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Abstract Optical dipole trap (ODT) is becoming an important tool of manipulating neu-
tral atoms. In this paper ODT is realized with a far-off resonant laser beam strongly fo-
cused in the magneto-optical trap (MOT) of cesium atoms. The light shift is measured by
simply monitoring the fluorescence of the atoms in the magneto-optical trap and the opti-
cal dipole trap simultaneously. The advantages of our experimental scheme are discussed,
and the effect of the beam waist and power on the potential of dipole trap as well as
heating rate is analyzed.
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Since it was first proposed in 1962, optical dipole force (ODF) has been used in trap-
ping various particles from cells, molecules to neutral atoms'!. With the landmarks by
Chu in 1986, ODT has become a great tool of atom cooling and trapping'®. Based on the
extremely low optical heating rates of atoms, the trapping independence of the particular
sub-level of the electric state and a great variety of trap geometry of the far-off resonant
beam, ODT provides a perfect solution for the investigations on dynamics of atomic in-
ternal states”). Single atoms can even be trapped with the novel designed schemes, and
the interest of ODT increases very rapidly due to the progress of atom manipulations'*”).
Obviously the optical dipole trap will be the most important method to control the indi-
vidual particles eventually.

For the final aim of realizing the optical trapping of single atoms in a micro-cavity, we
first build a single beam dipole trap loading from a MOT continuously in free space. Al-
though this type of trap has no novel structure compared with other standing wave traps,
and comprehensive operation between multiple traps cannot be applied, a single focused
beam dipole trap has still wide applications in many fields for its simpleness of operation,

such as atom confinement of Bose-Einstein-Condensation of atoms and molecules® ”
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and quantum degeneration of Fermi atoms!'"".

Generally, the properties of cold atoms, such as temperature, atom number and volume,
instead of those characters of trap itself were studied widely in early papers. Although the
measurement of trap frequency is a common method to determine the trap potential, a
relatively complex system for measurement of low-frequency oscillation of atoms mov-
ing inside a trap is needed'"'"*.

In this paper, we report the experimental results of optical dipole trap by utilizing a
far-off resonance trap (FORT) beam detuned on either D, or D, line of cesium atoms and
focused on the conventional magneto-optical trap (MOT) from vapor chamber!'>'*. The
light shift of the atoms in ODT is measured directly by recording the 2D fluorescence
spectrum of Cs atom D, line at 894 nm from the atoms located in MOT and ODT simul-
taneously. This is a novel and simple method for determining the potential depth espe-
cially for those relatively shallow wells.

When an atom is placed in the laser field, the atomic energy level can be shifted due to
the interaction between the light field and the induced dipole moment, also called AC
Stark shift or light shift. The atom undergoes the optical dipole force, which varies di-
rectly to the intensity gradient of light field.

Considering the usual practical condition, the potential depth can be simplified as
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where A=wm, —w,, is the detuning; ay is the laser frequency; @, the atomic resonance

frequency; 7/~ the atomic natural decay rate; /() the light intensity.

Depending on the sign of detuning, there are two kinds of dipole traps: red-detuned
trap and blue-detuned trap. For the red-detuned trap, the potential minimum appears
when the laser intensity reaches its maximum. Therefore, atoms are pushed towards the
focus of laser beam. In experiment, the laser beam is focused in order to get deeper di-
pole potential and localize the atoms with relatively intense laser beam.

Although the excitation is kept low in the dipole trap, the atoms still have the chance
to absorb the photons from the light field and reemit them as dipole radiation. This is one
of the factors that determine the heating effect on the trapped atoms. The scattering rate is
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Scattering rate is proportional to reE Therefore, the optical dipole trap usually em-

ploys a large detuning and high intensity beam to keep the scattering rate as low as pos-
sible while maintaining a certain potential depth.

The effects of laser waist and laser power on the dipole potential and scattering rate
are given in Fig. 1, where we use //2n = 5.3 MHz and the detuning A = 120 GHz. The
light intensity is directly determined by the power and the size of the beam. For Gaussian
beam, we have
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Fig. 1. The relationship between dipole potential (U), scattering rate (/) and the laser power (P) and the waist
radius (@) of the beam.
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where @(z) is the radius of the beam at z. Dipole potential increases with the laser power
increasing, and the scattering, i.e. the heating rate shows the same tendency. Therefore,
the proper laser power should be chosen to avoid excessive heating. In addition, the trap
potential decreases fast with the increase in the laser waist. In order to reach deeper di-
pole potential and control more localized atoms, the laser beam should be strongly fo-
cused. Since the depth of the potential here in our experiment is not so high, we do not
systematically measure the potential as a function of the above parameters based on the
method discussed below.

Cesium cold atoms are prepared from a vapor chamber by a conventional mag-
neto-optical trap"> "\, The magneto-optical trap is composed of three pairs of counter-
propagating ¢'-o” laser beams intersecting at the zero-magnetic field point of the spheri-
cal quadruple magnetic field. The cooling laser is frequency locked and biased to the Cs
atom hyperfine transition F, = 4—>F, = 5 with the light power of each beam about 8 mW
and the diameter about 15 mm. The repumping laser is locked to hyperfine transition F,
= 3—>F, = 4 with the laser power about 10 mW and the diameter about 15 mm. The
magnetic field gradient is 10 G/cm along the axial direction. The vacuum pressure is
about 5107 Pa. Typical parameters of cold atoms after the loading of 5 s are as follow-
ings: the diameter is approximately 1 mm, the atom number is about 1x10” and the aver-
age density is about 10'® atoms/cm’.

Fig. 2 shows the hyperfine transitions of D; and D, line of cesium. The wavelengths of
MOT lasers are both around 852 nm. As the dipole beam, two configurations can be
chosen. The dipole laser is red detuned either from D, line (852 nm)(Fig. 2(a)) or from
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D; line (894 nm)(Fig. 2(b)). The dipole trap has no much difference between the two
configurations, but the measurement of the fluorescence is different in experiment. For
the latter choice, no matter what wavelength of the probe laser is, there is obviously
strong background either from cooling beam or from FORT beam, which may cause the
reduction of signal-to-noise ratio of the fluorescence signal from ODT atoms.
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Fig. 2. Relevant hyperfine energy levels of cesium atom. The solid arrow line and the dash arrow line are cooling
light and repumping light of MOT; the solid-dot arrow line is the dipole laser named ODT in figure; the dot arrow
line is probe laser. (a) and (b) correspond to the two configurations in the experiment.

The experimental scheme of dipole trap is shown in Fig. 3. A single mode, linear po-
larization Ti:Sapphire laser is red detuned about 120 GHz to the Cs atom D, line and
serves as a dipole trap beam. This detuning is measured by a reference Fabry-Perot cavity.
The linewidth of the laser is about 200 kHz near 852 nm. At the MOT center, the dipole
laser beam is focused with a waist size of approximately awy = 50 um, which is measured
from the diameter of cloud of cold atoms. When the laser power is 300 mW just in front
of the window of the chamber, the average intensity at the waist is about 900 W/cm?, the
potential depth is supposed to be 1.9 mK, and the lightshift is 40 MHz with the photon
scattering rate of 11000 atoms per second. The corresponding trap frequency in the radial
direction w, is about 2nx7 kHz, and in the axial direction . is about 21tx13 Hz.
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Fig. 3. Experiment scheme. Ti:S, Ti:Sapphire laser; 1/2, half wave plate; PBS, polarization beam splitter; TS, tele-
scope; FL, focus lens; CCD, CCD image system; BS, 50% beam splitter; HR, high reflector; WM, wavelength meter;
FP, Fabry-Perot cavity; D, detector; S, oscilloscope; MOT, laser beam of MOT.

Fig. 4 shows the 2D and 3D fluorescence images of MOT and ODT recorded at 852
nm and 894 nm respectively. The size and intensity of MOT are larger than ODT obvi-
ously. The diameters of MOT and ODT are approximately 1 mm and 100 pm, respec-
tively. The great difference of diameters between the two axes of ODT is due to the spa-
tial distribution of the focused Gaussian beam.
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Fig. 4. 2D and 3D fluorescence image of MOT (left side) and ODT (right side).

The effective temperature of cold atoms in MOT is measured by the short distance
time-of-flight (TOF) with a probe beam a few millimeters beneath MOT!®\. The meas-
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ured effective temperature is about 70 uK, showing that the atoms can be loaded into
ODT.

Generally the trap frequency of the confined atom is modeled as a harmonic oscillator
and is measured to determine the trap potentiall''l. In such measurement, the trapping
light or the magnetic field is interrupted to drive the trapped atom into oscillation and the
oscillation period of cold atoms is recorded by applying a probe light. The potential can
then be decided by the oscillation frequency. The potential depth can also be estimated by
the frequency shift of the energy level of atom, which is measured by the fluorescence
spectrum at 894 nm from the atom in ODT. In our experiment, a diode laser operating at
Cs atom D, line is applied as a probe to illuminating the cold atoms. When the laser fre-
quency scans between cesium Dy line hyperfine transition 6S,, F, = 4—>F, = 3 to 65,
Fy=4—>F, = 4, the fluorescence from atoms in MOT and ODT can be extracted from
different pixels on CCD. In Fig. 5, we show the fluorescence spectra of atoms from MOT
and ODT extracted from different CCD pixels. The way to do this is to find a pixel A at
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Fig. 5. The fluorescence spectra of MOT and ODT sweeping between Cs D, line hyperfine transition 6S;,, Fy =
4—>F, = 4 (marked T44) and 6S,,, F, = 4—>F, = 3 (marked T43). The details of light shift appearing on transition
68, Fy =4—>F, =3 are shown in the lower figure.
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the center of ODT on CCD whereas another pixel B that is far from ODT is still in MOT.
The distance between A and B is 70 pm and the change of fluorescence can be measured
by scanning the frequency of the probe. The whole frequency range between the two
peaks of cesium D, line hyperfine transition 6S;,,, Fy = 4—>F, = 3 and 6S,p, Fy = 4—=>F,
=4 is 1167.68 MHz. The spontaneous emission peak of ODT (dashed trace) is blue
shifted about 24 MHz from the peak of MOT (solid trace). The corresponding dipole po-
tential depth is 1.1 mK. The measured light shift on the transition 6S,,, Fy =4-—>F, =4 is
the same with 6S,, Fy = 4—>F, = 3.

The theoretical light shift is about 40 MHz based on the above mentioned parameters.
The deviation between the measured light shift and the supposed result based on the
setup is obvious. The main reason for this discrepancy is the inaccurate estimation of the
size of the beam waist. Since the potential is very sensitive to the size of the beam (pro-
portional to 1/w?). Another important factor is the noise of the laser beams, including the
intensity, the phase and the beam pointing instabilities of the FORT beam and the laser
cooling beams. The noise of the FORT beam will cause the vibration of the potential and
randomly change the potential depth, and the atoms cannot be trapped at the real bottom
of the shallow optical trap. We are evaluating the effect of this problem but have not got
the final results since the phase noise of the laser beams can convert to intensity noise
due to the diffusion of optical elements, and we have not figured out how much the con-
version it is in our system. The last factor, which may not be the key point but should be
mentioned, is the distance between A and B, which is not far enough, and the fluores-
cence from MOT may be still affected by the dipole beam. Yet, this measurement pro-
vides a simple way to test the light shift and it can be used in the usual experiment when
we improve the system considering the above factors.

In conclusion, a vapor cell magneto-optical trap is employed in preparing cesium cold
atoms, and the optical dipole trap is realized by applying single traveling wave of
far-off-resonance laser focused into MOT center. We apply a new method for measuring
the light shift of the atoms in ODT by the fluorescence spectrum of the atoms in MOT
and ODT simultaneously. This is an easy way to determine the potential depth especially
for those relatively shallow wells.
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