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Abstract. A magneto-optical trap of metastablele atoms  general, all isotopic species can be laser-cooled and trapped
has been demonstrated. Soh@® atoms have been confined with the same experimental setup. In fact, in the above stud-
in a region with a diameter of 0.4 mm at a temperature ies onKr andXe, they have confined each isotopic species in
of ~ 0.5 mK; the atomic number density is estimated to beits MOT by using the same apparatus; with only tuning the
~ 10° /cm® at the trap center. These characteristics ofHhe  trap laser, every isotopic species has been trapped selectively.
trap are almost comparable to those of fie trap so far In the case oHe atoms, however, since there is a relatively
demonstrated by many workers. By monitoring the fluorestarge mass difference betwette and*He, it is not very triv-
cence from the trap, the trap loss rate has also been measuiabwhether the same experimental setup as has been used to

and discussed. achieve a MOT fof'He by many authors [9—13] can be ap-
plied to a®He MOT as well. Moreover, the natural abundance
PACS: 32.80.Pj; 34.50.Rk of 3He is so small that we have to make special efforts to

trap a large number GHe atoms. The first demonstration of
a 3He MOT in our previous report [7] has been carried out
In the past two decades, extensive developments have oe-these contexts, and we have shown there that, in spite of
curred in the laser cooling and trapping of neutral atomsthe above problems, it is possible to confine a large number
with many workers reporting the application of these techof 3He atoms with only small modification in the conven-
niques to such diverse atomic species as alkali atoms, alkdlonal experimental setup for ttfHe MOT. In this report,
earth atoms, and rare gas atoms. For some of these atoms, ti®vever, only brief descriptions on the MOT itself have been
laser cooling and trapping of their different isotopic speciegpresented, because our interest has been concentrated on the
have also been demonstrated, and have mainly applied to tellision study. In the present paper, therefore, we would de-
study on isotopic differences in collision dynamics at ultralowscribe the detail of the experimental setup and procedure for
temperatures [1-6]. Recent studieskKin[3] and Xe [4,5]  our®He MOT. Since®He is a unique fermionic atom on ac-
atoms are typical examples of such studies, and they have ineunt of its small mass and simple energy level structure, we
vestigated isotopic differences in Penning collisions of spinean expect that such3e MOT will be useful as a funda-
polarized metastable atoms confined in their laser traps. Imental tool for future studies on the physics of fermions at
these studies, they have found that the rate coefficients of theétralow temperatures.
Penning collisions between bosonic species are considerably
larger than those between fermionic ones. More recently, the
present authors have also carried out a similar study on spid- Experimental
unpolarized metastabf¢le and*He atoms, and reported that,
in contrast to the results dfr andXe, the Penning collision 1.1 Laser cooling transitions
rate coefficient foPHe (fermion) is in turn much larger than
for “He (boson) [7]. Like the case ofHe, it is a metastable atorfHe* (in the

In the above work orHe atoms, a magneto-optical trap 2s3S; state) that can be laser-cooled and trapped. The en-
(MOT) [8] for 3He has also been demonstrated for the firstergy level diagram relevant to the laser coolingld&* atoms
time, and this is the key technical achievement that has efis shown in Fig. 1, along with the one féHe* for com-
abled our study on the isotopic difference in collisions of coldparison. Although, unlikéHe, the ®He atom has hyperfine
He atoms. In the case of such heavy atomasand Xe,  structure because of its nonzero nuclear spif2)lwe can
since the mass difference among each isotopic species is varfioose an ideal cooling transitiors35; (F = 3/2, mg =
small, there are no significant differences in their (uncooled®/2) — 2p3P, (F = 5/2, mg = 5/2), which is a cyclic tran-
initial velocities and laser-deceleration rates. Therefore, isition quite analogous to the conventional cooling transi-




556

2p P, 55 3P Metastable®He* atoms were produced by dc-discharge
N G, F) P in pure3He gas cooled by pressure-reduced liquid nitrogen
— . 32 _ {i; (T ~ 40K) [16,17]. The cold metastable atoms thus pro-
= - (1: 32) —_(2) duced were injected into a vacuum chamber thrqugh anozzle
— 2, 5/2) /\ and skimmed off to make a metastaBlée* atomic beam.
. r /\ This atomic beam was then optically collimated by irradi-
F ET ET ation with two orthogonal sets of red-detuned standing waves
SR :, which transversely cross the atomic beam [15, 16]. The inten-
o 3 3 sity and detuning of these laser beams were approximately
- - - 5 mW/cn? and—3 MHz, respectively.
« L ——r-12 In such an experiment as uses'tde atomic beam, the
S Ik 25351 L 53 heavy consumption ofHe gas was a crucial problem on
S | ——rF=32 ! account of its high price. We therefore made use of an appa-
3He 4He ratus for purifying and recycling the uséHe gas evacuated

Fig. 1. Energy level diagrams relevant to the laser cooling and trappind’OM the vacuum chamber. The intensity of the metastable
of 3He and*He atoms; each arrow shows the cooling transition for eachbeam was quite sensitive to the purity of tHe gas, since
isotope atomic and molecular impurities significantly deexcited the
He* atoms through collisional ionization processes. There-
fore, to obtain an intense metastable beam, it was particu-
tion 2835 (m=1) — 2p3P,(m = 2) for “He; although larly important to remove the impurity as much as possible.
their transition wavelengths{1083 nm photon momentum The purification system consisted of an oil elimination filter,
~ 6.1x 10722kgmy/9) are slightly different, the difference a bunch of cold channels, and molecular sieves cooled by li-
between their transition electric dipole moments is negli-quid nitrogen; oil mist and dusts in the collected gas were
gible and radiative lifetimes of the upper states are botleliminated by the filter, and the remaining oil mist and water
97.85ns (linewidth I'/(27) ~ 1.6 MHz;, saturation inten- were removed by the cold channels. Impurity gases, mainly
sity lsat~ 0.16 mW/cn®). Similarly, Zeeman shifts of these consisting of nitrogen and oxygen, were eliminated by the
transitions are both linear, and their slopes with respect tmolecular sieves, in which the gas pressure was kept at more
magnetic field strength are the samel4 MHz/mT). How-  than2 barin order to enhance the elimination efficiency for
ever, the deceleration rate féile*, which is estimated to be the impurity nitrogen gas. After all these purification pro-
6.3 x 10° m/s? under the full saturation condition, is consid- cesses, the collected gas was returned to the atomic beam
erably different from the one fdiHe* (4.7 x 10°m/s? under  source. With this system, more th88.9% of the evacuated
the same condition) because of their mass difference. 3He gas was collected and recycled without significant degra-
dation of its purity, and consequently we could successfully
maintain a constant intensity of thiéle* atomic beam for
1.2 Lasers a sufficiently long time.
The intensity of the metastable beam was measured by
The laser system was just the same as was previously usbdmbarding a stainless steel plate with the beam and detect-
for the*He* MOT [10]: infrared laser beams nearly resonanting electrons ejected from its surface [18], and was found to
to the cooling transition were generated by two single-modée typically 10'* str-*s~! after the optical collimation. The
ring lasers employing LNAL@;xNdxMgAl11019) crystals  velocity distribution of the beam was obtained from a time-
as gain media [14]. One laser was used for deceleration araf-flight (TOF) measurement between the metastable beam
confinement ofHe* atoms, and the other was for optical col- source and a microchannel plate (MCP) detector pl&ckch
limation [15, 16] of a metastabfRHe* atomic beam, which
will be described later. Their linewidths were both less than
0.5 MHz. By using discharge cells filled with puféle gas,
the frequency of each laser was locked at the saturation dip
of the absorption spectrum of the cooling transition. Throughg
Zeeman tuning of the absorption spectra, the two lasers wegg 1.0
separately tuned to wavelengths suitable for their respective
purposes. 2
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1.3 MetastabléHe* beam

ty of Metasta
( arb. units. )

In laser cooling oHe atoms, their initial velocity is so large
that we cannot sufficiently decelerate the atoms in a smalg
cell; instead we have to decelerate them over a long distanc®
by using an atomic beam. On the other hand, the naturaf
abundance ofHe is so small {.4 x 10-%%) that we cannot Time of Flight (ms)

confine a large number of atoms by selective cOOliNgHE o 5 rie.ofight distributions of the metastabléte and“He atomic
atoms contained in a natuttde gas. Therefore in this experi- peams; the most probable velocities of fiite and *He beams are about
ment we use &He gas sample of high purity90.999%). 850 nys and 710 nys, respectively
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downstream, with turning on the discharge in the beam source TOF method; after releasing the trapped atoms by turning

for a short time 0.1 mg. The TOF distribution thus meas- off all four trap laser beams as well as all magnetic fields, we

ured is shown in Fig. 2 along with the one obtained foHa*  detected the atoms with an MCP detector plat8¢m be-

beam produced by the same beam source. The first sharp pdak the MOT center. From all these measurements, the total

in the figure, which is due to XUV light generated by the dis-atomic numbemN, diameterd (= 2,/log2rg), volumeV (=

charge, indicates the zero flight time. From this measuremervtr,3/2r8), peak densityng (= N/V), and temperaturg of the

we find that the most probable velocity of thide* beam is  MOT were found to be typicallft0°, 0.4 mm, 8 x 105 cn?,

approximately850 nys, whereas it is710 nys for the *He* 10° cm~3, and0.5 mK, respectively, at a background pressure

beam. The ratio® 1.2) between these velocities is approxi- of 3 x 10~7 Pa(5 x 10-8 Pawithout a continuous flow of the

mately equal to the square root of the inverse mass ratio. atomic beam). All these characteristics were comparable to
those of the*He* MOT so far demonstrated by the present
authors [10] and other workers [9, 12, 13].

1.4 Deceleration and confinement Here we should note that no “repumping” laser was used
to achieve the above characteristics of thie* MOT. In the

The metastable beam was optically decelerated by the cooase of®He* atoms, because of the presence of hyperfine

ventional Zeeman tuning method [19], and then introduced tetructure, a certain fraction of the atomic population can es-

a 4 beam-type MOT [20]. The laser beam for the deceleragape into the 835, (F = 1/2) state via 3P, (F = 3/2)

tion was one of the four laser beams forming the MOT [8, 20]through off-resonant optical pumping by the trap laser. In

and was softly focused on the nozzle of the metastable beafact, in laser cooling and trapping of heavier atoms with hy-

source. The tuning magnet, being ab@im long, was the perfine structure, it is usually required to use a repumping

same one as used for the deceleratiorthté* atoms [10]. laser in addition to the trap laser in order to bring the escap-

However, in order to decelerate thide* beam with an initial  ing population back to the cooling transition. In the present

velocity 1.2 timeslarger than that of théHe* beam, we set case, however, the escape rate at our laser intensity and de-

the maximum field strength of the tuning magnetg5 mT)  tuning was estimated to be as smalflaks, and this value

to be aboutl.2 timeslarger than the one necessary for thewas negligibly small compared with the rate of the trap loss

deceleration of théHe* beam. Although, with this enhance- (> 100s™) caused by ionizing collisions at our MOT dens-

ment of the maximum field strength, the field gradient alongty, as will be shown in the next subsection. This fact allowed

the atomic beam was also increased bgtimesat every us to achieve the present MOT characteristics without any

point along the beam, smooth and continuous deceleration oépumping laser. Such a small escape rate was due to the

the3He* atoms was achieved owing to their deceleration ratéarge splitting (.8 GH2) between the p3P; (F = 3/2) and

4/3 timeslarger than that ofHe*. 2p°P, (F =5/2) states, and was experimentally confirmed

The experimental scheme of the 4-beam-type MOT wasvith a measurement of the trap loss rate, as will be described

the same as was applied to thee* MOT in our previ- later.

ous work [10]: it was composed of a quadrupole magnetic

field and four laser beams directed toward the trap center in

a tetrahedral configuration. All the four laser beams were cird.5 Trap loss measurements

cularly polarized, and their polarization directions were iden-

tical with respect to the direction of the magnetic field. Thea metastabléde* atom confined in the MOT collides not only
total intensity of the four laser beams was ab8tMW/cm?  with anotherHe* atom but also with an atom or a molecule
at the center of the MOT, and their detuning waS MHz.  in the background gas. THée* atom has a high excitation
The quadrupole magnetic field was generated with an antenergy 0f19.8 eV above the ground state, and this excita-
Helmholtz coil pair placed along the axis of the atomic beamtion energy is |arge enough to ionize anott* atom as
and was continuously connected to the deceleration magnetjge|l as almost all atoms and molecules exckjat atoms
filed. The gradients of the magnetic field at the trap centefy the ground state. In the MOT, therefore, two kinds of
were approximately.6 and 09 mT/cmalong and across the penning ionizationHe* + He* — He+ He" + e~ andHe* +
atomic beam axis, respectively. X — He+X*+e~, where X is an atom or a molecule in
The total number and denS|ty distribution#ie* atoms the background gas) and an associative ionizaﬂﬂﬁkﬁ_
confined in the MOT were measured by monitoring the ﬂU-He* N H%"" +e ) can occur and cause the trap loss. On the
orescence from the MOT with two calibrated near-infrarechther hand, the trap loss is also caused by the heating through
charge-coupled device cameras in the horizontal and vertgastic collisions with atoms or molecules in the background
cal directions. The fluorescence intensity was also confirmegas at a room temperature. Moreover, in the caselef, the
with a calibrated phOtOdiOde detector. From a calculation a.%]opu|ation escape should aISO, more or IeSS, cause the trap
suming the present laser intensity and detuning, the atomigss. From these facts, the decay of the atomic density at each

population in the upper state of the cooling transition wasoint of the MOT is described by the following rate equation:
estimated to be about5% of the total population. From

this estimation and the total fluorescence intensity measen(r) 5

ured, we obtained the total number of the confined atoms= g~ = —ann(r) — B{n(N}~, @)
The MOT images seen in both directions were well fitted

to isotropic two-dimensional Gaussian distributions, so thatvhere the coefficient, is the trap loss rate due to the heat-
the atomic number density distribution was approximated byng, population escape, and ionizing collisions with the back-
an isotropic three-dimensional Gaussian distributitin) =  ground gas, ang represents the trap loss caused by the
no exp—(r /ro)?]. The MOT temperature was measured withionizing collision between twéle* atoms.
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Assuming the density distribution to have an isotropic
three-dimensional Gaussian profile, (1) is integrated with

respect tor to give a rate equation for the total atomic
numberN:

dN B .5
— =—apN— ———N-. 2
dt On 2\/§V ( )
Integrating (2), we finally obtain the time evolution kf
2+/2anN(0)V
N = /200 NCO) )

[2V200V + BN(O) | explant) — BN©)

To determinex, and 8, the decay profile oN(t) was ex-

perimentally measured by monitoring the fluorescence from

the MOT: after steadily confiningHe* atoms, the load of
metastable atoms into the MOT was stoppetd-a0 by turn-

ing off the discharge in the metastable beam source, with
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k?eping the trap laser on. The fluorescgnce decay after StOfy. 4. Density dependences of the decay ratgandfng(0); o ande show
ping the load was monitored by detecting a fraction of theexperimental data obtained for tAele and“He MOTs at0.5 mK, respec-
fluorescence through a lens with a cooled-photomultiplier ofively. Thesolid linesare those fitted to the experimental data

a photodiode.

An example of the fluorescence decay profiles thus ob-
served is shown in Fig. 3. As seen in this figure, the fluores2 Discussions
cence decay is much faster than a simple exponential decay

because of the ionizing collision betwedHe* atoms con-

In the previous section we have shown that, with only two

fined, and this behavior is well described by (3). By fitting modifications in the conventional experimental setup and pro-

(3) to the experimental decay profiles, the decay ratesnd
Bng(t = 0) are obtained for several valuesrgf(0), as shown
in Fig. 4. From these results we finally obtainpandg, which

cedure for &He* MOT, we can achieve 8He* MOT with
almost the same characteristics as those of an ordfiiesy
MOT: one modification is to add a recycling system for the

are shown in Table 1. In this figure and table, we also showexpensive®He gas, and the other is a small increase in the

for comparison, those obtained féide* atoms confined in

magnetic field strength of the Zeeman tuning magnet. Al-

a MOT at the same temperature, background pressure, atitbugh the smaller mass of tifele atom causes its larger

detuning and intensity of the trap laser.

Fluorescence Intensity
( arb. units. )

T T
0.2 0.4

Time (s)
Fig. 3. Decay profiles of the fluorescence from thide MOT; the solid

T
0.0 0.6 0.8 1.0

initial velocity, it also results in a larger deceleration rate. The
latter fact compensates the larger initial velocity to complete
the deceleration in the same distance as is requiretHetr
atoms. This is the key reason why the same laser cooling ap-
paratus as fotHe* can be used fotHe atoms in spite of their
considerable mass difference.

As seen in Table 1, the linear loss ratg for SHe* is
larger than for*He* by 1.4s™1. As is described in the pre-
vious section, there are two possible causes for the linear
loss: collisions with the background gas and the population
escape due to the off-resonant optical pumping. The former
one should cause no significant differencejimbetweerfHe*
and“He*, because their collision partners have kinetic ener-
gies at a room temperature and so the slight difference in the
level structure between the two isotopes can hardly cause any

curveis the one calculated from (3) fitted to the experimental decay profill@ppreciable difference in the collision rates. Itis therefore rea-

Table 1. The rate coefficients, and 8 experimentally determined

Rate coefficients

Isotope on/st B/cne st
SHe 2.8+0.2 (8.9+1.8) x10°8
‘He 14401 (4.8+1.00x10°8

sonable to consider that the isotopic differentet 671) in

an is due to the population escape. This difference is quite
close to the valuel(1s™!) estimated for the population es-
cape rate in the previous section. These results support our
inference that, at the present MOT density, the population es-
cape rate is negligibly small compared with the ionization
loss ratefng (= 100-250s1) due to the collision between
two 3He* atoms. It is this fact that has allowed us to achieve
the present characteristics of thide* MOT without any re-
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pumping laser, although at a much lower atomic density if\cknowledgement&his work was partly supported by a Grant-in-Aid for
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