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Continuous generation of an ultracold atomic beam using crossed moving optical
lattices

Shoichi Okaba ,1,2 Ryoto Takeuchi ,1,3 Shigenori Tsuji ,2,4 and Hidetoshi Katori 1,2,3,*

1
Department of Applied Physics, Graduate School of Engineering, The University of Tokyo, Bunkyo-ku,

Tokyo 113-8656, Japan
2
Space-Time Engineering Research Team, RIKEN Center for Advanced Photonics, Wako, Saitama 351-0198,

Japan
3
Quantum Metrology Laboratory, RIKEN, Wako, Saitama 351-0198, Japan

4
JEOL Ltd., Akishima, Tokyo 196-8558, Japan

 (Received 20 December 2023; revised 25 January 2024; accepted 8 February 2024; published 5 March 2024)

Using orthogonally crossed moving lattices, we demonstrate the continuous transport of 88Sr atoms
in the long-lived metastable 3P0 and 3P2 states to a region free from scattered laser-cooling light, while
two-stage cooling on the 1S0–1P1 and 3P2–3D3 transitions is being conducted. The transfer efficiency
between the crossed lattices was close to unity when laser cooling was applied in the crossed region. For
a clock laser propagating along the lattice axis, such a lattice-trapped atomic beam enables continuous
interrogation of the clock transition free from the Doppler effect arising from the thermal motion of atoms.
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I. INTRODUCTION

Ultracold neutral atoms play a pivotal role in quantum
computation [1,2], simulation [3–6], atomic clocks [7–10],
and interferometers [11–15], which rely on well-defined
quantum states of a large number of atoms with a long
coherence time. While the laser cooling of atoms serves as
an indispensable ingredient in these endeavors, simultane-
ous application of laser cooling has been avoided as it sig-
nificantly perturbs the quantum states under investigation
and degrades the atomic coherence.

Consequently, the laser cooling and the quantum state
operations are applied sequentially in time. This intro-
duces a dead time between successive measurements for
atomic clocks and interferometers, which gives rise to the
Dick-effect noise [16] in addition to the quantum projec-
tion noise [17]. Repetition of such measurements improves
the instability as τ−1/2 for an averaging time τ [16].
In contrast, zero-dead-time (ZDT) operation may quickly
improve the instability as τ−1. This motivates the realiza-
tion of ZDT operation by combining two Cs atomic clocks
[18] and two optical lattice clocks [10].

An atomic beam allows continuous interrogation of
atoms with probe fields incident from the transverse direc-
tion, as employed for Cs beam clocks [19], optical Ramsey
spectrometers, and atom interferometers [12,13,20]. To
extend the atom-probe interaction time, a laser-cooled
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atomic beam was developed for atomic clocks [21] and
interferometers [22], where the major challenge is to
prevent atoms under interrogation from scattered laser-
cooling photons.

By spatially separating the cooling steps, a continuous
Bose-Einstein condensation (BEC) has been demonstrated
[23], where the key idea was to allocate the condensate
outside the line of sight of cooling lasers by transport-
ing atoms with an optical dipole guide [24,25]. Magnetic
guides [26–28], moving magnetic traps [29,30], optical
tweezers [1,2,31], and hollow-core fibers [32,33] offer
nondissipative guides for atoms. Among them, a moving
optical lattice [34,35] allows transporting atoms confined
in the Lamb-Dicke regime (LDR), where atoms can be
interrogated free from the Doppler shift arising from their
thermal motion [36] for a probe laser incident along the
lattice axis. On the other hand, by employing long-lived
metastable states [37,38], multiple cooling steps can be
conducted simultaneously in the same location [39–41].

We report continuous generation of an ultracold
strontium beam in the 5s5p 3P0 and 3P2 metastable
states while laser cooling on the 5s2 1S0–5s5p 1P1 and
5s5p 3P2–5s4d 3D3 transitions is being conducted [41]. In
particular, we demonstrated a crossed moving lattice to
guide the atoms to an orthogonal moving lattice [42],
where atoms can be free from scattered photons in laser
cooling. This allows for continuous operation of clocks
[43] and interferometers. We investigated transfer effi-
ciency in the crossed moving lattice for atoms in the
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1S0 ground state, and 3P0 and 3P2 metastable states. We
observed that the transfer efficiency approached unity by
applying laser cooling in the crossed region. The experi-
mental results were in reasonable agreement with classical
trajectory simulations. The scheme can be extended to
the other isotopes, such as 87Sr, to conduct longitudinal
spectroscopy, where atoms confined in the LDR interact
with a probe laser illuminated longitudinally to the atomic
beam [43].

II. EXPERIMENTAL SETUP

A. Two-stage cooling using the metastable state

Figure 1(a) shows the schematic of our experiment
based on the two-stage laser cooling reported in Ref. [41].
The 88Sr atoms are magneto-optically cooled and trapped
on the 5s2 1S0–5s5p 1P1 transition at 461 nm. During
the magneto-optical trapping (MOT), atoms relax to the
5s5p 3P2 state via the 5s4d 1D2 state and are magneti-
cally trapped by the same quadrupole magnetic field as
used for the MOT [44]. Relevant energy levels are given
in Fig. 1(c). The magnetically trapped atoms are cooled

on the 5s5p 3P2(mJ = 2)–5s4d 3D3 (mJ = 3) transition at
λIR = 2.92 µm [37,38]. An infrared (IR) cooling laser is
applied downward (−y) and is blue-detuned by ≈ 5 MHz
from the resonance with an intensity of IIR ∼ 6 × 102 I0,
with I0 = 0.3 µW/cm2 being the saturation intensity of
the transition [41]. The equilibrium position of the laser-
cooled atoms is given by the magnetic trapping force,
gravity, and radiation pressure of the IR laser, which is
located 5 mm below the center of the quadrupole magnetic
field. We set a moving optical lattice near the equilib-
rium position to load and transport the atoms. The typical
vacuum pressure was 1 × 10−7 Pa.

B. Moving lattice in a ring cavity

The moving optical lattice with a Rayleigh range of 55
mm is formed inside a power-buildup bowtie cavity. The
two moving lattices orthogonally intersect at x = y = 0, as
shown in Fig. 1(a). Two lattice lasers at λL = 813 nm, each
with a power of 300 mW, are coupled to the ring cavity
modes in the clockwise and counterclockwise directions,
with frequencies νcw

L and νccw
L . The frequency difference

�ν = νccw
L − νcw

L determines the velocity vL = λL�ν/2 of
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FIG. 1. Experimental platform. (a) Magneto-optical trapping (MOT) of 88Sr on the 1S0–1P1 transition continuously populates the 3P2
metastable state. Atoms in the 3P2 metastable state are trapped by a quadrupole magnetic field created by a 50-mm-long permanent
magnet (light-green line) and a coil (not shown). A cooling laser at 461 nm (light blue) is used for the MOT. An IR cooling laser at
2.92 µm (orange) cools the magnetically trapped atoms on the 3P2–3D3 transition. Ultracold atoms cooled by the IR cooling transition
are loaded into a moving optical lattice (brown lines) formed inside a bowtie cavity. After traveling 21 mm in the +x direction, the
atoms are redirected to the +y direction by the crossed moving lattice. A probe laser at 461 nm and a cooling laser at 689 nm illuminate
the intersection of the moving lattices (thick lines in purple and red). (b) An image of atoms covers the area of 3.5 × 3.5 mm2 at the
intersection. (c) Relevant energy levels for Sr. Pumping lasers at 679, 688, and 707 nm are superimposed on the x lattice as shown by
the pink dashed line in (a). (d) Gravito-optical potential along the y direction at the atom loading position x0 = −21 mm. Effective trap
depths are dependent on the electronic states and the lattice polarization θ (see main text).
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FIG. 2. (a) Lattice intensity distribution for the lattice laser
polarization E(⊥)

L perpendicular to the cavity plane. The lat-
tice periods are exaggerated for visibility. Interference of two
orthogonal moving lattices guides the atoms with the velocity
v = (vL, vL). (b) For the lattice laser polarization E(‖)

L parallel
to the cavity plane, the lattice depth is given by the sum of the
orthogonal lattices.

the moving lattice. The lattice laser polarization can be
perpendicular, E(⊥)

L , or parallel, E(‖)
L , to the cavity plane

(z = 0), as shown in Fig. 2. In the former case, interference
of two moving lattice fields at the intersection creates four
times deeper lattice potential than that created by the x or
y lattice, which facilitates the guiding of atoms following
the local minima of moving lattice potentials, as discussed
later.

The ring cavity consists of three flat mirrors and a con-
cave (cc) mirror with a radius of 150 mm. The power
enhancement by the cavity is about 77. The cavity is
stabilized to one of the lattice lasers by using a piezo-
electric transducer attached to one of the cavity mirrors.
The e−2 beam radius of the cavity mode diverges from
w0 = 169 µm at the loading position x0 = −21 mm to
w1 = 203 µm at x = 0, where the x lattice crosses with the
y lattice with the radius of w2 = 228 µm. Before installing
the cavity in the vacuum chamber, the x and y lattice beams
were carefully aligned to overlap with an uncertainty of
∼ 3 µm measured with the knife-edge method.

Figure 1(d) shows the gravito-optical potentials for the
cavity-enhanced optical lattice in the y direction at the
atom loading position x0 with a peak intensity of IL =
160 kW/cm2. The potential depends on the electronic
states of the atoms and the lattice laser polarization. The
gravitational potential energy mgy reduces the radial con-
finement of atoms in the optical lattice and determines the
effective potential depth Ueff. For the lattice laser wave-
length λL = 813 nm [45], which is called the “magic wave-
length,” the effective potential depths Ueff/kB ≈ 75 µK
(indicated by the red line) become equal for the 1S0 and 3P0
states. For the 3P2 (mJ = 2) state, the potential depth varies
in the range of Ueff/kB ≈ 35–125 µK, depending on the lat-
tice laser polarization angle θ relative to the quantization
axis.

C. Pumping lasers

Atoms are loaded from the magnetic trap and trans-
ported by the moving lattice in the (i) 3P2, (ii) 3P0, or (iii)
1S0 states by applying pumping lasers. The pumping lasers
also prevent the optical pumping of atoms induced by the
optical lattice with the peak intensity of IL = 160 kW/cm2,
which causes the Raman transitions among the 3P2 and 3P0
metastable states, and the 1S0 ground state. For atoms in the
3P2 state, the excitation rate to the 3S1 state is estimated to
be ∼ 1.4 s−1.

(i) To transport atoms in the 3P2 state, we apply optical
pumping lasers at 679 and 688 nm, respectively reso-
nant to the 3P0–3S1 and 3P1–3S1 transitions [see Fig. 1(c)]
along the moving lattice to prevent atoms from decaying to
states other than the 3P2 state by the lattice-induced Raman
transition.

(ii) To transport atoms in the 3P0 state, the magnetically
trapped atoms in the 3P2 state are optically pumped to the
3S1 state by applying a 707 nm pumping laser [40,41]. We
also apply a 688 nm pumping laser to prevent the atoms
from decaying to the 1S0 state via the 3P1 state.

(iii) Atoms are pumped to the 1S0 state by turning off
the MOT lasers at 461 nm and by applying both 707 and
679 nm pumping lasers. In this mode of operation, mag-
netically trapped atoms in the 3P2 state serve as an atom
source that lasts a few seconds.

D. Atom imaging and measurement sequence

Atoms are transported over 20 mm by the moving opti-
cal lattice to reach the observation region indicated by the
small yellow square in Fig. 1(a), where atoms are imaged
by applying a probe laser at 461 nm resonant to the 1S0–1P1
transition. In the cases when atoms are transported in the
3P0 or 3P2 states, we optically pump the atoms to the 1S0
state by switching the pumping lasers before the imaging.
Figure 1(b) shows a fluorescence image of atoms taken by
an electron-multiplying charge-coupled device (EMCCD)
camera near the intersection region of 3.5 × 3.5 mm2 with
an exposure time of 50 µs. The number of atoms NA (NB)

in box A (B), which is before (after) the intersection,
is used to investigate the atom flux φ and the transfer
efficiency κ = NB/NA from the x lattice to the y lattice.

III. RESULTS AND DISCUSSION

A. Outcoupling of magnetically trapped atoms

Figure 3 shows the number of atoms that have traveled
20 mm from the magnetic trap as a function of the lattice
velocity vL. We measured the number of atoms NA in box
A along the x lattice [see Fig. 1(b)], where the atoms were
in the 3P0 (red circles), 3P2 (green squares), and 1S0 (blue
triangles) states. We set the lattice laser polarization E(⊥)

L
perpendicular to the cavity plane [see Fig. 1(a)], which
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FIG. 3. Number of atoms in the 3P0 (red circles), 3P2 (green
squares), and 1S0 (blue triangles) states outcoupled by the moving
lattice with velocities vL. The upper axis corresponds to the trav-
eling time t of atoms over 20 mm, where the dashed line shows
the fraction of remaining atoms, assuming the collision-limited
lifetime of τ = 2 s.

gives 125-µK-deep lattice potential for atoms in the 3P2
state at the loading position x0.

The atoms pumped to the 3P2 and 3P0 states are contin-
uously outcoupled with a maximum atom flux of φ3P2

=
5 × 104/s and φ3P0

= 2 × 104/s, respectively, for vL ≈
20 mm/s. This atom flux is an order of magnitude larger
than that observed in our previous work [41], mainly
because of a five times larger lattice laser radius while
keeping a similar lattice depth, thanks to the power-buildup
cavity. The atoms pumped to the 1S0 states are outcoupled
from the magnetic trap by turning off the MOT lasers at
461 nm. The atom flux is φ1S0

= 4 × 104/s. Note that the
outcoupling of atoms in the 1S0 state is not continuous.

The number of atoms decreases to zero as the lattice
velocity approaches v0 ≈ 60 mm/s, which is explained as
follows. When the IR-cooled atoms in the 3P2 (mJ = 2)

state are loaded into the moving lattice at vL, the atoms
acquire kinetic energy of mv2

L/2. For the atoms to be sta-
bly trapped in the lattice, mv2

L/2 < Ueff/η needs to be
satisfied, with η being the truncation factor [46]. The effec-
tive trap depth Ueff/kB = 125 µK for the atoms in the
3P2 (mJ = 2) state with the truncation factor η ≈ 7 reason-
ably accounts for the maximum velocity (v0 ≈ 60 mm/s)
that corresponds to mv2

0/(2kB) ≈ 20 µK. This truncation
factor is also supported by the radial temperature 15 µK
of the transported atoms, as indicated by green squares in
Fig. 5(c).

On the other hand, the number of transported atoms
decreases for low lattice velocity v1 < 20 mm/s, which
is attributed to the collisional loss of atoms during a
long traveling time of t ≈ 20 mm/v1 > 1 s. Assuming the
background-gas collision-limited lifetime of 2 s for atoms

in the optical lattice at 10−7 Pa, we estimate the fraction of
remaining atoms as shown by the dashed line referring to
the right axis in Fig. 3. In particular, for atoms in the 3P0
and 3P2 metastable states, energy pooling and light-assisted
collisions [47] with the IR cooling laser may further reduce
the lifetime.

B. Crossed moving lattice

1. Atom transfer between the lattices and laser cooling

We expect the atoms in the x-moving lattice to be trans-
ferred to the y-moving lattice where the orthogonal moving
lattices intersect, as the atoms follow the intensity maxima
created by the interference or the sum of two moving lat-
tice fields, as illustrated in Fig. 2. In the intersection, the
atoms are guided by the lattice moving with the velocity
v = (vL, vL), as indicated by the atom trajectories shown in
Figs. 1(b) and 4. As the speed of the atoms is increased by√

2, the atom density is reduced by
√

2, which explains the
weaker fluorescence intensity in the intersection region.

We loaded atoms from the magnetic trap by the x lat-
tice with the velocity vm = 16 mm/s to maximize the atom
number, as indicated in Fig. 3. The trajectories of atoms
traveling in the crossed moving lattice are summarized in
Fig. 4, where atoms were pumped to the 3P0, 3P2, and 1S0
states. Note that the atoms in the 3P0 and 3P2 states can
coexist with the MOT lasers at 461 nm, allowing a fully
continuous lattice-trapped atomic beam.

Using atoms pumped to the 1S0 state, we demonstrate
laser cooling on the 1S0–3P1 transition to improve the trans-
fer efficiency, as shown in Figs. 4(d) and 4(h). The cooling
laser at 689 nm with a diameter of 10 mm illuminates the
crossed region as depicted in Fig. 1(a). The laser is red-
detuned from the light-shifted 1S0–3P1 (mJ = 0) transition
with an intensity of about 10 times the saturation inten-
sity, i.e., s ≈ 10. We note that the mJ = ±1 substates are
off-resonant by more than 20 MHz because of the residual
MOT magnetic field of about 1 mT. The capture velocity
of the cooling transition [48] is given by vc = √

s γR/kR ≈

(a) 3P0 (b) 3P2 (c) 1S0 (d) 1S0 cooled

(e) 3P0 (f) 3P2 (g) 1S0 (h) 1S0 cooled
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FIG. 4. Fluorescence images of atoms in the 3P0, 3P2, and 1S0
states for lattice velocities of vL = 16 mm/s (upper row) and
vL = 57 mm/s (lower row).
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15 mm/s with γR = 7.5 kHz being the natural linewidth
and kR the wavenumber of the transition.

For the moving lattice velocity vL = 16 mm/s, we mea-
sured the number of atoms along the atom trajectory [see
black dotted line in Fig. 1(b)] and estimated the atom
flux φ as a function of the traveling time of the atoms,
as shown in Fig. 5(a). In the absence of laser cooling,
the atom flux decayed nonexponentially, especially after
being transported to the y lattice, because of the heating
of atoms in the transfer between the orthogonal lattices. In
contrast, a nearly constant atom flux of φ1S0

= 6 × 104/s
was observed when applying laser cooling.

2. Velocity-dependent transfer

Figure 5(b) shows the velocity-dependent lattice trans-
fer efficiency κ = NB/NA from the x lattice to the y lattice.
We linearly increased (or decreased) the lattice velocity
from vm = 16 mm/s to vL in 100 ms before reaching
x = −5 mm. Figures 4(e)–4(h) show the atoms around the
intersection with vL = 57 mm/s.

In the absence of laser cooling, transfer efficiencies
κ = 0.3–0.4 were observed for vL < 60 mm/s for atoms
in the 3P0 (red circles) and 1S0 (blue triangles) states. It is
noticeable that the application of laser cooling around the
intersection (purple stars) improved the transfer efficiency
κ ≈ 1 for vL < 10 mm/s, which is comparable to the
capture velocity vc as given previously. Further decrease
in the transfer efficiency for larger vL may be attributed
to the insufficient cooling for the larger kinetic energy
mv2

L/2, since the local light shift (> 1 MHz) in the crossed
region w ∼ 200 µm limits the cooling time ∼ w/vL as vL
increases.

On the other hand, we observed low transfer efficiency
κ < 0.1 for atoms in the 3P2 state (green squares). We spec-
ulate that magnetic force acting on the magnetic moment
3μB of the 3P2 (mJ = 2) state pushes the atoms out of
the lattice while they are guided in the y lattice, where a
magnetic field gradient |dB/dx| ∼ 2 mT/cm reduces the
effective lattice depth to ∼ 30 µK. Here μB is the Bohr
magneton. We focus on the atom transport in the 3P0 and
1S0 states to simplify the following discussion without extra
complication due to such magnetic forces.

3. Atomic temperature

We measured the temperature of lattice-trapped atoms
by the time-of-flight technique. After optically pumping
the atoms to the 1S0 state and turning off the lattice lasers,
atoms were imaged by the 461-nm probe laser after a flight
time of 5 ms. Figure 5(c) shows the radial temperatures of
atoms before (filled symbols) and after (empty symbols)
the intersection region as a function of the lattice velocity.
We found that the atom temperatures of 10–20 µK were
rather independent of the velocity and the electronic states,
as indicated by the different colors. The temperature of the
atoms in the 3P2 state after the intersection is not shown in
the figure as the lattice trap was unstable, as suggested by
the rapid atom decay (green line) in Fig. 5(a).

The temperature of IR-cooled atoms in the magnetic trap
is estimated to be Teq ≈ 84 µK for our saturation param-
eter sIR = IIR/I0 ∼ 6 × 102 and magnetic field gradient
β0 ≈ 2 mT/cm. Here we use the formula [41,49]

Teq = (2TD/3) × sIR/(2f0
√

sIR/f0 − 1 − sIR)

with f0 = −(3μBβ0 + mg)/(�kIRγIR/2), where γIR/

(2π) = 57 kHz is the linewidth of the IR transition,
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FIG. 5. (a) Atom flux as a function of the traveling time from the loading position x0 with vL = 16 mm/s. Atoms pass through the
intersection at t = 1.268–1.291 s shown by the grey region. Different colors correspond to the atomic states, i.e., 3P0 (red), 3P2 (green),
1S0 (blue), and 1S0 with the additional cooling (purple). The colors also apply to the following panels. Atom flux φ = 6 × 104/s is
observed for atoms in the ground state when applying laser cooling. (b) Lattice velocity-dependent transfer efficiencies. Application
of laser cooling (purple stars) improves the transfer efficiencies to unity for vL < 10 mm/s. (c) Temperatures of atoms before (filled
symbols) and after (empty symbols) the intersection as a function of the lattice velocity.
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kIR = 2π/λIR is the wavenumber, and TD = �γIR/(2kB) =
1.4 µK is the Doppler temperature.

The effective lattice depth Ueff with the truncation
factor of η = 7 may account for the atom temperature
Ueff/kB/η ≈ 10–14 µK. For atoms with energies larger
than Ueff/η, the transfer efficiencies are less than κ = 0.4
because of the heating of atoms at the intersection.

4. Oscillatory motion of atoms

For the lattice velocity vL = 57 mm/s, we observe
the radial oscillation motion of atoms within the lattice
trap after it passes through the intersection, as shown in
Fig. 4(h). Its spatial period of  ≈ 0.59 mm implies an
oscillation frequency �/(2π) = vL/ ≈ 100 Hz, which
agrees with the estimated radial trap frequency �L/(2π) =
125 Hz. The observed amplitude A ≈ 90 µm and the radial
frequency suggest the maximum velocity of atoms in the
harmonic oscillator to be vM = A� ≈ 57 mm/s, which is
consistent with the lattice velocity.

The oscillation of the atomic trajectory suggests the
following atom transfer mechanism between the moving
lattices. The atoms in the x lattice with the potential depth
u0 are guided by the four times deeper lattice 4u0 created
by the interference of the x and y lattices. In the intersec-
tion, atoms are accelerated to vy = vL and finally released
to the y-moving lattice with x velocity vx = vL. When
exiting the intersection, the atoms, therefore, gain kinetic
energy of uKE = mv2

y /2 + mv2
x /2 = mv2

L in addition to the
initial temperature kBT0 of the atoms in the x lattice. This
heating uKE causes atom loss, as the atom temperature is
given by the truncation of the y lattice T0 ≈ Ueff/kB/η ≈
8 µK. Adiabatic deformation between the axial and radial
confinements seems unfeasible, as the axial ωL/(2π) ≈
140 kHz and radial �L/(2π) ≈ 125 Hz trap frequencies
changed in a short transit time of milliseconds.

5. Lattice polarization dependence

By setting the lattice polarization E(‖)
L parallel to the

cavity plane, as illustrated in Fig. 2(b), atoms tend to go
straight rather than changing their direction as the lattice
velocity increases. Figures 6(a) and 6(b) show the atoms in
the 3P0 state with lattice velocities vL = 16 and 97 mm/s,
respectively. The likelihood of capturing atoms in the y
lattice decreases for vL > 60 mm/s because of the lack of
interference between the crossed lattices. The fraction of
atoms changing direction (filled circles) and going straight
(empty circles) is summarized in Fig. 6(c) as a function of
lattice velocity vL. The rest of the atoms are lost from the
lattice in the intersection region, as discussed below.

C. Trajectory simulation near the intersection

We simulated the classical trajectory of atoms in the
3P0 and 1S0 states with the Monte Carlo method. The
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FIG. 6. Trajectory of atoms for the moving lattice with polar-
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L parallel to the cavity plane. (a) Atoms partially
change their direction for vL = 16 mm/s. (b) Atoms move along
the x lattice for vL = 97 mm/s. (c) Fraction of atoms transition-
ing to the right-angle trajectory (filled circles) versus maintaining
a straight path (empty circles).

equation of motion for an atom at r(t) is given by mr̈(t) =
−∇U(r, t), where U(r, t) = mgy − U1|ē(r, t)|2 consists of
the gravitational potential and the moving lattice poten-
tial, with m the atomic mass, g = 9.8 m/s2 the gravi-
tational acceleration, and U1 the lattice potential depth.
The squared electric field |ē(r, t)|2 averaged over optical
oscillation periods is given by

|ē(r, t)|2 = |ex|2[1 + cos(2kx − �ωt)]

+ |ey |2[1 + cos(2ky − �ωt)]

+ 2|ex · ey |[cos(k(x − y))

+ cos(k(x + y) − �ωt)], (1)

where ex(y) is the normalized electric field for one of the
counterpropagating moving lattice lasers along the x(y)

axis with the wave number k = 2π/λL and the angular-
frequency difference �ω = 2π�ν of the counterpropagat-
ing lattice lasers. The spatial distribution of the electric
field is given by

ex(r) = 1√
2

exp[−(z2 + y2)/w2
1]

ey(r) = w1√
2w2

exp[−(z2 + x2)/w2
2],
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FIG. 7. (a),(c) Simulated atom trajectories for the two lattice polarizations: (a) E(⊥)
L and (c) E(‖)

L . Red, blue, and grey trajectories
show the atoms changing direction, going straight, and being lost from the lattice, respectively. (b),(d) Fraction of atoms transitioning
from the x-moving lattice to the y-moving lattice (filled circles) and remaining in the x-moving lattice (empty circles) for the two
lattice polarizations: (b) E(⊥)

L and (d) E(‖)
L . Results of simulations are indicated by black symbols. The interference term |ex · ey | �= 0

facilitates transferring atoms from the x lattice to the y lattice for higher moving lattice velocity vL > 60 mm/s. Experimental results
for atoms in the 3P0 state are indicated by red symbols.

where w1 = 203 µm and w2 = 228 µm are the beam radii
for the x and y lattices, respectively, as described earlier.
We prepare atoms in the x lattice at x = −1.5 mm, assum-
ing thermal distribution with T1 = 10 µK in the trun-
cated harmonic trap with U1/kB = 70 µK. We integrate the
differential equation using the leapfrog method.

For the lattice laser polarization perpendicular to the
cavity plane ex ‖ ey ‖ ẑ, the inter-axis constructive inter-
ference |ex · ey | �= 0 facilitates guiding of atoms toward
45◦ with respect to the x axis at the intersection region.
Figure 7(a) shows the simulated trajectories for vL =
80 mm/s for 103 atoms. Figure 7(b) shows the fraction
of atoms transitioning from the x lattice to the y lattice
calculated from the trajectories shown in red in Fig. 7(a).
The simulations reproduce the atom transport between the
orthogonal lattices. A factor of 2 discrepancy between the
experiments and simulations may be attributed to the extra
heating of lattice-trapped atoms in the experiment, such
as given by laser-noise-induced parametric heating, which
may cause a loss of atoms.

For the lattice laser polarization parallel to the cav-
ity plane, the disappearance of the interference term (|ex ·
ey | = 0) makes the redirecting of atoms less effective for
atoms with vL > 60 mm/s. Figure 7(c) shows the atom tra-
jectories for vL = 80 mm/s, which indicates that a large
fraction of atoms go straight (blue trajectories). Atoms
lost from the lattice are shown by grey trajectories, and
those transported to the y lattice are shown by red ones.
Figure 7(d) summarizes the transfer efficiencies, where
filled circles show the fraction of atoms transported to the
y lattice, and empty circles show the atoms that remain
trapped in the x lattice. The simulations shown in black
reproduce the velocity-dependent trend observed in the
experiments (red circles) taken from Fig. 6(c).

IV. CONCLUSION

We have demonstrated a continuous beam of strontium
atoms in the 3P0 and 3P2 metastable states while the two-
stage cooling is being conducted. The interference of two
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moving lattices facilitates the guiding of the atoms to the
orthogonal moving lattice, where atoms can be free from
the scattered light in laser cooling. The obtained atom flux
of φ > 104/s is sufficient for longitudinal Ramsey spec-
troscopy [43]. The scheme has been extended to 87Sr to
obtain an atom flux of one-tenth of 88Sr, which is roughly
proportional to the natural abundance of the isotopes, by
following the narrow-line cooling on 87Sr as reported ear-
lier [38]. A continuous beam of atoms trapped in the
LDR provides an essential resource for longitudinal spec-
troscopy, where atoms in the LDR interact with a probe
laser introduced in the same axis as the lattice-trapped
atomic beam. The configuration allows zero-dead-time
spectroscopy free from the Doppler shift arising from the
thermal motion of atoms.

While we observed the loss of atoms in transferring
between the orthogonal moving lattices, we demonstrated
that laser cooling of atoms improves the transfer efficiency
close to unity. For the continuous clock operation on the
1S0–3P0 transition, laser cooling on the 3P2–3D3 transition
at λ = 2.92 µm can be applied in the intersection region to
improve the transfer efficiency. This laser cooling can be
compatible with the clock operation, as it gives a negligible
light shift at 10−20 level [38] on the clock transition.
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