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We have demonstrated preparing and rotating single neutral rubidium atoms in an optical ring lattice generated by a spatial light
modulator, inserting two atoms into a single microscopic optical potential efficiently by dynamically reshaping the optical dipole
trap, trapping single atoms in a blue detuned optical bottle beam trap, and confining single atoms into the Lamb-Dicke regime by
combining red and blue detuned optical potentials. In combination with the manipulation of internal states of single atoms, the
study is opening a way for research in the field of quantum information processing and quantum simulation. In this paper we re-

view the past works and discuss the prospects.

laser cooling and trapping, single atoms, quantum information processing, quantum simulation

Citation:
1945, doi: 10.1007/s11434-012-5153-8

Yu S, He X D, Xu P, et al. Single atoms in the ring lattice for quantum information processing and quantum simulation. Chin Sci Bull, 2012, 57: 1931—

Single neutral atoms are promising candidates for quantum
information processing [1] and quantum simulation [2,3]
besides trapped ions, photons, etc. The preparation and ma-
nipulation of single atoms in optical microscopic potentials
open a route to deterministically controlling the quantum
states. Due to the good scalability and long coherence time,
these quantum systems have been employed to demonstrate
quantum gate [4] and entanglement of atoms [5] based on
“Rydberg blockade” effect [6,7]. A qubit can be encoded in
the internal or motional states of an atom, and multi-qubit
operations can be performed based on atom-light interac-
tions or atom-atom interactions. In particular, the hyperfine
ground states of alkali-metal atoms can be considered as
qubits, which can be easily manipulated via microwave ra-
diation or Raman transitions. Several kinds of proposals for
quantum gate operation were designed based on dipole-
dipole interactions between Rydberg atoms [8], cavity-medi-
ated photon exchange [9] and controlled collisions [10]. Fur-
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thermore, single atom array can serve as a research platform
for physical models described in other systems that are not
directly investigated experimentally. The few-body simula-
tion offers an opportunity to understand some intriguing
many-body phenomena, such as superconductivity in solid
materials [11], and the natural process of photosynthesis [12].

Instead of being adiabatically transferred from ultracold
atomic ensemble, in our experiment single atom array is
built one by one based on “collisional blockade” mechanism
[13,14] that locks the atom number either zero or one in
ultra small dipole trap in the presence of near-resonant laser
light. Here, we demonstrate trapping single neutral rubidi-
um atoms in the ring lattice generated by a computer con-
trolled spatial light modulator (SLM), and present several
kinds of manipulations of single atom array.

1 Experimental overview

Our experimental setup is shown in Figure 1 (see also [15]).
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Figure 1 (Color online) Experimental setup for single atom trapping (solid line) and detection (dashed line). For simplicity, the magneto-optical trap (MOT)
beams are not shown. SLM, spatial light modulator; DM, dichroic mirror; HWF, half-wave plate; PBS, polarization beam splitter; IF, interference filter; AL,
aspheric lens; APD, avalanche photodiode; EMCCD, electron multiplying charge coupled device.

The SLM (Holoeye, HEO 1080P) has a resolution of 1920x
1080 pixels, and each pixel size is 8 umx8 pm. Controlled
by computers, it could transform a single collimated Gauss-
ian beam into arbitrary intensity pattern with first-order dif-
fraction efficiency of 40%. As we know, Laguerre-Gaussian
(LG) beams possess orbital angular momentum along the
optical axis with radial mode number p and non-zero azi-
muthal mode number [ [16]. Among them, the p = 0 modes,
called doughnut beam, have a spiral phase structure where
the phase is undefined on the optical axis [17]. The intensity
distribution of these beams is given by
I

2 2
I, zli L exp L , (1)
mi]!

w(z) w(z)
where w(z) = w01[1+(z/zR )2 , Wo is the beam waist, zg is

the Rayleigh length, and [ is the laser intensity. By interfer-
ing co-propagating two doughnut beams with opposite azi-
muthal indices [, a ring lattice shaped intensity distribution
is obtained, which comprises 2/ petals [18]:
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Instead of superposing a pair of separated beams, the ring
lattice in our experiment is generated by the SLM that im-
poses the holograms containing the phase of the superposed

ring TE|I|' W(Z)2

LG modes onto a single laser beam. We implement an algo-
rithm that has details in [19] using the MATLAB software
to generate the ring lattice holograms. The function is

mod|[(angle[LG(x, y,l,z,w,, 2,)

+LG(x,y,—l,z,wo,zR)]+x-kx),Zn]-zzi6, 3)
T

where the term angle [LG(x, y, I, z, wo, Zr)+LG(x, y, =1, z,
wy, zr)] is the ring lattice phase pattern, and xk, is a blazed
phase grating structure, acting as a tilted mirror to separate
the ring lattice from the Oth-order non-modulated light. The
phase pattern has one phase jump of © for / = 1 and 2/ sym-
metrical jumps of m for [ > 1. The corresponding modes
consist of 2/ petals (see Figure 2), with each petal as an op-
tical dipole trap when the laser is red detuned from the atom
resonance. One can notice that, for / = O there is not phase
jump, corresponding to the Gaussian mode which is a single
trap with the same optical axis as the ring lattice.

Loaded from the *’Rb magneto-optical trap (MOT) at the
typical temperature of 100 uK, the generated ring lattice at
830 nm wavelength is strong focused to a waist of 2.1 um
by a commercial microscope objective (NA = 0.38, LINOS)
placed outside the vacuum chamber. Because of aberration
caused by the glass cell of the ultrahigh vacuum chamber,
the focused system does not work in the diffraction-limited
regime. The optical potential depth can be varied with the
laser power, with a typical depth of 1 mK. The light induced
fluorescence (LIF) of atoms in the ring lattice is collected
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Figure 2 (Color online) Holograms calculated to generate the ring lattices of / = [1, 2, 3] (a) and the corresponding optical intensity distribution observed
by a CCD camera (b). The different gray levels in the holograms with 600x600 pixels represent different phase shifts from 0 to 2x.

with the same microscopic objective lens and separated
from trapping beam with a dichroic mirror. Then it is di-
vided into two parts. One is imaged onto an electron multi-
plying charge coupled device (EMCCD, PhotoMax 512)
camera, and the other is coupled into a fiber and detected
with an avalanche photodiode (APD) assembled in a single
photon counting module (SPCM, EG&G AQRH-14-FC).
By selecting suitable fiber and adjusting the kinematical
mounts of the collection system, we can collect the LIF
from the whole lattice or any one trap. In the experiment,
we choose a single-mode fiber at 1550 nm wavelength for
spatial filtering or a multi-mode fiber at 50 um diameter for
larger visual field.

By reducing the intensity and increasing the detuning of
the MOT beams, the loading rate could be less than 1 s7! for
each microscopic far-off-resonance trap (FORT). Shown in
Figure 3(a), we observe the fluorescence signals in an indi-
vidual trap of the lattice in 20 ms time bins. The two char-
acteristic steps represent no atom and one atom in the trap.
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The sudden jumps of counts correspond to a single atom
entering and being trapped, while the sudden drops result
from atom leaving the trap due to a collision with another
incident atom. The process of two or more atoms in a very
small trap volume being ejected from the trap occurs as a
result of light-assisted collision induced by the resonant
laser at 780 nm, known as the “collisional blockade” mech-
anism [13,14]. To assure that the upper fluorescence level
corresponds to one atom, we make the Hanbury Brown and
Twiss (HBT) effect measurement [20,21]. The fluorescence
coupled into the single-mode fiber is sent through a 50/50
fiber optic beam splitter onto two APDs and then converted
into NIM signal by discriminators (ORTEC 935). The delay
time of photon pair events is recorded by a time-to-digital
converter (TDC, RoentDek TDC8HP) only when the fluo-
rescence exceeds the threshold in order to minimize back-
ground contributions. In Figure 3(b), the background cor-
rected measurement results indicate that the fluorescence
does come from one atom [21].
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Figure 3 (Color online) Fluorescence signals of single atoms measured by an APD within 20 ms time bins [15]. (a) Number of photons counted in an indi-
vidual trap. The steps correspond to either zero or one atom in the trap. (b) The background corrected coincidence events of single atom fluorescence meas-
urement. When delay time 7 is equal to zero, the corresponding coincidence event is zero.
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1.1 The fluorescence signals and images of single atom
array

The LIF collection system is focused onto the whole lattice,
so single atoms in the lattice could be monitored by the
APD. The left picture of Figure 4 shows the fluorescence
signals taken for two-trap and four-trap arrays with different
coupled fibers. The signal to noise ratio with a multi-mode
fiber (Figure 4(b)) is lower than one with a single-mode
fiber (Figure 4(a)). It can be enhanced by improving the
laser frequency stabilization and optimizing the laser inten-
sity and frequency detuning [22]. The multiple jumps of
counts indicate that atoms are trapped simultaneously in the
ring lattice with one loaded in each trap. Since the loading
process of single atoms is completely stochastic and inde-
pendent, the probability of detecting more than one atom in
the ring lattice is smaller than one atom in an individual trap
[23].

Single atoms confined in the FORTSs are separated by
several micrometers. To observe atoms directly, we utilize
an optical lens (f = 200 mm) to focus the LIF onto the
EMCCD camera with a magnification factor of about 20 to
capture spatially resolved images. Appearing as each square
in the images, one pixel of the camera is 16 pmx16 pm,
corresponding to a size of 0.8 pmx0.8 pum in the object
plane. We overlap images of atoms with the camera photo
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surface and block background stray light with an interfer-
ence filter. The fluorescent images of single atoms in the
ring lattices are shown in the right picture of Figure 4 with
an exposure time of 50 ms.

1.2 The lifetime of single atoms

Single atoms cannot stay long in the dipole trap when the
MOT is always on. We show a histogram of 770 single at-
om events, and fit it with an exponential decay function in
Figure 5(a). The 1/e lifetime of single atoms with the MOT
on is about 460 ms, which is sufficient for us to judge and
execute the time sequence in succession. For long-term
storage, the MOT beams have to be switched off to stop
loading process after an atom entering the trap, and only
keeping one atom in the trap. The lifetime of single atoms in
the FORT without the MOT beams is measured. In the ex-
periment, we take the following time sequence: executing
laser cooling and trapping process until the counts of fluo-
rescence from an individual dipole trap exceed a threshold,
then shutting off the MOT for a certain time while keeping
the dipole laser on, after that switching on the MOT light
again to detect whether the atom stay in the trap, then repeat.
In Figure 5(b), we scan the off time from 2 s to 20 s to get
the probabilities of atoms still in, and then fit the curve with
an exponential decay function. Under our experimental

Figure 4 (Color online) Fluorescence signals of single atom array counted by an APD with different coupled fibers (left) and images captured by an
EMCCD camera (right) for two-trap lattice of / = 1 (a) and four-trap lattice of / = 2 (b).
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Figure 5 (Color online) Measurement of the lifetime with the MOT on and off. (a) Histogram of 770 single atom events measured by LIF with the MOT
on. (b) Probability of single atoms still in the dipole trap without the MOT beams.

conditions, the 1/e lifetime of single atoms is about 11.4 s
due to collisions with untrapped background atoms in the
ultrahigh vacuum chamber and heating mechanisms caused
by intensity fluctuations and photon scattering of the FORT
light [24-26].

1.3 The oscillation frequencies and temperature of
single atoms

We expect to discuss the dynamic characteristic of trapped
atoms by measuring oscillation frequencies and temperature
in the FORT. It provides a basis for manipulations of atomic
motion.

The optical potential U(r, z) of atoms in the red detuned
focused Gaussian beam can be written as

U(r,z)=-Uexp| - , 4

w(e)

where U is the maximum potential depth. If the mean kinet-
ic energy of trapped atoms is much smaller than the poten-
tial depth, the optical potential can be approximated by a
harmonic oscillator. In this case, the axial and radial oscilla-
tion frequencies of atoms are given by

=1 2 )
© 2m\\mzg
1 [4U

v, =— . (6)
21\ mw,

For a trap depth of U = 1 mK, the calculated oscillation
frequencies are about 5 kHz and 50 kHz in axial and radial
directions respectively.

The oscillation frequencies of single atoms trapped in the
FORT are measured by parametric excitation of the oscilla-
tory motion. For a linear oscillator, parametric resonance
occurs around the modulation frequencies vy,a = 2v/n,
where n is position integer. The width of resonance range
and the amplification coefficient of oscillations rapidly de-

crease with increasing n [27]. In the experiment, once one
atom in the FORT is detected, the MOT is turned off and
the radio frequency power is sent to an amplifier that drives
an electro-optic modulator (EOM) or acousto-optic modu-
lator (AOM) to modulate the FORT potential depth. Then
the MOT is switched on again to detect whether the atom is
still in the trap. For a trap with depth U = 1 mK, we scan the
modulation frequency from 3 to 22 kHz with modulation
amplitude of 10% in 200 ms and from 30 to 220 kHz with
amplitude of 8% in 100 ms, shown in Figure 6(a) and (b).
One can notice that, there are two dips with greatly different
depth in each heating loss spectrum, corresponding to par-
ametric resonances around Vyoq = v and vyeq = 2v. It indi-
cates that the typical oscillation frequencies are v, = 4.4 kHz
and v, = 51 kHz, according with the theoretical values.

The temperature of single atoms is measured by the re-
lease and recapture (R&R) method [28,29]. The energy dis-
tribution of single atoms loaded from the MOT and trapped
in the FORT is thermal and follows the Boltzmann distribu-
tion. In order to extract temperature from the measurement,
we compare the experimental data with calculation results
obtained from the Monte Carlo simulations of the trajecto-
ries of single atoms. As shown in the Figure 6(c), the tem-
perature of single atoms directly loaded from the MOT is
(41x1) pK for a trap depth of U = 1 mK. The ratio between
the FORT depth and the temperature is about 24. After tak-
ing the optimized laser cooling sequence, the sub-Doppler
cooling process is implemented. The temperature of single
atoms is lowered to (13+1) pK for a trap depth of U = 0.4
mK with the ratio of 31. Under this condition, the radial
oscillation frequency is about 35 kHz, and the mean quan-
tum number of the radial motion state is 7.2.

2 Rotating single atoms in the ring lattice

As described above, we have experimentally demonstrated
trapping single neutral *’Rb atoms in a ring lattice. Now we
report the manipulation of the rotation of the lattice. For the
first time, we two-dimensionally rotated single atom array



1936 YuS,etal. ChinSciBull June (2012) Vol.57 No.16
1.04 1.0-0—1\1 1'0'5:?;*3
Io3
0.8 1 0.81 08 %z i,
> 2 :2\ { i is
= 0.6 = 0.6 5 0.6 a
3 2 g 2 )
£ 04/ 8 0.4 £ 04 L t T
o o - " . 3 } T
0.2 0.2 0.21 W Shz
a b (c) ey
0 ¢ ). —————————— 0 ( ). —— 0 , . . . ; :
25 5.0 7.5 10.012.515.017.520.0 22.5 25 50 75 100125 150 175 200 225 0 20 40 60 80 100 120
Modulation frequency v (kHz) Modulation frequency v (kHz) Time At (us)

Figure 6

(Color online) Measurement of the axial and radial oscillation frequencies and temperature of single atoms in the FORT. (a) Probability of single

atoms still in the trap after modulating the potential depth by 10% in 200 ms. (b) Probability of single atoms still in the trap after modulating the potential
depth by 8% in 100 ms. (c) Probability of recapturing atoms as a function of release time. Each data point is the accumulation of 200 sequences. The gray
line superimposed is a fit by the Monte Carlo simulation of the release and recapture method, which is the average of 200 trajectories for each release time.
(1) The temperature of single atoms directly loaded from the MOT is (41+1) pK for a trap depth of U = 1 mK. (2) After optimizing the laser cooling se-

quence, the temperature is lowered to (13+1) pK for a trap depth of U = 0.4 mK.

by imposing a series of holograms onto the SLM with video
resolution and refresh rates [15]. It can be observed from
the modulated fluorescence signals of single atoms.

2.1 Dynamically rotating the ring lattice

In our experiment, the ring lattice laser has a phase pattern
with 2/ symmetrical phase jumps of m for [ > 1 and one
phase jump of « for [ = 1. The azimuthal position of inten-
sity maxima can be varied with the positions of phase jumps.
To generate rotating holograms, we can add an offset ¢ to
the azimuthal angle, i.e.

mod[(angle[LG(x, y,1,z,w,, 2z ) -exp(il(J —1)p)
+angle[LG(x, y,—1, z,w,, 2 )]-exp(il(J — 1))
256

+x-k),2n]-——
o) ]2n

@)
To preserve the periodicity of the rotation progress and ob-
tain maximum rotation rate, the offset azimuthal angle ¢ is
set to 2n/N, with N satisfying mod (60, N) = = 0. The output
holograms with a series of different values of J (from 1 to
60), are converted to an audio video interleaved (AVI) ver-
sion’s video, which lasts for 1 second with maximum speed
of 60 frames per second (fps). When playing the hologram
movie on the desktop, the rotating holograms are displayed
on the SLM with video resolution and the same refresh rates,
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thus the ring lattice rotates at a rate of 60/N Hz. From geo-
metrical symmetry, values of N = 1, 2 do not change the
shape of the ring lattice, corresponding to adding 2n and ©
step to the original azimuthal positions. Thus the maximum
rotation rate obtained is 20 Hz (N = 3) in this scheme.

Figure 7 shows the optical signals of the rotating [ = 1
ring lattice at different rotation rates of 6 Hz, 10 Hz and 15
Hz with the sample interval of 1 ms. The signals are detect-
ed by a photo detector (New Focus, Model 1621) and rec-
orded by a digital storage oscilloscope (Tektronix,
TDS2014B). It suggests that the ring lattice is rotating
smoothly in real time. The peak heights of signals are not
the same, meaning that the laser intensities of two traps are
not equal.

2.2 Rotating the single atoms

To monitor the rotating progress of single atoms in two-trap
array, we first realign the fluorescence collection system
and limit our observation view field only to one trap as in
Figure 3(a). Once an atom is trapped, the MOT and
repumping beams are switched off for 40 ms to induce the
atoms trapped in the MOT diffusion out of the ring lattice
region, and then the hologram video is played on the SLM
with the atom being forced to rotate. The fluorescence sig-
nal is continuously recorded during the rotating process,
which displays an oscillation with frequency equal to the
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Figure 7 Optical signals of the rotating two-trap lattice for different rotation rates 60/N Hz with N = 10 (a), N = 6 (b) and N =4 (c) [15]. The rotation lasts

for 1 s.
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rotation rate of holograms (15 Hz) due to the limitation of
observation view field (see Figure 8(a)). Under this condi-
tion, if two atoms are trapped simultaneously in the ring
lattice with one in each trap, the collection system would
get twice maximum counting rate in one period. In Figure
8(b), the fluorescence signal displays an oscillation with
frequency (12 Hz) twice the rotation rate (6 Hz).

Another collection system is built to detect the LIF from
north-pole position of the ring lattice where no trapped atom
at the beginning (see the leftmost picture of Figure 2(b)).
When single atom rotates and passes by the north-pole point,
this collection system also sees the oscillating fluorescence
signal with some time delay. In Figure 8(c), the fluores-
cence is recorded by aiming at the left trap (solid line)
where the atom is initially trapped and the upper north-pole
(dashed line). Since the ring lattice is clockwise rotating, the
upper pole signal is about 1/4 period later than the left trap
signal. It indicates that the single atom is really rotating
with the lattice.

Future research is planned to measure the decoherence
time of rotating atoms and analyze the physical mechanisms
leading to decoherence. We believe this scheme opens up
possibilities for constructing quantum register with qubits
encoded in the hyperfine levels of ground state of single
atoms. The initial state preparation and single qubit opera-
tions can be achieved with Raman beams. The FORT laser
can serve as one of the Raman pulses, as demonstrated in
[30]; meanwhile the other is sent to the rotation region. Sin-
gle qubit manipulation will be accomplished based on rota-
tion. Furthermore, atomic qubits in the ring lattice could be
simultaneously rotated by coupling the Raman beam into
the same fiber as dipole trap laser. The ability of dynamic
manipulation of single atoms also opens the route towards
experiments to test schemes of atom-atom entanglement
recommended in [23].

Technically, limited by the slow video refresh rate, the
rotation rate of the ring lattice for single atoms is only 15
Hz at present. To overcome this limitation, we could utilize
a versatile optical ring lattice and rotate the lattice smoothly
and continuously in much faster speed [18]. However, for
adiabatically transporting single atom in the trap, the accel-
eration a of the rotating trap must fulfill mac <<h€2,

Chin Sci Bull
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where Q is the oscillation frequency of the atom, the mass is
m, and the extension of the ground state wave function is o
[31,32]. For our experimental parameters, kHz rotation rate
of atoms could be obtained with this method.

3 High efficient loading of two atoms into a
microscopic optical trap

In [33], a scheme for inserting two atoms initially stored in
separate potential wells of a standing wave optical dipole
trap into the same well is demonstrated, and then interaction
between these atoms leading to light-induced collision is
deterministically induced. However, the obtained success
rate of preparing pairs of atoms is only 16% due to the un-
certainty of distance control between the atoms. In our ex-
periment, two single atoms initially trapped in double wells
can follow the evolution of the computer controlled lattice
and be transported into a microscopic FORT with higher
efficiency. Under imposing the near resonance light, we
observe the strong light-induce collisions between two at-
oms in a microscopic trap (see [34]).

3.1 Dynamically reshaping the optical dipole trap

The two-trap ring lattice and single Gaussian trap can be
realized by the computer controlled SLM with the corre-
sponding holograms calculated by eq. (3) for / = 1, 0. In-
stead of LG modes, a more precise description of the dif-
fraction patterns produced by holograms with spiral phase
structure and their superposition is provided by Kummer
beams [35]. The amplitude of a monochromatic Gaussian
beam after the Fraunhofer diffraction of holograms with [
index spiral structure could be described fully using the
modified Bessel function of the first kind 7,(z) [36]:

3/2.3 2

Ll LT
u, (r,9) = c,i o exp(zlqﬁ—%j[lu_m—I(Hm] 8)

The superposition of u,; from the eq. (8) is the amplitude of
the double well. If / = 0, amplitude distribution of the output
beam is still Gaussian, corresponding to the single trap.
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Figure 8 (Color online) Fluorescence signals of single atoms rotated in the two-trap lattice [15]. (a) Number of photons while one atom is trapped in the
lattice. The observation view field is limited to an individual trap, and the rotation rate of the lattice is 15 Hz. (b) Photon counts with one and two atoms in
the lattice. The rotation rate is 6 Hz. (c) Single atom signals recorded at the left trap (solid line) and the upper north-pole (dashed line). The rotation rate is 6

Hz.
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Switching between the double well and single trap can be
achieved by changing the holograms displayed on the SLM.
This transformation process is the coherent sum of two
electric field amplitudes of the diffracted Gaussian beam
which can be described to be a linear mode:

1(¢)= ‘(1—5)[111 (r.¢)+u, (r @)1 +~2&u, (r, ¢)r’ ©9)

where ¢ is the percentage of Gaussian electric field ampli-
tude component relative to the total electric field amplitude,
which is time dependent linearly. The parameter ¢ evolves
from O to 1, corresponding to the transformation from dou-
ble well to a single Gaussian trap. The cross-section evolu-
tion described by the eq. (9) is shown in Figure 9(a) and (b).
The calculation result indicates that there is interference
effect between two electric field amplitudes which will re-
duce the diffraction efficiency.

Experimentally, the corresponding output holograms are
converted to an AVI version’s video with 60 fps. The two-
trap ring lattices could evolve into single traps in succession
while playing the hologram movie on the desktop. The time
evolution of trap transformation is monitored by the
EMCCD camera. Due to the limitation of refresh rate, we
choose to capture the image from the region of interest (ROI,
see the leftmost picture of Figure 2(b)) in better time resolu-
tion, shown in Figure 9(c) and (d). The dip on the image
data is in agreement with the theory that there is interfer-
ence effect. The first-order diffraction efficiency decreases
to 50% of the double well during the transformation process,
resulting in escape of certain amount of trapped atoms.
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3.2 Transporting two atoms into a single microscopic
FORT

In double well ring lattice, Figure 10(a) and (b) show the
LIF from the whole two traps and single trap, respectively.
Once the counting rate exceeds the blue line, meaning that
two single atoms are trapped in the double well with one
each, we trigger the control system to start the following
experimental sequence: shutting off the MOT beams for 150
ms and playing the holograms movie to transform the trap
shape and transfer atoms, then switching on the MOT
beams to induce collisions and detecting atoms in the mi-
croscopic FORT for 60 ms. The final result that two atoms
could not stay in the same microscopic FORT with the
MOT beams on is in accord with “collision blockade” [13]
theory. The one body loss rate is about 15.5% derived from
Figure 10(c).

In order to distinguish the atom loss induced by colli-
sions from two uncorrelated atom loss during the transfor-
mation process, we carry out the entire experimental se-
quence with only one atom in double well to quantify the
latter. As shown in Figure 10(d), one atom is transferred
from lattice to a single trap with high success rate of 96.5%.
On the basis, we can infer that two atoms have been inserted
into a single microscopic FORT at a success rate of
(96.5%)* = 93.1%. While two atoms being loaded in the
double well, the uncorrelated one-atom loss rate is 7.0% and
the uncorrelated two-atom losses rate is about 0.1%.

The one-atom loss during transformation process results
from reduction of the first-order diffracting efficiency and
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Figure 9 (Color online) Transformation between the double well and single Gaussian trap [34]. (a) and (b) are the numerical calculation of coherent trans-
formation process, and go to ¢-intensity view and &-position view respectively. (c) and (d) are image data reconstruction captured from the region of interest,
(c) goes to time-intensity view, and (d) is a pixel-time view. The arrows indicate the starting and ending time of the transformation process.
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injected into the single trap. (d) Accumulated fluorescence signals from single trap after only one atom trapped in the ring lattice being inserted into the

single trap.

trap potential, which would lead to atoms with higher ener-
gy escape. After the truncation of the Boltzmann distribu-
tion, the survival probability of atoms remaining in the trap
is given by [28]

P, (B)=1-(1+B+0.55" Jexp(-p),

where S = E/ k,T , E is trap potential, and kg7 is the mean

energy of trapped atoms. Under our conditions, the survival
probability of about 97% calculated from eq. (10) is in ac-
cordance with the measurement result. Therefore, the lower
one-atom loss rate can be achieved by reducing the temper-
ature of single atoms or raising the optical trap depth.
Collisions leading to atom loss in the presence of
near-resonant laser light are governed by the long-range
resonant dipole-dipole interaction including the radiative
escape (RE) and fine-structure changing collisions (FCCs).
They can be described by a simple semiclassical Gallagher-
Pritchard model [37,38]. Asymptotically, the potential is of

(10)

the form Vg, , =-C, / R’ for one atom in the ground state

and the other in the excited state. For the RE process, spon-
taneous emission of a photon red shifted from the atomic
resonance can take place, and the resulting kinetic energy
gained by collision atoms has a continuous distribution. If
spontaneous emission does not occur, the atoms oscillate on
the quasi-molecular potential curve until undergoing FCCs,
which always causes an escape of both atoms from the

shallow dipole trap due to the large fine structure splitting in
rubidium atoms. Thus the RE collision process is the main
reason for the correlated one-atom loss, with the probability
of about 8% in our experiment.

With this simple and efficient method, we could also trap
two single ¥Rb atoms and bring them together to show the
isotopic difference in collisions [39] or combine one 8Rb
and one *Rb atom trapped to study the heteronuclear excit-
ed state—ground state collisions [40]. Utilizing two atoms
determinately trapped in a microscopic FORT, we can dis-
cuss how van der Waals interactions lead to dephasing of
the Rabi oscillations between ground and Rydberg states,
and elucidate the role of Forster zero states in the dephasing
[41]. Furthermore, if the motional state of atoms can be
controlled arbitrarily, it opens the door for many fascinating
experiments, e.g. producing single trapped diatomic mole-
cules through Feshbach resonance [42] or photoassociation
[43], preparing an entangled Bell pair of atoms based on
coherent spin-changing collision between two atoms
trapped in a single trap.

4 Trapping single atoms in a blue detuned
optical trap

Instead of being trapped in the red detuned optical dipole
trap (bright trap), several research groups have demonstrat-
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ed working with the blue detuned optical trap (dark trap)
where the atoms are confined in a dark volume surrounded
by laser beams [17,44-47]. In the dark trap, the photon
scattering rate is greatly lessened, while in the bright trap it
can be reduced only by increasing the detuning of the trap-
ping laser. Meanwhile, the motional decoherence effect is
significantly weakened due to elimination of the ac Stark
shift in the optical dipole trap. The coherent time of atoms
in a dark trap can thus be maintained to several seconds [48].
Another important application of the blue detuned trap may
lay on equaling the polarizability for the ground and Ry-
dberg state atoms [49]. We have demonstrated successfully
trapping a single rubidium atom in a blue detuned optical
bottle beam trap generated by the SLM [50]. Compared
with other dark traps for single atoms [45,46], our scheme
has the advantage of both scalability and addressability, and
the trapped atoms can be transported freely in space by
well-controlled movement of the trap.

The optical bottle beam trap is generated by focusing a
laser beam, whose phase is modified by the computer con-
trolled SLM in place of the circular m phase plate [44]. As
shown in Figure 11(a), instead of circle, the central ellipse
with m phase shift in the hologram could compensate for the
tilting angle between the incident laser beam and the SLM.
Because of destructive interference between the central and
outer parts of the laser beam, a dark region appears around
the focus. The intensity distribution is calculated by numer-
ically solving the Fresnel diffraction integral as [51] (see
Figure 11(b))

1
1 .
E(p,p)= s J.rexp(—rz —0.51yr2)J0 (pr)dr
0
—21 —~ frexp(—rz —O.Siyrz)JO(pr)dr, (11)
—e
0
and

1(p.u)=|E(p.) (12)

where p=(NA)R-2n/A and ,u:(NA)ZZ-Zn//i with

the radial coordinate of R and the axial coordinate of Z, a is
the normalized radius of the phase shift, and the wavelength
of the dipole trap laser is A.

In the experiment, the blue detuned optical dipole laser at
the wavelength of 772 nm from a tunable Ti:sapphire laser
(Coherent MBR-110) is transformed by the SLM and
strongly focused by the microscope objective above. In
Figure 11(c), the intensity cross sections near the focus rec-
orded by CCD are in agreement with the theoretical calcula-
tion results. While a little difference in diameter is due to
the imperfection in focusing and propagating process. Ob-
viously, it reveals that the radius of surrounded dark region
in the focal plane is about 3 um. The intensity ratio between
the trap center and the wall, also called darkness, is meas-
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ured to be 1:200 by scanning through the focal plane with a
pinhole. According to [52], the optical dipole laser power of
80 mW used in our experiment corresponds to the dark trap
depth of about 1 mK. Different from collection system in
bright trap shown in Figure 1, a polarization beam splitter
separates the LIF from the optical dipole laser while losing
half of the signals. Through two interference filters (Sem-
rock LLO1-780-12.5), the fluorescence is coupled into fiber
and guided to the APD.

In order to load atoms from the MOT to the dark trap, the
dipole laser is shut off for a while and then switched on
again to hold atoms (the capturing cycle). The capturing
cycle is performed continuously until the counts of fluores-
cence exceed the threshold, meaning that a single atom has
been captured, then the laser is kept on (the holding cycle)
until the counts fall below the threshold. In Figure 12(a), the
sudden raising and falling of the counts is similar to that in
bright trap, meaning that an atom enters and leaves the trap.
Figure 12(b) shows a histogram of the counts recorded in a
total time of 2600 s and a compound Poisson law fitted to
the 0-atom and 1-atom peaks. It indicates that we have ac-
tually compressed the trapping volume to the “collisional
blockade” regime, in which more than one atom could not

(@) (b)
-5 ' ’
0 -
r (pm) = 40
_ % 20
520 “20  z (um)
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Calculated
. 10 pm—-»
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15 pm

Figure 11 (Color online) Generation for the blue detuned optical bottle
beam trap [50]. (a) Calculated hologram displayed on the SLM for the dark
trap. (b) Calculated intensity distribution with a = 0.62, NA = 0.29, and 4 =
772 nm. (c) Intensity cross sections and corresponding beam profiles near
the beam focus. Images are theoretically calculated (top) and experimen-
tally observed (bottom), respectively, along the optical axis away from the
focus with 0, zg/4, and zg/2, where zg is the Rayleigh range.
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Figure 12 (Color online) Fluorescence signals and lifetime measurement of single atoms in the dark trap [50]. (a) Number of photons counted by an APD
with 40 ms time bins. (b) Histogram of photon counting data lasting for 2600 s (dot) and the fit with a compound Poisson law for the zero-atom, one-atom
peaks (solid curve). The two-atom peak is clearly missing. (c) Measurement of the lifetime with the MOT off. Each point is averaged three times, and each

time includes 100 events.

be stably trapped. In Figure 12(c), we scan the off time from
0.1 to 8 s and fit with an exponential decay function to
measure the lifetime of single atoms in the dark trap without
the MOT beams. The 1/e lifetime is 3.6 s, which is long
enough for the next step of the experimental requirement.
By replacing the SLM with a m phase plate to reduce the
intensity noise in the present experiment, and by more
carefully adjusting the trap parameters to lower the darkness
of the dipole trap, the lifetime of single atoms in the blue
detuned dipole trap can be much longer.

Recently, trapping and quantum state control of single
Cesium atoms in a 532 nm wavelength bottle beam trap
formed by crossing two unit charge vortex beams are
demonstrated in [53]. The fast Rabi oscillation with a co-
herence time of about 43 ms is performed. In the future, we
hope to achieve the long coherence time in the optimized
dark trap which is anticipated to be at least several seconds
[6]. We believe it will have more applications in quantum
information processing and quantum simulation based on
laser trapped atoms.

S Combining red and blue detuned optical
potentials to form a Lamb-Dicke trap

In order to precisely manipulate the internal and external
degrees of freedom simultaneously, we expect to further
cool single atoms to the ground vibrational state by imple-
menting Raman sideband cooling [54,55] or electromag-
netically induced transparency (EIT) cooling [56]. Similar
to single trapped ions [54,57], single atoms need to be con-
fined into the Lamb-Dicke regime where transitions that
change the motional states are strongly suppressed. The
quantitative description is given by

7’ (2n+1)<<1, (13)

where the Lamb-Dicke parameter 7 =./E, /hv, and E, is

the recoil energy of atoms, v is the oscillation frequency of
single atoms and r is the motional quantum number of the
atomic harmonic oscillator state. To construct a Lamb-
Dicke trap, we need to increase the oscillation frequencies.

The axial oscillation frequency in our experiment is much
small due to extremely weak axial confinement of single
atoms, which can be greatly increased in a standing wave
field [21]. To enhance the radial confinement, it is a good
approach to reduce the waist of the focused spot. However,
limited by the technology, it is difficult to make the focus
small enough. At present, by using diffraction-limited optics
based on the combination of a large numerical aperture as-
pheric lens (NA = 0.5) placed inside the vacuum chamber
and a few standard lenses placed outside, a waist of w, =
(1.03+£0.01) pm at 850 nm and a radial oscillation frequency
of v, = (160+3) kHz with a trap depth U, = 2.8 mK have
been obtained [28,58]. If stronger confinement is required
and at the same time a lower red detuned potential depth is
desired, a different method must be used. In [59], we have
successfully demonstrated a new scheme to enhance effi-
ciently the radial oscillation frequency and confine single
atoms into the Lamb-Dicke regime by a non diffraction-
limited optical system.

5.1 Theoretical model for bichromatic far-off-
resonance trap

The key to our scheme is the use of a bichromatic far-off-
resonance trap (BFORT) which is composed of a blue de-
tuned LG beam and a red detuned Gaussian beam. Since the
atoms are attracted to the intensity maximum for a red de-
tuned dipole potential and pushed to the intensity minimum
for a blue detuned dipole potential, it is possible to combine
the red detuned attractive dipole force and blue detuned
repulsive dipole force to form a stronger force for the at-
oms.

Experimentally, we could overlap a blue detuned
doughnut (LG,-,) beam with a red detuned Gaussian beam
to greatly squeeze the radial trapping dimension of single
atoms. The radial position of the maximum intensity is re-

lated to [ by r, oc+/l/2. This indicates that a doughnut

beam with [ = 1 will have the smallest dark spot. At the fo-
cus, the optical dipole potential U,(r) of *Rb atoms for a
blue detuned LG beam (p =0, / = 1) can be written in terms
of the maximum potential depth Upp.x as
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2r? 2r?
Ub (r) = emeax W_zexp{__zj? (14)

10 Wio

where wy is the waist size of the blue detuned laser beam,
and e is the Euler’s number e = 2.718. According to eq. (4),
the optical potential U,(r) for a red detuned Gaussian beam
at the focus has the form in terms of maximum potential
depth U:

15)

2
U (r)=-U exp(—%).

0

The total optical dipole potential is given by the superposi-
tion of these two optical dipole potentials with opposite
signs:

Uy (1) =0, (r)+U, (r)

2r° 2r? 2r?
=eU, .. —zexp[——zj -U exp[—vj. (16)

10 Wl 0 0

Figure 13 shows the cross-section of potentials described by
eqgs. (14)—(16) with Upn. = U and wyy = wy. It indicates that
the synthetic potential is steeper than Gaussian dipole trap.
In harmonic approximation, the optical potential eq. (16)
can be given by

Z(eU wé/wlzo+U)r2

bmax

Utotal (r> ~ _U +

a7
o
Calculated from eq. (17), the radial oscillation frequency veg
of single atoms trapped in the BFORT can be expressed
simply in terms of the gain factor g and the radial oscillation
frequency v, in the Gaussian FORT:

(18)

5 172 172
eU, .« W, 4U 1
Ve = 8V, =| ———+1 -
U wy, mw, 2n

Ugiplr) (1)

r(pm)

Figure 13 (Color online) Calculated cross-section of optical dipole po-
tentials for blue detuned doughnut beam (dashed), red detuned Gaussian
beam (dot-dashed) and BFORT (solid line). The blue detuned beam and
red detuned beam have the same waist and potential depth.
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Therefore, for Upn. = U and wy = wyg, we can achieve a
trap steeper than the Gaussian trap and enhance the oscilla-

tion frequency by +e+1~1.9, as shown in Figure 13. For
Upmax = 10U and wy = wyy, the gain factor is

V10e+1 = 5.3. If the original waist of the focused Gauss-
ian spot is 1 pum, the effective trapping waist for single at-
oms can be amazingly reduced to 0.2 pum. This value is
much smaller than the diffraction-limited spots 1.224/NA of
the objective with maximum numerical aperture NA = 1 and
focused dipole laser wavelength A = 830 nm.

5.2 Experimental demonstration for the Lamb-Dicke
trap

In order to generate the doughnut beam, a blue detuned
Gaussian laser beam (4 = 770 nm) from the Ti:Sapphire
laser is reflected by the SLM with a “fork™ type phase holo-
gram. The SLM phase modulation creates a “charge-one”
phase singularity in the beam, centered on the “fork” defect.
The collimated blue detuned doughnut beam is combined
with the red detuned Gaussian beam (4 = 830 nm) by a po-
larization beam splitter, and then focused simultaneously
onto the MOT region. The fluorescence is separated from
the blue detuned and red detuned beams by a dichroic mir-
ror, then coupled into the single mode fiber and detected by
the APD.

The optical intensity distributions observed by the CCD
camera are shown in Figure 14(a) and (b). Extracted from
line profile fitting in Figure 14(c) and (d), the waists of the
blue and red detuned beams are about w;, = 2.30 um and
wo = 2.1 pum, respectively. Because of the repulsive poten-
tial for atoms from the blue detuned doughnut beam, single
atoms are loaded into the red detuned dipole trap with po-
tential depth of U = 1 mK from the MOT while the dough-
nut beam is off. Once one atom is trapped, the doughnut
beam is adiabatically ramped up over 10 ms. The potential
depth of doughnut beam is about U, = 3.9 mK. Calculat-
ed from eq. (18), the oscillation frequency of single atoms
could be enhanced by a factor of 3 under this condition.

The oscillation frequencies of single atoms trapped in the
BFORT are measured by modulating the Gaussian beam
potential depth. Similar to the measurement spectrum in
Figure 6(a), the typical axial oscillation frequency in the
BFORT is the same as one in the corresponding FORT. For
the radial oscillation frequency measurement, we find that
the intensity of resonance around 150 kHz is much stronger
than resonance around 300 kHz under the same modulation
conditions. To obtain the clear heating loss spectrum, we
scan the modulation frequency from 40 to 190 kHz with
1.9% amplitude modulation in 100 ms and from 200 to 450
kHz with increased 12% amplitude modulation in 100 ms,
shown in Figure 15(a). The experimental results around 150
kHz do not match the characteristics of parametric reso-
nance. Because of experimental imperfections, there is a
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Figure 14 (Color online) Images ((a) and (b)) and line profile fittings ((c) and (d)) of focused doughnut spot and symmetric Gaussian spot [59].
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Figure 15 (Color online) Measurement of the radial oscillation frequency and temperature of single atoms in the BFORT. (a) Probability of single atoms
still in the trap after modulation of the Gaussian beam potential depth as a function of the modulation frequency. (b) Probability of recapturing atoms as a
function of release time after the sub-Doppler cooling process. Each data point is the accumulation of 200 sequences. The gray line superimposed is a fit by
the Monte Carlo simulation of the release and recapture method, which is the average of 200 trajectories for each release time. The temperature is about

(15+1) pK.

certain displacement between the optical axis of the Gauss-
ian and doughnut beams. The equilibrium position of single
atoms trapped in the BFORT may depend on the ratio of the
attractive potential to the repulsive one. If the Gaussian
beam is modulated, the equilibrium position will shake ac-
cordingly. When the modulation frequency is equal to the
intrinsic trap frequency of single atoms, shaking will in-
crease the oscillation amplitude and lead to heating [26,27].
It indicates that the radial oscillation frequency of single
atoms in the BFORT is increased to 150 kHz, which agrees
reasonably well with the theoretical expectation. As de-

scribed by eq. (18), the frequency enhancement factor de-
pends on the ratio of the blue detuned potential depth to red
detuned potential depth. It allows us to adjust the radial os-
cillation frequency continuously by changing the blue de-
tuned potential depth. Furthermore, we can optimize our
scheme by using a diffraction-limited optics as in [58].
After the sub-Doppler cooling process, the temperature
of single atoms trapped in the BFORT is (15+1) pK, as
shown in Figure 15(b). Under this condition, the mean
quantum number of the radial oscillator is about 1.65, and
the Lamb-Dicke parameter is about 0.16. This gives the rela-
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tion #”2n+1) = 0.11 and indicates that eventually single
atoms is confined into the Lamb-Dicke regime. It is a good
starting point for implementing Raman sideband cooling [55]
or sideband cooling by driving microwave transitions [60] to
further cool single atoms down to the ground state.

6 Conclusions and outlook

In summary, we have trapped single rubidium atoms in a
red detuned ring lattice generated by the SLM. The trapping
time is several seconds, and temperature is about 13 uK via
sub-Doppler cooling. We have also experimentally demon-
strated rotating single atom array, which opens up possibili-
ties for single qubits manipulation and addressing. In order
to investigate interactions between two atoms in a single
trap, we have inserted two individual atoms into a single
microscopic FORT with high efficiency by dynamically
reshaping the trap. Single atoms have also been trapped in a
blue detuned optical bottle beam trap. It will have more
applications in quantum information processing because of
reduced photon scattering and motional decoherence effects.
Moreover, combining red and blue detuned optical poten-
tials, the radial oscillation frequency has been enhanced
efficiently, and single atoms have been confined into the
Lamb-Dicke regime after the sub-Doppler cooling process.

For future research, we will manipulate the hyperfine
states and excite Rydberg states of single atoms by a two-
photon transition. Rydberg atoms exhibit bizarre properties,
such as strong dipole-dipole interactions and sensitivity to
external electric field [61]. Our single atom array is an ideal
platform for forming Rydberg rings, which have been ana-
lyzed theoretically recently in references [62—-64]. Due to
“Rydberg blockade” effect [6,7], this system is ideally suit-
ed to perform multi-qubit operations, investigate quantum
phenomena in strong interactions and experimentally simu-
late the energy transport procedure in light-harvesting com-
plexes [12]. Furthermore, based on the construction of the
Lamb-Dicke trap, it is possible to further cool single atoms
down to the motional ground state. Thus we could precisely
control the internal and external degrees of freedom simul-
taneously. It will provide a chance to carry out many fasci-
nating experiments, such as efficiently producing single
cold diatomic molecules using Feshbach resonance [42],
preparing an entangled Bell pair of atoms by exploiting co-
herent spin-changing collisions between two atoms trapped
in a single trap. All of these works will finally lead to the
quantum information processing and quantum simulation
with neutral atoms.
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(2012CB922101), the National Natural Science Foundation of China
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