 
The successful implementation of integrated optoe
lectronics demands the ability to form optical-quality 
microsurfaces to serve as mirrors or coupl ing ele
ments. 

Recently, DeFreez et al. reported a significant ad
vance in the art of forming optical-quality microsur
faces. A focused ion beam (FIB) is used to selectively 
micromachine submicron features in semiconductor 
diode lasers. The F I B technique utilizes a l iquid met
al ion source and a single electrostatic lens focusing 
system 3 to direct a 0.25-nA current of 20 keV G a + ions 
onto a 250-nm diameter spot on the semiconductor 
surface. The ion beam is raster-scanned under com
puter control to micromachine any desired pattern 
without the need for photolithography. The GaAs/A l -
GaAs material is sputter-etched at a rate of about 
0 .3µm 3 s _ 1 . 

A diode laser output mirror was formed by micro-
machining away the end facet of a commercial diode 
laser having conventional cleaved mirrors. The re
sulting device showed no increase in threshold cur
rent and only a slight decrease in the external differ
ential quantum efficiency. Scanning electron micro
graphs of the m i c r o m a c h i n e d mi r ro r show no 
detectable surface roughness, confirming the good 
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optical quality inferred from the laser diode efficien
cy. Harriott et a l . , 4 using a similar F I B system, report
ed similar results for diode laser ouptut couplers and 
fabrication of an angled deflected mirror to direct the 
laser emission perpendicular to the wafer surface. 

DeFreez et al. also used the F I B technique to fabri
cate a two-section micromachined-coupled-cavi ty 
(MC 2 ) diode laser. A commercial diode was modif ied 
by micromachining grooves in the top surface of the 
laser die, to electrically isolate two sections of the 
coupling between the two sections. The device was 
discretely tunable over a spectral range of 30 A and 
continuously tunable over 3 A, and the suppression of 
secondary longitudinal modes was improved by more 
than a factor of 4. 

Although the performance of the M C 2 laser is no 
better than the cleaved-coupled cavity (C 3) lasers de
veloped a few years ago and the micromachined out
put mirror is somewhat inferior to a cleaved facet mir
ror, it is significant that the micromachining is pre
cisely controlled and highly reproducible. It allows, 
for example: adjusting the cavity length of diode la
sers and the consequent longitudinal mode spacing to 
essentially any desired value; forming coupled-cavity 
lasers with any desired ratio of cavity lengths and gap 
widths; and producing optical-quality surfaces for any 
number of applications such as forming deflecting 
mirrors and coupl ing elements in the surface of a wa
fer, thus opening the way to large monolithic arrays of 
lasers on a single chip. 
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