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Estimating optical lattice alignment by RF spectroscopy
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A method that uses radio frequency (RF) spectroscopy to evaluate the alignment of an optical lattice is
proposed and demonstrated. A one-dimensional (1D) optical lattice is applied along the long axis of a
cigar-shaped Bose-Einstein condensate (BEC) in a magnetic trap. The RF spectra of condensates with
and without the optical lattice are analyzed, measured, and compared with the condition in which the
lattice is misaligned with the BEC. The proposed method greatly optimizes the optical alignments of the
lattices.
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In the field of ultra-cold atoms, the use of optical lattices
has drawn increasing interest due to its applications in
condense matter physics. Lower temperatures can also
be achieved using optical lattices[1−3]. Bose-Einstein
condensate (BEC) observations in optical lattices have
made the experimental study of matter waves in periodic
potentials possible[4−10]. Fundamental studies involve
Kapitza-Dirac scattering, Josephson junction dynamics,
super fluidity to Mott insulator transitions, number-
squeezing, and Bloch oscillations. Ultra-cold atoms in
optical lattices also serve as better samples for precision
measurements, such as interferometers[11,12] and atomic
clocks[13−15].

Apart from the advantages mentioned above, optical
lattices offer more control freedom in the experiments.
The spatial periodicity of a lattice can be modified by
choosing the lattice light wavelength and the angle be-
tween the incident laser beams. The lattice depth is
adjusted using the light intensity, after which the mani-
fold temporal patterns are obtained using external mod-
ulation. Although the aforementioned parameters are
controlled with high precision, optical alignment is a
problem for lattice experiments. Specifically, imperfect
optical alignment with the atomic cloud excites the BEC,
thus leading to instabilities. In the conventional method,
resonant light from an optical fiber is used as a guide to
enable the lattice light to scatter most atoms from the
cloud while consuming minimal power. Given that lattice
light has a Gaussian profile, the conventional method is
less sensitive when the atomic cloud is near the center of
the laser beam where the intensity gradient is minimal.

In this letter, we propose a method that uses a radio
frequency (RF) field on condensates. We compare the
RF spectra of condensates in magnetic traps with and
without optical lattices. When the condensates are in
the magnetic trap, the RF spectra are influenced by the
position-dependent Zeeman shift. Although the optical
lattice slightly affects the atomic transition frequency,
the misalignment between the center of the magnetic
trap and the center of the lattice beam greatly affects

the spatial distribution of the atomic cloud, thereby
leading to considerable RF spectra variations. Based on
RF spectra measurements, we quantify the misalignment
and provide precise guidelines to optimize the alignment.

We first considered a 87Rb52S1/2 |F = 2, MF = 2〉 con-
densate in a magnetic trap. It is expressed as a three-
dimensional (3D) harmonic trap UM = U0 + 1
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2, where m is the atomic mass, U0 is the potential

bias, ωr is the radial frequency, r is the radial coordinate,
ωz is the axial frequency, and z is the axial coordinate.

When a red-detuned optical lattice is loaded on the
condensate along the axial direction (Fig. 1(a)), the
center of the light waist of the lattice OL is assumed to

Fig. 1. (Color online) The influence of a misaligned optical
lattice on an atomic cloud. (a) A cigar-shaped condensate is
loaded in a 1D optical lattice with a displacement d between
the center of the condensate OC and the center of the laser
beam OL along an arbitrary direction in the radial plane; (b)
the spatial distribution of an atomic cloud modified by the
optical lattice. Along the direction of d, the atomic cloud in
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the combined trap is more compressed and is shifted by d′

from the atomic cloud of the magnetic trap.

perfectly overlap with the center of the atomic cloud OC.
However, the assumption is not always true. A displace-
ment d exists between the two centers along an arbitrary
direction in the radial plane. Therefore, the trap poten-
tial is modified as
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where UL is the lattice depth, kL is the wave vector, w0

is the waist size, and wz is the 1/e radius of the lattice
laser. The axial size of condensate is approximately 100
µm, the Rayleigh length of the lattice laser is approxi-
mately 5.32 × 104 µm (the Rayleigh length is defined as
ZR = πw2

0/λL, where w0 is 110 µm and the wavelength
of the lattice laser λL is 850 nm). The Rayleigh length
is over 500 times greater than the typical dimensions of
condensates; hence, wz ≈ w0. Given that the lattice was
loaded adiabatically, we assumed that the atoms expe-
rienced the maximum light intensity along the axial di-
rection. While the radial coordinate r was around d, the
potential induced by optical lattice was approximated as
a harmonic oscillator trap with frequency ωL.

The total trap potential is simplified as
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where RZ is the Thomas Fermi radius along the axial
direction. The first line in Eq. (2) represents the bias
field of the total potential, whereas the second line is
a new harmonic oscillator trap with a higher frequency
√
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L, and a trap center displacement d′ =
ω2

L

ω2
r +ω2

L
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The atomic cloud is shifted and compressed in space by
the new trap (Fig. 1(b)), in which the blue and purple
curves are the original and modified traps as well as the
spatial distributions, respectively.

For radio frequency (RF) spectroscopy, we used mag-
netic dipole transitions between the magnetic sub-levels
of the hyperfine ground states. The prepared conden-
sate is in the 52S1/2 |F = 2, MF = 2〉 state. There-
fore, only one magnetic dipole transition channel,
|F = 2, MF = 2〉 → |F ′ = 1, M ′

F = 1〉, exists between
the two hyperfine ground states. For the condensates in
the magnetic trap, the frequency shift of the transition
from |F = 2, MF = 0〉 → |F ′ = 1, M ′

F = 0〉 (with a clock
transition frequency of 6 834 683 kHz) is mainly influ-
enced by the Zeeman shift (Fig. 2). The atomic cloud is
spatially distributed around the center of magnetic trap
with a bias B0. Therefore, the center of the spectra cor-
responds with the Zeeman shift induced by B0. This is
defined as (µBgFMFB0 − µBgF′M ′

FB0)/h = 3µBB0/2h,
where h is the Plank constant, µB is the Bohr magne-
ton, gF = 1/2, MF = 2, gF ′ = −1/2, and M ′

F = 1.
The spectra center of the condensates in a magnetic

trap is given by ν0 = 6 834 683 kHz+3µBB0/2h. When
an optical lattice is applied, the center is shifted to
νL = ν0 + mω2

r d
′2/4h. Both the magnetic field and the

lattice light shift the transition based on Eq. (2). We
evaluated the frequency shift introduced by the lattice
laser based on the methods presented in Refs. [16,17].
The shift has a magnitude of 0.1 Hz, which is negligible
compared with the shift caused by the position. The
interaction between atoms also causes frequency shifts
in condensates. Previous studies have shown that the
s-wave scattering lengths of 87Rb in different hyperfine
ground states are close to each other[18,19]. Therefore,
the collision shift is also negligible.

Meanwhile, the widths of the RF spectra may decrease
if the optical lattice loading process is adiabatic. The
condensates are adiabatically loaded along the direction
of the lattice when the ramping-up time of the lattice
loading tr satisfies tr ≫ hUL/16E2

R ≈ 160 µs (ER repre-
sents the single photon recoil energy) and tr ≫ tI ≈ 500
µs[20], with the characteristic time of mean-field energy
tI. The first condition indicates that the lattice loading
is slow enough, thus no atoms are excited to the excitable
states. The second condition indicates that the intensity
ramp of atomic gas is adiabatic[21]. In our experiment, tr
is 40 ms and meets the two conditions. The adiabaticity
of the lattice loading has been demonstrated in Ref. [22].
However, the rising time of the lattice (i.e., 40 ms), and
the lattice having a characteristic frequency of 25 Hz
might not have been long enough for the optical trap
along the radial direction. This is because the frequency
gap of the radial harmonic trap is 200 Hz. The loading
process causes the excitation and expansion of atomic
clouds, thus resulting in the broader width of the RF
spectra.

We performed the experiments using an 87Rb BEC
system[23,24]. After pre-cooling, a cigar-shaped conden-
sate with 1 × 105 atoms in the 52S1/2 |F = 2 MF = 2〉
state was obtained by evaporative cooling in a mag-
netic trap with an axial frequency of 20 Hz and a radial
frequency of 200 Hz. The initial atomic gas was pre-
pared as a condensate with negligible hot atoms. A
one-dimensional 1D far-red-detuned (wavelength=850
nm) optical lattice was used on the condensate along the
axial direction. The lattice depth was 10ER, which was

Fig. 2. (Color online) Magnetic sub-levels of the hyperfine
ground states of 87Rb in the magnetic trap and the magnetic
dipole transition used for RF spectroscopy. A condensate is
prepared in the 52S1/2 |F = 2, MF = 2〉 state. Only one chan-
nel of the magnetic dipole transition exists for this state and
is given by |F = 2, MF = 2〉 → |F = 1, MF = 1〉. The transi-
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tion in the magnetic trap is shifted from the clock transition
by the bias field B0. The transition in the combined trap is
additionally shifted by the displacement d′.

calibrated using Kapitza-Dirac scattering[25]. Evapora-
tion was stopped when the condensates were obtained.
The amplitude of the optical lattice increased exponen-
tially after 40 ms and remained constant for another 900
ms (Fig. 3(a)). The RF field was turned on during the
same period. The RF field was generated by an arbi-
trary function generator. It was locked to a high-stability
crystal oscillator and coupled out from a horn antenna.
The magnetic trap, the optical lattice, and the RF field
were turned off at after RF spectroscopy. After 30 ms
of free fall, pictures of the atomic gas were taken using
absorption imaging in order to measure the number of
atoms.

Figure 3(b) shows the schematic of the optical align-
ment of the lattice. A 780-nm laser was coupled to the
same single-mode-polarization-maintaining (SMPM) op-
tical fiber as the lattice laser (850 nm). The resonant
light (780 nm) acted as a pilot (without the 0◦ reflec-
tor), which had better alignment and scattered more
atoms. We spatially scanned the light alignment until
no atoms were left. We then decreased the light power
and scanned the light again. We repeated the process
until some atoms were observed. Next, we found the
right direction that had the lowest number of atoms.
The precision of manually aligning the optical lattice
was approximately 20 µm per step. In our experiment,
we were unable to distinguish the three subsequent steps
with the lowest number of observable atoms. Therefore,
the actual precision of manual lattice alignment is ap-
proximately 60 µm. The radius of lattice light waist
is 110 µm, and the precision corresponds to a maxi-
mum light instability of 13.8%, which coincides with the
fluctuations of approximately 10%. From Eq. (2), the
introduced displacement d′ is less than 1.3 µm.

The frequency of the RF field was scanned at a
fixed power. A frequency range was found in which
no |F = 2, MF = 2〉 atoms were left. Next, we reduced
the RF power, scanned the frequency again, and found
a narrower range. We repeated the process until the
frequency range reached its minimum. From these steps,
we eventually determined the frequency of accurate res-
onance. When the lattice is turned off, the measured
resonant frequency is ν0 = 6 838 380 kHz (square dots in
Fig. 4(a)). The shift between the frequency and the clock
transition is 3 697 kHz. We also obtained the shift using
evaporative cooling, which is a good method to read the
bias of magnetic traps if evaporation is maintained until
no atoms are observed. The final evaporation frequency
from evaporative cooling corresponds to µBB0/2 and is
approximately 1 191 kHz. The transition shift of ap-
proximately 3µBB0/2 = 3 573 kHz coincides with the
results of the RF spectroscopy at a deviation of less than
4%. Deviation may have occurred due to the evaporation
system, because the function generator for evaporation
is not locked to the high stability crystal oscillator.

Meanwhile, the Thomas-Fermi approximation[26] can
be applied to condensates in the harmonic trap. The

density distribution is expressed as
(

1 − r2

R2
r
− z2

R2
Z

)

, with

a radial radius Rr and an axial radius RZ. The spectra

in our experiment reflect different densities at different
frequencies, which are related to the position. At the
center of the atomic cloud, the density reaches the maxi-
mum value and corresponds to the valley on the spectra.
The relative population increases slowly from the valley
to −4 kHz, and then increases rapidly to nearly the max-
imum at −5 kHz (square and blue dots in Fig. 4(a)).
If the center of the atomic cloud is at the bias field B0,
the rapid increase normally occurs at 0 kHz. However,
the spectra behave differently because of gravity. To
balance the gravity, the atomic cloud makes a displace-
ment dg along the direction of gravity in the radial plane
from the center of the magnetic field. This satisfies
d(mω2

r r2
g)

drg

∣

∣

∣

rg=dg

= mg, where rg is along the direction of

gravity. The valley matches the position of balance with
displacement dg from the center of the magnetic trap.
In our experiment, the displacement dg is 6.3 µm and
causes a shift of 5.1 kHz. The behavior of the spectra on
the negative side indicates the behavior of atoms between
the balance position and the center of the magnetic trap.

The maximum length of the displacement induced by
the optical lattice is 1.3 µm, which is smaller than the
6.3-µm displacement induced by gravity. When the opti-
cal lattice is exposed to the atomic cloud in the magnetic
trap, a displacement d′ is induced, occurring in all di-
rections of the radial plane. The displacement induced
by gravity is along a fixed direction, i.e., the y direc-
tion. The two vectors composted one dc with a length
that varies from a minimum of dg − d′ to a maximum of
dg + d′. The frequency shift of the valley compared with
the original varies from −1.9 to 2.3 kHz, corresponding to
the minimum and maximum lengths of the composed dis-
placement, respectively. The round dots in Fig. 4(a) are
the spectra of the condensates in the magnetic trap and
the optical lattice. The valley is shifted approximately
∆ν = −1 kHz from the condensates in the magnetic trap.

Fig. 3. (Color online) RF spectroscopy of the condensate in
the magnetic trap and the optical lattice. (a) The time se-
quence of the RF spectroscopy. Once a condensate is ob-
tained, the evaporative cooling field is turned off and a 1D
optical lattice is ramped exponentially to 10ER after 40 ms.
Afterwards, the lattice is maintained at 900 ms, and RF spec-
troscopy remains turned on at the same time. The lattice,
magnetic trap, and RF field are turned off, and TOF signals
are taken; (b) Schematic of the optical alignment for the lat-
tice. The lattice light (850 nm) and the pilot light (780 nm)
are adjusted to overlap spatially at a polarizing beam splitter
and are coupled into a SMPM optical fiber. Light is focused
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on the atomic cloud. Adjusting the alignment of the optical
lattice blocks the 0◦ reflector and the lattice light 0◦. When
the optical lattice works, only the pilot light is blocked.

Fig. 4. (Color online) RF spectroscopy of the condensates.
(a) Comparison between the spectra of the condensates in
the magnetic and combined traps. The square blue dots and
the round red dots are the spectra in the magnetic and com-
bined traps, respectively. The valleys encircled in the figure
correspond to the centers of the atomic clouds. A frequency
shift is also observed (∆ν = −1 kHz), which corresponds to
the displacement of the atomic gas induced by the optical lat-
tice; (b) evaluation of the ’splacement of atomic gases induced
by the optical lattice. The solid line vector dg is the displace-
ment induced by gravity with a length of 6.3 µm along the
negative y direction in the radial plane. The displacement d′

is the possible displacement of atomic gases with a length less
than 1.3 µm and a direction along any direction in the radial
plane. Given that the length of the composed displacement
dc is 5.6 µm, the possible endpoints of dc and d′ are along the
5.6-µm-radius circular arc indicated by the dotted circle.

The length of the composed displacement dc is obtained
as 5.6 µm.

Next, we evaluated the possible lengths and directions
of the displacement caused by the optical lattice. The
possible vectors of d′ came from the starting point to
points along the 5.6-µm radius arc within the 1.3-µm
radius circle as shown in Fig. 4(b). Then, based on

d′ =
ω2

L

ω2
r +ω2

L

d, we estimated the misalignment d from

the lattice center OL to the condensate center OC. If
there is a method that allows finer optical adjustment,
the lattice alignment is optimized and the overlap of the
two centers can be improved further based on RF spec-
troscopy. When the two centers get closer, the frequency
shift between the two spectra becomes smaller. Ideally,
if the center of the optical lattice perfectly overlaps with
that of the condensate, the shift disappears.

Meanwhile, the positive side of the spectra demon-
strates the behavior of atoms beyond the center of the
magnetic trap. We evaluate the width of the spectra on
the positive side as the shift of the atoms at the half max-
imum density, and obtain the width about 6.0 kHz.We
can read the width as 6.5 kHz on the positive side of the
figure, which is reasonable with Doppler and saturation
broadening. As the condensates are loaded in the optical
lattice, the spectra on the positive side are broadened

because of non-adiabatic lattice loading (Fig. 4(a)).
The fluctuations in our experiments are attributed to

a number of factors. The first factor is the instability
of the initial atom number. Absorption imaging is de-
structive; thus, we measured the atom number without
RF spectroscopy multiple times under the same condi-
tions in order to reduce uncertainty. The average of
the measurements was used as the initial atom num-
ber. Nevertheless, fluctuations of approximately 5% still
occurred. The second factor is the fluctuation of the
bias field. We controlled the current of the bias coils at
a relative precision of 1 × 10−4, which corresponds to
a transition frequency deviation of approximately 0.36
kHz. The factors limited the precision of the RF spec-
troscopy.

With the limitations brought about by manual ad-
justments, we are unable to improve the alignment.
Nevertheless, we optimized precision using piezoelectric
ceramics for positioning and then scanned the optical
alignment using voltages with high precisions of approx-
imately 1 µm. By combining electronic control and RF
spectroscopy detection, we aligned the center of the op-
tical lattice OL closer to the center of the atomic cloud
OC.

If the frequency shift between the two spectra is zero,
the lattice alignment is greatly improved. Given that
the resolution of the performed spectroscopy is 1 kHz,
the actual frequency shift caused by the displacement
is within ±0.5 kHz. This is also within 15 µm of the
distance between the two centers OL and OC. The pre-
cision of the alignment has also been improved from 60
to 15 µm.

In conclusion, we used RF spectroscopy on condensates
in magnetic traps with and without optical lattices to
reveal the influence of the misalignment of the optical
lattice. We analyze the frequency shift of the magnetic
dipole transition caused by the magnetic field, gravity,
the optical lattice, and the displacement between the
center of the optical lattice OL and the center of the
condensate OC. RF spectra are measured, and experi-
ments and theoretical analysis are then compared. After
evaluating the spatial shifts of atomic clouds induced
by optical lattices, we find that such shifts are consis-
tent with estimations. Furthermore, better alignment is
achieved when the valleys of the two spectra are closer.
The proposed method potentially optimizes lattice load-
ing.
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