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Abstract:  We have realized efficient transverse cooling of an Indium
atomic beam by combining optical pumping with a closed cy\élaser
cooling transition at 325.6 nm. The transverse velocity loé &tomic
beam is reduced to 18+ 3.8 cm/s, well below the Doppler cooling limit.
The fraction of laser-cooled In atoms is enhanced ta-B% by optical
pumping in the present experiment. It can be scaled up tcoaphrl100%
efficiency in cooling, providing high brightness atomic besafor further
applications. Our results establish In on the map of elemsuitable for
applications involving laser cooling.
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1. Introduction

Laser cooled atomic gases and atomic beams are widely dtadiaples in experimental re-
search in atomic and optical physics. For the applicationltnd cold gases as model systems
for e.g. quantum many particle systems, the atomic spesiesti very important. Thus this
field is dominated by alkaline and earthalkaline elementshvare easily accessible with con-
ventional laser sources and have convenient closed caoéingition. On the other hand, laser
cooled atoms may also be interesting for technologicalieajbns, for instance for the cre-
ation of novel materials by atomic nanofabrication (ANF) 2]. There it will be important to
use technologically relevant materials. As an examplegugroup Il atoms of the periodical
table in ANF may open a route to generate fully 3D structu@dposite materials [3].

For e.g. a successful ANF experiment a transversely lasaded atomic beam is essential
because the atomic beam collimation plays a critical rokaénquality of structures (e.g. con-
trast, sharpness) produced by ANF methods and, equallyrtamipenhances atomic beam flux
to reduce the deposition time [2]. Furthermore, laser ogpdif group 1l atoms allows the first
step towards precision manipulation of technologicallgferred materials in the single atom
basis [4, 5].

Atomic species applicable in laser cooling but other thdalale, earthalkaline, and noble
gas elements are still scarce: Cr [6], Ag [7], Fe [8], Yb [9%,[EO], and group Il elements
Al [11], In [12], Ga [13]. For these elements, optical traitsis accessible with conventional
laser sources exist and have been applied. Laser coolingss efficient for truly closed cy-
cling transitions, since even small leaks at the per milllewvay render the cooling process
inefficient. For group Ill elements, a closed system is indeffered with the2P3/2—>2D5/2
cycling transition. Experimental realization, howeverhallenged by the fact that the elevated
2P3/2 state has small thermal population and the transition veanghs are in the UV already.
For Al and Ga, laser cooling on this transition has been destnated [11, 13], but only for
the small thermal population of tr?@g/z state. As an alternative we have previously studied
two-color laser cooling of Indium involving both th’-ePl/z and2P3/2 ground states but found
that the complicated level scheme involving coherent phera such as dark states impaired
the efficient and robust application of this scheme for laseting [12].

In this paper we now present a scheme that overcomes the aiciw/bf previous attempts:
Transverse laser cooling of an Indium atomic beam is redhizith the closed cycling transi-
tion in analogy with Al and Ga. The UV light required for thipgication is generated with
robust diode and fiber-based light sources. In additiontdtes fraction of laser cooled atoms
is significantly enhanced by optically pumping atoms inm4ﬁ3/2 lower level of the cooling
transition.

2. Experiments and results

Indium has two isotopesd!3in and*®In, with an abundance of 4.3 % and 95.7 %, respectively.
Both isotopes have the same nuclear spin 9/2. Fig. 1 showelent atomic levels of°In
including hyperfine structure [14]. Tr?@l/z, F=45— 281/2, F’ =5 transitions at\pymp =

410 nm are used for optical population pumping,%ﬁ@z, F"=6 —»281/2, F’ =5 atAprope=

451 nm serves as a probe transition. The UV cycling tramsisaealized in our experiments
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using the hyperfine transitici®; ,, F” =6 — ?Dgp, F"” =7 atAcool = 325.6 nm.

1057 MHz
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Fig. 1. Energy level scheme &#%In including hyperfine structures [14]. The cycling tran-
sition for laser cooling?P;,,F " = 6 —?Ds,,F " = 7, is driven by UV light at\coo =
325.6 nm.

Table 1. Atomic parameters of the cooling transitféy,, F” =6 — ?Dg/p, F"" =7.

Parameter Value
Wavelength Acool 325.6 nm
Life time 2Ds, T 7.7ns
Decay rat&éDs), r/2m 20.7 MHz
Recoil velocity vi = hk/M 1.1cm/s
Doppler capture velocity ve =T /k 6.7 m/s
Velocity at Doppler limit vp = @ 19 cm/s
Saturation intensity lsat= 3)?’3{ 78 mWicn?

cool

The experimental arrangement is illustrated in Fig. 2. Aratomic beam is produced by
a commercial effusion cell. A crucible containing In is stsiely heated up to 120C. The
thermal fraction of In atoms in th@g/z, F” = 6 state is 7 %. The most probable longitudinal
velocity is measured to be 560 m/s. The atomic beam is pilevated by a mechanical aperture
with 0.5 mm diameter yielding 3 mrad initial divergence.

In order to enhance the population in the ground state of dloding transition the Indium
atoms are optically pumped to tﬁég/z state by violet pump beams Agump Two external
cavity diode lasers produce 4 mW for the-45 and 2 mW for the 5~ 5 hyperfine transition.
They are frequency locked to the center of Doppler-freeraédd absorption lines using an
all-sapphire cell [15]. The beams are superposed by a poigrbeam splitter cube and sent to
the atomic beam with cross section 1 mr@ mm in the pumping region. With this method the
fraction of In atoms in thépg/z, F " = 6 lower cooling level is enhanced by a factor of up to 7
corresponding to 50 % of the atoms in the ground state of thermptransition.

In the cooling region, 3 cm above the pumping region, the Whtlibeams interact at
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Atomic beam

Fig. 2. Schematic of the experimental setup. The atoms dreatlp pumped to th@Ps/z
levels by two violet lasers at,umpin the pumping region. In the cooling region, UV light at
Acool IS @applied with a polarization gradient configuration (linin) for laser cooling. The
spatial distribution of the atomic flux density is measurgdekciting the atoms atprope
and imaging the fluorescence distributiomgimpin the probe region.

right angles with the atomic beam. A weak magnetic guidintfl f{@ G) is applied in the
direction of the cooling laser beam. The cooling laser lighfco is generated by upcon-
version of the output of two fiber amplifiers driven by a sindlede laser at 3\¢qo [16].

A frequency doubling stage with a critically phase-matct&@dbOs crystal is employed
(3 Acool — 3 Acool/2), and summation is achieved with a BBO crystal in a doubspnant
cavity (3 Acoo) >+ (3 Acool/2) L — /\C’O%)l). The UV output light of the summation stage is
collimated by a pair of cylindrical lenses yielding a crosst®n of 1 mmx 3 mm with 7 mW
of UV power and corresponding to a saturation paramstei (lsar= 4). The 3 mm interaction
length with the atomic beam corresponds to an average atienaime of rj,; = 700T.

Laser-induced UV fluorescence in the cooling region is deteby a photo-multiplier tube
and used to control the laser frequency. Fig. 3(a) shows aeffeence spectrum (solid line)
along with a Doppler limited In absorption spectrum (dotiad) from a hollow cathode lamp
for comparison. The FWHM of the 6+ 7 cooling transition is measured to be about 44 MHz
with contributions by atomic beam divergence (5 MHz), poim&radening (27 MHzs = 0.7),
and laser spectral line width (30 MHz). The small discrepadmetween the measured and ex-
pected widths can be traced to the uncertainty in the freguealibration caused by the non-
linearity of a PZT used for frequency tuning of diode lasentdNthat the frequency stability
requirements for the laser sources are moderate and camlEdewith simple control tech-
nigues. In the cooling and heating experiment, the UV lasgpfency is side-locked to one of
the slopes of the fluorescence signal of the cycling tramsitiduced by cooling laser beam
(s= 4) yielding an appropriate detuning ef — I' for cooling and~ + I' for heating.

In order to induce a linL lin polarization gradient in the cooling region a linearlylarized
beam is sent to the atomic beam and retro reflected passingreeqwave plate twice which
causes a 90rotation of the polarization. The propagation directiofthe cooling beams are
set at right angles to the atomic beam within 2 mrad unceaptéynmeasuring the fluorescence
induced by the overlapped counter propagating UV beamsayithotomultiplier tube. Scan-
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Fig. 3. (a) Solid line: Fluorescence spectrum of théﬂ@/z — 2D5/2 transitions induced
by the UV laser atAcqq. Dotted line: Doppler limited absorption spectrum of a bwil
cathode lamp. The frequency of the laser is calibrated byséparation between 6> 5
and 6— 7 transitions (1948 MHz). The FWHM of the peak of the-67 transition is
44 MHz. (b) Theoretical spectrum indicating position andiketor strengths of hyperfine
transitions. In the observed spectrum, optical cyclingl$etp strong enhancement on the
closed 6— 7 transition.

6-5

3.

ning the laser frequency across the resonance then produdegpler sensitive signal with
two maxima symmetric to the undisturbed atomic resonanaiie two counter propagating
beams are not aligned perpendicularly with respect to thimiatbeam. Atomic parameters of
the In atom are summarized in Tab. 1.

A free-flight section of = 60 cm takes the atomic beam from the cooling to the probe re-
gion. Here, the transverse beam profile is measured by iladeced fluorescence imaged with
a CCD camera. The probe beam\ghheis generated by a frequency-doubled Ti:sapphire laser
whose frequency is locked to a temperature-stabilizedente resonator. An output power of
0.5 mW is obtained after single-pass frequency doublingnefinfrared beam at 902 nm by a
periodically-poled KTP crystal. Since on excitation by fitebe laser in the ope?rP3/2 _>281/2
transition every atom undergoes 1.2 fluorescence cyclesamge only the fluorescence dis-
tribution is directly proportional to the atomic flux densit

Efficient sub-Doppler laser cooling caused by polarizatjcedient cooling [17] for red de-
tuned cooling laser beams as well as heating effects ford#tined laser beams are observed
by flux enhancements and attenuations in the probe regiohcagsin Fig. 4. The insets of
Fig. 4(a) show fluorescence images of the In atomic beam wihriking bright region of
cooled atoms (left, red detuned cooling laser), and a dayiomecaused by the expulsion of
heated atoms (right, blue detuned cooling laser).

For further analysis the fluorescence images are integedted the direction transverse to
the propagation direction of the cooling laser. Fig. 4(avehthe profiles of the laser-cooled
(solid line), the uncooled (dotted line), and the heatedltdd line) atomic In beam from a par-
tially clogged aperture in the probe region, respectiidgre, the FWHM of the cooled fraction
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Fig. 4. Integrated transverse profiles of the atomic beamm fta) the partially clogged
aperture and (b) the cleaned aperture in the probe regiolid (:1€) cooling with the lin

L lin polarization gradient4 ~ — I'), (dotted line) no laser cooling, (dashed line) heating
with lin L lin polarization gradient ~ + I'). Insets: Images of a cooled (left) and a heated
(right) In atomic beam. In the measurement for Fig. 4(b) cthaing laser power is reduced
to about 2/3 of the initial power due to a technical problem.

is measured to be 0.2 mm, which is smaller than the nominlimiidth of the atomic beam
(0.5 mm). This could be attributed to the fact that residngartially clogged the mechanical
aperture so that the effective diameter of the aperture wasedsed. After cleaning the aper-
ture, we have re-measured the FWHM of the laser-cooled atbeam to be 0.86- 0.07 mm
yielding the 13.5+ 3.8 cm/s transverse velocity well below the Doppler limitedocity of
19 cm/s as shown in Fig. 4(b). The corresponding full diveogeis 048+ 0.13 mrad. In this
measurement, the maximum cooling laser power was reduc2@ tof the initial laser power
(s= 3) by a technical problem (burning damage of the Yb-doped)fibée attribute the reduc-
tion of the laser cooling and heating effects in Fig. 4(b) paned to Fig. 4(a) to the deteriorated
laser power.

The fraction of laser-cooled atoms is deduced to b& 226 from the integrated atomic beam
profile. It is currently limited by the number of effectiveadtering events which is deduced
by analyzing the laser-heated profiles to be 50 for the masighle longitudinal velocity of
560 m/s. The asymmetry in the laser cooled beam profile causttbhibuted to an imbalance in
the cooling laser power induced by the uncoated vacuum wiadafter interaction of the In
atoms with the cooling laser, most of the In atoms99 % deduced by comparing the area of
each atomic beam profile) survive within the cooling trdasitndicating no significant leakage
in the cycling transition.

3. Conclusion

In summary, we have realized an experiment showing effigahtDoppler laser cooling of
an In atomic beam on a cycling transition. The fraction of tonas in the ground state of the
cycling transition was enhanced by optical pumping. Thetfoa of laser-cooled In atoms can
be further enhanced by increasing the number of scattekiagts, i.e. increasing the inter-
action length and the cooling laser power in order to extérdvelocity range captured by
Doppler cooling processes. Realistic improvements irehigher UV power (100 mW instead
of 7 mW) [16, 18], longer interaction length (10 mm instead3afhim) and additional optical
pumping frequencies drivin%Pg/z, F"=45 — 281/2, F’ =5 transitions alyrope With these
advances one may well approach 100 % efficiency in laserrogoli In atomic beams.
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