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ABSTRACT

We exploit red- and blue-detuned magneto-optical trapping (MOT) of 87Rb benefitting from a simplified setup and a novel approach based on
liquid crystal variable retarders (LCVR). To maintain the trapping forces when switching from a red- to a blue-detuned MOT, the handedness
of the circular polarization of the cooling beams needs to be reversed. LCVRs allow fast polarization control and represent compact, simple,
and cost-efficient components, which can easily be implemented in existing laser systems. This way, we achieve a blue-detuned type-II MOT
for 8.7 × 108 atoms of 87Rb with sub-Doppler temperatures of 44 μK well below the temperatures reached in a conventional 87Rb type-I MOT.
The phase space density is increased by more than two orders of magnitude compared to the standard red-detuned type-I MOT. The setup
can readily be transferred to any other systems working with 87Rb.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0071619

I. INTRODUCTION

Trapped cold atoms with high phase-space densities (PSD) are
widely used in a wealth of experiments in atomic, optical, and molec-
ular physics; cold chemistry; and nanophysics. Typical applications
range from inertial sensing,1 optical frequency standards2 to ultra-
sensitive isotope trace analyses3 or bright sources for ion beams.4
The most commonly used approach to generate cold atoms is the use
of the so-called type-I MOT,5 although the achievable PSD in con-
ventional magneto-optical trapping (MOTs) is constrained by atom
collisions,6 photon reabsorption,7 and the lack of sub-Doppler cool-
ing forces in magnetic fields.8 In contrast to other approaches,9,10

blue-detuned type-II MOTs address these limitations primarily
by enabling sub-Doppler forces even in non-zero magnetic
fields.

MOTs can be realized by using either type-I or type-II transi-
tions, which refer to the involved atomic substates of the idealized
two-level system. In type-I MOTs, the total angular momentum of
the excited state F′ is larger compared to that of the ground state F,
thus satisfying F′ = F + 1. Type-II MOTs, in contrast, make use of
transitions where F′ = F or F′ = F − 1 (see Fig. 1 for 87Rb), which
makes them suitable candidates to realize molecular MOTs.11–14

When using blue-detuned light fields in a type-II MOT, the sub-
Doppler cooling forces are substantially enhanced albeit capturing

and cooling atoms with higher temperatures are not feasible.15 Thus,
to efficiently access the sub-Doppler cooling range, a pre-cooled
atom ensemble loaded via a standard type-I MOT is required.16 Fur-
thermore, either the polarization of the light fields or the sign of the
magnetic field gradients has to be reversed when switching between
the two MOT types to maintain the position-dependent trapping
forces. This switching time limits the capture efficiency of the type-II
MOT since the atoms fall and expand freely in between. Due to the
inductance of the MOT coils and additional eddy currents in metal-
lic chambers, this timescale is typically above 10 ms.17–19 On the
other hand, reversing the polarization of the MOT beams requires
sophisticated optical setups.15,16

Here, we demonstrate that liquid crystal variable retarders
(LCVRs) can be used to upgrade existing laser systems to allow
switching from a conventional red-detuned MOT to a blue-detuned
type-II MOT. With this marginally altered setup, we increase the
PSD of an 87Rb type-I MOT by more than two orders of magnitude
while keeping 84% of the atoms trapped. We also show the feasibility
of cooling and trapping of 41K or 39K in a type-II MOT, although no
improvement compared to type-I MOTs is observed.

Due to its simplicity, the setup is especially suitable for com-
pact devices such as mobile atom sensors20,21 or space-borne
experiments22–24 and can easily and cost-efficiently be implemented
in existing setups.
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FIG. 1. Frequency detunings used for the type-I and type-II MOTs, respectively.
The experimentally determined ideal frequency detunings are δI,1 = −11 MHz,
δII,1 = 46 MHz, and δII,2 = 22 MHz. ECDL 1 and ECDL 2 are indicated by solid
(dashed) arrows.

II. SETUP
The experimental setup shown in Fig. 2 has initially been

designed to operate only type-I 87Rb MOTs. The experimental
chamber features a multi-layer atom chip with an integrated
U-shaped wire structure, which is housed in a vacuum system.
Together with two external Helmholtz coils along the y-direction,
this enables the generation of the required magnetic fields in a
quadrupole configuration.25,26 Four collimators are fixed around the
vacuum chamber to form the MOT light fields, two of them being
reflected on the atom chip surface. The details of the system are
described in Piest23 The laser light is delivered via polarization-
maintaining (PM) optical fibers to the respective collimators where
it passes a quarter-waveplate to provide the circular polarization.
It is generated by two home-built narrow linewidth external cavity
diode lasers [ECDL 1 and ECDL 2 in Fig. 2(a)], which operate ini-
tially at the cooling (∣F = 2⟩→ ∣F′ = 3⟩) and repumping transitions
(∣F = 1⟩→ ∣F′ = 2⟩) of 87Rb at 780.242 and 780.246 nm, respec-
tively.27 The light is amplified in two tapered amplifiers with an

optical output power of up to 1 W. Subsequently, each beam passes
an acousto-optic modulator that is used to control the intensities of
the respective light fields. A small fraction is split off to provide light
for spatially resolved absorption and fluorescence detection. The
transmitted parts used for atom cooling pass an LCVR (Thorlabs
LCC1111-B) and are coupled into a PM fiber-optic splitter (Evanes-
cent Optics, 4 × 4 Spliceless PM Coupler Array). LCVRs consist of
a transparent birefringent polymer crystal in which molecules align
along the axis of the electric field generated by an applied AC voltage.
Due to the adjustable level of birefringence, they act as waveplates
with tunable retardance and fixed orientation. Here, they are regu-
lated by a square-wave voltage at a frequency of 2 kHz with a variable
amplitude, which allows us to continuously rotate the polarization of
the incident light. The controller switches between two predefined
amplitudes V1 and V2 by an external trigger. The amplitudes are
chosen in order to provide two orthogonal output polarizations indi-
cated by blue (green) arrows in Fig. 2(a), which allows us to make
use of either the fast or slow polarization modes of the PM fibers. In
combination with the quarter-waveplates after the fiber splitter, this
enables to switch between the left- and right-circular polarizations
of the MOT beams.

The switching time has been measured in an external setup to
be 0.6 ms from V1 to V2 and 35 ms from V2 to V1. In principle,
this time can be shortened by additional heating of the LCVRs due
to the reduced viscosity of the liquid crystal polymer28 or by using
ultrafast but usually high-cost Pockels cells. Since the detection light
is not affected by the LCVRs, only the fast switching direction is
used during an experimental sequence. Thus, no further gain from
shorter switching times is expected for the here-discussed experi-
ments. The long-term stability of the retardance is kept below 0.02λ
over more than 100 weeks,28 which obviates any further adjustments
of amplitude voltages.

This setup allows us to reverse the polarization for all beams
inside the MOT when switching from the red- to the blue-detuned
MOT with only two LCVRs. It additionally avoids any mechanical
moving parts and is based on cost-efficient components.

FIG. 2. (a) Setup of laser module and fiber splitter with respective fiber outputs a–d. TA: tapered amplifier, FS: fiber splitter, and AOM: acousto-optical modulator. The red
(blue) arrows indicate the direction of polarization for the red- (blue-) detuned MOT. (b) Setup of the experimental chamber with the atom chip and external beam collimators.
Shown are the four MOT laser beams and the atom chip. Beams a and b are reflected on the chip surface, which forms a six-beam MOT configuration.
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III. EXPERIMENTS
In the following, we will discuss our measurements to deter-

mine the feasibility of a type-II MOT using the setup presented
above and compare our results with the case where we only use a
type-I MOT.

For the type-I MOT, the lasers ECDL 1 and 2 drive the transi-
tions shown in Fig. 1. The cooling laser is red detuned with δI,1 = −11
MHz to the type-I cooling transition, the repumper is in resonance
with the transition. The cooling and repumping beams operate at
peak intensities of II,1 = 18.0 mW/cm2 and II,2 = 2.0 mW/cm2 for
each beam at the position of the atoms, respectively. This is well
above the saturation intensity Isat = 1.67 mW/cm2 for circularly
polarized light.27 During the type-I MOT, the LCVRs are oper-
ated with the amplitude V1. After the loading time T, the type-I
MOT is switched off, followed by a 2 ms long period to stabilize
the laser frequencies to the blue-detuned cooling transitions shown
in Fig. 1. The acousto-optical modulators are switched off during
this period to avoid unintended light forces on the atoms. Also, the
voltages driving the LCVRs are changed to V2 to reverse the light
polarization at the atom position. Subsequently, the lasers ECDL 1
and 2 drive the type-II transitions ∣F = 2⟩→ ∣F′ = 2⟩ and ∣F = 1⟩
→ ∣F′ = 1⟩ with detunings of δII,1 = 46 MHz and δII,2 = 22 MHz,
respectively. Notably, the “repumper” transition ∣F = 1⟩→ ∣F′ = 1⟩
contributes the main part to the light forces.15 Thus, the peak
intensity of ECDL 2 is increased to its maximum value of III,2
= 8.2 mW/cm2, whereas the peak intensity of ECDL 1 is slightly
decreased to III,1 = 13.2 mW/cm2 per beam. In the type-II MOT,
the atoms are trapped and further cooled for 20 ms. Subsequently,
the MOT light and magnetic fields are switched off and the atoms
are released into free fall. With a 20-μs light pulse resonant to
the transition ∣F = 1⟩→ ∣F′ = 2⟩, all atoms remaining in ∣F = 1⟩
are pumped into the cycling detection transition ∣F = 2⟩→ ∣F′

= 3⟩. The atoms are detected via absorption and fluorescence imag-
ing using the fiber output port shown in Fig. 2(a). Here, absorp-
tion imaging is primarily used for atom number detection and

fluorescence imaging for expansion measurements in the x- and
y-directions.

IV. RESULTS
We characterize the properties of the blue-detuned type-II

MOT by determining its transfer efficiency from a type-I MOT and
the achievable PSD. In Fig. 3(a), the atom number over the (type-I)
MOT loading time T is shown for both MOTs in comparison. The
transfer efficiency between the type-I and type-II MOT results in
(84 ± 6)% averaged overall loading times. According to simulations
of the cooling forces,16 atoms below a critical velocity of v ≈ 4.5 m/s
are expected to be trapped in the type-II MOT. Given the temper-
ature of the type-I MOT of 1.4 mK, the transfer efficiency should
be close to 100% based on a Maxwell–Boltzmann distribution of
the atoms in the type-I MOT. The 1/e-lifetime of the type-II MOT
has been measured to be (512 ± 17) ms and accounts for a loss of
4% of the initially trapped atoms during the 20-ms type-II MOT
period. We attribute the remaining loss fraction to atoms that escape
the trapping volume of the type-II MOT during the 2 ms switching
phase where the ensemble freely expands. Faster frequency jumps
could, therefore, reduce these losses.

Figure 3(b) shows time-of-flight (ToF) measurements of the
Gaussian ensemble width in two spatial directions σx and σy of
both MOTs for a loading time of 500 ms. Here, the MOT light
and the quadrupole field are switched off, allowing the ensemble to
expand freely until detection. The ensemble size in the xy-plane is
detected via fluorescence detection. The expansion of an ensemble
containing atoms with mass m is related to its temperature via
T = mσ2

v /kB. The parameter σ2
v is given by a least-squares fit of the

function σ2
(t) = σ2

(t = 0) + σ2
v t2. For the red-detuned type-I MOT,

a geometric mean temperature of TI = (1.33 ± 0.03) mK is deter-
mined. In the type-II MOT, the ensemble temperature is further
reduced to TII = (44 ± 1) μK, which is below the Doppler tem-
perature limit TD ≈ 140 μK27 and indicates efficient sub-Doppler

FIG. 3. (a) Comparison of atom number over loading time for both MOTs. Error bars denote the 1σ statistical uncertainty over three consecutive experimental runs. Transfer
efficiency from the type-I MOT to the type-II MOT results in (84 ± 6)%. (b) Measurement of the ensemble size in the dependence of the time of flight after release from the
respective MOTs in two spatial directions σx and σy (see Fig. 2 for coordinate system definition) after a loading time of 500 ms. Error bars denote three standard deviations
of three consecutive experimental runs for better visibility. The parameter σ is extracted for each direction with a 1D-Gaussian fit function. The expansion is fitted with
a linear model (solid lines). The type-II MOT generates lower temperatures than the type-I MOT as revealed by the lower expansion rate. (c) Fluorescence images of a
red-detuned (blue-detuned) MOT after free expansions of 5 ms (15 ms). The detected image of the red-detuned MOT exceeds the size of the CCD sensor, which deforms
its Gaussian envelope along the x-direction leading to the observed deviation of the type-I MOT expansion data.
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cooling forces. Notably, the ensemble temperature is further reduced
for smaller atom densities, which is attributed to reduced photon
rescattering.29,30 For example, a temperature of 19 μK is reached for
a type-II MOT with 2.2 × 108 atoms.

The data obtained from the TOF measurement allow us to cal-
culate the PSD of the ensemble by ρ = n ⋅ λ3

dB. Here, n is the initial
peak density of the atom cloud right after release and

λdB =

√
2πh̵2

mkBT

denotes the thermal de Broglie wavelength. The peak density is eval-
uated using n = N/((

√
2π)3σxσyσz) with the total atom number N

and the initial Gaussian widths σx,y,z immediately after release. Here,
the z-direction is accessible via absorption detection.

These equations lead to densities and PSDs of the ensembles
after the type-I MOT (nI, ρI) and after the type-II MOT (nII, ρII) of

nI = (6.8 ± 0.2) ⋅ 109 cm−3,

ρI = (9.2 ± 0.4) ⋅ 10−10,

nII = (1.2 ± 0.1) ⋅ 1010 cm−3,

ρII = (2.7 ± 0.1) ⋅ 10−7.

The PSD of the type-II MOT exceeds that of the type-I MOT by more
than two orders of magnitude.

The setup also provides an atom source and the laser sys-
tem for cooling and manipulation of 41K and 39K, which have the
most spectroscopic features of 87Rb in common.31 In contrast to
87Rb, they exhibit narrow hyperfine splittings of D2 transitions,
which complicates laser cooling of 41K and 39K in standard type-I
MOTs.32,33

By adopting the above-described changes in the potassium laser
system, the feasibility of a blue-detuned type-II MOT for cool-
ing of 41K and 39K is explored. For both isotopes, cooling and
trapping are only achieved if solely the polarization of the blue-
detuned repumping light field is reversed. The cooling laser remains
in the red-detuned type-I configuration. The experiments show
neither higher densities nor lower temperatures for the mixed type-
I/II MOT, indicating no advantages compared to the pure type-I
MOT. This is attributed to additional heating due to simultane-
ously driven type-I transitions within the narrow level splitting of
potassium.

V. CONCLUSION
The setup and measurements presented in this paper demon-

strate the feasibility of a blue-detuned type-II MOT by utilizing
LCVRs for the fast polarization control. This allows for a low-cost
implementation in existing experimental setups without the need for
additional lasers or beam collimators.

By switching from the red-detuned type-I to the blue-detuned
type-II transitions with the reversed polarization, 85% of the 87Rb
atoms trapped in the type-I MOT were transferred into the type-II
MOT. TOF measurements show that a geometric mean temperature
of TII = 44 μK was reached. This is well below the Doppler tempera-
ture TD ≈ 140 μK, which typically constitutes the lower temperature

limit within a type-I MOT. Furthermore, the PSD of the type-II
MOT is shown to be increased by more than two orders of mag-
nitude compared to the type-I MOT. Among other methods such as
dark spontaneous-force MOTs,9,10 blue-detuned type-II MOTs offer
an alternative and easy-to-implement route to effectively increase
the PSD of trapped ensembles.

A type-II MOT combines the advantages of sub-Doppler
cooled optical molasses with the convenient position control of a
trapped ensemble. Hence, type-II MOTs might also help to improve
the mode matching between the MOT and consecutive stages of
trapping and cooling, in particular for magnetic or optical dipole
traps. Accordingly, center-of-mass oscillations of transferred ensem-
bles due to positional mismatch could be reduced to a minimum
compared to free-falling optical molasses.

LCVRs prove to be simple and compact devices to efficiently
improve the atom cooling performance. This applies especially
for setups with rigorous constraints on space, power consump-
tion, and weight like experiments on mobile20,21 or microgravity
platforms.22–24
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