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Extending a release-and-recapture scheme to single atom
optical tweezer for effective temperature evaluation®
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By recording the fluorescence fraction of the cold atoms remaining in the magneto-optical trap (MOT) as a function

of the release time, the release-and-recapture (R&R) method is utilized to evaluate the effective temperature of the cold

atomic ensemble. We prepare a single atom in a large-magnetic-gradient MOT and then transfer the trapped single atom

into a 1064-nm microscopic optical tweezer. The energy of the single atom trapped in the tweezer is further reduced by

polarization gradient cooling (PGC) and the effective temperature is evaluated by extending the R&R technique to a

single atom tweezer. The typical effective temperature of a single atom in the tweezer is improved from about 105 pK

to about 17 uK by applying the optimum PGC phase.
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1. Introduction

The single atom is a nearly perfect quantum sys-
tem. It allows us to demonstrate many non-classical
properties and verify some quantum theories based on
a trapped single atom. In all the applications of a sin-
gle atom in quantum computer and quantum informa-
tion processing, the control of all degrees of freedom is
required. This is obvious in that the demonstrations
of many of the experiments rely on the ability not only
to manipulate the internal states, in which the quan-
tum information is encoded, but also to control the
external states, such as spatial locality, temperature
and trapping lifetime.[!—3]

With the help of the optical field gradient force,
rl4=7 can trap objects with its large
restoring force and long coherence time.
ular, the far-off-resonance microscopic optical trap
(tweezer) can realize the full control of internal and
external degrees of freedom of a single neutral atom,
which provides a good playground for the research of
light-matter interactions at the levels of the single-
atom and the single-photon.[!=38-19 However, high-
temperature atoms in the tweezer lead to an inhomo-
geneous broadening of the transition frequency and a

an optical tweeze
In partic-

short trapping lifetime. These have been shown to be
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able to limit the further applications in many exper-
iments. For instance, the inhomogeneous dephasing
of atomic qubits arises because of the large spatial
variation of the trapped atom.''='3] When the two-
photon stimulated Raman adiabatic passage is used to
prepare the trapped atom in a coherent superposition
quantum bit (qubit) state, the Rabi oscillation signals
damp quickly. The trapped atoms have different light
shifts, thereby yielding very short decoherence time for
atomic qubits.!*~16! Using laser cooling, the tempera-
ture of the trapped atoms can be decreased.17] Fur-
thermore, the application of cooling may contribute
to the improvement of the quantum coherence of the
trapped atoms. For the above-mentioned applications,
lower-energy trapped atoms may extend the dephas-
ing time or the decoherence time. In addition, cooling
can reduce the energy of the trapped atoms and keep
trapped atoms at the bottom of the tweezer. There-
fore, the linewidth of the fluorescence spectrum of the
emitted single photons from the single atom trapped
in the tweezer is narrowed.!]

The effective temperature of a single atom in the
optical tweezer is an important parameter in many
atom-photon experiments. Therefore, the implemen-
tation and the evaluation of the cooling efforts are
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important for many purposes. For a single atom
trapped in a tweezer, the temperature cannot be
measured directly. One usually measures the posi-
tion, the velocity or the energy distribution of the
trapped atom, from which the temperature is then de-
duced. In recent years, some efforts have been made to
achieve the temperature of a single atom in the opti-
cal tweezer.'17-19 Release-and-recapture (R&R) is
a common way to study the properties of trapped cold
atoms. It provides a measurement of the velocity dis-
tribution. Therefore, the R&R technique? can be
extended to evaluate the effective temperature of a
single atom in a tweezer.['7]

In this paper, we describe an experimental system
which can load a single atom from a magneto-optical
trap (MOT) into a microscopic tweezer with high ef-
ficiency. The effective temperature of the single atom
in the microscopic tweezer is decreased by polariza-
tion gradient cooling (PGC) and the R&R technique
is extended to measure the effective temperature of a
single atom. The experimental results are discussed

in detail.

2. Experimental setup

A schematic diagram of the experimental setup
is shown in Fig. 1. The details have been described
elsewhere.[21=23 A glass ampoule containing high pu-
rity cesium atoms which can be released into the MOT
area by a special ultra-high vacuum (UHV) mechanic
shutter was sealed in an oxygen-free copper tube as the
cesium atom source. In our large-magnetic-gradient
MOT system, cooling/trapping laser beams and re-
pumping laser beams were provided by two homemade
852-nm grating external-cavity diode lasers (ECDL)
in the Littrow configuration. The two pairs of beams
in the horizontal plane intersected with the glass
cell at a 60° angle. The total power of the coo-
ing/trapping beams was 0.6 mW, their 1/e? diam-
eter was 2 mm and the frequency detuning from the
(6S1/2Fg=4)—(6P3/5Fe=5) cooling cycling transition
was —27v (v/2m = 5.22 MHz is the natural linewidth
for the Fg=4-Fe=5 transition). The laser frequency
was stabilized by using the modulation-free polariza-
tion spectroscopic locking scheme. The repumping
laser, which had a power of 0.1 mW, was locked to the
(6S1/2Fg=3)—(6P3/oFe= 4) hyperfine transition using
the radio-frequency modulation spectroscopic locking
The magnetic field of the MOT was pro-
duced by a pair of water-cooled anti-Helmholtz coils.

scheme.

The supplied 20-A current, which yielded a magnetic
field gradient of ~30 mT/cm (about 300 Gauss/cm)

in the axial direction of the coils, could be switched
off completely within 3.9 ms by using our control elec-
tronic circuits. The laser-induced fluorescence (LIF)
photons of the cold atoms in the MOT were col-
lected by a lens assembly with a numerical aperture of
0.29 and were then coupled into a multi-mode-fiber-
coupled avalanche photo-diode (APD) working in the
photon-counting mode.

PM fibre

optical tweezer
laser

cooling beams
repumping beams

multi-model
fibre

Fig. 1. (colour online) Schematic diagram of the experi-
mental setup. APD: avalanche photodiode working in the
photon-counting mode, IF: 852-nm interference filter, PM
fibre: polarization-maintaining fiber.

The tweezer beam was provided by a home-
made laser-diode-pumped Nd:YVO, single-frequency
1064-nm laser, which is guided by a polarization-
maintaining (PM) fibre to a lens that expands the
beam diameter to about 20 mm. Then the beam was
tightly-focused into a vacuum cell with a waist ra-
dius of 2.3 pm using a lens assembly. The background
photon-counting rate for the tweezer laser beam at
47 mW was 30 s™! (including the APD dark counts
of 25 s71). This low background photon counting was
achieved with the help of an 852-nm high-transmission
(82%) narrow-band (4 nm) interference filter (IF) in
combination with the specific arrangement of our sys-
tem.

3. Loading single atom from an
MOT into a microscopic opti-

cal tweezer

A tightly-focused red-detuned far-off-resonance
TEMgp-mode Gaussian laser beam leads to three-
dimensional tweezer. In the case of a linearly-
polarized laser beam, a large detuning and multiple-

level cesium atoms, the trap potential of the tweezer
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can be written as!®

Ttc
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)I(r, z), (1)

where z is the propagation direction of tweezer beam;
r is the radial coordinate; I'; /o and I3/, are the spon-
taneous decay rates of cesium 6P/, and 6P3 /5 fine ex-
cited states to 6S;/5 ground state, respectively; w /o
and w3/, are the transition angular frequencies for the
Dy (6S1/2-6P1/2) and Dy (6S;/2-6P3/2) lines, respec-
tively; As/p and Ay, are the angular frequency de-
tunings related to the D; and Ds lines, respectively;
I(r,z) is the intensity of the TEMgp-mode Gaussian
laser beam. At z = 0 and r = 0, I(r,2) = Iy =
2P/(mw?) is the peak intensity at the beam waist (P
is the laser power of tweezer beam, w, is the Gaussian
radius at the beam waist), corresponding to the trap
depth U(r =0,z = 0) = Up.

For an atom in the harmonic trap, the trap po-
tential can be written as

U(r,z) = Uy {1 - 2(7;)2 - (Z{)Q] (2)

where 2z = 2mw?/\ is the Rayleigh length. The
trap frequencies along axial and radial directions
are Waxial = 2Maxial = \/2Up/mz3 and wradial =
2MWradial = /4Up/mw2, respectively. The trap depth
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is ~1.5 mK with a laser 1064 nm power of 47 mW,
which corresponds to trap frequency along the ra-
dial direction (axial direction) w, = 27 x 41.4 kHz
(wa = 27 x 4.3 kHz).

Deterministic-number atoms in optical tweezer
are necessary for many experiments in quantum infor-
mation processing, cold collisions and precision mea-
surement. Besides, many experiments rely on exam-
ining whether there is an atom in MOT after manipu-
lation in tweezer. Therefore, a well-separated discrete
LIF photon-counting level and a highly efficient load-
ing and transferring rate are crucial. As shown in
Figs. 2(a) and 2(b), we have achieved remarkable im-
provement on the signal-to-noise ratio of LIF photon-
counting signals by optimizing the intensity and the
frequency detuning of cooling/trapping laser and us-
ing modulation-free polarization spectroscopic tech-
nique with feedback to both of the slow channel (piezo-
electric transducer channel in the grating extended
cavity with a typical bandwidth of ~ 2 kHz) and the
fast channel (current modulation channel in the cur-
rent driver with a typical bandwidth of ~ 200 kHz),
which has been discussed in details in Ref. [24]. Here,
we present a method of transferring a single atom be-
tween two microscopic traps, 21723 which is achieved
by controlling and optimizing the parameters of the
MOT and the tweezer.
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Fig. 2. Typical LIF photon-counting signals of trapped atoms. (a) Separated discrete LIF photon-counting levels, with Co,

C;1 C2 and C3 denoting the photon-counting rate levels in a time bin of 50 ms for no atom, one atom, two atoms and three
atoms in MOT, respectively; (b) the histogram of the photon counting data, (c) the transferring of the single atom between
the MOT and the optical tweezer, with Cor denoting the photon count level due to the 1064-nm tweezer laser (without the

cooling/trapping laser and repumping laser), Atypjor and Ator are the trapping time of the single atom in the MOT and in
the tweezer, respectively; (d) the recapture probability of a single atom as a function of the trap depth of the tweezer (The

error bars are for 5%, which is caused partially by imperfect transferring and new loading events in transferring process. The

solid line is for guiding).
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The loading rate depends on the geometric ar-
rangement and time overlap between the MOT and
the tweezer, the kinetic energy of the atom, the trap
depth of tweezer, since a single atom can be caught by
the optical tweezer only at the place where the trap
The trap
depth is changed by varying the tweezer laser’s power,
which can be easily controlled to be much larger than
the kinetic energy of the single atom precooled in
MOT. In our system, the MOT and the tweezer both
have micrometer size scales. Therefore, controlling the

depth exceeds the atomic kinetic energy.

geometry of overlap between the two traps is impor-
tant in the first step. We optimized the overlap be-
tween the two traps by minimizing the LIF photon
counting signal, which is dependent on the light shift
of the atoms trapped in the tweezer. For the optimum
condition we can control the geometry of overlap on a
micrometer scale. The loading rate of the tweezer also
depends on the overlap time between the two traps.
Obviously, if the overlap time is too short, the loading
process will not be finished. On the contrary, if the
overlap time is too long, the collision probability will
be increased due to the existence of nearly resonant
lasers of MOT, which will decrease the loading rate.
In our experiment, the optimum overlap time is about
25 ms. In addition to the above factors, we also need
to optimize the magnetic field gradient to a suitable
value, with which the loading rate of MOT is not so
small that we can load a new atom in case of losing
one. Furthermore, the current of MOT coils can be
turned off within the millisecond scale, which is cru-
cial to the experiment when we transfer a single atom
between the MOT and the tweezer. The existence of
the magnetic field and fluctuation during the shutting
off will not only seriously decrease the loading rate of
a single atom in tweezer, but also make the trapped
atoms in the typical quantum state tangled and com-
plicated.

A typical LIF photon-counting signal during the
transfer of a single atom between the two traps is
shown in Fig. 2(c). Under optimal conditions, the
trapped single atom can be transferred back and forth
between the two traps many times. In the transfer
process, we can neglect the loading of the MOT from
the background vapour, because the loading rate of
the MOT is very low not only for UHV conditions but
also for a large-magnetic-field gradient. This efficient
transfer is employed to determine the trapping life-
time and the effective temperature of the single atom
in the tweezer. In addition, it is possible to adopt such
a technique combined with state-selective detection
to detect the quantum coherent superposition state
of the trapped atom. We also measure the recapture
probability of a single atom as a function of the trap

depth of the tweezer. As the trap depth is increased
to ~1 mK, the recapture probability increases rapidly
and then reaches saturation slowly. This process is
shown in Fig. 2(d). Of course, the high loading rate
cannot rely on increasing the trap depth of tweezer. If
the trap depth is too deep, the light shift will be too
large which is not good for detection and manipulation

of atoms.

4. Laser cooling and temperature
measurement of a single atom

in a tweezer

Several techniques were developed to cool the sin-
gle trapped atom. As the trap size wg is much larger
than the wavelength X of the tweezer laser (most cases
of the traveling-wave trap), the trapped atom can
be cooled by all kinds of cooling techniques in free
space.[17:20:25] For the case of wy < A (most cases of
the standing-wave trap, or called optical lattice), the
motion of trapped atoms is strongly localized and the
vibration states of atoms must be taken into account
especially in the Lamb-Dicke regime. Making use of
the participation of the vibration states one can cool
the trapped atoms via Raman side-banding cooling[2%!
and cavity cooling.l?”l In addition, there are a variety
of cooling mechanisms for atoms trapped in tweezer,
such as evaporative cooling,17:28:29]
ing potential (adiabatic cooling),[”’ls’%] and selective
parametric excitation cooling.!3!]

A single atom is prepared in MOT, which is cooled
there by the Doppler cooling mechanism and the en-
ergy distribution follows that of an ensemble of classic
harmonic oscillators at temperature 7. When a single
atom is loaded into a tweezer, the energy is on the
order of Doppler temperature. This is lower than the
trap depth so that the trapped atom remains close to
the bottom of the trap, and the tweezer can be treated
approximately as a harmonic trap. For an atom with

adiabatic lower-

Doppler temperature, the mean energy is much larger
than the energy of eigenstate of quantum oscillator,
which is separated by fw (w is the trap frequency).
Therefore, the trapped atom can be treated as a clas-
sical harmonic oscillator. For our case, the trapped
atom in a tweezer can be further cooled via PGC.[?%
Here, it is sufficient to treat the tweezer in the har-
monic approximation and the velocity distribution of
the atom with the Maxwell-Boltzmann law. There-
fore, R&R technique could be extended to evaluating
the effective temperature of a single atom in a tweezer.
Note that the effective temperature of a single atom is
deduced by averaging the energy over many instances
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of the experiment under the same conditions. On aver-
age, a single atom with a higher kinetic energy is more
likely to escape from the tweezer during the tweezer
release time, AT, than an atom with a lower kinetic
energy. Thus, different trends of the recapture prob-
ability P versus the tweezer release time AT curve
show different kinetic energy trends for the trapped
atom.

Here we are primarily concerned with the rela-
tive values of the effective temperatures with different
PGC phases. Therefore, we adopt a simplified method
to obtain the effective temperature of the single atom
in the tweezer based on the R&R measurement. Based
on the statistics of multiple measurements, the veloc-
ity distribution for a single atom trapped in a tweezer
can be described as

3/2 2
m 9 —-mV
27T/<:BTe> VZexp ( 2T, ) ®)

where V' is the velocity of a trapped atom and T,

1) = i

is the effective temperature. The recapture probabil-
ity P’ for velocity larger than V' can be expressed as
P(V) = [7 f(V')dV'. Therefore, after measuring a
different release time, AT, by the R&R method, the
probability, P(V'), with which the trapped atom is still
in the tweezer can be written as

[o'e) m 3/2

Ve (2 av (4)
P\ ke '

Although it was not so easy to solve the integral
analytically, the effective temperature (7,) of the sin-
gle atom in tweezer still can be inferred by taking T,
as a parameter to fit R&R experimental data. For
the simplified approximation, V' can be taken to be
2w, /AT and AT is the independent variable.

5. Experimental results and dis-

cussion

A schematic diagram of the time sequence for
cooling and temperature measurement is shown in
Fig. 3. The cooling light is provided by the laser
beams used to form the MOT. According to the sub-

23] the effective tem-

Doppler theory of laser cooling,
perature after the PGC phase is proportional to the
intensity of the cooling laser, and inversely propor-
tional to the frequency detuning. During the PGC

cooling phase, the intensities of the cooling laser

beams (repumping laser beams) are reduced to 30%
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Fig. 3. Schematic diagram of the time sequence of R&R
measurement of a single atom in a microscopic optical
tweezer, with At being the duration of the laser cooling
phase.
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Fig. 4. Measurement of the effective temperature of a sin-
gle atom in the optical tweezer using the R&R technique.
The recapture probability of a single atom as a function
of the tweezer release time depends on the cooling time.
The error bars are for +£5%, which is caused partially by
imperfect transfer and new loading events in the transfer-
ring process. Each experimental data point is from the
accumulation of at least 100 sequences. The solid lines
denote theoretical fittings according to Eq. (4). The effec-
tive temperatures are (105 £ 12) pK for the case without
cooling, (33 £ 3) puK for the case with a 2-ms laser cool-
ing phase and (17 & 1) uK for the case with a 10-ms laser
cooling phase.

(~ 25%) of the original values via acousto-optical
modulators (AOM) and the effective frequency de-
tuning of the cooling laser is passively changed from
—2.0y for MOT to —6.5y for the PGC phase, with
the consideration of the shifted Fg=4-Fe=5 cycling
transition due to the red detuning of the trap laser.
The effective temperatures obtained from fitting are
(105+12) pK for the case without cooling, (33+3) pK
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for the case with a 2-ms laser cooling phase and
(17£1) pK for the case with a 10-ms laser cooling
phase (see Fig. 4). Note that in our experiment the
shutoff time of the tweezer is less than 100 ns, which
is much less than the oscillation period of tweezer
(> 10 ps). It means that the trapped atom could not
adiabatically follow the lowering of the trap depth of
tweezer during tweezer shutoff, thus there is almost no
adiabatic cooling.

The results show that the mean energy of a single
trapped atom is much lower after laser cooling than in
the case without cooling. The ratios between the trap
depth of our tweezer and the effective temperature of
a single atom for the 105 pK and 17 uK are 14 for the
case without cooling and 88 for a 10-ms cooling phase.
This indicates that we are approximately in the har-
monic regime of the trapping potential. For the case
of 17 uK, the temperature is about 85 times the recoil
temperature (the recoil temperature is about 198 nK
for cesium atom). The cooling parameters, cooling
laser intensity, frequency detuning and cooling time
have not been further optimized. After compensation
of the geomagnetic field of the trapping area by con-
trolling the currents of the three pairs of Helmholtz
coils, the residual magnetic field is estimated to be
2 uT (~ 20 mGauss), which is detrimental to the effec-
tiveness of the PGC phase. Under optimal conditions,
it can yield a lower temperature.

Note that the three aspects in the simple model,
i.e., the initial position distribution of the atom in the
tweezer, the influence of gravity on R&R process and
the anisotropy of the tweezer, are neglected and dis-
cussed below:

1) Initial position distribution of the atom in the
tweezer. The velocity distribution is given in Egs. (3)
and (4) to help to understand the physics. We can
give the energy distribution as well. As the trap depth
is far higher than the mean energy of a trapped atom
and the mean energy of the atom is far higher than the
energy of eigenstate of quantum oscillator, we can con-
sider this trap within a harmonic regime. The atoms
are trapped close to the bottom of the tweezer. There-
fore, we neglect the initial position distribution of the
atom.

2) The influence of gravity on the R&R process.
When we adopt the R&R method to infer the en-
ergy distribution of the single atom in tweezer, we
shut off the tweezer within several tens of nanosec-
onds. Within this time scale, atom moving infected by
gravity will be smaller than the tweezer beam waist.
Therefore, we neglect the effect of the gravity.

3) Anisotropy of the tweezer. The tweezer gener-
ated by focusing Gaussian TEMgp-mode single laser

beam in the radial direction and the axial direction is
very different. It is not so easy to solve the integral
analytically. The effective temperature (7) of a sin-
gle atom in tweezer can be inferred by taking T, as
a parameter to fit R&R experimental data. For the
tightly-focused tweezer, the angle of the divergence
is quite large. When the longitudinal displacement
equals to a half of Rayleigh length, the trap depth is
lowered to less than ~ 8.7% of the trap depth at the
beam waist. Possibility of recapturing atoms is small.
Therefore, we neglect the anisotropy of the tweezer.
The simple model we adopted is rough, thereby pos-
sibly yielding errors to some extent in the extracted
temperature, but our simple model still can clearly
show the difference in effective temperature of a sin-
gle atom between the cases with and without cool-
ing. In fact, the effective temperature value which is
inferred from the simple model we adopted are sim-
ilar to that extracted from R&R data by the Monte
Carlo simulation in Ref. [17] and also are comparable
to that extracted from the time-of-flight (TOF) image
measurement in Ref. [19].

120

80

40

Effective temperature/pK

r n/ o]

0 1 1 1 1 1
0 5 10 15 20

Time of PGC cooling phase/ms

Fig. 5. Dependence of the effective temperature of a sin-
gle atom in the microscopic optical tweezer on the duration
time of the PGC cooling phase. The error bars for £5%
are given in terms of statistical standard deviation. The
solid line is only for guiding eyes.

Most of the coherent manipulations of the
trapped atom are performed on a millisecond or mi-
crosecond scale and the energy increase of the trapped
atom due to heating needs to counteract quickly. For
example, in the experiment of triggered single photon
source,?! trapped atoms are working only in 115 us of
every working cycle and need to be cooled down in the
remaining 885 ps in order to prevent single atoms from
escaping out of the tweezer for all kinds of heating. If
the parameters of the tweezer and the cooling laser
can be further optimized, the generation rate of sin-
gle photons will be further enhanced by reducing the
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cooling phase. Here, we give only the dependence of
effective temperature on PGC cooling time as shown
in Fig. 5. The results show that the effective temper-
ature can be cooled down on a millisecond scale.

6. Conclusion

We analyse theoretically and experimentally the
energy distribution of a single atom in an optical
tweezer. The R&R mechanism is extended to evalu-
ating the effective temperature of a single atom in the
tweezer and the typical temperature is lowered from
~ 105 uK to ~ 17 uK. All experimental measurements
are based on the highly efficient transfer technique of
a single atom between two traps. We also discuss and
analyse in detail the experimental results associated
with our temperature measurements. The measure-
ment of temperature is significant for evaluating the
cooling effects which can be used to improve the ex-
ternal state of a single atom in an optical tweezer.
With optimum cooling, a single atom in tweezer can be
cooled down closed to ground states. A single trapped
atom with a lower effective temperature in a micro-
scopic tweezer is a good candidate to serve as a basis
for a triggered single-photon source. In such a system,
the lower energy would prolong the trapping lifetime
and narrow the linewidth of the fluorescence spectrum
of the emitted photons.
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