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Demonstration of Neutral Atom Trapping with Microwaves
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We demonstrate trapping of neutral Cs atoms by the magnetic dipole force due to a microwave field.
The trap is formed in a spherical microwave cavity tuned near the ground state hyperfine transition
(9.193 GHz). With a microwave power of 83 W, the trap is = 0.1 mK deep. It is loaded with Cs atoms
laser cooled to =4 uK. We observe oscillatory motion of atoms in the trap at frequencies of 1-3 Hz.
This type of trap has certain advantages for achieving the conditions for Bose-Einstein condensation in
hydrogen or the alkalis, because it can confine atoms predominantly in the lowest energy spin state.

PACS numbers: 32.80.Pj, 42.50.VKk, 67.65.+z

Significant progress towards Bose-Einstein condensa-
tion of atomic hydrogen has been made by confining the
gas in a static magnetic trap [1,2]. Unfortunately, this
trap can only hold atoms in the excited (low-field seek-
ing) spin states and as a result suffers from depletion of
the atomic population by intrinsic dipolar spin relaxation
to the ground state in binary collisions [3]. The ideal
magnetic trap for atoms would have a magnetic field
maximum that holds the ground state (high-field seeking)
atoms, but Maxwell’s equations do not allow for a max-
imum in a static field [4]. To solve this problem, Agosta
and Silvera [5] proposed a microwave trap, the mag-
netic-dipole analog of the electric-dipole-force laser trap
[6]. In a microwave trap the atoms can be essentially in
the ground spin state, so that the dipolar decay mecha-
nism is suppressed by a substantial factor {7]. As a re-
sult, higher densities should be obtained for longer times.
In this Letter we present the first demonstration of the
microwave trap, trapping laser-cooled cesium atoms.

The trap is formed in a spherical microwave cavity of
radius 2.25 cm inside a UHV chamber (Fig. 1). The cav-
ity is machined from nonmagnetic stainless steel, giving a
decay time for eddy currents of 0.5 ms, so that we can
rapidly switch magnetic fields during the loading of the
trap. The cavity walls are gold plated to reduce mi-
crowave losses. There are 1 cm diameter access holes for
the atomic beam, the laser beams, and for observation.
Although these were beyond cutoff for microwave propa-
gation, they decreased the cavity Q by increasing the sur-
face area. To create the microwave trap we excite the
TE1, mode [8] at its resonant frequency of 9.44 GHz.
This mode has a magnetic field maximum at the center of
the cavity (see Fig. 1). Critically coupled to the coaxial
input transmission line by a current loop, the measured Q
is 5500. A frequency-locked oscillator, followed by a
traveling-wave tube amplifier, provides microwave power
up to 83 W. This power is dissipated in the cavity walls,
which are water cooled.

The trapping force derives from the magnetic-dipole
(electron spin flip) transition between the |F,mp)=|3,3)

(lower) and |4,4) (upper) hyperfine sublevels of the elec-
tronic 625/, ground state of cesium. The transition fre-
quency is the hyperfine splitting (9.193 GHz) plus a
small Zeeman shift which separates the trapping transi-
tion from other transitions to yield an effectively two-level
system. The microwave field mixes these states and shifts
the energies (ac Zeeman shift, the analog of the ac Stark
shift). In a microwave field gradient this results in a
force called the dipole force. An experimental complica-
tion is that, for practical microwave power levels, the di-
pole force is overwhelmed by gravity (for cesium mg/kg
=1.6 mK/cm). To compensate, we apply a static mag-
netic field gradient of about 2.3 mT/cm to levitate atoms
in the |4,4) state. Unfortunately, the levitating field in-
troduces the new complication that a magnetic field gra-
dient implies a gradient in detuning and hence a gradient
in the admixture of the |3,3) state. This affects not only
the microwave dipole force but also the static magnetic
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FIG. L. Spherical microwave cavity (45 mm diameter) with
holes for atomic beam, laser access, and observation. Not
shown are three pairs of holes in the horizontal plane through
the center. The coils serve both for the magneto-optic trap field
and for the static field during the microwave trapping phase.
The microwave input line is critically coupled and the power is
monitored through an undercoupled output line. The magnetic
field of the TE1;, mode is shown inside the cavity [8].
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force, since the magnetic moments of the |3,3) and [4,4)
states have opposite signs.

The potential for the atoms in the trapping state, due
to static magnetic, microwave, and gravitational fields, is

Ult)=—gB()— 3+ n0()+mgz,

where mgz is the gravitational energy, @ =(w}+5§2)'72,
with the Rabi frequency wg(r) =u,b,(r)/h and the de-
tuning 8(r) =2u,[Bs— B(r)1/A, both functions of posi-
tion; b, is the amplitude of the rf field transverse to the
local static magnetic field B(r). Here 7= % (ugq4+p33)
== g up is the mean magnetic moment of the [4,4) and
13,3) states; py = (§)"?up is the transition dipole mo-
ment; and u, =% (uss—u33) =~ Fup (up is the Bohr
magneton). B is the value of B(r) that would tune the
[3,3)«<~|4,4) transition into resonance with the mi-
crowaves (Bres= 10 mT). We use B(0) =7 mT in the
center of the cavity, so that the cavity frequency is == 80
MHz above the transition (“blue detuning”). The Rabi
frequency wg is proportional to the microwave magnetic
field and reaches a maximum in the center of the cavity.
For the highest power level used, 83 W, we calculate a
central Rabi frequency of wg/2nr=36 MHz. Given the
detuning of 80 MHz in the center of the cavity, the Rabi
frequency throughout the trapping region is small enough
so that the population admixture of one state into the oth-
er stays below about 10%. For blue detuning, the upper
level shifts downward due to the microwaves, so that the
force is towards high microwave field. The lower level
shifts upward, and the force is towards the low microwave
field regions. Since for red detuning the forces point in
the opposite direction, either state (upper or lower) can
be trapped in a microwave field maximum. In the present
experiment we work blue of resonance, so we trap the
upper (]4,4)-like) state. This provides the simplification
of having nearly a two-level system. We have examined
the possibility of trapping the lowest energy (|3,3)) state
by using a magnetic field such that the microwave fre-
quency is red of the |3,3)«>|4,4) transition. Levitation
of the [3,3) state requires — % times the magnetic field
gradient that we use for the |4,4) state. As a result, com-
plications arising from the associated detuning gradient
are aggravated. Calculations show that with our present
design of cavity and magnetic field coils we would have
needed more microwave power than was available [9].
Figure 2 shows a typical calculated trapping potential
in the Oyz plane, taking into account the microwave and
static field profiles. The center of the resonator is at
r=0. The sharp drop in potential energy about 12 mm
below the center occurs because the admixture of the
|3,3) state becomes appreciable. Because the magnetic
moment of this state has the opposite sign to that of [4,4),
the levitation force is reduced. The more gradual in-
crease in potential above the trap is due to nonuniformity
of the levitating gradient. For the highest microwave
power used, 83 W, we calculate a trap depth of 140 uK.
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FIG. 2. (a) Calculation of the trapping potential in a vertical
plane containing the symmetry axis of the microwave mode
(Oyz plane; z is vertical). For this calculation the microwave
power is 50 W. Contour lines are drawh 20 uK apart. (b) Cut
of the same potential along the z axis (y=0).

We load the microwave cavity with laser-cooled cesium
atoms. A chirped laser slows a cesium atomic beam; the
slowed atoms then fill a magneto-optic trap (MOT) [10]
located in the center of the microwave cavity. After the
MOT magnetic field is switched off, the atoms cool in op-
tical molasses [11]. We then turn the lasers off and opti-
cally pump with a pulse of circularly polarized (¢ *) laser
light to increase the population of the |4,4) state. After
this, we have on the order of 107 atoms, with a tempera-
ture between 3 and 5 uK, that can be trapped by switch-
ing on the microwaves and the static magnetic field. The
static field is created with the same set of coils that create
the magnetic quadrupole field for the MOT. During the
MOT phase, the upper and lower coils carry equal and
opposite currents; during the microwave trapping phase,
the lower coil carries more current, producing the neces-
sary bias field and levitation gradient. After a variable
trapping time we analyze the contents of the cavity by
imaging the cloud of atoms with a charge coupled device
(CCD) camera or by using a time-of-flight method in
which the trapped atoms are released to fall through a
probe region [11]. '

In order to obtain an image, we illuminate the atoms
with a 4-10 ms “flash” from the molasses lasers immedi-
ately after turning off the microwave and static fields.
We capture the synchronized video frame that contains
the image of the fluorescence. In Fig. 3 we show a se-
quence where the trapping time increased by 67 ms for
successive frames. Each frame represents a separate trap
loading cycle, because the imaging technique is destruc-

3163



PHYSICAL REVIEW LETTERS

16 MAY 1994

FIG. 3. Sequence of images with 67 ms successive increase in
trapping time. The bright ring is a 1 cm diameter observation
hole in the side of the cavity. For this sequence the microwave
power level was 42 W.

tive. We see that the atoms oscillate along the vertical
direction. The reason is that the potential minimum is
below the center of the cavity (see Fig. 2), which is where
we release the atoms.

In the time-of-flight method we detect the fluorescence
as the atoms fall through a probe beam located 57 mm
below the cavity center. The arrival time at the probe de-
pends on the position and velocity of the atoms at the
time we switch off the trap. In Fig. 4(a) the oscillatory
motion seen in Fig. 3 is evident in the dependence of the
arrival time on trapping time. The oscillation in Fig. 4(a)
is well fitted by the sum of two sine waves, the strongest
of which corresponds to an oscillation with spatial ampli-
tude of 1.5 mm and velocity amplitude of 18 mm/s. The
frequencies obtained from such fits range from 1 to 3 Hz
and increase with microwave power. This increase is ex-
pected because the trap depth, and therefore the curva-
ture of the potential, increases with microwave power. A
calculation of the trapping potential near the well bottom
in fact yields three frequencies, two of which are nearly
degenerate. The calculated frequency for the vertical
motion agrees with either of the fitted frequencies to
within 20%. One expects, however, the vertical direction
to be a principal axis for reasons of symmetry and to see
only one frequency in the time-of-flight signal since it is
only sensitive to vertical motion. The fact that we see
more than one frequency points to a coupling between the
different modes. Trajectory calculations indicate that
significant coupling can be caused by misalignment and
imperfections in the magnetic field, due for example to
the presence of magnetic materials. _

The width of the time-of-flight signal, Fig. 4(b), is
determined by the position and momentum spreads of the
atoms. The width oscillates at twice the frequency of the
arrival time, as one would expect for a harmonic potential
well. This phenomenon is also observed in Fig. 3 as a
“breathing” motion of the cloud as the spread in energy
is periodically traded back and forth between kinetic and
potential energy. From the “breathing” amplitude for
the first 1.3 s in Fig. 4(b) we deduce that the effective
temperature associated with the kinetic energy spread os-
cillates between 3.4 and 1.4 uK while the cloud diameter
(full width at half maximum) oscillates between 1.9 and
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FIG. 4. (a) Time of arrival at the probe beam as a function
of the time the atoms spent in the trap. The solid line is a fit to
a sum of two sine waves. The oscillations correspond to the up-
down motion visible in Fig. 3. (b) Width (FWHM) of the
time-of-flight signal (TOF), showing oscillations corresponding
to the breathing motion in Fig. 3. The solid line that connects
the data is not a fit.

3.0 mm. These diameters agree with the pictures in Fig.
3.

The integrated time-of-flight signal is proportional to
the number of atoms that remain trapped. We find that
this number decreases exponentially with trapping time,
with a typical decay time (1/e) of 1 s. If we use no mi-
crowaves, but do switch on the levitating field, the decay
time is only 0.1 s and no atoms can be detected after 0.4
s. This verifies that the levitating field does not produce a
static magnetic trap. In order to see the influence of
background pressure on the trap lifetime we varied the
pressure by heating the cavity with microwaves. In Fig. 5
we show the number of atoms that survive 1 s of mi-
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FIG. 5. Number of atoms that survive 1 s of trapping at 50
W microwave power, as a function of the ion gauge reading in-
side the vacuum chamber. The straight line represents ex-
ponential decay.
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crowave trapping vs the ion gauge reading in the vacuum
chamber. The strong dependence of surviving atoms on
ion gauge reading can totally account for the typical life-
time of 1 s at a typical gauge reading of 0.4 uPa. We
conclude that collisions with the background gas are the
dominant trap loss mechanism.

Our experimental demonstration of trapping of neutral
cesium atoms using the dipole force due to a microwave
field opens up the possibility of confining the ground spin
states of atomic hydrogen, which cannot be confined in
static magnetic traps. This would reduce the spin-
relaxation rate to much lower values. This mechanism in
static magnetic traps limits the lifetime at high density,
making it difficult to achieve Bose-Einstein condensation.
(Static traps nevertheless achieve conditions close to Bose
condensation [2].) Although the microwave trap is shal-
low, it can in principle be loaded with hydrogen atoms
evaporatively precooled in a static magnetic trap, with
the microwaves adiabatically transforming the atoms to
the stable spin state [12]. For H it would be advanta-
geous to operate the microwave trap in a strong static
magnetic field (a few tesla) in order to reduce the trap
size and power dissipation. This has the additional ad-
vantage that the sample approaches the fully (electron
and proton) spin-polarized state so that it is more stable
against recombination losses. For the alkalis the Zeeman
substructure in the hyperfine ground state is more compli-
cated, but considerations of spin-relaxation collisions are
similar, although in the present experiment the density
(= 10° cm 73) is much too low for spin-relaxation losses
to be a problem. Spin relaxation due to binary collisions
makes it desirable to trap the lowest energy state so that
spin relaxation is energetically unfavorable. This state
could in principle be trapped in a number of different
configurations, depending on the sign of the detuning, the
cavity mode (field maximum or minimum), and magnetic
field (high- or low-field limit). The microwave trap offers
a promising alternative to other ground spin state con-
fining traps, such as the laser dipole-force trap [6], de-
tuned extremely far off resonance and the ac magnetic
trap [13,14]. Detailed study should decide which of these
traps holds the greatest promise for achieving and sus-
taining the conditions for Bose-Einstein condensation.
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