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Abstract:  We report on a ssimple anisotropic magneto-optical trap for
neutral atoms that produces a large sample of cold atoms confined in a
cylindrically-shaped volume with a high aspect ratio (100:1). Due to the
large number of trapped atoms, the laser beams that propagate along the
optically thick axis of the trap to cool the atoms are substantially attenuated.
We demonstrate that the resulting intensity imbalance produces a net force
that spatially localizes the atoms. This limits both the trap length and the
total number of trapped atoms. Rotating the cooling beams by a small angle
relative to the trap axis avoids the problem of attenuation, and atoms can
be trapped throughout the entire available trapping volume. Numerical and
experimental results are reported that demonstrate the effects of absorption
in an anisotropic trap, and a steady-state, line-center optical path length
of 55 ismeasured for a probe beam propagating a ong the length of the trap.
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1. Introduction

Itiswell known that nonlinear optical effects can be enhanced by tuning the frequency of light
passing through a medium close to a material resonance. Despite this resonant enhancement,
the negative effects of strong linear absorption near resonance require a compromise between
working too near or far from a resonance. In a medium consisting of a warm vapor, inhomo-
geneous Doppler broadening produces linewidths that are typically a factor of 100 larger than
the homogeneous linewidth; thus, substantial absorption occurs over a large bandwidth and
the atom-photon coupling is reduced. In a cold atomic sample, on the other hand, the atomic
linewidth is on-the-order-of the natural linewidth because of the quasi-stationary character of
the atoms. Thisallows researchersto either achievefully saturated nonlinearities with aweaker
probe beam or realize new phenomena. Furthermore, tuning close to resonance can mean that
light only strongly interacts with a small number of atomic transitions, thus allowing for sim-
pler, more accurate modeling of the interaction.

Inaddition to allowing ‘ cleaner’ experimental investigations of previously studied nonlinear-
ities (i.e. squeezed light [1], nonlinear beam shaping [2, 3], slow light [4], and nonlinear wave
mixing [5]), cold atoms enable new types of nonlinearities. They allow longer-lasting coher-
ences to be established in a sample, which enables the realization of light trapping schemes
for quantum information processing [6]. Also, because of the more pronounced effects of mo-
mentum transfer on cold atoms, collective effects resulting in the interplay between the atomic
density distribution and optical nonlinearities can result in enhanced emission [7, 8], collec-
tive atomic recoil lasing (CARL) [9], and Bragg scattering [10]. Unfortunately, the potential
benefits of investigating nonlinear optical processes in cold atom systems have typically been
outweighed by the fact that a standard (spherical) magneto-optical trap (MOT) traditionally
has a peak density of 10° — 10! atoms/cm® and an interaction length of several mm. On the
other hand, warm vaporstypically enable one to achieve stronger nonlinearities, as they can be
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Fig. 1. @) The atom trap setup. b) Magnetic field contours (0.6 G/line) resulting from the
magnetic cores (only a portion of the cores is shown). The orientation and polarization of
the trapping beams (red arrows) are also shown, along with the orientation of the quadrupo-
lar field lines.

prepared with densities of > 10 atoms/cm3 and interaction lengths on the order of several cm.

While several techniques have been proposed to increase the density in a spherical MOT
[11, 12], density limitations of 102 atoms/cm? are ultimately imposed by radiation pressure
effects due to the reabsorption of scattered light. To reduce the effects of reabsorption within
the trap volume and, thereby, increase the maximum achievable optical depth [OD; |i/1; =
exp(—OD) wherel; (1) istheinitia (final) intensity], Castin et al. [13] proposed using strongly
deformed traps (either cigar-shaped or pancake-shaped). Vengal atorreet al. verified that photon
rescattering is essentially not important in a 1D sample [15] and were able to achieve densities
of ~ 10" atoms/cm? over several centimeters. Thus, with an anisotropic trap, one can create an
atomic sample with an OD that is comparable to that of a warm vapor, while making use of
all of the advantages of cold atoms. With such a system, new work can be done to investigate
recoil-induced resonances in the high gain regime [16], pattern forming optical instabilities
[17], non-EIT based al-optical switching[16, 18], and atom interferometry [19], which require
ODs beyond those achievable in atraditional spherical MOT.

One new issue faced by anisotropic traps with large ODs is the occurrence of absorption-
induced forces along the optically thick axis of the trap. As the OD of the trap increases, an
intensity imbalance between beams that counterpropagate along the optically thick axis of the
trap develops due to the attenuation of the beams. This produces a spatial localization of the
atoms that limits the maximum optical depth obtainable. In this paper, we give experimental
results that demonstrate the effects of absorption on the formation and steady-state behavior
of the trap, as well as provide a numerical model to confirm our interpretation of the results.
Furthermore, we demonstrate a technique for avoiding absorption-induced forces that allows
us to produce a sample of cold atomswith alarge OD.

The outline of the paper is as follows: Section 2 describes the experimental setup, Sec. 3
details the numerical model devel oped, and results and discussions are presented in Sec. 4.
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2. Experimental setup

In our experiment, asimple setup (which is similar to that of Vengalatorreet al. [14]) isused to
trap 8’Rb from aroom temperature background vapor. We construct a cell using glass windows
(3 cm square x 3 mm thick, Esco Q912125) as walls and a front-surface gold mirror (Esco
ZQ715125C) as the base, which are joined using ultra-high-vacuum epoxy (TRA-BOND BA-
2116). The top of the cell is connected to a glass cylinder that is, in turn, connected to an ion
pump and Rb dispenser casing via a glass-to-metal transition. Figure 1(a) shows a simplified
diagram of the vacuum system and cell along with the placement of the magnets (discussed
below). We use the ion pump to maintain a background pressure of < 5 x 10~ Torr and the
getter isrun at 4 A to release Rb into the cell. After running the getter until the trap forms (5-10
minutes), it does not need to be run for the remainder of the experiment, although we find that
running the getter at alower current (3 A) results in the most dense traps.

To produce the quadrupolar magnetic trapping field (which is effectively independent of
the longitudinal z-position) in the transverse x — y-plane, we use four high-susceptibility ferro-
magnetic cores (i-metal, CO-NETIC AA Sheet CP025-30-14) located external to the vacuum
system and directly under the cell. Because the magnets are outside of the vacuum system, it
is very simple to reorient or modify them (and, in turn, modify the trap location). Figure 1(b)
illustrates the placement of the magnetic cores relative to the mirror as well as the resulting
contours of constant magnetic field in the x — y-plane. Also, Fig. 1(b) shows that the quadrupo-
lar nature of the field (and, therefore, the field gradient) is oriented along lines that are at 45°
to the x- and y-axes. This direction coincides with the trapping beam orientation. The p-metal
cores (5 cm x 5 cm x 0.64 mm) are separated from one another by 1 cm; this is 10 times
larger than the cores used by Vengalatorreet al., and allows for alarger trapping volume. Each
core is wrapped by 200 turns of 20 gauge copper transformer wire to produce the magnetic
fields. We use independent current supplies for the inner and outer pairs of coils to vary either
the magnitudes of the currents in the coils or their ratio while keeping the current in one pair
fixed. The cores are alternately poled and the current ratio between the inner and outer pair is
usualy loyter /linner = 2 with loyter = 400 mA. With this configuration, we can produce a typical
gradient of 10 G/cm with a magnetic-field zero along the entire length of the cell at a height of
3 mm above the mirror. The location of the field minimum and the magnetic-field gradient can
be adjusted by varying the ratio and magnitude of the currents, respectively.

To produce the trapping and cooling beams, we use a Ti:sapphire laser, which is red detuned
fromthe 5S; »(F = 2) «» 5P35(F = 3) cycling transition by two transitional linewidths, T" (for
I'/2r = 6 MHz at FWHM). Also, to keep population from accumulating in the F = 1 state,
we use a repump beam from a diode laser, which istuned to the 5S 1 /5 (F = 1) «» 5P3»(F = 2)
transition and propogates along the cooling beam direction. The diode laser is locked to the ap-
propriate atomic line using a DAV LL active feedback system [20]. The beam geometry, shown
in Fig. 2(a), consists of two counterpropogating beams (the trapping beams) that are circularly
polarized opposite to one another and then reflected off the gold mirror base at 45 ° in the trans-
verse plane. The trapping beams have a semimajor and semiminor axis of 1.5 cm and 1 cm
(defined in the plane perpendicular to the beam’s wave vector, with the semimajor axis along
the z-axis), and an intensity of 7 mW/cm?2. We use another pair of counterpropogating beams
(the cooling beams) to cool the atomsin the z-direction. By using wave platesin various orien-
tations relative to the polarization direction of the cooling beams, we have determined that the
polarization of the cooling beams has no effect on the trap. This insensitivity to the the cool-
ing beam polarization verifies that there is no magneto-optical trapping along the longitudinal
direction. The cooling beams have a diameter of 1 cm, an intensity of 7 mW/cm?, and can be
rotated about the y-axis (the rotation angle in the x — z-plane relative to the z-axis is denoted
by 6). Finaly, we split off a portion of the main Ti:sapphire beam for use as a probe beam
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Fig. 2. @) The experimental beam geometry. The trapping beams are in the x — y-plane
oriented at 45° to the y-axisand the cooling beams areinthe x — z-plane. b) The model beam
geometry with effective cooling and trapping beams shown. Also, the relative direction and
magnitude of the magnetic field are shown.

(Iprobe = 100 uW/cm?) that propogates along the z-axis.

To control the amplitude of the trapping and cooling beams and the frequency of the probe
beam, we use acousto-optic modulators (AOs; IntraAction, 230 4 40 MHz). Also, we double-
pass the probe beam through an AO [21], which enables us to scan the probe several tens of
MHz about the trap beam frequency with negligible angular displacement within the trapping
region.

To image the trap, we use two CCD cameras (one viewing the trap horizontally and the
other vertically), which give us information on the spatial orientation and dimensions of the
trap. Also, we calibrated the horizontal camera by directing a known power onto the CCD,
and we use this power to normalize the fluorescence power emitted by the trap (independent
of the contrast of the camera). We then extract the number of atoms trapped from the fluores-
ence power. Additionally, we measure the absorption spectrum of the weak probe beam with a
photomultiplier tube (PMT; Hamamatsu H6780-20) to determine the OD of the sample.

3. Absorption-induced trapping mechanism

In general, the mechanisms involved in a MOT are well understood. To describe the observed
phonemena, it is usually sufficient to consider the classical forces resulting from an atom with
agiven velocity and position interacting with red detuned laser beams, in conjunction with the
effective detuning due to the Doppler effect and Zeeman level splittings. In the classical picture
of atom-photon interactions, the trap location consists of either the locus of points associated
with stable orbits or the locations in which force balance occurs.

From this classical picture, it is easy to incorporate the effects of laser beam intensity imbal -
ances in determining where a trap will form. An atom in the presence of counterpropagating
beams will preferentially absorb photons from a more intense beam, and will thereby see a net
force in the direction of the stonger beam’s wave vector. Position-dependent intensity imbal-
ances, due either to beam focusing or absorption effects, have been considered as a mechanism
for spatial confinement of cold atoms[22]. In this paper, we ignore the effects of beam focusing
(we consider al beamsto be perfectly collimated), and concentrate on the effects of absorption
on the MOT beams.
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Absorption of a beam through a homogeneous, optically thick sample of atoms
produces an exponential decrease in beam intensity which follows Beer's law as
1(r)/1(0) = exp(— Jg N[r'|ok - dr’) where N[r'] is the density of atoms at I, o is the effec-
tive absorption cross section, and k-dr’ isasmall interval along the beam’s propogation direc-
tion. If the OD (OD= [5N [F]ok - dr’) is small, then very little absorption occurs and a beam
passes through the sampl e unattenuated. Under the assumption that the OD is small, the cooling
beamsin our experiment are predicted to produce only a damping force along the longitudinal
direction of the trap. If, instead, one allows for the possihility of ODs that are large enough
to produce significant attenuation, then the intensity-dependent absorption force can result in
spatial trapping.

We developed a 2D Monte Carlo simulation of the trapping and cooling process to qualita-
tively model the dynamics of trap formation. Figure 2(b) shows the beam and magnetic-field
geometry used for the numerical model as well as theinitial (blue) and fina (red) positions of
the particles. Two sets of counterpropagating Gaussian beams are included in the model, with
the trapping beams along the r-direction and the cooling beams along the z’-direction (i.e., at
an angle O relative to the z-axis). The magnetic field is independent of z and has a constant
gradient along the r-direction. Thus, our model can effectively capture the full 3 dimensional
trapping dynamics because the magnetic field in the experiment can be treated as cylindrically
symmetric with an effectively constant gradient along aline in the transverse plane through the
field minimum. While optical pumping is ignored, we explicitly incorporate the polarization-
selective absorption necessary for spatial trapping dueto the Zeeman effect viathe probabilities
associated with the absorption of a photon from the four laser beams.

In the model, 500 atoms are given random initial positions throughout afixed volume and as-
signed random vel ocities (bel ow a cutoff of 3.5 m/s) that are weighted by aMaxwell-Boltzmann
distribution (with v = 350 m/s). At each time step (which is chosen to be long enough that
the probability of absorption is nearly unity), each atom absorbs a photon from one of the
laser beams and receives a momentum kick in the corresponding direction. The probability of
excitation of an atom due to a monochromatic field is calculated using the rotating-wave and
dipole approximations. The probabilities corresponding to the right/up (+) and left/down (-)
propagating cooling (c) and trapping (t) beams are given by

- 1/4(Q5)?
R = 2 17207 2 + (57K v 1B ¥
PE(rz) = L4 )" @

(T/2)2+1/2(Q¢)%+ (6 F ke V)2’

where § = o — ayp isthelaser detuning, mo is the atomic resonance frequency, k¢ ¢ are the trap-
ping (t) and cooling (c) beam wavevectors, v is the atom’s velocity, and p g and h are the Bohr
magneton and Planck’s constant, respectively. The Rabi frequency for each beam is defined as

@12 = 209 o2 ©
t C£0h_2 L
i2_2|ci|d‘2 2 2 /
(Qc)" = 5 eXp(—r/wg)exp(+n(z']o), 4)
Ceoﬁ

where I, are theinitial intensities of the counterpropagating trapping and cooling beams (be-
fore they enter the trapping region), d is the dipole matrix element for the transition, and Wi
are the beam waists of the trapping and cooling beams, respectively. We define the intensity as
| = (1/2)eoC|Eo|?> where E = Egcos(wt) is the electric field, ¢ is the speed of light in vacuum,
and &g isthe permittivity of free space. Finally, B = A-r represents the magnetic field along the
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Fig. 3. Theeffect of the cooling beam intensity imbalance on trap formation. al)-a4) Exper-
imental longitudinal atomic density profiles that result when 6 = 0, OD= 10, § = —1.5T,
I5:15 = 25:4, 5:3, 3:5, 4:25. b1)-b4) The result of numerical simulations modeling the ef-
fects of intensity imbalance when 8 = 0, OD= 10, § = —T, IT:17=3:2, 5:4, 4.5, 2:3 (note
that OD hereis defined for unsaturated absorption).

direction parallel to the trapping beams, where A corresponds to the field gradient along the r
direction.

The effects of absorption are explicitly included via the z’-dependence of the cooling beam
Rabi frequencies. The term n[z’] in Eq. 4 corresponds to the integrated position-dependent
atomic density at position z’, and is determined by counting the number of atoms between
the beginning of the trapping volume and position z’ along the z’-axis. Because the number
of atoms along the z’-direction does not become substantial until the atoms have already been
trapped in the radial direction, we only consider the number of atomsvery closeto thez’ axisin
our density calculation. It is through the inclusion of this position-dependent attenuation factor
that our model differsfrom previous models and provides a mechanism for intensity-dependent
spatial trapping. .

A normalized probability (PiJ) is calculated for the likelihood of absorption from each beam
as

P! =P/ (R +PR +P +P), (5)

wherei = (t,c), j = (+,—), and P! represents the probability for the absorption of a photon
from any one of the laser beams. With these normalized probabilities, a random number in the
range [0,1] is used to select which beam is absorbed by each atom. Thus, at each timestep,
the positions and velocities of the atoms are appropriately updated, and the integrated density
at each point is calculated. We then use this density in the next step to determine the cooling
beam attenuation (absorption is ignored along the radial direction because the cloud is always
optically thin along this axis). If atoms pass out the trapping region, we consider these atoms
to no longer participate in trapping; when this occurs, a corresponding number of atoms with
random positions and vel ocities are placed inside the trapping region. Radiation pressure forces
due to rescattering have been ignored due to their lack of importance in an effectively 1D trap
[15]. Also, we ignore collisional forces in this model as they present a limitation to trap time
and density but are an isotropic effect and therefore do not play arole in determining the trap
length or location.
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4. Resultsand discussion

In this section, we discuss the effects of absorption-induced trapping and demonstrate both
experimental and numerical validations of this mechanism. Furthermore, we detail a method
for circumventing the deleterious effects of absorption-induced trapping and present data on
our trap.

In order to investigate the effects of absorption-induced trapping, we use an ‘ideal’ beam
geometry where the cooling beams are aligned with 6 = 0. We find that we are limited to pro-
ducing adense, short trap at awell-specified location. The spatial location of the trap formation
is reproducible and depends strongly on the frequency of the trapping lasers and the intensity
imbal ance of the cooling beams. Furthermore, we can produce alocalized trap anywhere along
the region of the magnetic-field minimum and transfer atomic populations from one position
to the next by varying the cooling-beam intensity imbalance. Figure 3 illustrates the effects of
an imposed cooling-beam intensity imbalance on the resulting trap locations. In Figure 3(a),
we show experimental ly-obatined longitudinal atomic density distributions, where the cooling
beams propagate in the horizontal direction. We control the relative intensities of the cooling
beams by rotating polarizers placed in the paths of the linearly-polarized cooling beams. From
top to bottom, Fig. 3(a) shows the traps that result for decreasing values of | J:1;. Thus, while
a trap can be formed anywhere along the region of magnetic-field zero, the trap location is
determined by the cooling beam intensity imbalance.

This behavior cannot be accounted for by a model that ignores the absorption of the cool-
ing beams, as a beam imbalance simply acts to provide a net acceleration for the atoms, but
would not result in a shifted, stable equilibrium position. Aswe have already concluded that no
magneto-optical trapping occurs along the z-direction, we must consider the effects of absorp-
tion on beams propagating along the long axis of the trap in order to explain our experimental
results. When the effects of attenuation are considered, our model confirmsthat spatial trapping
should occur and that, as was seen experimentally, the location of the trap depends on the in-
tensity imbalance of the beams. Figure 3(b) illustrates the results of our numerical simulation,
with the final positions of an initially randomly distributed group of atoms shown in white. By
including both absorption due to the trap and an initial imbalance in the beam intensities, Fig.
3(b) shows that trapping can occur along the region of magnetic-field minimum over arange of
several cm, in agreement with our experimental results.

To avoid the effects of absorption-induced trapping, we alter the laser beam geometry to ex-
ploit the fact that the trap is optically thick along the longitudinal direction, but is effectively
transparent along the transverse direction. This is done by intentionally misaligning the direc-
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Fig. 5. Measured trap absorption. The absorption isfit using linear absorption theory for a
two level atom. The best fit (obtained viaa y? fit) corresponds to OD=55+5.

tion of propogation of the cooling beams with respect to the magnetic-field minimum by an
angle 6. The cooling beams still produce effectively an optical molasses to cool the atoms (due
to their balanced wave vector components along the z-direction), but now they only traverse an
oblique cross section of the trap. Because the trap is optically thin in the transverse direction,
the cooling beams' intensities remain balanced throughout the entirety of the trapping region.

Figure 4 showslongitudinal atomic density profilesthat result when the cooling beams are of
equal intensity and oriented at an angle of & = 0° and 10°. Asin Fig. 3, ashort trap located in
the middle of the trapping region is formed at 6 = 0° but, for 6 = 10°, the trap uniformly fills
the entire trapping region. Furthermore, we find experimentally that this beam alignment results
in amuch more robust trap that is more reproducible and less affected by beam misalignments
and intensity imbalances. The model resultsin Fig. 4(b) demonstrate that, despite the presence
of absorption-induced, intensity-dependent trapping forces, rotating the cooling beams results
in atrap that is spatially unconfined along the magnetic-field minimum. While this technique
of intentional ‘misalignment’ is known to experimentalists [23], thisis, to our knowledge, the
first detailed study of how this approach improves the resulting trap.

After rotating the cooling beams, we produce a trap with a total length of 3 cm (limited
by the length of the cell) and a radius of 0.3 mm (corresponding to an aspect ratio of 100:1).
To measure the OD of the trap, we record the transmission spectrum of a weak probe beam
(Iorobe = 100 uW, 250 um beam radius) propagating along the long dimension of the trap with
the trap beams turned off. By fitting this spectrum using linear absorption theory (assuming a
perfect repump beam), we found that the OD=55+5. The results of this fit are shown in Fig.
5 and correspond to a density of 7 x 101° atoms/cm? with an effective trap length (defined
here as the uniform peak-density region of the trap) of 2 cm. This corresponds to a total of
4 x 108 trapped atoms, which agrees (to within a factor of 2) with the result obtained from the
calibrated fluorescence results recorded by the CCD camera. We obtain these results in steady-
state working conditions (i.e., we do not use transitory laser beam detunings or magnetic field
compression, which have been shown to further enhance the density [16]). Thus, we expect to
be able to use these methods to achieve even larger ODs than those reported here.

We use three methods to determine the transverse and longitudinal temperatures of the trap
(corresponding to the kinetic energy in theradial and z-direction, respectively). First, the steady
state radial size of the MOT was used to determine the transverse temperature of the trap via
T ~ (r?)x/ks (Where x is the MOT spring constant [24]), which gives a value of 35 uK.
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Next, by measuring the decay time of the absorption signal when the trap beams are blocked,
atransverse temperature of 28 uK is calculated, which agrees approximately with the previous
method. Finally, using the counterpropogating trapping beams as pump beams interacting with
aweak probe, weinvestigated the recoil-induced resonance (RIR) feature seen in our absorption
spectra. By fitting the shape of this resonance with the model proposed by Guo et al. [25], we
obtain effective longitudinal and radial distribution widths (7| and 7, respectively, as defined
in [26]) that are identical to within our measurement accuracy (+5 pK) and equal to ~30 uK.
Thefact that these valuesare close (albeit averaged over the trap length) impliesthermodynamic
equilibrium and allows usto discusstransverse and longitudinal temperatures. It isworth noting
that the atoms are cooled substantially below the Doppler temperaturein all directions.
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