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Micromotion induced by the radio-frequency field contributes greatly to the systematic frequency shifts of optical
frequency standards. Although different strategies for mitigating this effect have been proposed, trapping ions optically
has the potential to provide a generic solution to the elimination of micromotion. This could be achieved by trapping a
single ion in the dipole trap composed of a highpower laser field. Here, we present the setup of the dipole trap composed
of a 532 nm laser at a power of 10 W aiming to optically trap a single 40Ca+ and we observe an AC-Stark shift of the
fluorescence spectrum line of ∼ 22 MHz caused by the 532 nm dipole beam. The beam waist of the dipole laser is several
microns, which would provide a dipole potential strong enough for all-optical trapping of a single 40Ca+ ion.

Keywords: dipole trap, AC-Stark shift, trap depth, all-optical trapping
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1. Introduction
Isolating ions and atoms from the environment often

serves as the experimental key to great scientific advances.
For several decades, this has been achieved by trapping ions
with RF fields[1] and neutral particles with optical fields.[2]

Trapping ions with RF fields features deep trapping poten-
tials and comparatively long lifetimes and it has been widely
used in many areas, such as optical frequency standards
(OFSs),[3–7] quantum information (QI)[8–10] and quantum sim-
ulation (QS).[11–14] The motion of the ions in an RF field
can be described by two oscillations differentiated by the
amplitude. One of the oscillations is micromotion, which
occurs when the ion is not positioned at the saddle point
of the RF field, which could be caused by several reasons:
stray electric fields, thermal motion and phase difference of
trap potential.[15] For OFSs, micromotion induced by the RF
field is one of the main contributors of systematic frequency
shifts.[5,6,16] Although different strategies for mitigating these
effects have been proposed,[17,18] trapping ions optically with-
out any RF fields has the potential to provide a generic solu-
tion to the elimination of micromotion. This work was demon-
strated in 2010[19] and the results can be seen as the starting
point of combining the advantages of optical trapping and RF
trapping. In that work, a single 24Mg+ was trapped in a dipole
trap with the RF field switched off for several milliseconds,[19]

which is essential for the elimination of RF-induced micromo-
tion in the OFSs of a single 40Ca+.

In this letter, we demonstrate the setup of a dipole trap

with a highpower 532 nm laser for the all-optical trapping of a
single 40Ca+. The beam waist of the dipole laser is focused to
3–4 µm and the AC-Stark shift of the fluorescence spectrum
line we directly measured is ∼ 22 MHz at the dipole beam
power of 1.2 W. Thus, we can deduce that the AC-Stark shift
at the maximum power of 6.45 W would be ∼ 118 MHz and
the depth of the dipole trap would be deep enough to trap the
ion without any RF fields. In our next work, we will try to
achieve the all-optical trapping of a single 40Ca+ in the dipole
trap.
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Fig. 1. Schematic diagram of the experimental sequence: (a) single
40Ca+ is trapped in the RF field and the cooling and repumping beams
are in the x–z plane, with an angle of 45◦ to the z-axis; (b) dipole beam is
aligned with the trap center in the z-axis direction.
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2. Experimental setup
The experimental sequence is illustrated in Fig. 1. First,

the ion is loaded and cooled in a segmented linear RF trap.
Then, we focus the 532 nm dipole beam to the beam waist
of a few microns and align it with the center of the RF trap.
Finally, we directly measure the AC-Stark shift of the fluo-
rescence spectrum line at different power of the dipole beam
and evaluate the potential depth of the dipole trap. The whole
experiment apparatus is composed of an ion trap system and
laser system.

2.1. Ion trap system

As illustrated in Fig. 2, the segmented linear ion trap
used in our experiment is composed of four segmented elec-
trode poles and two endcap electrodes. The radius of a single
electrode pole is 4 mm and the center distance of two adja-
cent electrode poles is 10.6 mm, so the distance from the trap
center to the electrode surface is r0 = 3.5 mm. The single
pole is separated into three segments: the RF field at a fre-
quency of 2π × 1.3086 MHz is loaded to the central part and
the other two parts are connected to the two respective endcap
electrodes. DC compensation voltage of 1.5 V is applied to
the two endcaps separately to keep the 40Ca+ from escaping
in the axial direction and the distance between the two end-
caps is d = 10.6 mm. By adjusting the compensating voltage,
we can compensate the excess micromotion at a preliminary
level. And in the next step, the compensation electrode should
be fine-tuned to the order of a few 10 mV, resulting a resid-
ual force on the order of 10−19 N at the position of the ion.
From the simulation model, we can calculate the dipole trap
force is on the order of 10−18–10−17 N, which is a level larger
than the residual force that is the prerequisite for the all-optical

(a)

(b)

Fig. 2. (a) Schematic diagram of the segmented linear trap used in our exper-
iment and (b) photograph of the assembled trap.

trapping of a single 40Ca+. The segmented structure is bene-
ficial to precisely control the position of a single ion or even
a string of ions,[20–23] and the comparatively short length and
wide pole distance are essential to align the dipole beam with
the trap center for the Gaussian shape of the highpower laser,
which is also helpful for increasing the numerical aperture of
the imaging system. The whole trap is enclosed in a vacuum
chamber with a background gas pressure of ∼ 5×10−9 Pa.

2.2. The laser systems

The whole laser system consists of three parts: an abla-
tion pulse laser system, a cooling and repumping laser system,
and a dipole trap laser system (shown in Fig. 3).
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Fig. 3. Schematic diagram of the whole laser system for all-optical trapping
of 40Ca+.

2.2.1. Ablation pulse laser system

To our knowledge, the most widely applied method to
produce Ca+ is photoionization.[24,25] However, there are
some disadvantages to this method, such as an uncontrollable
number of loading ions and minute-level loading time. In this
work, we use the pulse laser ablation (PLA) method, which
features efficiency and simplicity, for ion loading.[26]

The 532 nm pulse laser we used in our experiment has a
maximum average power of 1.5 W, maximum repetition rate of
10 kHz and measured pulse width of ∼ 1.81 ns. After passing
a beam expander and a focus lens, we observe a beam waist
of ∼ 30 µm in the trap center. Due to the small spot size of
the laser, we need only very low power to obtain a compara-
tively high-intensity pulse. Different to the combination of the
PLA and photon-ionization method,[26] we can generate a sin-
gle 40Ca+ without any dark ions by precisely controlling the
number of pulses.

2.2.2. Cooling and repumping laser system

To achieve the all-optical trapping of 40Ca+, the ion
should be cooled to a relatively low temperature, for exam-
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ple the Doppler cooling limit,[27,28] in the RF trap as a requi-
site. Two lasers are necessary to set up for Doppler cooling
cycles,[29,30] as illustrated in Fig. 4. A 397 nm cooling laser
is used to pump the ion from ground state 42S1/2 to excited
state 42P1/2, and an 866 nm repumping laser, which drives the
32D3/2–42P1/2 transition, is used to keep the ion from staying
in the 32D3/2 metastable state, which would stop the cooling
cycles.

The 397 nm and 866 nm lasers are generated by commer-
cial laser diodes (DLC pro, Toptica) and frequency-stabilized
to a 10-cm-long cavity. Subsequently, the linewidth of the
397 nm laser is within 0.5 MHz, which is narrow enough
for laser cooling of 40Ca+, since the natural linewidth of
42S1/2–42P1/2 transition is ∼ 22.3 MHz. The power of the
397 nm laser into the trap is 100 µW, and that of the 866 nm
laser is 500 µW. Before the lasers irradiate to the trap,
they pass through acousto-optic modulators (AOM, MT200-
UV/IR, AA) separately. By changing the working frequencies
of AOMs, we can scan the frequencies of lasers for the fluo-
rescence spectrum line and the scanning range is ∼ 160 MHz.

42P3/2

42P1/2

32D5/2

32D3/2

42S1/2

repumping
  866 nm

cooling
397 nm

 dipole
532 nm

Fig. 4. Relevant energylevel diagram for the Doppler cooling cycles of
a trapped 40Ca+.

2.2.3. Dipole trap laser system

To stably capture the ion in a dipole trap, increasing the
laser power and minimizing the beam size are necessary to ob-
tain a sufficiently strong trap potential. As shown in Fig. 5, the
dipole beam with a beam waist of ∼ 3.4 mm is generated by a
commercial laser diode (Verdi-V10) with a maximum output
power of 10 W at λ = 532 nm. Then, we use a special cus-
tomized AOM with high power damage threshold and large
clear aperture as an optical switch to split the beam mainly into
two. The diffraction efficiency of the AOM is as high as 85%,
and the response time is within 500 ns. Subsequently, the ze-
rothorder beam is discarded at a beam dump and the firstorder
beam is enlarged with a 1:10 beam expander to a beam waist

of ∼ 34 mm. The expanded beam is focused with a lens ob-
jective (LINOS Focus-Ronar, Qioptiq) featuring a focal length
of 77 mm, resulting in an expected minimal beam waist at the
position of the ion of wmin = f λ/D ≈ 1.205 µm according to
the diffraction limit.

The lens objective is mounted inside a hollowed tita-
nium tube and is positioned via a fine-tuning xz-piezo actu-
ator (P-611XZ, PI). As the outer voltage changes in 10 V, the
fine-tuning position with a resolution of 10 nm ranges from
100 µm. The actuator is fixed on top of a manual xyz-motion
stage (M-562-XYZ, Newport) allowing for coarse-tuning with
a resolution of 0.1 mm. The optical axis of every optical el-
ement has to be carefully aligned with the laser beam prop-
agation axis, which is essential to a stable dipole trap. The
titanium tube housing the lens objective intrudes into one of
the reentrant viewports to allow for a small working distance
between the lens and the ion of 71.5 mm. On the other side of
the chamber the diverging beam is refocused to another beam
dump. The optical power entering the chamber decreases to
Penter ≤ 6.45 W for the loss of optical elements and AOM.
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Fig. 5. Schematic diagram of the dipole laser beam path.

3. Experimental measurement
After the dipole trap is established, the ion is irradiated by

the highpower dipole beam in the trap center. The interaction
between the ion and laser beam leads to an intensitydepen-
dent shift, namely the AC-Stark shift, of its electronic energy
levels,[31,32] which causes an obvious shift of the fluorescence
spectrum line. By directly measuring the AC-Stark shift, we
can improve the alignment of the dipole beam with the ion,
measure the beam waist of the dipole beam and evaluate the
trap depth of the dipole potential.

Table 1. Simplified time sequence for measuring the AC-Stark shift.

Step Pre-cooling Doppler cooling Detection 01 Pre-cooling Doppler cooling Detection 02

Time 4000 µs 500 µs 500 µs 4000 µs 500 µs 500 µs

Power of lasers
Cooling laser 397 nm 34 µW 5.7 µW 56.5 µW 34 µW 5.7 µW 56.5 µW

Repumping laser 866 nm 190 µW 190 µW 190 µW 190 µW 190 µW 190 µW

Dipole laser 532 nm 0 0 0 0 0 1.2 W

PMT Off Off On Off Off On
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3.1. Time sequence

A simplified time sequence is depicted in Table 1. We op-
erate two detection steps in a cycle: the first detection shows
the original fluorescence signal and the second detection indi-
cates the AC-Stark shifted signal due to the influence of the
dipole laser. We then scan the frequency of the cooling laser
in two detection steps and obtain two fluorescence lines sepa-
rately. Comparing the peaks of the two lines, we can directly
measure the AC-Stark effect.

3.2. AC-Stark shift and beam waist

The AC-Stark shift of a single energy level equals to
the potential depth of the dipole trap, which is proportional
to the spatially dependent intensity distribution of the dipole
laser.[33] The intensity distribution of trap center I(r,z = 0)
can be expressed as

I (r) =
2Penter

πw2
0

exp
(
−2

r2

w2
0

)
, (1)

where r denotes the radial coordinate and the beam waist wo

is the minimum radius of the dipole beam. From the equation,
one can find that the AC-Stark shift is proportional to the opti-
cal power if the position of the dipole laser is fixed. If we scan
the dipole laser horizontally and vertically, the AC-Stark shift
will have a maximum at the position of r = 0, which means
the laser is aligned with the ion perfectly.

By scanning the power of the 397 nm cooling laser from
red detuning to blue detuning, we can obtain two fluorescence
lines in the detection steps with and without the dipole beam,
as shown in Fig. 6(a). By comparing the two lines at differ-
ent powers of the dipole beam, we experimentally measure the
AC-Stark shift depicted in Fig. 6(b), where the calculated the-
oretical value is also shown.

-60-40-20 0 20 40 60 80
0

2

4

6

8

Lorentz fit
532 nm power:1.2 W

(1
0

4
 c

o
u
n
ts

/
s)

F
lu

o
re

sc
e
n
c
e
 c

o
u
n
t

397 nm frequency shift (MHz)

 532 off 
 532 on

(a)

-1 0 1 2 3 4 5 6 7

0

50

100

150

200
 theoretical

 experimental

linear fit

F
re

q
u
e
n
c
y
 s

h
if
t 

(M
H

z
)

Power into chamber (W)

(b)

(radius=3.9745 um)

Fig. 6. (a) Two fluorescence spectra when measuring the 42S1/2–42P1/2 tran-
sition in detection steps with the dipole beam and without the dipole beam
and (b) AC-Stark shift versus the power of the dipole beam into the chamber.

From Fig. 6, the AC-Stark shift for the 42S1/2–42P1/2

transition is measured as ∼ 22 MHz at a dipole beam power of
1.2 W. Thus, we can deduce from the experimental data fit that
the AC-Stark shift at the maximum power of 6.45 W would be
∼ 118 MHz, which denotes a sufficiently strong dipole po-
tential. The black line in Fig. 6 denotes the theoretical upper
bound to the experimental value and this can be explained by

the thermal motion of the ion. As the optimal detuning of the
397 nm laser for Doppler cooling is only applied for a short
time for the frequency shift effect of the dipole beam, the ion
gets tremendously heated, which causes a higher thermal mo-
tional amplitude of 3–4 µm. This is the same level of the beam
waist of the dipole beam at the position of the ion and by av-
eraging over the thermal motional cycles, we can explain the
factor between the theoretical and experimental value.

As described in Subsection 2.2.3, the dipole beam can be
fine-scanned in both horizontal and vertical directions sepa-
rately by the objective lens, which is position-tuned via a fine-
tuning xz-piezo actuator. The decrease in fluorescence count
caused by the lightinduced AC-Stark shift is determined by the
spatially dependent intensity distribution I(r,z), corresponding
to the position of the dipole beam, as illustrated in Fig. 7 when
the power is definite. Therefore, the beam waist can be mea-
sured by scanning the position of the laser beam to the position
of the ion.
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Fig. 7. Beam waist measurements along the piezocontrolled horizontal
(a) and vertical (b) axes. Beam position is varied by moving the focusing
objective lens system with self-referenced piezo actuators perpendicular to
the beam propagation. Red solid lines correspond to the results of a Gaussian
model fit, yielding the relative position of the ion and beam waist of the laser
beam.

The Gaussian fit (red line in Fig. 7) reveals beam waists
on the order of several microns. Compared to the diffraction
limit wmin calculated in Subsection 2.2.3, the measured beam
waists are larger by a factor of about 2–3. The main limita-
tion in this regard is the size of the beam at the position of the
focusing objective, which is determined by the availability of
suitable optical elements in the beam line of the dipole laser.
However, the small beam waist at the position of the ion re-
sults in sufficiently high intensity to set up a dipole trap whose
potential should be sufficiently strong.

3.3. Trap depth of the optical dipole trap

The interaction potential of a particle with the induced
dipole moment of laser field, namely, the depth of the dipole
trap, is expressed as[33]

Udip (r) = −3πc2

2ω
3
0

(
Γ

ω0 −ω
+

Γ

ω0 +ω

)
I (r) , (2)

where ω0 and Γ are the transition frequency and natural line
width of the energy level, respectively, and ω is the frequency
of the dipole beam. According to the above parameters, we
expect a trap depth of Udip = −kB × 9.7 mK, where kB is the
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Boltzmann constant. For a single state, the dipole potential is
equivalent to its AC-Stark shift, which means U = h∆ν , where
h is the Planck constant. The deduced 118 MHz shift from
the above corresponds to a trap depth of U0 =−kB ×5.7 mK,
which is nearly half of the calculation. This can be easily ex-
plained by thermally induced motion of the particle and the in-
fluence of stray static electric fields.[34] However, the potential
depth is still larger than the Doppler cooling limit TD = 0.5 mK
of 40Ca+ by a factor of 11, which denotes the possibility of the
all-optical trapping.

4. Conclusion and perspectives
In this paper, we present the setup of a dipole trap that

is composed of a high-power 532 nm laser aiming to achieve
all-optical trapping of 40Ca+. We use a segmented linear trap
to load and trap a single 40Ca+ ion by the RF field and then
establish the whole laser system to align the ion with the cen-
ter of the trap. By direct measurement, the AC-Stark shift for
the 42S1/2–42P1/2 transition is measured as ∼ 22 MHz at a
power of 1.2 W and the beam waist of the dipole laser is mea-
sured as less than 4 µm. From these parameters, we deduce
the potential of the dipole trap as 5.7 mK, which would be
strong enough for all-optical trapping of a single 40Ca+. For
many reasons, such as the drift of stray electric fields caused
by charged particles in viewports, we have not achieved the
all-optical trapping in our system to date and we will try to
eliminate this effect by changing the viewports to the electric
conducting ones in our next work. However, this is still essen-
tial to the OFSs of a single 40Ca+ for the elimination of RF-
induced micromotion. More importantly, this method could
be extended to several ions, which may be the starting point
of experiments that focus on the OFSs of multi-ion and op-
tical lattices. Furthermore, this work demonstrates the hybrid
trapping technique of isolated particles, which could open new
perspectives for QS and QI based on trapped ions and atoms.
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