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Transformable optical dipole trap using a phase-modulated standing wave
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We demonstrate a new type of a cavity-enhanced optical trap whose standing-wave potential well can be

transformed by using phase modulation. When the modulation frequency is matched to the free spectral range
of the cavity, the potential well can be changed continuously from a corrugated form of a standing wave to a
flattened form of a traveling wave depending on the modulation index. With the phase modulation, more atoms
are trapped due to the increase in the trap volume, and there is a pronounced increase by a factor of 1.9 when
an optimal modulation is applied. From the increase in number of trapped atoms we also infer that the

temperature associated with longitudinal motion is strongly affected by the transformation of the potential well.
This technique can be used to study collective behavior of trapped atoms and to manipulate atomic distribution

for quantum information processing.
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I. INTRODUCTION

Optical trapping of neutral atoms has evolved into many
different forms and continues to find new and exciting appli-
cations. An optical dipole trap was employed to create Bose
Einstein condensates (BEC) of both rubidium [1] and cesium
atoms [2]. Optically trapped strontium [3] or ytterbium at-
oms [4] are intensively studied as candidates for the next-
generation frequency standard based on the frequency comb
technique.

As first demonstrated in 1993 [5], it is advantageous to
use a laser beam with high power and large detuning in order
to trap many atoms with minimum perturbation. Such a trap
is called a far-off-resonance optical trap (FORT). One mani-
festation of a FORT with extreme detuning and power is a
quasielectrostatic trap produced by a CO, laser [6]. Such a
trap is used to create the rubidium and cesium BEC. Another
approach is to employ an optical resonator as a power
buildup cavity (PBC). Both a ring cavity [7] and a Fabry-
Perot cavity [8,9] were used to increase the intracavity power
by two or three orders of magnitude. In addition to the power
enhancement, a cavity with its boundary condition produces
discrete resonant modes. Interaction between the modes and
the trapped atoms presents many interesting phenomena. For
example, a new cooling mechanism for atoms inside a cavity
stimulated by the cavity modes was discovered [10]. Con-
versely, optically trapped atoms can change the cavity reso-
nance frequency. By manipulating the dispersive property of
the atoms one may be able to construct a device like an
optical transistor. The standing wave formed inside a Fabry-
Perot cavity traps atoms at equally spaced antinodes, thereby
producing an optical lattice [11].

In this paper we report a new type of a cavity-enhanced
FORT whose standing-wave potential well can be trans-
formed by using a phase modulation technique. When the
modulation frequency is matched to the free spectral range,
both carrier and sidebands of the input beam can couple to
the cavity. By adjusting the modulation index, the intensity
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distribution near the center of the cavity can be continuously
changed from a corrugated form of a standing wave to a
flattened form of a traveling wave. Such a capability pro-
vides many interesting experimental possibilities: (i) Dy-
namic control of the modulation index can lead to adiabatic
cooling (or heating) of longitudinal motion of trapped atoms.
The cooling factor is the ratio of the oscillation frequency for
atoms confined in a standing wave to that in a Gaussian
beam. In harmonic approximation it is 27rzo/\, where z; is
the Rayleigh range and A is the wavelength. For our experi-
mental parameters, it is 5.6 X 10*. The cooling is effective
only for the longitudinal degree of freedom and due to the
Liouville theorem such a cooling mechanism cannot increase
the phase space density. As in the cesium BEC experiment
[2], however, with proper addition of trapping beams it can
be used as a step toward an optical BEC. (ii) The standing
wave inside a Fabry-Perot cavity forms an optical lattice.
The height of the potential barrier can be controlled by
changing the modulation index. Recently, BEC atoms trans-
ferred to an optical lattice have opened new research in con-
densed matter physics [12] and quantum information pro-
cessing [13]. The group at NIST developed a superlattice
constructed by two commensurate standing waves to load
BEC atoms in every third site of a one-dimensional optical
lattice [14]. The group at Max Planck Institute developed a
technique to transform an optical lattice by changing polar-
ization of the counterpropagating laser beams [15]. Our
method of phase modulation can add another technique to
the tool box for quantum information processing. (iii) The
phase shift between the transmitted carrier and sidebands can
be used as a sensitive measure of the dispersive property of
trapped atoms in a manner similar to the Pound-Drever-Hall
[16] method which uses the phase shift of the reflected
beams as a measure of frequency offset. The group at JILA
improved the sensitivity of FM spectroscopy dramatically by
using a cavity-enhanced FM spectroscopy, where both carrier
and sidebands are resonant with the cavity [17]. (iv) It is
sometimes useful to have both smooth intensity distribution
and power enhancement without having to use a ring cavity.
For optical trapping, a traveling-wave-like distribution gives
larger trap volume than that of a standing wave. In the ex-
periment to measure the parity nonconservation from atomic
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cesium [ 18], a Fabry-Perot cavity was used as a PBC to drive
a very weak 6S-7S transition. A large intensity gradient of
the standing wave was a source of one of the systematic
effects [19], and the situation could have been ameliorated
by using the phase modulation technique [20].

II. THEORY

When an oscillating electric field E,, sin w,,t is applied to
an electro-optic crystal like lithium niobate (LiNBO3), the
index of refraction of the crystal is modulated by An sin w,,z.
As a laser beam with a polarization along the optic axis
passes through the crystal of length /, its field is phase modu-
lated due to the index modulation. The electric field of the
output beam can  be  written as  E(z,1)
= Eeitko-eorrasin(ont=knd) where ko= wy/c is the wave vector
in vacuum, k,,=w,,/c is the change in the wave vector cor-
responding to the frequency change by w,,. a=Ankyl is the
modulation index. From the Jacobi-Anger relation, the out-
put field can be expanded in terms of a carrier and sidebands,

Equ(z.1) = Ege" 0 0{Jo(@) + 1, (@)e!n~n?
— (@) 4, (1)

where J’s are Bessel functions.

When the carrier is resonant with the nth mode of a
Fabry-Perot cavity of length L (wy=27Xnc/2L) and the
modulation frequency w,, is set to be the same as the free
spectral range (FSR) of the cavity, 27 X ¢/2L, the carrier and
all the sidebands can simultaneously couple to the cavity.
Each frequency component forms a standing wave inside the
cavity. Considering up to the first-order sidebands, the intra-
cavity on-axis intensity distribution over 0<z=<1L is given
by

1(z) = Io{J3(a)sin? koz + J3(a)sin® (ko + k,,)z + J3(a)
X sin?(ky — k,,)z}, (2)

where we neglect interference among the carrier and the
sidebands. The interference terms oscillate at either w,, or its
integer multiples. In our apparatus L=4.15cm, and o,
=21 X3.61 GHz. The frequency is too high for an atom to
follow and it is far away from any of the internal atomic
resonances. We note that the real intracavity field is Gaussian
with its focus at the center and the intensity distribution in
Eq. (2) should be multiplied by the Gaussian envelope factor,
1+(z=L/2)%/z,

If n for the carrier mode is odd, the standing wave has an
antinode at the cavity center. See Fig. 1(a) for n=11. The
first-order sidebands correspond to the (n+1)th modes. The
intensity profile of the twelfth mode is shown in Fig. 1(b).
Because the even-ordered mode has a node at the cavity
center, the intensity distribution near the center becomes flat-
tened when both the carrier and the sidebands are present.
Especially when a=1.2, JS(a):ZJ%(a) and the intracavity
power is evenly distributed between the carrier and the first-
order sidebands. In this case, the intensity profile near z
=L/2 becomes flat as shown in Fig. 1(c). As one moves
away from the cavity center, corrugation grows due to the
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FIG. 1. Intracavity on-axis intensity distributions of (a) carrier
with n=11, (b) first-order sideband with n=12, and (c) sum of the
carrier and the sidebands when the modulation index is 1.2. In this
figure we neglect the Gaussian envelope factor.

accumulated phase mismatch between the carrier and the
sidebands. In the figures we use n= 10 and the corrugation
becomes apparent within half a wavelength. For the Fabry-
Perot cavity used in the experiment n=10° and the region
with local maximum intensity smaller than 10% of the aver-
age intensity extends over =3 mm.

III. APPARATUS

Our experimental apparatus consists of two vacuum
chambers, a cubic chamber for a low velocity intense source
(LVIS) [21] and an octagonal chamber for an optical dipole
trap. The experimental apparatus is shown in Fig. 2 and it
was described in detail in [9]. The PBC placed diagonally
inside the octagonal chamber consists of two identical 2.5
-cm radius-of-curvature mirrors, which are separated by
4.15 cm. The minimum spot size at the center for the Gauss-
ian mode is 48 um. At the design wavelength of 895 nm,
each mirror has 0.35% transmission and the full width at
half-maximum of the cavity resonance is 4.0 MHz. The in-
tensity at the antinode of the intracavity standing wave is
1100 times the peak intensity of the input Gaussian beam.
Because once the chamber is sealed and evacuated we cannot
readjust the cavity alignment anymore, much care was taken
in designing mirror mounts [22]. We use a single-mode Ti-
:sapphire laser as a light source for the FORT beam. We
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FIG. 2. (Color online) Experimental apparatus. TSL: Ti:sapphire
laser, OI: optical isolator, EOM: electro-optic modulator, PBS: po-
larizing beam splitter, CSA: confocal spectrum analyzer, LVIS: low
velocity intense source, FORT: far-off-resonance optical trap, and
PD1 and PD2: photo-detectors for the PBC and CSA transmissions,

respectively. Vertical beams for the LVIS and the second MOT are
not shown.

developed systems that control all aspects of the laser beam,
namely mode matching and frequency locking/relocking to
the cavity, power stabilization, as well as polarization con-
trol. Details of the frequency control are given in [23].

A slow atomic beam is produced by the LVIS constructed
around the cubic chamber. The slow beam is used to load
another magneto-optical trap (MOT), which we call a second
MOT, formed at the center of the octagonal chamber [24].
The pressure in the octagon is 1.3X 10~ Torr. Trapping
beams for the LVIS and the MOT are provided by two 60
-mW slave lasers injection-locked by a single master laser.
Spatial mode of the trapping beam affected MOT shape and
its overlap with the FORT beam. The trapping beam for the
second MOT is spatially filtered by a 15-um pinhole and the
mode-filtered power is 30 mW. Another extended-cavity di-
ode laser is used to provide hyperfine repumping for both the
LVIS and the second MOT. We use a dark-spot MOT to
maximize transfer efficiency from the second MOT to the
FORT. A 5-mm diameter dark spot on the repumping beam is
imaged at the center of the octagon by a 2-m long telescope.
In order to measure the number of trapped atoms, fluores-
cence from the atomic cloud is imaged onto a photodiode.
We also have a setup for absorption imaging to measure the
spatial distribution and temperature of the optically trapped
atoms.

A new feature of the apparatus is a phase modulation
system shown in Fig. 3 based on a microwave electro-optic
modulator (EOM). We use a YIG (yttrium iron garnet) oscil-
lator (Micro Lambda Model MLOS-0104A) to provide 3.61
-GHz microwaves to the EOM (New Focus Model 4431).
Because the modulation frequency should match the FSR of
the cavity within a small fraction of the 4.0-MHz cavity line-
width, we installed a digital servo system that could keep the
YIG frequency stable to within 10 kHz. A computer moni-
tors frequency drift using a stable frequency counter and an
analog output from the computer controls a precision current
supply to fine tune the YIG oscillator. Output power of
40 mW from the YIG oscillator goes through a circulator
(Nova Microwave Model 0380CES), which protects the os-
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FIG. 3. (Color online) Phase modulation system. YIG: yttrium
iron garnet tuned oscillator, SW: TTL-controlled microwave switch,
VCA: voltage-controlled attenuator, and AMP: power amplifier.
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cillator and directs reflected power to the frequency counter.
A TTL-controlled switch (Universal Microwave Components
Corp. Model SR-S010-15) and a voltage-controlled attenua-
tor (Universal Microwave Components Corp. Model AT-
HO00-HV) controls power. Finally, a power amplifier drives
the EOM. The custom-made amplifier (Microwave Amplifi-
ers Ltd. Model 38-3.5S) has a fixed gain of 30 dB near
3.6 GHz and puts out up to 5 W. The EOM crystal is placed
in a microwave resonant cavity and its cavity linewidth is
only 1 MHz. At resonance the EOM is a 50-() load, but off
resonance it reflects much of the applied microwave power.
A circulator and an isolator (not shown in the figure) are
added between the amplifier and the EOM to monitor the
reflected power as well as to protect the amplifier. The EOM
resonant cavity can be tuned over 100 MHz near 3.6 GHz
using a tuning fork.

In order to reach the target modulation index of 1.2, ap-
proximately 2.5 W of microwave power should be applied to
the EOM. Such a high-power operation causes a few prob-
lems. First is a thermal drift of the EOM resonance fre-
quency and subsequent reflection of the microwave power.
Second, a thermal lensing effect from inhomogeneous warm-
ing of the EOM crystal and subsequent steering of the laser
beam can result. To reduce these thermal effects, we cooled
the EOM down to 0 °C using both thermoelectric coolers
and a water cooling system. We placed the EOM and the
cooling system in a vacuum can to avoid water condensation
on the EOM windows. With the cooling, the thermal drift is
reduced enough to allow stable production of the sidebands,
and the thermal lensing is also substantially reduced. As «
approaches 1.2, however, the FORT beam is still steered off
the input mirror of the Fabry-Perot cavity, which is placed
2 m downstream from the EOM. Fortunately, the thermal
lensing effect only steers the beam without degrading its
Gaussian mode. We can restore most of the power buildup by
simply realigning the beam. The need for a realignment,
however, means that dynamic control of the modulation in-
dex is not possible with our current setup.

IV. EXPERIMENT AND RESULTS

Each measurement cycle begins by loading the second
dark-spot MOT from the LVIS beam for 3 s. The FORT
beam either with or without the phase modulation stays on
while the MOT is loaded. At the end of the MOT loading
period, we close shutters for the LVIS light and there is an
optional FORT loading stage of 50 ms during which the re-
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FIG. 4. Spectrum of a phase-modulated laser beam (a) after the
EOM and (b) after the PBC. The small features are from 60-Hz
noise.

pumping power and trapping power and detuning can be
changed. It is followed by a FORT holding period of at least
200 ms during which the second MOT light is off and un-
trapped MOT atoms disperse away. Then we turn off the
FORT beam and immediately turn back on the MOT light
and integrate the imaged fluorescence for 220 ms to measure
the number of atoms that stay trapped in the FORT. Because
the LVIS is off, virtually no atoms are added to the second
MOT during this fluorescence measurement. Finally, there is
a 160-ms MOT-off time followed by another 220-ms MOT
fluorescence measurement to find background offset due to
light scattering. The next measurement cycle is initiated as
soon as the Ti:sapphire laser frequency is locked to the cav-
ity by an automatic relock system. For a typical FORT load-
ing experiment, we use a FORT beam wavelength of
895 nm. The maximum power transmitted from the cavity is
90 mW, which implies that at the antinode the intensity is
2.9 MW/cm? and the well depth is 9.0 mK. A FORT loading
experiment without a phase modulation is described in our
previous publication [9].

In order to add the phase modulation we first align the
polarization of the FORT beam vertically along the optic axis
of the LiINBOj crystal by rotating the optical isolator. An
upstream half-waveplate controls the laser power transmitted
through the isolator. We measure the fractional size of the
sidebands and thereby the modulation index using a confocal
spectrum analyzer with 3.0-GHz FSR. See Fig. 2. Figure 4(a)
shows the spectrum of the beam after the EOM when 2.5 W
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FIG. 5. Number of optically trapped atoms without phase modu-
lation (lower curve) and with an optimal phase modulation (upper
curve).

of microwave power is applied. The EOM resonance fre-
quency is tuned by minimizing the reflected power. The size
of the first-order sideband is approximately half of the car-
rier, and the spectrum is symmetric with respect to the car-
rier. Next, we lock the laser frequency to the PBC and mea-
sure the spectrum of the transmitted beam by directing it to
the same confocal spectrum analyzer through a polarizing
beam splitter. When the modulation frequency is the same as
the FSR of the PBC, the fractional size of the first-order
sidebands on the upstream and downstream sides of the PBC
should be the same. See Fig. 4(b). More sensitive measure of
the frequency matching, however, is the asymmetry between
the plus and the minus first-order sidebands of the down-
stream beam as the carrier frequency is slightly detuned from
the cavity resonance. We use this technique by locking the
carrier frequency to either side of the PBC resonance and
find that the FSR of the PBC is 3.6114 GHz.

Curves in Fig. 5 show the number of atoms trapped in the
FORT while the well depth U is changed. The lower curve
is without the phase modulation and the upper one is when
the modulation index is 1.2. Each pair of data points at the
same U, are taken with the power transmitted through the
cavity kept constant. Uy is defined as the peak well depth at
an antinode of the standing wave without phase modulation
for a given PBC-transmitted power. When a=1.2, the actual
well depth of the flattened potential is half of U,. From the
data we first note that the number N of trapped atoms tends
to saturate after Uy/kzp=6 mK. In an optical trap N is limited
by the atom number density, or equivalently by the effective
trap volume. As long as the ratio of the temperature of
trapped atoms to the local well depth is constant, the trap
volume does not increase with the deeper well. From the
temperature measurement using absorption imaging we find
that the ratio kzT/U, is constant at ~0.4. Second, we note
that there is a factor of 1.9 increase in N when the optimal
phase modulation is applied for Uy/kp larger than 5 mK.
This can be explained by the increase in the trap volume. The
potential well of a phase-modulated standing wave near the
cavity center can be written in cylindrical coordinate as

Ulp,z) =— er‘zpz/wé[ﬁ cos? kyz + (1 = B)sin” kyz], (3)

where wy is the minimum spot size, and S is related to the
modulation index by
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B=1 corresponds to =0 and =0.5to a=1.2. From the
potential well we can calculate the effective trap volume
over a half wavelength assuming a Maxwell-Boltzmann dis-

tribution:
N4 2
s [ f eXp{Q(z,ﬁ)/n}dZ]
TTW, _
V() = L0 B2 . 5)

exp{20(z, B)/ p}dz

B f
N4

where 9=kzT/U, and Q(z,B)=p cos’kyz+(1—B)sin’kyz.
For a transverse confinement, we use a harmonic approxima-
tion, e2?M~1-2p*/w2, and put |U(0,0)|=BU, as the
peak well depth. From the temperature measurement we find
that as the peak well depth is reduced to BU, due to phase
modulation, the temperature associated with transverse mo-
tion is also reduced by the same factor keeping the ratio
kgT/BU, constant at ~0.4. As a consequence, the effective
trap area associated with the Gaussian beam profile,
nww(z)/ B, remains constant. For a longitudinal confinement,
we carry out numerical integrations along z to find that the
ratio, Veg(0.5)/veg(1), is 1.6. This ratio is 15% smaller than
the measured value of 1.9 in Fig. 5. We note that the ratio 1.6
is from the increase in trap volume over a single antinode
and if atoms spread more along z axis due to flattening, there
may be further increase in trap volume. When atoms are first
loaded to an optical trap, their spatial distribution is largely
determined by that of the MOT atoms. However, unlike a
standing wave optical trap, where loaded atoms are confined
to each antinode, in a phase-modulated case atoms can spill
over to both sides along z axis. Unfortunately, we cannot
measure the elongation factor because immediately after the
FORT loading period there is a large background from
nearby MOT atoms. We can only take the image after 200
-ms FORT holding time, and from that measurement we find
that the image with the optimal phase modulation is almost
twice longer than that without a phase modulation. This mea-
surement supports our hypothesis of the increment by spill-
over effect.

Next we measure N as the modulation index is increased
while the PBC-transmitted power is kept constant at Uy/kp
=9 mK. The ratio of N(r)/N(0) is shown in Fig. 6, where
r=(1-B)/2p is the fraction of a single first-order sideband
power to the carrier power. The experimental data (@) shows
a pronounced peak at r=0.5, where the potential well is flat.
As the microwave power applied to the EOM is further in-
creased, sideband-dominated corrugation appears and N be-
gins to decrease. When r=0.6, however, the second-order
sideband, which has been neglected so far, has 13% of the
carrier power. The potential well is less corrugated at r
=0.6 than at r=0.4, and N(0.6) > N(0.4). The theory curve
(A) is from the second factor in Eq. (5) multiplied by the
elongation factor. We assume that the elongation factor
scales linearly with r and put it to be 1+0.3r. The theory
curve shows poor agreement with the data. Due to the elon-
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FIG. 6. (Color online) Fractional increase in the number of
trapped atoms when the phase modulation is applied. r is the frac-
tion of a single first-order sideband power to the carrier power. O:
experimental data, /AA: theory curve when longitudinal temperature
is assumed to be the same as the transverse temperature, and @:
theory curve with corrected longitudinal temperature. The inset
shows the potential well along z axis with phase modulation.

gated shape of the atomic cloud we cannot measure the lon-
gitudinal temperature with enough precision, and for this cal-
culation we simply assume that it is the same as the
transverse temperature, 0.48U,/kz. As shown in the inset,
however, the minimum well depth, from which the
MOT atoms are transferred to the optical trap, is not 0, but
(1-B)U,. Because the temperature of optically trapped at-
oms is a fixed fraction (~0.4) of kinetic energy gained by
MOT atoms during their fall into an optical potential well,
we expect the longitudinal temperature lower than
0.4BU,/kg. To take it into account, we define an effective
well depth Uy for the longitudinal degree of freedom as
BU,—q(1-B)U,, with 0<g=< 1, and put the temperature to
be 0.4U./kp. We obtain best agreement with the data at g
=0.75 as shown in the third curve (O). This analysis implies
that the longitudinal temperature is substantially lower than
the transverse temperature, leading to decrease in trap vol-
ume for r<<0.5. At r=0.5 the trap is flat and its effective
length over an antinode is A/2 independent of the tempera-
ture.

Finally, the lifetime of the atoms trapped in the FORT is
measured by obtaining the number of atoms left in the FORT
while increasing the FORT holding time from 200 ms to a
few seconds at proper intervals. The lifetime is 450 ms re-
gardless of the modulation index. The lifetime is largely lim-
ited by the collision with background molecules and it is not
affected by the detailed shape of the potential wells.

V. SUMMARY AND DISCUSSION

We constructed an optical dipole trap using a PBC and
developed a phase modulation technique to transform its po-
tential well continuously from a corrugated form of a stand-
ing wave to a flattened form of a traveling wave. The number
of trapped atoms increases by a factor of 1.9 due to the
increase in trap volume. Dynamic application of the phase
modulation can lead to adiabatic cooling and manipulation of
trapped atoms for quantum information processing. Due to
the thermal lensing problem, however, dynamic control was
not demonstrated in this work. For dynamic control, we plan
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to use a device for an automatic beam alignment to counter-
act the beam steering by the EOM. Alternatively we may use
a solid etalon, whose transmission peaks coincide with the
sidebands, so that smaller modulation index results in a flat
potential well.
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