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lonizing Collisional Rate of Metastable Rare-Gas Atoms in an Optical Lattice
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lonizing collisional rate of metastable krypton and argon atoms in an optical laffjge is compared
with that in free spacé... Reduction of the collisional rate is observed for krypton atoms. However,
the magnitude of reduction is no more than a factor of 2 at the laser detuning of 7 GHz. The ratio
kiaice /kiree IS found to change proportional to the square root of the excitation rate of atoms from the
1ss metastable state to th, state by the lattice laser. The mechanism that prevents a larger reduction
is discussed.  [S0031-9007(97)03700-9]

PACS numbers: 34.50.Fa, 03.75.Be, 32.80.Pj

Recent development of laser cooling and trapping ofaser beams were sent from four tetrahedral directions
neutral atoms has attracted various scientific and technicét-x, ¥y, z) and(*x, *y, —z), and their polarization was
interests [1]. Many applications of laser cooled atomsjn the x-y plane for all beams [8]. Figure 2 shows
such as nonlinear optical effects or atom interferometrieghe cross sections of potential surfaces along zhend
benefit with a higher atomic density. The atomic densityx-y directions for five levelsA—E, that correspond to the
in a trap is generally limited by collisions of atoms in 2F + 1 = 5 magnetic levels of théss state. Minimum
the trap. In the most commonly used magneto-opticapositions of the lowest energy lev&lare shown by circles
trap (MOT), the collision cross section is extremely largein Fig. 1. The laser field is circularly polarized at the
due to the existence of red-detuned trapping lasers thainimum point. Black and open circles in the figure
induces an attractive resonant-dipole interaction. Variouslistinguish the direction of the circular polarization. At
techniques to reduce these light induced collisions wersufficiently low temperature atoms are trapped in minima
proposed and demonstrated [2—5]. To cool an atomiof the lowest potential A. If an atom absorbs a lattice
cloud several planar laser beams illuminate the cloud fronphoton and is excited to th&ps[(n + 1)p : 3Ds] level,
different directions. This produces a spatially varyingit can decay spontaneously to any one of the five levels
pattern of the laser field, and in turn, a pattern of spatiallyA to E. Its probability is in decreasing order fro
varying optical-dipole potential which is called an opticalto E. If the atom decays to eitheA or B, it stays
lattice [6]. The optical lattice with four laser beams more likely in the same lattice site, because both potential
is particularly interesting, because the three-dimensionaurfaces take minimum value at the same spatial point.
pattern of the potential does not change with relativeHowever, if the atom decays tG, D, or E level, it is
phase fluctuation of each laser beam. Since atoms aeEcelerated towards the adjacent site. Once freed from
trapped in the minima of the dipole potential, one maya potential-minimum site the atom can collide with other
consider that collisions are suppressed in an opticalapped atoms. Because the trajectory of the moving atom
lattice. To date detailed comparison of collisions in
an optical lattice has not been reported. We studied

ionizing collisions of metastable argon and krypton atoms Z

in the Lss[(n + 1)s : >P,] state. We observed reduction

of collisions only for krypton when the lattice laser was N Y/

sufficiently detuned [7]. For argon the ionizing collisional \ >)>& 7 ) o+
rate was always larger than that of free atoms. T~ L

This unexpected result arises that a real optical lattice
is not an ideal single-surface periodical potential. In an >
usual optical lattice the angular momentum of the
atom is not zero, and there @& + 1 potential surfaces \
corresponding t@F + 1 magnetic levels. Atomic state e
changes as a result of optical pumping by the lattice
laser. Since each magnetic level has a different potential X
surface, the optical pumping induces a complicated atomic

motion. To elucidate the motion of atoms in the latticeF!G: 1. Potential minimum points and the laser configuration

let ider th that d in th &the optical lattice. Minimum points form a hexagonal
el us consider the case thal was used In € Preseflice Al laser beams were polarized inkay plane. Black

experimental work. Figure 1 shows the configurationand white circles distinguish two polarization directions of
of the optical lattice in our experiment. The lattice circularly polarized optical electric field at the minimum point.
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so that the temperature of trapped atoms at the end of
the cooling procedure became minimum. The detuning
Q of the trapping laser was changed from —-10 to —34 MHz,
and after 1 ms the laser intensity was reduced 01
for a period of 1 ms. This cooled the trapped atomic

E
C
cloud to the temperature of approximately UK as
a result of polarization-gradient cooling [11]. Then the
trapping laser was switched off and the lattice laser was
A

light shift

introduced. The lattice laser was kept on for 100 ms,
and then switched off. Collisions of metastable rare-gas
atoms in the trap were predominantly ionizing collision
with a small fraction of associative ionizing collisions [5].
Vo /80 Rare gas ions that were created by binary collisions of
atoms in the trap were collected on a microchannel plate
FIG. 2. The potential curves alongand=(x *+ y) axes. The detector (MCP) (Hamamatsu F4655) that was placed at
e a e et respicovay. 60 mm side of the trap. The potental of the fron
P point, resp y: surface of the detector was —2.8 kV to count only ions
that originated predominantly from atoms in the lattice.
is restricted in space by the optical potential that formsTo measure the velocity distribution of atoms in the
the lattice, its collisional rate is larger than that of atomslattice by time-of-flight technique an electron multiplier
in the MOT. The moving atom falls back eventually to (Hamamatsu R2362) was placed 30 cm below the trap.
the potentialA by optical pumping. When it happens It was used to determine the temperature of atoms when
to fall in the lattice site that is occupied by anotherthe lattice laser was switched off. The size and pattern
atom, two atoms will collide in a short time. This of the atomic cloud were monitored by a CCD camera.
loss mechanism is also large, because the volume of Bhe temporal variation of the ion count of the MCP
single lattice cellV; = (3%2/32)A% is much larger than was recorded on a multichannel scaler (Stanford Research
the volume of an atom. The collisional rate constant isSystems SR430) with the time resolution of 4. The
approximately equal td/;y,,, wWherey,, is the optical entire procedure from the accumulation of atoms in the
pumping rate from the leveA to either C, D, or E  MOT to the switching off of the lattice laser was repeated
level. In free space the collisional rate constant is aapproximately10® times. Figure 3 shows typical data
product of the collisional cross sectien and the atomic accumulated in the multichannel scaler. It shows the
velocity v. At a low temperature the rate constantcase of the krypton lattice with the detuning of 7 GHz
kiee = o;v IS @approximately constant, and has a value
10719 ~ 107" cm3s~!. Since the wavelength of the

V3/8% V3/8%+46/82

0 0
z direction x-y direction

laser is 800 nm, this means that the collisional rate in an 40 | |attice laser on lattice laser off
optical lattice is larger than that of free space unless the
optical pumping ratey,, is smaller thanl0> ~ 103 s~
: . ) 30 -
Such a low pumping rate is achieved only when the

laser detuning is extremely large compared to the natural ‘g
linewidth of the cooling transitionss-2 po. 8 20
C
o

The experimental setup of making an optical trap of
metastable argon or krypton was described elsewhere [5].
Metastable atoms were produced by a weak discharge in 107
a glass tube and extracted from a hole on the anode side.
To enhance the flux density, atoms were deflected and 0 .
collimated by a laser resonant to the cooling transition 0.00 0.05 0.10 0.15
[9]. The atoms passed through a Zeeman slowing stage time (sec)

and were trapped at the end of the slowing stage b}é : .

. dard MOT with three pairs of standing wave IG. 3. Typical temporal change of ion counts. The
using a standar P . g ﬁuadrupole magnetic field was switched offrat= 0 simulta-
[10]. After atoms were accumulated in the trap forneously as the laser detuning and intensity were changed for
approximately 0.5 s, the atomic source was shut off bythe further cooling by the polarization gradient cooling. The
a mechanical shutter, simultaneously as the quadrupolaser was switched at 8 ms point from the MOT configuration

magnetic field that formed the MOT was switched off © the lattice configuration. The lattice laser was on from 8

ith a time constant of 0.2 ms. To cancel out stra to 105 ms, and then switched off. The count rate is seen to
wi S ; : : . Yincrease by 40%, showing that the collisional rate is smaller
magnetic field three pairs of Helmholtz coils were placedn the lattice than in free space by the same amount. The

around the trapping chamber. Their current was adjustedetunings was 7 GHz.
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and a power density of 180 (my&n?)/beam. The ion
count dropped by the factor of 10 to 30 when the laser
was switched from the MOT configuration to the lattice
configuration (at the time of 0.05 s in the figure). The
count decreased further while the temperature of the
atomic cloud stabilized to the equilibrium condition that
was determined by the lattice laser. The transient time
was approximately 40 ms at the excitation ratg =

2.3 X 10°* s7!. The time decreased with_' as it was " .
expected from the rate of the spontaneous emission that 00y s 10
cooled or heated the cloud after the switching from the *

MOT to the lattice [12]. The transient was not observed (a)

at a highery., above10® s!. When the lattice laser
was switched off, the count jumped up showing that
the collisional rate was higher for free atoms. After the
switching off of the lattice laser (0.105 s) the ion count 10+
dropped rapidly as the atomic cloud expanded. When the
detuning was smaller, or in all cases for argon, the count
decreased when the lattice laser was switched off. The
ratio of the count rates before and after the switching
of the lattice laser gives the ratio of the collisional rate
constant in the latticé,,yic. and in free spaceye..

We repeated the above procedure for various laser 10*
detunings from 160 MHz to 7 GHz, and the laser Yox (/8)
intensities from 4.9 to 200 m (Y¢n?)/beam. The (b)
excitation rate of the atom from thi; state to the2pg

state is FIG. 4. The excitation ratey., dependence Okjyyice/Kiree
) 2 for argon (a) and krypton (b). Experimental data points
0°/4 ~ 5 0°/4 1) were obtained either by changing the laser power at a fixed
v2/4 4+ 82 62

detuning, by changing the detuning at a fixed power density,
) ] ) or by changing both parameters at a fix@d/s5. In (a), ®:

wherey is the natural decay raté, is the detuning, and 44 mw and 160 MHz—1.4 GHM: 9—45 mW and 300 MHz,

Q is the Rabi angular frequency of thes-2po transition.  v: Q?/8 = constant, 45 mW and 800 MHz-4.5 mW and

The square of the Rabi frequen) is proportional to the 80MHz, @: 4.9-70 mW and 300 MHza: 186 mW and 1—

. . . : ) 7 GHz. In (b),®: 150 mW and 1-6 GHza: 183 mW and
laser intensity. The optical pumping raga—.; from the 57 7", @707 /5 — constant, 40-200 mW and 1-5 GHz.

level A to other magnetic level, = B, C, D, orE, is also  The power means the power density per square centimeter per
proportional toy.,. Therefore, at a large detuning,>  beam. The error bar shows ther statistical error of the
v, the optical pumping rate is inversely proportional to themeasurement of each point.

square of the detuning. We plotted the raktiQuice /kfree

as a function of the excitation ratg.x. The result is

shown in Fig. 4(a) for argon and in Fig. 4(b) for krypton. from the level A to inverted levelsC, D, or E. The
Both for argon and krypton the ratio decreased withpumping-rate dependence of the relative collisional rate
vex- The numerical value was obtained by dividing thewas 0.49 = 0.035 for Ar and 0.45 = 0.022 for Kr, or
average count rate during the 10 ms before the switchingery close to the square root dependence.

by the count rate immediately after the switching. The To investigate this square-root dependence we did
latter was deduced by fitting the data during the 20 msiwumerical simulation of hopping atoms among lattice
after the switching with an exponential function. Thesites. The result shows that, when the excitation rate
error bar shows théo range of the statistical error 7y is large, the square-root dependence is caused as
of each measurement. For argon it approached to ore result of one-dimensional movement of atoms in the
at aroundy., = 3 X 10° s7!, however, never decreased lattice. Wheny., is small, the slow change of thgqc./
below one. For krypton the ratio kept decreasing wherks.. is mainly due to the lowering of the potential
Yex Was reduced below unity at., = 3 X 10° s7'. The height of the lattice. The atom that is excited @-E
minimum value was approximately 0.7 at, = 10> s™'.  levels moves from one potential-minimum site to the
Data points fit on a single straight line regardless of theadjacent one through one of six narrow paths that pass a
laser power density. This supports that the dominansaddle point of the lattice potential. The potential height
mechanism of collisions of atoms in the lattice wasat the saddle point alongaxis is lower than that along the
site hopping caused by the optical pumping of atomsc-y directions. Therefore, we can expect that the motion

k‘Iattice K free

klattice k free

;\§

R

10°

Yex = Y
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of the moving atom is close to the one-dimensional [1] For review of laser cooling, see H. Metcalf and P. van der

hopping motion along: axis. Wheny,, is large, the Straten, Phys. Re[244, 203 (1994). .
atom falls back quickly to the level after it is excited ~ [2] W. Ketterle, K. B. Davis, M. A. Joffe, A. Martin, and D. E.
to one of theB—E levels. The moving distance during Pritchard, Phys. Rev. LetZ0, 2253 (1993).

the single excitatiofdeexcitation process is short. In [B1 A Hemmericha '\4 V&giderﬂﬂlegh T. Esslingﬁr,ngl. 327'm
such a situation the number of new lattice sites that are gggg;’m”' and 1. Hansch, Fhys. Rev. Letb
cr?vered by the h(;pplz]lng atotr)n mcfreﬁses prop_ortlonallto[ll] D. Boiron, A. Michaud, P. Lemonde, Y. Castin,
t.e square root 0 the number 0 t e eXC|tgt|0n cycie. C. Salomon, S. Weyers, K. Szymaniec, L. Cognet, and
Since two atoms in the same lattice site collide quickly, A. Clairon, Phys. Rev. /63, 3734 (1996).

atoms are separated evenly in the lattice in a short time[s] H. Katori and F. Shimizu, Phys. Rev. Let?3, 2555

after the lattice formation. As a result the collisional (1994).
rate becomes smaller than that when atoms are randomly6] For the review of optical lattices, see P.S. Jessen and
distributed. When the excitation rate is small, the excited I.H. Deutsch Advances in Atomic, Molecular and Optical

atom moves a longer distance. Therefore, the probability ~ Physicsedited by B. Bederson and H. Walther (Academic
to fall in an old site is small. However, in the present ~ Press, San Diego, 1996), Vol. 37, p. 95; G. Grynberg
experimental condition the smaljx means a lower and C. 'I_'rlcrle, in Proceeohggs of the International School
potential height. This makes atoms easier to move, and ©F Physics "Enrico Fermi” Course CXXX|, edited by

. - o A. Aspect, W. Barletta, and R. Bonifacio (I0S Press,
a hlgher 'probab|llty_ of c_oIhsmns. The result qf our Amsterdam, 1996), p. 243.
se;mmlassu:al 'numerlcal simulation agrees _quantl_tatlvgly 7] J. Lawall et al. has found a similar reduction of
with the experimental result. The detailed discussion will =~ the collisional rate in a Xe optical lattice (private
be published separately. communication).
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power density and detuning much larger than several GHz _ 147 327 (1990). _
are required. Furthermore, because of the square-ro6t0] E-L. Raab, M. Prentiss, A. Cable, S. Chu, and D.E.
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