Taylor & Francis
Taylor & Francis Group

Journal of Modern Optics

Modern Optics

ISSN: 0950-0340 (Print) 1362-3044 (Online) Journal homepage: https://www.tandfonline.com/loi/tmop20

Laser cooling of rubidium atoms in a 2D optical
lattice

Chunhua Wei & Carlos C. N. Kuhn

To cite this article: Chunhua Wei & Carlos C. N. Kuhn (2018) Laser cooling of rubidium
atoms in a 2D optical lattice, Journal of Modern Optics, 65:10, 1226-1234, DOI:
10.1080/09500340.2018.1429684

To link to this article: https://doi.org/10.1080/09500340.2018.1429684

ﬁ Published online: 02 Feb 2018.

N
[:J/ Submit your article to this journal &

||I| Article views: 147

Py

(&) View Crossmark data &

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tmop20


https://www.tandfonline.com/action/journalInformation?journalCode=tmop20
https://www.tandfonline.com/loi/tmop20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/09500340.2018.1429684
https://doi.org/10.1080/09500340.2018.1429684
https://www.tandfonline.com/action/authorSubmission?journalCode=tmop20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tmop20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/09500340.2018.1429684&domain=pdf&date_stamp=2018-02-02
http://crossmark.crossref.org/dialog/?doi=10.1080/09500340.2018.1429684&domain=pdf&date_stamp=2018-02-02

JOURNAL OF MODERN OPTICS, 2018
VOL. 65, NO. 10, 1226-1234
https://doi.org/10.1080/09500340.2018.1429684

Taylor & Francis
Taylor &Francis Group

'.) Check for updates

Laser cooling of rubidium atoms in a 2D optical lattice

Chunhua Wei®P and Carlos C. N. Kuhn®

aDepartment of Instrument Science and Technology, College of Mechatronic Engineering and Automation, National University of Defense
Technology, Changsha, China; bQuantum Sensors Lab, Department of Quantum Science, Australian National University, Canberra, Australia;
Center for Quantum and Optical Science, Swinburne University of Technology, Melbourne, Australia

ABSTRACT

Lossless polarization gradient cooling of 4 x 107 87Rb atoms in a far-detuned 2D optical lattice is
demonstrated. Temperatures down to 1 K and phase space densities as high as 1/1000 are achieved
in a total duty cycle of 215 ms. It is shown that utilizing the vector component of the optical lattice
allows lower temperatures to be achieved when compared with pure scalar lattices.

1. Introduction

Laser cooling techniques which can produce low tem-
peratures at high densities are of substantial practical im-
portance. Numerous technologies benefit from a bright
atomic source, including atomic clocks (1-3), atom inter-
ferometers (4-6), quantum computing (7-9), quantum
communication (10) and the production and use of Bose—
Einstein condensates (BECs) (11, 12).

The most commonly used method to trap and cool
neutral atoms is the magneto-optical trap (MOT), a con-
figuration of red detuned lasers and a quadrupole mag-
netic field (13). The MOT is designed to harness the
Doppler effect to cool a large number of atoms to the
Doppler limit, Tpoppler = 7y /2kp, where y is the laser
cooling transition linewidth (typically around 27 x10
MHz for alkali atoms) and kg is the Boltzmann con-
stant, with temperatures around 250 pK predicted (for
Rb atoms where the transition linewidth is 27 x6.06 MHz
the Tpoppler ~ 146 WK). Experimental application of the
MOT was found to cool atoms significantly below this
limit, through a process termed Sisyphus cooling. This
process arises through a combination of optical pumping
and the polarization gradients experienced by the atoms
moving through the optical field of the MOT beams,
allowing significantly more energy to be extracted from
the laser cooled atoms and leading to temperatures over
an order of magnitude less than Doppler cooling (14).
This technique became known as polarization Gradient
Cooling (PGC).

Polarization gradient cooling was a result spurred by
a push to create cooling schemes approaching the recoil
limit, Trecoil = (Ak)?/2mkp (361.96 nK, for 8’Rb atoms),
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where k is the wavenumber of the cooling light and m
is the mass of the atom. A key insight was to realize that
imposing an optical lattice could engineer dark states that
led to temperatures an order of magnitude lower than
standard PGC, with 1.1 wK demonstrated for Cs (15, 16).
The use of optical lattice traps as aids to adiabatic cooling
of Cs have also been verified, with temperatures around
700 nK achieved in 3D lattices (17). The pinnacle of laser
cooling method while keeping atom number constant
during the cooling process is 3D Raman sideband cooling
(and derivatives) in far-detuned optical lattices, which
can greatly increase the ground-state occupation frac-
tion of lattice-bound atoms and produce temperatures as
low as 290 nK (18-20) that technique create a fictitious
cooling transition with a very narrow linewidth that de-
crease the recoil limit. It should be noted that significant
progress on low-temperature, high-phase space density
laser cooling has been achieved using Doppler cooling on
narrow forbidden lines (21-23), leading to Bose-Einstein
condensation in Sr using laser cooling only (24). Ulti-
mately, the techniques of laser cooling aim to engineer a
narrow line absorption line in any atomic species.

We demonstrate polarization gradient cooling in a far-
detuned 2D optical lattice, applied to efficiently cool a
sample of ¥Rb atoms. The configuration is shown to
achieve temperatures of 1 pK in two dimensions and is
compared with optimized free space PGC in the same
system, demonstrating an order of magnitude improve-
ment. 4 x 10”7 8Rb atoms are trapped in the lattice,
resulting in a phase space density as high as 1/1000 at
an atomic density of 3 x 10'! cm™>. The recoil energy,
E, = h?k?/2m, is used to compare the cooling efficiency
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Figure 1. Schematic view of the lattice beams configuration
on the MOT Cell. The vertical beams are linear polarized along
the y direction from the £ z-axis and the horizontal beam is
right-handed circular polarized along x direction. The coils in
the figure generate a quadrupole magnetic field (anti-Helmholtz
configuration to be used in the MOT). During the lattice and PGC
the magnetic field is turned off, no current is supplied for the coils.

between differing atomic species, with the results achiev-
ing approximately 22 E, in 8’Rb, comparable to leading
results in !33Cs that reaches temperatures around 700 nk
(28 E;) (17). A schematic of the vector lattice cooling
system is shown in Figure 1, which is simple and easy
to be implemented, requiring only three additional laser
beams beyond a standard MOT setup. Compared with a
scalar lattice, this configuration (i) minimizes heating due
to re-absorption of cooling photons and (ii) generates an
exchange population from bright to dark states due to a
non-degenerate potential similar to PGC.

2. Theoretical background

In this section, the theoretical background on optical
dipole potential is briefly reviewed to help the compar-
ison between the two optical lattices presented in this
work. Let’s consider three laser beams with frequency
wr, two of which propagate along the z direction with
the final along x direction. The total electric field is then
given by

E(x,y,2z,t) = Eo(x, , 2)e @t 4 occ., (1)
where

EO(X;}/, z) = E()lél eikz + Eozéze_ikz + Eo3é3e—ikx (2)
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Figure 2. Normalized Intensity along the x— and z-axis, obtained
from Equation (5), | o< |Eji|? (red solid line), and from Equation
(7),1  |Egir|? (black dashed curve).

describes the amplitude of the electric field given Ey; are
the amplitudes of the electric field for each of the three
laser beams, €; are their local unit polarization vector,
k = 27 /A is the wavenumber and X is the wavelength of
light. In the case of multi-level atoms and accounting for
linear and circular light, the optical dipole potential can
be expressed by (25)

JTCZF 2+ P FMp 1—Ppmp
U@ = = ( g & )I(r). (3)
2a, AR ALF

where I(r) = 2epc|Ep(x,y, 2)|? is the lattice light in-
tensity, wy is the atomic resonance frequency, gr is the
Landé factor and mp is the magnetic quantum number
for the total angular moment F. Here P stands to the laser
polarization (P = 0 for linearly polarized light, P = +1
for circularly o * polarized light). The detunings A r and
A, p are calculated in such way the total dipole potential
takes into account the D; and D; line, respectively, (see
(25) for further details). In the case of large detunings,
the dipole potential can be linearly expanded in term of
Alg/ A, where we defined the detuning from the centre
of the D-line doublet A and the Al is the excited fine
structure splitting. Thus the optical dipole potential be-
comes

v = 7T (14 L 28 ) 1), (@)
Yr) = — — mep—— r).
20 3 SEMETA
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Figure 3. Laser setup for the optical lattice. An ECDL is used to seed a tapered amplifier on the science table. This light undergoes spatial
filtering before the cell, with the laser frequency monitored using a wavemeter.

It becomes clear from Equation (4) that in the case
of linear polarized light (P = 0), it recovers the optical
dipole potential calculated when using the well-known
rotating wave approximation.

In this work, where ALg >> Ay, Ayp and App >>
A, p with unresolved excited-state hyperfine splitting, the
Equation (3) remain valid. It is important to notice that
in this case, the polarization of the light plays a stronger
role. The circularly polarized light lifts the degeneracy of
the magnetic hyperfine states of the ground states, and it
can be understood as an ‘effective magnetic field’ (26).

In order to understand the oscillatory response of po-
tential and its spatial polarization dependency, Equation
(2) need to be taken a close look. Two cases are compared
here, the pure scalar lattice and the vectorial lattice. For
the first configuration, there have Ey; = Egy = Eg3 = Eo
and ¢; = ¢, for i = {1,2,3}, where &, = [0,1,0] is
the unitary Cartesian vector. Setting those parameters in
Equation (2), we get

Ejin = Eoéy[cos (kx) + 2 cos (kz) — isin (kx)].  (5)

For the second configuration, Figure 1, the beam along
the x-axis is circularly polarized, such that

& + e,

5 (6)

€3 =

This specific configuration generates a lattice similar
to the lin_Llin configuration described in (27). Equations
(6) and (2) leads to

Eo

V2

E. = [( cos (kx) — 2+/2 cos (kz))e, — sin (kx)éz]

+ i% [sin (kx)e, — cos (kx)éz] .

Figure 2 shows the normalized intensity obtained for
both configurations using Equations (5) and (7), I |E|.
The solid red line and dashed black curve for linearly
and circularly polarized light for the third lattice beam,
respectively. No periodicity is observed in the y direction.
Here it is clear that the two configuration generates a very
similar scalar component for the light shift.

Equation (7) outlines the spatial dependence of the
polarization of the light in this configuration. It can be
seen that the polarization of the light varies spatially from
purec” atz = A/8andz = 7A/8topurec " atz = 1 /4
and z = 3A/4 for x = 0 relative to the x direction. In
contrast, along the x-axis at z = 0, the light is never
purely circularly polarized, but a linear combination of
both o polarization forming a periodic potential, Figure
2. This periodic potential results in a tensor component
of the light shift experienced by the atoms and behaves
like a first-order Zeeman shift, breaking the degeneracy
of the lattice, as mentioned before.
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Figure 4. The diagram of cooling experimental sequence. The lattice beam TTL is off when implementing a standard PGC process.

Similar schemes have been studied theoretically with
respect to 2D Sisyphus cooling (28). Basically, each of the
Zeeman sublevels see a different potential resulting from
the lattice.

We demonstrate that the two configuration creates
a periodic potential along the x— and z-axis. The main
observed difference between the two schemes is that when
using circular light in the third beam, the optical dipole
potential is not the same for all the mp states due to the
fact the polarization of the light changes as a function of
position. This difference is a strong candidate to be the
reason for the improvement in the cooling. Although the
physics behind needs further investigation.

3. Experimental setup
3.1. Laser setup

The experiment utilizes external cavity diode lasers
(ECDL) locked to an atomic transition using saturated
absorption spectroscopy (SAS). The 40 mW trappinglaser
(red detuned from the F = 2 — F' = 3 of the ¥Rb
D, transition hyperfine level) is amplified (~700 mW)
then sent through an acoustic-optic modulator using a
double-pass setup (DP AOM). The laser mode is then
cleaned through 3 m of polarization maintaining single-
mode (PMSM) fibre, resulting in about 240 mW of trap-
ping light sent to the glass cell. Immediately after the
locking loop, a small amount of light is removed for use
as a probe beam in an absorption image system and is ca-
pable of being tuned independently of the trapping light
using an AOM double-pass set up. The image beam, in
the science table, is located horizontally and orthogonal
to the horizontal lattice beam. The 60 mW repump laser
(F =1 — F = 2) is passed through an AOM, with

the first-order diffracted light fibre coupled to the glass
cell resulting in a total power of 12mW at the science
cell.

The geometric setup to generate the optical lattice
potential is shown in Figure 3. The ECDL used to generate
the lattice is amplified and spatially filtered through 3 m
of PMSM fibre. A home built wavemeter is added to ac-
curately detune the laser from the D, transition (29). The
laser can be locked at any frequency using a software im-
plementation of a proportional integral derivative (PID)
controller and is experimentally simple to implement,
requiring only 10 wW oflight coupled into the wavemeter
fibre from the back of the Saturated Absorption Spec-
troscopy (SAS) beam splitter. In order to avoid spon-
taneous emission heating of the cold atoms, the optical
lattice is typically set to be 20 GHz detuned to the red of
the F = 2 — F’ = 3 transition.

The intensity of the lattice is directly controlled by
pulsing the current through the tapered amplifier using a
function generator (Agilent 33250A) and a Wavelength
Electronics PLD5000 5A laser diode driver. This setup is
useful for producing a high-power output from a tapered
amplifier when there is limited seed light available, or
when the application only requires a large amount of
power for a short amount of time (30). A polarizing
beam splitter (PBS) is used to divide the total lattice
power. Waveplates are used prior to input to the glass
cell to adjust the polarization of each lattice beam. Three
beams are used to build a 2D lattice. The vertical lattice
is linearly polarized, with a 1/e? waist of 5mm, created
by retro-reflecting a single input beam. The third and
single horizontal lattice beam can be circular or linearly
polarized. When the horizontal lattice beam is linearly
polarized a pure scalar 2D lattice is formed. On the other
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Figure 5. (a) Adiabatically loading of the optical lattice at 20 GHz detuning to the red from the F = 2 — F’ = 3 transition. Atoms are
loaded adiabatically using a 3 ms linear ramp and held in the lattice for 10 ms. The atoms are imaged 15 ms after release by absorption
image technique using a probe beam at resonance with the atomic colling transition. The first picture shows the cloud is not affected
by the lattice beam. As the lattice intensity increases, it can hold atoms to against the gravity because of the trap depth increase. So,
more atoms can load into the lattice, and fewer atoms fall. The trapped and untrapped atoms have an offset of around 15 ms in the TOF
image. (b) The lattice is switched on according to the above protocol at 200 mW at different detuning. Tuning closer to resonance at

this power results in a clear loss of atoms due to heating.

hand, a circularly polarized beam generates a 2D lattice
with a vector gradient for the atoms in two perpendicular
directions.

3.2. Experimental sequence

The experimental sequence starts with 4 x 107 of 3Rb
atoms captured in 200 ms in a standard 3D MOT (13)
configuration. The trapping light with total power of
240 mW is divided into three counterpropagating beams
using beam splitters and waveplates. The light polariza-
tions (sigma plus and sigma minus for each counterprop-
agating beam respectively) are adjusted using quarter-
wave plates just before reach to glass cell. This configura-
tion provides a damping and restoring force in the atoms
when combined with the magnetic quadrupole potential
generated from a pair of coils on the anti-Helmholtz
configuration.

Just before the PGC, an initial stage of MOT com-
pression is implemented by increasing the magnetic field
gradient from 10 to 25 G/cm. During our PGC, the mag-
netic field is then switched off (Figure 4) in 100 s by
turning off the power supplier that generates current for
the coils and the cooling beam are swiped from —20 to
—100 MHz detuned from the cooling transition during

15 ms. Although the intensity of the light is not actively
varied during our PGC, it does decrease due to variation
in the coupling efficiency of the Acoustic-Optic Modula-
tor (AOM) and the optical fibre generating due to change
in the frequency of the light which generates a smooth
decay in intensity. The intensity of the repump light is
linearly ramped down to 0 during this phase, to limit the
population in the F = 2 ground state then decreasing
the heating effect due to spontaneous emission from the
cooling light. At the end of this stage, there are 4 x 107
87Rb atoms in the F = 1 state with a 3D temperature of
approximately 12 nK.

In order to achieve further cooling, the atoms are
adiabatically loaded into the vectorial 2D optical lattice
during the end of the PGC stage, the optimization of the
intensity and detuning of the lattice light to load more
atoms and do not heat up the cloud is demonstrated in
Figure 5.

As detailed in the following sections, the presence of
the lattice potential during the PGC minimizes heating ef-
fects due to spontaneous emission. The lattice also breaks
the degeneracy of the Zeeman sub-levels allowing further
extraction of energy by generating a fictitious magnetic
field parallel to the k-vector of the light (26, 31-33). The
cloud is adiabatically released from the lattice when the
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Figure 6. Vibration frequency of the 2D optical lattice for the
two different configurations, obtained by modulating the trap
intensity at a variable frequency. The amplitude of the modulation
is 30 mW. Resonant parametric heating and consequent loss of
atoms from the trap is observed when this frequency coincides
with twice the trap frequency in the tightly confining direction of
the lattice. The two configurations correspond to the 2D circularly
polarized lattice (blue triangles) and the 2D linearly polarized
lattice (red square) and form similar scalar lattice potential with
same trap frequency.

MOT beams are extinguished. With this sequence, the
atoms are cooled to temperatures around 1 pK in two
dimensions, with no observable atom loss.

4, Results and discussion

In order to narrow down all the possible reasons for
the cooling observed in this work, the atoms must be
adiabatically loaded and unloaded from the lattice. The
heating may be minimized by altering the intensity of the
light according to

1(0)

I(t) = EVnLh

(8)

where I(0) is the initial intensity, and ' is the time scale
for adiabatic unloading (17).

The time scale of loading and unloading the lattice
was examined through measurements of temperatures of
the cloud before the load and after to unload. The tem-
perature measurement is done by time-of-flight (TOF)
expansion (34). The width of a thermal cloud will ballistic
expand during TOF following the equation o (t)? = o§ +
(kpT /m)t?, where oy is the Gaussian radius of the cloud
in the trap. The temperature is estimated by letting the
cloud expand and measuring the width of the cloud by
fitting the density distribution profile of the cloud to a
Gaussian distribution for different TOF. The profiles are
obtained by absorption imaging technique.

JOURNAL OF MODERN OPTICS (&) 1231

We experimentally determined the loading and un-
loading time by turning the lattice beams at the conclu-
sion of the PGC stage and holding the atoms for 10 ms,
allowing the not trapped atoms to fall. The lattice beam
then is turned off using the Equation (8) releasing the
atoms for the temperature measurements. The optimum
time scale of loading (performed using a linear ramp) and
unloading was 3 ms and 1.5 ms respectively, optimized to
ensure the process produced no extra heating or cooling
of the atom cloud due to adiabatic expansion (17).

The optimization of the lattice detuning and intensity
is demonstrated in Figure 5. For the figure, the atoms are
held in the lattice (detuned 20 GHz to thered of F = 2 —
F" = 3) for 10 ms after the MOT light is extinguished, and
then allowed to expand for 15 ms before they are imaged
at resonance. The figure shows that, in this regime, as
the intensity of the lattice is increased it can hold more
atoms. The loading and heating of the atoms are much
more sensitive to the detuning than to the intensity. This
is because of the scattering rate is oc I/82, while the trap
depth is o I/8. The difference is shown very clearly in
Figure 5(b), where using the same lattice protocols the
lattice power is held constant at 200 mW and the lattice
detuning is varied. We can see an increase in the number
of trapped atoms at greater detuning, despite the fact the
potential depth is smaller, because of heating due to the
lattice laser is decreased.

In order to compare the scalar and vector lattice con-
figurations, the polarization of the horizontal lattice beam
changes from circular to linear. The trap frequencies
of both lattices were measured by modulating the lat-
tice potential, resulting in resonant heating of the atoms
when the modulation frequency is twice the oscillation
frequency. For strong heating, a readily detectable loss of
atoms from the trap will result. Figure 6 shows the remain
trapped atoms as a function of the applied modulation
frequency. The maximum atom loss (valley in the plot) is
observed for both configurations at ~160 kHz, implying
a similar lattice depth for both schemes. These data assert
that the observed cooling is not due to different potential
depths between the lattices, and is, therefore, the cooling
observed in this work is not only due to the minimization
of the re-absorption of scattered light during the PGC as
demonstrated in (17, 35).

Cooling in the scalar and vector lattices were also
examined and compared. In the scalar configuration,
the atoms will see only linearly polarized light along
the y-axis generating a periodic potential along the x
and z axes. In this setup, the light shift is purely due
to the scalar component of the field and equal for all
mp states. The cooling observed in this configuration is
due to the deep lattice which decreases the problem of
heating due to re-absorption of spontaneously emitted
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Figure 7. Time-of-flight measurement of the atomic cloud for 20, 25, 30 and 35 ms for (a) the free space PGC process, (b) PGCin a deep
scalar 2D optical lattice, formed using three linear polarized laser beams, and (c) PCG in the vector field 2D optical lattice, formed using
two linear polarized beams with a third circular polarized beam. The pictures are in the x — z plane and the lattice is on for 4 ms.

photons from the cooling light (35). In other words,
we consider the cooling in this configuration is caused
by the increase in the mean free path of the scattered
atoms by decreasing the atom density per site and an
inhomogeneous Stark shift detuning the scattered pho-
tons from resonance. Using this method, it is possible to
obtain samples of 8 Rb atoms at temperatures of ~6 LK
in two dimensions. The temperatures are measured using
a Gaussian velocity distribution fit to multiple time-of-
flight (TOF) absorption images. Figure 7(b) shows the
corresponding absorption images of a cloud adiabatically
released from the scalar 2D optical lattice at varying time-
of-flight expansions. Figure 7(b) clearly shows improve-
ment in the cooling when compared with the free space
PGC in Figure 7(a).

Tuning the horizontal laser lattice beam to be circu-
larly polarized light, as in Equation (6), the 2D lattice
will generate a vector gradient for the atoms. Unlike
the previous case, this configuration creates a Sisyphus
potential in addition to the periodic potential, producing

a gradient force acting on the atoms, and hence cooling
to lower temperatures.

Using this vector lattice, 4 x 107 atoms of 3”Rb were
cooled in two dimensions to temperatures of 1.62 £
0.38 uK, 1.240.34 1K, respectively, with the entire cool-
ing scheme taking less than 250 ms, including the MOT
loading. The peak phase space density was measured to be
~1 x 1073, Figure 7(c) shows the TOF absorption images
of the cloud released from the vector optical lattice. Here
it is very clear that the cloud is much cooler than Figure
7(a) and (b). The intensity of lattice beam dependence of
the cooling is shown in Figure 8 with the sample reaching
a minimum temperature for moderate laser power when
red detuned 20 GHz from resonance. An extension to
3D cooling in a vector lattice was not experimentally
investigated in this work due to a lack of laser power.
Although a simple extension of the model, presented in
the theoretical section, suggests that is possible to build
a 3D vectorial lattice by adding a 4th beam propagating
along the y-axis with circularly polarized light.
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Figure 8. Temperature in the x and z directions as a function of
the lattice laser power at 20 GHz detuned.

5. Conclusion

A vector optical lattice was investigated for cooling, with
the configuration combining deep lattice and Sisyphus
cooling. The vector gradient generated by the 2D lattice
allows lossless cooling to temperatures around 1 K in
two dimensions. The ability to achieve low-temperature
and high-phase space density in a short time scale un-
lock the prospect of such a system being used in high-
bandwidth precision measurement applications. This cool-
ing system could also be used as a pre-cooling stage before
evaporative cooling to Bose-Einstein condensation.
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