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Loading mechanism for atomic guides
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We present a method of coupling laser-cooled atoms from a vapor-cell magneto-opti1@dp into a
magnetic atom guide. The axis of the four-wire quadrupole guide passes directly through the center of the
MOT. The guide is tilted at a small angle with respect to the horizontal plane to facilitate the propagation of
the atoms released from the MOT into the guide. We demonstrate the loading 8fR6 atoms into the guide
and measure their propagation up to distances of 17lionited by the guide length The guide incorporates
a tapered section in which the guide diameter reduces by a factor of about 3.
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The last few years have seen an increased interest in tlmupling efficiency. A more complicated scheme involves
design of both macroscopic and microscopic atom guides fothe use of a mirror MOT15] formed above a gold surface
transporting laser-cooled atoms. Atom guides have a largthat is etched on a substrate. By varying a bias magnetic
potential in atom-interferometric applicatiofis] and in in-  field, the MOT can be slowly shifted towards the chip sur-
tegrated atom opticg2,3]. The success of evaporative cool- face[2,16] and eventually merged with an atom guide quad-
ing in reaching conditions for quantum degeneracy in a stati€upole potential.
magnetic trap has sparked theoretical interest in the feasibil- In this paper, we demonstrate the loading of atoms from a
ity of performing evaporative cooling of atoms propagatingcycled MOT into a tapered magnetic atom guide that directly
along atom guidef4]. overlaps with the MOT(see Fig. 1 This integrated loading

Atomic transport via hollow optical fibers,6] confines ~ strategy involves the formation of a MOT directly inside the
atoms with the optical dipole force. Besides its poor accesatom guide. The guide can, in principle, always be on with-
sibility, atoms confined in the fiber suffer from heating ef- out spoiling the MOT operation. When the MOT beams and
fects due to photon scattering. This can be avoided by corcoils are turned off, atoms remain in the quadrupole atom
fining atoms with magnetic forces produced by currentguide and propagate downward with an acceleration deter-
carrying wires[7] or permanent magnef§]. The trapping mined by the tilt angle of the guide in the gravitational field.
force that can be achieved in a magnetic trap is proportional Our design combines a number of desirable features. Be-
to the field gradienV|B|. For wires that carry a currehand ~ cause the atom guide can be permanently on, new batches of
are separated by a distargehe field gradient scales B2, atoms can be collected in the MOT, while the ones that have
Thus, the best trap performance is achieved by the use d&feen released into the guide earlier can still be used or pro-
moderate currents and small scale sizes. Magnetic atogessed further downstream. Since the atomic cloud produced
transfer schemes using 1-cm to 10-cm-sized structures hay the MOT is directly transferred into the atom guide, there
been used in experiments with Bose-Einstein condensatds N0 spatial spread associated with the transfer, and one can
[9,10]. On a small but still macroscopic scale, atom transpor@djust the atom guide potential such that the atomic cloud
has been demonstrated using four wires spaced 1 mm apd&l®es not excessively “breath” after the transfer. Breathing-
[11]. Very steep traps are possible when one scales down t&ode oscillations are undesirable, because they carry energy
micrometer-sized conductors fabricated on substf@d®].  and rapidly dephase due to the anharmonicity of the poten-
Such devices will eventually allow one to propagate coldtial, thereby thinning the phase-space distributiaweraged
atoms in a single mode of the atomic center-of-mass waveéver small cells The tapered section of the guide, where the
function, as desired for guide-based atom interferometry.

The transfer of cold atoms from magneto-optic traps
(MOTSs) [13] into small atom guides represents a problem Quadrupole
because MOTSs require a capture volume of the order £ cm
and cannot be accommodated inside small atom guides. Th
coupling of cold atoms into a microscopic atomic waveguide
has been accomplished by injecting fast moving atoms
(~10 m/s) from a low velocity intense sourcdVIS)
[12,14). While this approach allows for a high flux of atoms
coupled into the atom guide, the large temperatures of the
injected atoms pose a disadvantage for future atom- PMT
interferometric experiments. Alternatively, slower atoms can
be coupled into an atom guide by placing the entrance of the F|G. 1. Schematic of the experimental setup. A vapor-cell MOT
guide vertically below a MOT and dropping the atoms intocreated inside a tilted atom guide collects atoms and periodically
the guide using gravity3,11]. In this approach, the expan- releases them into the guide. A PMT measures the fluorescence of
sion of the atom cloud during the free fall leads to a lowthe propagating atoms.

Tapered section
Probe beam

MOT coil
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four wires forming the guide converge, acts as an integrating 100 . T . . . T y T
element between the large-scale loading section of the guide
the size of which is determined by the MOT, and a much . e 7.0cm
smaller atom guide structure. The tapered region could be 801 + 115ecm 1
made more sophisticated than shown in Fig. 1 and react . +
. . . . : . 6 x 17.2cm
mm-scale dimensions in the transverse directionar{dy in 2604
Fig. 1). As the atoms pass through the tapered region of theg % i
guide, they undergo transverse compression and experienceS | X
force in the—z direction that increases with the transverse =40 - " / ‘
energy. The compression may become useful in achievinfE ]
conditions favorable for evaporative cooling, which relies on b4
a sufficient atomic density. The energy-selective repulsive 20 o
force could be used to construct a filter that selectively trans-
mits the atoms propagating in the lowest atomic waveguide A v - | o
modes. Suc.h a modg filter could be useful in atom-  Zgq ° 500 250 300 350 400
interferometric applications. _ . . Time (msec)

Our quadrupole guide has a straight symmetry axis, which
we define as the axis (see Fig. 1. Four OFHC copper wires FIG. 2. Time-of-flight signal measured a=7.0, 11.5, and
with 1.1-mm diameter are placed at the coordinates/@, 17.2 cm along the atom guide. The dotted curves are fits of Bq.
+a/2) with currents in adjacent wires running in oppositeto the experimental data.
directions. In this configuration, the gradient of the guide ] ] )
field near thez axis is 4u,l/(wa?). The separatiom is de-  along the guide. During the off phase of the guide, the MOT
pendent on the positior It starts at 7.5 mm to allow the collects 2<1¢° atoms from the background Rb vapor. The
MOT beams to enter the atom guide and to collect coldVOT coils are then turned off and the detuning of the cool-
atoms on the axis of the guide. Further down, the wire sepadld beam increased tol3to allow for 7 ms of cooling in an
ration linearly tapers down ta=3 mm over a distance of optical molasses. Just before the start of the guide on-phase,
3.5 cm. After the tapered sectioa=3 mm for the rest of @ shutter blocks the molasses beams. When the guide current
the atom guide. The guide has a total length of 20 cm. Opturns on, the atoms are loaded directly onto the axis of the
erating at a current=14 A, the gradient of the guide field guide and start to accelerate down _the guide, which is tilted
varies from 40 G/cm at the MOT location to 250 G/cm in the @t an angle o=18.5° from the horizontal.
compressed region. The gravitational force on the We perform time-of-fligh{TOF) measurements of the at-
8Rb 5S,, |F=2me=2) atoms is equivalent to about 15 OMS pro_pagatmg in the gwde_by mtrodu_cmg a probe beam
G/cm. Thus, even in the low-gradient section the trappingP€rpendicular to the atom guide at a distagefrom the
force is strong enough to prevent atoms from falling out. ThéMOT. The probe beam is at saturation intensity, has a dura-
earth’s magnetic field has a component of~100 mG, tion of 500 us, and is on resonance with th&p,(F=2)
which prevents trap loss due to Majorana spin flips near the>5Ps(F'=3) transition. The fluorescence from the
guide axis. atomic cloud is measured with a calibrated photomultiplier

The atom guide is accommodated in a vacuum chambdkibe (PMT). To prevent theB field of the atom guide from
consisting of two rectangular quartz cells of dimensionsshifting the atoms off-resonance, the guide current shuts off
12.5x12.5x40 mn? linked by a 1.3-cm-diam quartz tube. during the time of the probe. The measured TOF signal
The Rb vapor pressure is regulated by cooling the Rb amS(t,Zo) obtained for three values af is shown in Fig. 2.
poule, which is connected close to the MOT, with a thermo-  The signal can be modeled by assuming that the initial
electric cooler. The vacuum chamber is pumped by a 20-I/&tom cloud has a Gaussian velocity distribution with a con-
ion pump. The guide wires are held in p|ace by thin Macorstant Iongitudinal temperatuie All atoms start az=0 and
disks, which also aid in the differential pumping of the MOT accelerate down the atom guide at a rgi&n 6 towards the
and the narrow sections of the atom guide. The backgroungrobe beamd is the gravitational acceleratipnThe initial
vapor pressure near the pump 4510~ ° Torr; the MOT  Width of the atom cloud released from the MOT and the
loading time with this pump pressure is 3 s. The MOT isprobe beam diameter can be neglected, because they are
operated with a 70-mW diode laser, which is stabilized by arfmall compared to the cloud spread at our observation times.
external grating and detuned by I.50 the red of the Then, the fluorescence of the atoms approximately follows
5S,(F=2)—5P5,(F'=3) transition of Rb (linewidth
I'=27X6 MHz, A\=780 nm). A second diode laser tuned S(t,zg)~ Eex;{ o
to the 55,(F=1)—5P;,(F'=2) transition provides light Ot
for repumping the atoms that fall out of the trap cycle.

While the MOT can be operated with the atom guide al-whereS; is a constant proportional to the number of atoms
ways on, in the following experiment the guide is cycled inin the cloud. The 1/factor in Eq.(1) reflects the spread of
order to maintain a low wire temperature and a low vacuurnthe atom cloud, which increases linearly with time.
pressure. The experiment is performed in a pulsed mode with By fitting the measured TOF data to curves of the shape
4 s for the MOT loading and 500 ms for atoms to propagateS(t,z,) from Eq.(1), we deduce the longitudinal temperature
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FIG. 3. Temperaturéa) and transverse widtkb) of the atom
cloud as a function oz. The dotted curve on the right shows the
separation between the wires along the atom guide.
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of the atoms inside the atom guide to be pX. The full
width at half maximum cloud spread along at z,

displaced to right of the coils.

=17.2 cmis 5.5 cm, and the average longitudinal velocityhave neglected reductions of the overall detection efficiency
1.0 m/s. The three TOF curves do not exhibit a significantdue to focusing errors and reflections, we estimate based on
asymmetry relative to the fits. This observation indicates thaf?® maximum count of 70 obtained fap=11.5 cm (see

over the=~80 ms duration of the individual TOF curves at
fixed z,
loss over that time interval, the riglieft) wings of the ex-
perimental data would be depress@mhancef relative to

Fig. 2 a number of 18 atoms per pulse propagating in the
the atom loss is minimal: if there were a significant guide. This value corresponds to a transfer efficiency of 5%
for the coupling of atoms from the MOT into the atom guide.
The transfer efficiency can be enhanced by optically pump-

the fitted curves. Since the three TOF curves overlap, we calfd the atoms into the magnetically trapped stdte= 2,mg

conclude that the atom loss betweés200 msec and

=2). We also believe that background gas collisions in the

~350 msec is small. Further, the fits to the data in Fig. 2vicinity of the MOT, where the pressure is higher, cause

yield three values for the normalization const8pthat vary
by only 7%, i.e., the overall signal height for differery
approximately follows the 1/behavior expected from Eq.
(1). This observation provides a second indication that the
atom losses betweebt~200 msec and~350 msec are

small. During that time interval, the atoms traverse the Iowefd

The atom dynamics inside the

some losses. In the future, these losses will be controlled by
an improved differential vacuum pumping design and by
tools that cause the atoms to leave the MOT region faster.

guide can be described

classically using the sum of the gravitational and magnetic-
ipole potentials. For qualitative considerations, we assume a

2/3 of the atom guide, where the vacuum pressure is eX(_:ylindrically symmetric trapping potential, i.e. we neglect

pected to be better than in the MOT region.
To estimate the number of atoms in the guide, we numeri

cally determine the average number of photbhsletected
by our PMTper atomin the whole guide. Since we probe the
atoms using the practically closét=2—F'=3 transition,
we can neglect optical pumping into the=1 state. The
spatial distributionP(x,y,z) of the atoms in the waveguide
at the time when the probe is turned on is calculated from th
time evolution of the atom cloud inside the magnetic poten
tial. The number of photonsl(x,y,z) that are scattered into
the slit of the PMT detector by an atom that gets hit by th
probe at locationX,y,z) is numerically obtained by trajec-
tory calculations. These calculations take into account th
probe parameters and the radiation pressure that the pro
exerts on the atoms. The radiation pressure strongly accel
ates the atoms while they are being probed, causing a tim

the imaging optics produces on the PMT slit. The radiation
pressure has a strong influence on the vaNés,y,z) re-
turned by the trajectory simulation. The average number o
photons detected per released atom N

= npmral JIP(XY,Z)N(Xy,z)dx dy dz where #pyr
=0.5% is the PMT efficiency angy,=1% the fraction of
the solid angle. We findN~8x 10" * per atom at the maxi-
mum of the signal forzy=11.5 cm. Considering that we

ered in our system, the motion re

ase.

gra,=
Since the transverse oscillation period is much
smaller than the time the atoms take to move through the
egradual taper, the adiabatic invariants are approximately con-
served. Under our current conditions, the action of the trans-
verse motion of the atoms {20000, i.e., a classical treat-

e . ; .
krJr’13ent of the system is adequate. Our trajectory calculations

e|rr]dicate that for moderate symmetry breaking, as encoun-

the influence of gravity and deviations of the transverse mag-
netic field from a pure quadrupole field. The oscillation fre-
quency of the atoms in the transverse atom guide potential
increases from~70 Hz near the MOT to-500 Hz in the
narrow part of the guide. The motion has two adiabatic in-
variants associated with the transverse oscillations of the at-
oms: one is thea component of the angular momentum, the
other the radial action inte

=y

pma

Py dp, where p

$

mains regulaith adia-

e
dependent Doppler shift and a shift of the atom image tha(fgat'c invariants that are less obvious than in the symmetric

The adiabatic conservation of the transverse actions en-
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%ails a compression of the atomic distribution and an increase
of the transverse temperature in the tapered region of the
atom guide. We have simulated the classical motion of the
atom cloud through the guide using the exact wire geometry
and including gravity. Figure (8) shows that the atoms are
compressed by a factor of about (Bnear compression
while the temperature increases to about 13K. The os-
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cillations at the beginning of the curves for the transverseancrease the radiation pressure due to the beams pointing
motion reflect slight breathing-mode oscillations induced byaway from the trap center. This adverse condition does not
the diabatic capture of the atoms into the magnetic trap.  spoil the MOT as long as the radiation pressure directed
Using the adiabatic approximation, one can further showowards the trap center remains dominant. We further find
that the taper in the atom guide induces a longitudinal repulthat the atomic cloud in the described nonstandard MOT is
sive force in the—z direction, which depends on the trans- thin but elongated along the guide axis. The aspect ratio
verse action. The repulsive force slows the atoms duringppears in qualitative agreement with the large ratio between
their entry into the taper. Since atoms with initially large  the field gradients in the transverse and ztgirections. The
arrive at the taper earlier than the slower ones, the fast on&g,served deformation is cylindrically symmetric about the
are slowed first, resulting in a temporary compression of th%uide axis and is therefore compatible with the guide sym-
longitudinal velocity distribution. This temporary cOmpres- o This compatibility and the fact that the atom cloud in
sion causes a dip qf the Iongitudinal temperature in the tat'he MOT is predominantly spread alormyallows one to
pered regionisee Fig. 8] The dip disappears once the o the atoms from the MOT into the atom guide poten-

atom cloud has completely moved past the taper. . . . L
To avoid an incregse o)f/ the pres[,)sure in thg chamber Wgal such that there is a good matching of kinetic and poten-

have mostly operated our guide in a pulsed mode. The atoﬁnal energies, and that the total energy increase due to the

guide could, however, be operated continuously in parallefr@nsfer is small. , _
In conclusion, we have demonstrated a technique for di-

with the MOT for several minutes before the wire heating ! ! '
affected the vacuum. THg field of the MOT coils superim- €ct on-axis coupling of cold atoms from a MOT into a mag-

posed with the guide field results in a field of the form Netic atom guide. We have measured the gravitation-induced
(2,8+a)xéx—(ﬂ+a)yéy—,82éz, wherea is the field gradi- propagation of the atoms along the guide over 17 cm. The

ent of the quadrupole and@the field gradient of the MOT guide featgre:_s a tapered section, which increases the trans-
coils along the MOT coil axis. In our setup, we have used’€rsé oscillation frequency and compresses the atoms. In
a=40 Glcm and B=20 Glcm, resulting in a total field miniature atom guide schemes, tapered sections could serve
as mode selectors and as integrating elements connecting
atom guides to macroscopic MOTSs. In the future, control of
the atomic motion along the atom guide axis can be obtained
Tusing guides that are curved in the gravitational field and/or
employ auxiliary magnetic-dipole potentials generated by

B=68xe—58ye,— Bze,. The MOT beams are aligned
along thex, y’, and z’ axes, where the primed axes are
obtained by a 45° rotation of thg and z axes about the

axis. This configuration departs from the standard MO

setup[13] in that the beam directions, which define the light =" . 0

helicity, are not completely parallel to the magnetic field position-dependent bias fields. Our present setup uses four
. y, are . y L wires to form a quadrupole guide. The in-line MOT design
lines (see Fig. 4. We find that our MOT is still robust under .

that imperfect condition. We believe that this observation' - have presented can, however, be easily adapted to the
reflects the known robﬁstness of standard MOTs againsE o-wire quadrupole configurations that many existing min-

moderate deviations of the light polarizations from their' ture atom waveguides are based upon.
ideal o™ and o~ settings. In both cases, the imperfections  This work was supported by the Research Corporation.
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