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Comprehensive characterization of an apparatus for cold electromagnetic dysprosium dipoles
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We report on the development of an advanced ultracold dysprosium apparatus, which incorporates a cold
atom microscope (CAM) with a design resolution of a quarter micrometer. The CAM and the cooling and
trapping regions are within the same vacuum glass vessel ensuring simple atom transport between them. We
demonstrate the essential experimental steps of laser and evaporative cooling, lattice loading, transporting, and
precise positioning of a cloud of the bosonic isotope 164Dy at the CAM focal plane. Basic characterization
of the CAM and future plans in enabling its full capacity are outlined. We also present a feasible platform
for simulating complex spin models of quantum magnetism, such as the XYZ model, by exploiting a set of
closely spaced opposite parity levels in Dy with a large magnetic and electric dipole moment. We isolate a
degenerate isospin-1/2 system, which possesses both magnetic and electric dipole-dipole coupling, containing
Ising, exchange, and spin-orbit terms. The last gives rise to a spin model with asymmetric tunable rates that
depend on the lattice geometry.
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I. INTRODUCTION

Low-temperature systems with dominant dipole-dipole in-
teraction (DDI), which is both long range and anisotropic
[1], have recently sparked an enormous interest because of
intriguing prospects related to the simulation of condensed
matter systems, quantum information and ultracold chemistry
[2]. A simple example already containing remarkably com-
plex physics is a system of free dipoles in a 2D geometry [3],
with a direct resemblance to the behavior of a 2D electron gas
in metal-oxide-semiconductor field-effect transistors [4]. At
higher temperatures the system presents a unique opportunity
to study the Berezinskii-Kosterlitz-Thouless (BKT) transition,
expected to take place between a normal fluid and superfluid
[3]. Another unique phase, coined the micro-emulsion phase
[4], should mediate the transition between a Fermi liquid and
a Wigner crystal at low temperatures.

Models of quantum magnetism are paradigms of key im-
portance in strongly correlated many-body physics [5]. The
theoretical outset when one tries to recast those models with
cold dipolar particles, occupying the sites of an optical lattice,
lies in the projection of the DDI operator onto a few isolated
magnetic sublevels. This results in spin-spin coupling, which
can simulate a plethora of lattice spin models utilized to de-
scribe quantum magnetism, such as the generalized XXZ [6],
generalized XYZ model [7,8], or models of high-Tc supercon-
ductivity [9] like the t-J model [10].

To give an instance, some of these experimental platforms
that utilize DDI between particles allow for precise tuning
of the mutual weights of the spin exchange and Ising terms
comprising the XXZ Hamiltonian. This is essential in order
to map out the full phase diagram, and possibly observe the
expected phase transition from paramagnetic spin fluid to
Néel-ordered antiferromagnet. The possibility to quench the
system across the different regions of its phase diagram should

spontaneously break global symmetries and therefore enable
the Kibble-Zurek mechanism [11,12].

Furthermore of particular interest are magnetic systems
with implemented competing interactions that cannot be
fulfilled simultaneously, and therefore generate frustration
[13]. Because of the anisotropy of the DDI itself or lat-
tice geometry, which conspire with quantum fluctuations,
classical order even at zero temperature is prevented. Such
systems, coined quantum spin liquids [13–15], exemplify
some of the most demanding problems in quantum mag-
netism [16,17]. Adding disorder to the periodic lattice, either
by projecting a disordered potential landscape or by rely-
ing on random vacancies naturally driving disorder in the
system, opens up an opportunity to investigate many-body
localization, a phenomenon largely unexplored [18]. Finally,
naturally embedded in the DDI is also spin-orbit coupling
(SOC) with a novel many-body character [19]. The exci-
tations generated by such SOC possess nontrivial topology
and a Berry phase reminiscent to the one responsible for
the unconventional quantum Hall effect in bilayer graphene
[20]. Uncovering the above phenomena in the laboratory will
elucidate their exotic properties, challenging their theoretical
description and most probably will also lead to unexpected
findings.

Under the ultracold atomic physics umbrella, there exist a
few experimental platforms to tackle the above physics. One
of the most mature approaches is based on ultacold diatomic
molecules, exploiting the existence of nearly degenerate ro-
tational opposite parity states (OPS) in the ground electronic
manifold (1�) of such linear rigid rotor molecules. The atomic
constituents of these diatomic molecules are typically chosen
from the alkali family due to the ability to prepare them at
degeneracy [21–26]. The OPS can subsequently be polarized
with static electric fields or microwave (MW) radiation, which
essentially provides a system of electric dipoles oriented in
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the laboratory frame in the vicinity of few Debye (at full
polarization 0.1 D for LiNa to ∼4 D for NaCs, LiCs). Ad-
ditionally, tunability of the dipole strength and even advanced
tailoring of the dipolar potential itself [27–29] is possible. The
only drawback is the extreme complexity and the difficulty
to prepare samples at low enough entropy and therefore a
filling fraction needed to enable percolation [30]. High-lying
Rydberg states in atoms provide yet another example of a
relatively young and versatile toolbox toward engineering
of various spin models [31–34]. The short lifetime of laser-
accessible Rydberg states due to spontaneous decay and their
susceptibility to MW blackbody state transfer have been reme-
died by utilizing high-lying circular Rydberg states, cryo-
genic environments and even spontaneous emission-inhibiting
structures [35].

Many proposals exist also with simple alkali atoms where
the magnetic interaction appears as a super-exchange process
which scales as t2/U (t is the tunneling rate, U on-site interac-
tion energy). The fact that the magnetism is generated through
motion demands temperatures in the pK range [36]. Atoms
loaded in a p-band utilizing the same super-exchange mecha-
nism can realize even more demanding models of magnetism,
where apart from low temperatures needed, an additional
predicament is the unit filling of the p-band [7].

Atoms with a high magnetic dipole moment offer another
path for the same objective [37]. The simplicity of working
with an atom is highly auspicious although there is an added
complexity in order to achieve tuning of the dipole strength
and change the sign of the DDI [38] needed to tune the rates
in the particular spin model. The magnetic moment is also
weaker than its electric counterpart, reaching an equivalent of
0.1 D for the most magnetic atom of Dy. The above systems
are also conceptually different, especially if multiple Zeeman
quantum states are allowed to participate in the DDI. Namely,
the induced electric dipole scaling with the applied field com-
pared to its magnetic counterpart is different, given that the
last one is always on. Some unique to the magnetic mo-
ment experiments were performed on dipolar relaxation [39]
and resonant demagnetization in dipolar condensates [40].
Gases with both magnetic and electric dipoles have also been
discussed, and novel possibilities for engineering quantum
droplets in such doubly dipolar Bose-Einstein condensates
were outlined [41,42].

In this article, we describe in detail a new cold-atom ex-
perimental apparatus based on Dy. Our main research goal is
to simulate spin models of quantum magnetism. To achieve
these goals we are set up to pursue a familiar strategy, uti-
lizing the high magnetic moment available in the ground
state of the Dy atom. Additionally, we offer an alternative
platform, which is attractive for its simplicity and diversity
and offers some further means to approach an even more
exotic spin system, currently out of reach in the ultracold
atoms community or demanding great experimental complex-
ity. The platform is based on a set of closely spaced OPS in
Dy that can be efficiently populated by a Stimulated Raman
Adiabatic Passage (STIRAP) technique, and subsequently
manipulated with MW radiation. The ensuing toolbox bor-
rows from both exhaustive magnetic DDI (mDDI) and electric
DDI (eDDI), including even the embedded spin-orbit interac-
tion constituent. This last component allows for the simulation

of the generalized XYZ spin model, with independently tun-
able and lattice-dependent rates.

Experimentally, the apparatus contains a few unique and
uncommon design features and engineering choices. A main
attribute is a high-resolution CAM, designed for resolving
quarter-micron-sized features, comparable to the site spacing
in short wavelength optical lattices. Another unique feature
is the compactness of the apparatus, containing the laser
cooling region and the CAM within the same glass vacuum
vessel.

Generally, the bulk of the article describes prior measure-
ments and optimization procedures using the 164Dy isotope,
as a prerequisite for pursuing the above goals. The paper is
organized as follows: First, as a main motivation, we present
two approaches capable of simulating spin models of quan-
tum magnetism and discuss their respective advantages. The
second approach based on the OPS has been given the major
attention in Sec. II due to its unique features. We then describe
in detail the apparatus itself (Sec. III), focusing on its main
constituents: vacuum system, magnetic field coils, laser sys-
tems, and CAM. Section IV describes the steps necessary to
achieve quantum degeneracy and prepare a 2D sample of Dy
atoms in the focal plane of the CAM: transverse cooling and
Zeeman slower, magneto-optical trap, evaporative cooling,
and transport and characterization of optical lattices. In Sec. V
we discuss the first preliminary measurements with the CAM.
Finally, in Sec. VI we discuss perspectives and conclude.

II. EXPERIMENTAL PROSPECTS AND MOTIVATION

We would like to begin by underlining the flexibility of
the current setup. We are set to pursue a well-established
approach to simulate quantum spin models using the ground-
state magnetic moment of Dy of 10 µB [37,43]. This approach
has both scientific and technical advantages. The long life-
time of the dipoles and the possibility to study, on the same
grounds, spin-spin interaction and tunneling is an asset of this
approach. On the other hand, to generate significant mDDI
one may need lattices with spacing in the UV range, for
which our apparatus is suited. In the ground state of Dy one
can isolate a region in the UV in the range 350–385 nm
where the dynamic polarizability (DP) is negative and large
(−1000 to −500 a.u.). Furthermore it is free of resonances
and heating should be minimal. This approach may bring
new challenges, such as possible ionization when the atoms
are cycled during the imaging process in such a deep UV
lattice, the unknown DP of the excited state of the imaging
transition in the UV, and, most importantly, the feasibility
to directly resolve UV-lattice spacings with our CAM. The
last problem may be remedied utilizing super-resolution tech-
niques [44,45], an approach pursued by other groups [46,47].
Other powerful approaches to circumvent the resolution lim-
itations of the CAM are to use a dynamical expanding lattice
[48,49], or magnification techniques based on matter wave
optics [50].

A different, more exotic experimental platform, inspired
by spectroscopic findings in [51], can be pursued in parallel
with the above scheme based on ground state mDDI. The
proposal capitalizes on the exceptional existence of nearly
degenerate OPS in the Dy electronic structure that offer long
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FIG. 1. Relevant atomic states and optical transitions used in the
experiment. Shown are the main cooling transitions at 421 nm and
626 nm and one possible STIRAP path to the OPS. The insert shows
relevant magnetic sublevels of the OPS, exhibiting a downshift from
their original position (dashed line) in a magnetic field. The linearly
polarized microwave field (Rabi frequency �MW) leads to a dressed
state (red) with contributions from the |10, −9〉 and |9, −9〉 states.
The weights a and b depend on the MW Rabi frequency and detuning
(details in the Appendix). The dressed state and the unperturbed
|10, −10〉 can be tuned to a degenerate isospin-1/2 system, coupled
with both eDDI and mDDI.

lifetime and large reduced transition electric and magnetic
dipole moments of 8 D and 13 µB, respectively. The states
with angular momentum J = 10 ([Xe]4 f 106s6p) and J = 9
([Xe]4 f 105d6s) are spaced 35 GHz apart and can be mixed
by a MW or DC electric field (Fig. 1). These specific OPS in
Dy were considered as a candidate for parity (P)- and time
(T)-reversal violation effects caused by the weak interaction
[52]. The accidental degeneracy of a similar set of OPS in Dy
was also used for tests of time variation of the fine structure
constant [53] and violations of Lorenz symmetry and Einstein
equivalence principle [54].

Departing from the use of OPS in Dy mainly as a preci-
sion measurement tool, we concentrate on the possibility it
provides as a host of an isospin-1/2 basis and its relation to
the two-body DDI of lattice pinned atoms. We assume that
if two Dy atoms prepared in the OPS end up in the same
lattice site a rapid inelastic loss will occur which will cause
the atoms to leave the trap. Therefore, for models utilizing
the OPS we have to assume a hard-core constraint based
on the quantum Zeno effect, meaning no more than one
particle per well can reside, similar to chemically reactive
molecules [55].

We envision a scenario where two MW dressed states
composed of magnetic sublevels from the above OPS can
be brought to degeneracy and subsequently coupled by both
mDDI and eDDI (Fig. 1 inset). In our example, we mix the
J = 10, mJ = −9 and J = 9, mJ = −9 states with a linearly

polarized MW, which leads to a dressed state that has contri-
butions from both parities. We then induce a level crossing
between the dressed state and the J = 10, mJ = −10 state
by utilizing the linear Zeeman shift at some magnetic field.
In the formed degenerate isospin-1/2 basis, additionally to
mDDI, eDDI coupling is possible due to the opposite parity
component of the dressed state (see for details the Appendix),
which can be tuned by the MW Rabi frequency and detuning.
One can then write such a long-range interacting system as an
extended XYZ spin model, with tunable and lattice-dependent
rates.

Similar platforms have been theoretically proposed only
with complex laser-dressing schemes of Rydberg atoms [31],
diatomic molecules with 2�1/2 electronic ground state [29],
or symmetric top molecules [8,56] (such as methyl fluoride
CH3F or hydroxyl radical OH). In the last case, the OPS con-
sists of neighboring opposite parity rotational levels that can
be brought to degeneracy via a linear Stark effect [8], provided
that the molecule has a nonzero projection of the rotational an-
gular momenta on the symmetry axis. However, the resulting
DDI interaction is solely an eDDI. In contrast, the additional
mDDI in our system adds another degree of freedom to tune
the spin rates of the model. The aforementioned systems still
have to be brought to quantum degeneracy in order to realize
their full scientific and technological potential [57,58].

In general, the XYZ spin model in two dimensions is
computationally very intensive to simulate for large systems.
In the limiting case of one dimension the predicted phase
diagram is already extremely rich [7] containing a gapless
floating phase nonexistent for the symmetric XXZ spin model.
The transitions to this phase are also intriguing, including
a BKT transition to an antiferromagnetic (AFM) phase on
one side and a commensurate-incommensurate transition to
a spin-flip phase on the other [59]. The width of this phase is
proportional to the asymmetry in the X and Y rates [7]. In two
dimensions a classical Monte Carlo simulation of few lattice
sites of the XYZ model with added Dzyaloshinskii-Moriya
interaction reveals a rich interplay between magnetic orders
and spin spiral orders [60].

Experimentally, populating the OPS can be performed with
STIRAP or Raman pulses. We have chosen a �-level structure
incorporating the excited state whose [Xe]4 f 106s6p(8, 1)◦
character and J = 8 angular momentum provides a decent
transitional dipole moment of 0.3 a.u. to the J = 9 OPS
member (Fig. 1). We can draw conclusions about the DP of
the J = 10 state of the OPS from a nearby state with the
same character at 15 972 cm−1 above the ground state [61].
At 1064 nm the DP was calculated to be ∼140 a.u., which
is comfortably close to the measured ground state value of
184 a.u. [62]. Additionally, the expected large vectorial and
tensorial parts of the DP could be exploited, to achieve magic
wavelength conditions for the ground state and OPS such as
proposed for other Dy transitions in Ref. [63]. To investigate
the above phases we have developed a sensitive diagnostic
tool, namely, a CAM, which should be capable of single atom
spin- and site-resolved in situ detection and therefore mea-
surement of multipoint spatial correlations [64]. The design
optical resolution of 0.23 µm and similar depth of focus of the
CAM, makes the apparatus particularly tuned to a single- or
double-layer 2D structures.
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FIG. 2. View of the main vacuum apparatus, consisting of a Dy atomic-beam oven, transverse cooling section, ZS, and main glass cell.
Regarding the magnetic field coils, only the bottom combination under the glass cell (two sets of gradient and offset coils for both MOT and
CAM regions) is shown.

III. EXPERIMENTAL SETUP

In this section we give a detailed overview over the main
experimental tools. In Sec. III A we discuss the general
anatomy of the experiment. We then describe in detail our
vacuum system and magnetic field coils (Sec. III B), laser
systems (Sec. III C), CAM design (Sec. III D), and optical
lattices implementation (Sec. III F).

A. General experimental structure

The main apparatus consists of an effusive oven, immedi-
ately followed by a transverse cooling (TC) section, Zeeman
slower (ZS) and a single glass cell, dedicated to the main cool-
ing and trapping region and containing the CAM itself. There
are two laser cooling systems, two STIRAP laser systems,
and three high-power lasers for dipole traps and generation of
the optical lattices. All the lasers that need to be frequency
stabilized are referenced to an ultra-low expansion (ULE)
cavity. All the necessary electronics consisting of digital and
analog cards, direct digital synthesizers (DDS), servo elec-
tronics (PIDs) for laser frequency, power, and coils for current
stabilization are homemade and controlled by a digital card
(NI 6533 Digital I/O Card). The experiment control software,
implemented in Visual C++ [65], writes the commands on
the NI card (operating at 1 MHz) and communicates with the
data acquisition computer. The software for setting the camera
properties, acquiring and presenting the atomic images and
data analysis, is self-written in Python.

Three cameras (labeled 1 to 3) are used to take images at
different Dy cloud locations in the glass cell. In the central
region of the cell, where laser cooling and trapping take place
initially, we use absorption imaging both horizontally and
vertically with camera 1 (Andor 5.5 Zyla sCMOS). To pre-
cisely position the sample above the CAM we perform both
absorption and fluorescence imaging horizontally with camera
2, identical to camera 1. The CAM is oriented vertically (see
Fig. 3) and collects the fluorescence signal from the atoms and
images it onto camera 3 (Andor-iXon-897-EXF).

B. Vacuum system and magnetic field coils

The vacuum system is separated in three sections (Fig. 2).
The first section contains an oven (WEZ 40-10-22-K-HL-C-0,

MBE Komponenten) used generally for molecular beam
epitaxy. It has a motorized shutter, an independent hot lip
temperature control, and a water-cooling jacket positioned
around a tantalum crucible, containing pellets of Dy (about
15 g). The front of the crucible (length 100 mm, 12 mm) has
a long thin tube (length 40 mm, 2.5 mm) to collimate the Dy
beam. The shutter is opened only during the magneto-optical
trap (MOT) loading stage. At this ratio of the length to diame-
ter of the tube one theoretically expects a ±4.2◦ atomic cone.
The oven is followed by a TC section formed by a standard
vacuum cross, with four antireflection coated (AR) glass ports
(Vaqtec). In this section we use a NexTorr D100-5 combined
pump with getter (St-172, 100 l/s for H2) and embedded
ion pump (6 l/s for Ar). Given that the Dy deposited on
the walls also serves as an additional getter the pressure in
this section is less than 1 × 10−11 mbar, as indicated by the
vanishing ion pump current. We don’t incorporate additional
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FIG. 3. Anatomy of the main glass cell illustrating (a) the posi-
tioning of laser cooling region (1), ZS mirror (2) and CAM (3). Two
spring-loaded (4) Macor semicircles (5), provide a stable base for
positioning and securing of components (see text). The connection
to the rest of the vacuum chamber is accomplished via an indium
seal (6) and a custom adapter flange (7). (b) A cross section of the
CAM, consisting of a beveled front plano-spherical lens (8) and a
second plano-aspheric lens (9). The two lenses are held with a Macor
enclosure.
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ion gauges to monitor the pressure to decrease complexity
and cost. Before entering the ZS section, the Dy beam
crosses the orifice of an all-metal pneumatic gate valve (VAT
GmbH, 48132-CE44-0002). The valve provides necessary
detachment of the oven from the main apparatus during a Dy
reloading procedure, and allows for an emergency shut down
if the pressure in that region exceeds an alarming value.

The next vacuum section is the ZS, which consists of two
stainless steel (alloy 316L) cylindrical pieces with an internal
conical surface, formed by electrical discharge machining.
The pieces are welded together in one piece with total length
of 560 mm with small and large diameters of 4 and 14 mm,
respectively. This conical shape matches, but doesn’t restrict,
the atomic beam shape leaving the exit aperture of the effu-
sive oven and arriving at the trapping MOT position. On the
outside, the volume remaining between the conical surface
and an enclosing cylinder serves as a water cooling section.
A simple geometric constraint forces the water flow to travel
along the length of the cylinder twice before exiting, and
therefore ensures proper cooling along the full length.

The third vacuum section is a fused-silica glass cell [Pre-
cision Glassblowing, 8 horizontal ports 50.8 mm, top and
bottom ports 101.6 mm; see Fig. 3(a)] in the shape of an
octagon, with one side port used as entrance for the atoms and
the rest for laser cooling, dipole traps, and optical lattices. All
windows are corrugated with surface relief microstructures
providing AR coating with reflection coefficient <0.25% in
the range 250–1600 nm and at angles of incidence 0–60◦
(produced by Telaztec). The standard glass to metal transition
used in the vacuum industry to bridge between glass vessels
and a ConFlat (CF) vacuum seal standard, for this size cell,
would be impractically long. Therefore, we designed a custom
adapter flange, which on one side contains the CF seal and
connects to the glass on the other side with an indium seal.
The indium seal is made out of round cold-bonded indium
wire (1 mm) pressed between the adapter flange and a flat
glass lip at the entry of the cell [Fig. 3(a)]. With the current
design the distance from the end of the ZS to the MOT center
is 23 cm, substantially longer compared to standard setups
[66,67]. The vacuum here is provided by a getter-ion pump
(NexTorr D500-5). The pump is positioned about 25 cm from
the glass cell at a 45◦ angle to the cell entrance, in order to
avoid stressing the cell thermally during the getter activation
at 600 ◦C. Nevertheless, due to the relatively large tube (CF63)
used, the pumping speed for hydrogen at the MOT center is
almost completely utilized. The pressure in the cell is also
<1 × 10−11 mbar, shown by the current of the ion pump but
also by the lifetime of a Dy Bose-Einstein condensate (BEC).
During the initial bake-out the cell was heated to 120 ◦C for
two weeks by wrapping a heat tape around an aluminum
enclosure concentric with it. A simple thermal simulation
assured us that the cell does not experience large thermal
gradients during the NexTorr activation.

The glass cell, made out of pure glass with no bolting struc-
tures, is not suited for positioning in-vacuum components.
We solve this problem by positioning two semicircles out of
machinable ceramic (macor, Corning Inc.) with devoted cuts
to accommodate the MOT light and the positioning of the
desired in-vacuum elements (Figs. 3 and 4). The two semicir-
cles were carefully placed in the cell with a vacuum suction

x'y' superlattice beams 
1053/532nm

Zeeman beam

Accordion 
beam

x'

1053 transport-
evaporation
tweezers

Dynamic asphere

CAM

Vacuum mirror

x
YZ

Y-coils

CAM  offset-
grad z-coils

macor spacer

MOT offset-
grad z-coils

y'

FIG. 4. Cross section of the main cell illustrating the two spring
loaded macor platforms forming a base for the ZS mirror and CAM.
The main tweezer beams performing the trapping, evaporation, and
transport are shown. Their crossing point moves from the MOT
region (center of the cell) to the point on the symmetry z axis of
the CAM and 2.6 mm above its focal plane. Lattice beams both at
1064 nm (currently 1053 nm) and 532 nm crossing above the CAM
are labeled as X ′Y ′ beams. The two green interfering 532-nm beams,
propagate in the x-z plane and cross above the CAM, forming a long
wavelength lattice (called FA, see text) of 10 µm.

tip attached to a 3D precision linear micrometer stage. They
are spring-loaded, and once put down on the bottom glass
surface they seize to the side surfaces. The adhesion to the
bottom glass and seizing to the side surfaces creates a stable
base and allows positioning of the CAM and a ZS in-vacuum
mirror into devoted slots. The ZS mirror is custom-made with
pure aluminum deposited on a fused silica substrate, without
a protective layer (Figs. 3 and 4).

In order to compensate ambient magnetic fields and to
apply small (<2 G) uniform offsets, three pairs of large com-
pensation coils are symmetrically installed around the glass
cell. The coils have the shape of rectangular cuboid (xyz
dimensions 944 × 1174 × 674 mm3, coordinates defined on
Fig. 4 as a reference for the whole paper), and are driven by
a home-made bipolar current source based on high-current
paralleled operational amplifiers. The fields obtainable with
these coils are (0.8, 1.5, 2.15) G for the xyz directions. We
additionally employ two sets of offset/gradient coils (Fig. 2),
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FIG. 5. Diagram of the laser systems used in the experiment.
Abbreviations not defined in the main text: FS = motorized fiber
splitter, F = fiber launch, PhCrFi = photonic crystal fiber, d-aom =
double pass AOM, SH = mechanical shutter, dit-aom = dithering
AOM.

concentric with the z axis of symmetry of the MOT and
CAM regions respectively. The offset coils for both the MOT
and CAM regions are in Helmholtz configuration. The water-
cooled holding structure resembles two circular loops (with
centers 34 mm apart, to match the distance between CAM
and MOT axis), touching internally at a point. Additionally,
we have an option to apply a uniform magnetic field in the
y direction (Fig. 4) with an independent set of coils centered
around the CAM y-symmetry axis. The obtainable fields and
field gradients of those coils, driven by identical bipolar sup-
plies as for the compensation coils, are (Bz

0, dBz
gr/dz)=(18 G,

3 G/cm) and By
0 = 6 G. To prevent induced eddy currents in

all metallic structures forming continuous loops nearby the
experiment, such as aluminum structures holding the coils,
they are sliced, and the removed material is substituted with a
nonconductive plastic joint to maintain the structural stability.

C. Laser systems

The laser systems used in the experiment are depicted in
Fig. 5. The relevant transitions for laser cooling are also shown
in Fig. 1. We separate the laser systems in three different
groups based on the technology employed.

The first group is based on diode laser technology. We use
two homemade, amplified, and frequency-doubled diode laser
systems for ZS, TC, imaging, and the first STIRAP branch.
We operate ZS, TC and imaging on the 421-nm transition
4 f 106s2(J = 8) ↔ 4 f 106s6p(J = 9), which has a natural line
width �421 = 2π × 32.2 MHz [68] and saturation intensity
I421 = 56.3 mW/cm2. The laser system consists of a cat-eye
extended cavity diode laser (ECDL, [69]) operating at 842 nm
(Eagleyard AR coated diode, 50 mW), tapered amplifier (TA,
Eagleyard, 2-W chip), and a bow-tie frequency doubling
stage based on an LBO crystal (Raicol Crystals). The ECDL

delivers 35 mW to the TA, which amplifies it to 1.4 W of
useful output before the frequency doubler. We utilize type
I critical phase matching and on resonance attain 600 mW
of blue light at 421 nm. We observe a slight deterioration of
doubling efficiency over the course of a year, possibly related
to the coating of the crystal, although the doubler is in a sealed
box. The doubling cavity is stabilized relative to the ECDL
with a polarization-based Hänsch–Couillaud technique [70].
The laser system for the first STIRAP branch addresses the
4 f 106s2(J = 8) ↔ 4 f 106s6p(J = 8) transition at 418.8 nm
[51] and is identical to the one described above, except be-
cause of the low power requirement, a low power 1-W TA chip
(Eagleyard) is employed. We obtain 40 mW at 418.8 nm after
the second harmonic generation. Both of the ECDLs of the
above systems are frequency locked using a Pound-Drever-
Hall (PDH, [71]) method to a home-built optical resonator.

The resonator (Fig. 5, binocular ULE), which serves as
a reference for all stabilized lasers, is based on a binocu-
lar ULE glass spacer (Hellma, 1.5 GHz free spectral range)
positioned in a vacuum vessel (10−9 mbar), and optically con-
tacted partial reflectors (Lens Optics, superpolished) which
are coated (LaserOptik GmbH) in the bands of interest to a
finesse of ∼30 000. The detuning relative to the ULE, and
the sidebands necessary for the PDH method, are generated
by a single fibered electro-optic modulator (f-EOM) preceded
by a nonlinear transmission line (NLTL). The NLTL creates
a sawtooth wave from a single frequency, which the f-EOM
afterwards converts to a single sideband, bridging the gap
between the atomic line and the ULE resonance. The PDH
single frequency (10 MHz) signal is added to the NLTL
sawtooth wave by a broadband mixer. Eventually a highly
tunable (300–1700 MHz) single sideband, attributed with a
PDH modulation is achieved, allowing for convenient tuning
over the full free spectral range of the ULE cavity [72].

The second group of laser systems are commercial fiber
lasers used as dipole traps, optical lattices, narrow-line MOT
light, and the second STIRAP branch. The central laser
system is a 50-W, 1053-nm fiber laser (IPG Photonics).
Most of the power (90%) is devoted to a pair of optical
tweezers used for trapping, evaporation, and transport of
the atomic cloud (detailed in Sec. IV) and additionally for
3D optical lattice beams (Fig. 4). The remaining 5 W are
frequency summed with a 5-W, 1544-nm single frequency
laser (Keopsys, 10 W) to obtain 626-nm light for the narrow
line MOT (natural linewidth �626 = 2π × 136 kHz [73]).
The 1053-nm and 1544-nm amplifiers are both seeded by
5-mW single-frequency fiber lasers (Koheras Adjustic by
NKT Photonics). We use a periodically poled lithium niobate
crystal (PPLN, Covesion), phase matched at 177.4 ◦C in a
single-pass configuration and derive 1.5 W of 626-nm light,
which is then distributed to the vertical and horizontal MOT
beams. The 626-nm light is frequency stabilized to our ULE
cavity with PDH technique, and the correction signal is fed
to the fast piezo actuator regulating the cavity of the 1544-nm
fiber seeder. The 1544-nm seeder additionally powers another
fiber amplifier at 10 W (Keopsys), which is frequency
doubled to 772 nm in PPLN (Covesion) at 141.8 ◦C. We
obtain 0.7 W useful power for a vertical dipole trap for the
atoms at the CAM region (the CAM is AR coated in the
range 700–900 nm), by propagating along its symmetry axis.
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Additionally, we developed a time-incoherent laser system
centered at 770 nm (bandwidth FWHM �λ770 = 9 nm) based
on a super-luminescent diode (Exalos, EXS210017-01),
followed by a booster optical amplifier (Thorlabs, BOA780P)
and a TA (Eagleyard, EYP-TPA-0765-01500-3006) [74]. The
final bandwidth and center are a convolution of the bandwidth
of the diode and gain profiles of the booster amplifier and TA.
The coherence length is far below the distance of the atoms to
the CAM surfaces therefore eliminating any parasitic interfer-
ence effects from nonperfect AR coating. The system delivers
500 mW postfiber laser power. The last fiber laser is a 40-mW
laser at 1572 nm (Koheras adjustic, NKT Photonics), needed
for the second STIRAP branch. The laser is inherently narrow
(<1 kHz) and is simply stabilized with a low-bandwidth
servo loop to the ULE cavity using the PDH technique.

The last laser group consists of a single laser system of
a solid-state type, based on a 18-W laser at 532 nm (Coher-
ent Verdi), which is needed for our horizontal short-spacing
optical lattice (x′-y′ on Fig. 4). It also powers a vertical
large-spacing lattice of 10 µm (see Sec. IV D), obtained by in-
terfering two free traveling beams at ±1.5◦ with respect to the
horizontal plane. The interference pattern at the crossing point
is coincident with the CAM symmetry axis and additionally
overlapped with the CAM focal plane.

D. Cold atom microscope

Our CAM is an in-vacuum compact design made only
out of two lenses, a Weierstrass sphere serving as a front
plano-covex lens [75] and a plano-aspheric lens [Fig. 3(b)].
The design was inspired by [76], and adapted to the blue
region, specifically for the blue line at 421 nm of Dy. The
Weierstrass sphere enhances the numerical aperture (NA) by
a factor of n2 (where n is the refractive index of the sphere),
therefore reducing the need for an extreme aspheric surface
of the second lens. As a result, the aspheric surface could be
manufactured with magneto-rheological finish [77], achieving
the lowest possible irregularity. The optical performance and
tolerances of the CAM were simulated and optimized with an
optical design software (Zemax 2013). The two lenses were
produced by Sill Optics, with both curved surfaces having a
PV maximum irregularity of 0.15 µm and iRMS <0.05 µm.
The enclosure of the CAM is made out of two cylindrical
concentric macor pieces. Each one has a very fine, 0.15 mm
pitch tap in order to regulate the distance between the two
lenses. This degree of freedom was necessary given the lens
thickness tolerances and especially the uncertainty of the com-
plex front lens coating (30 interchanging layers of Ta2O5 and
SiO2, approximated in the simulation by the total thickness
of 2.2 µm of Ta2O5 and 2.9 µm SiO2). In the simulation, the
achieved parameters are an NA of 0.92, working distance of
160 µm (longer working distances makes the CAM unfitting
for our single cell design), field of view ±40 µm and a depth
of focus ±125 nm. The CAM was tested in air by shifting the
test wavelength by ∼1 nm to shorter wavelengths, where the
performance and distances are the same as for the atomic Dy
421-nm transition when the CAM is positioned in vacuum.
We used shear interferometry [78] on the recollimated light
that crosses the CAM twice after a retro-reflection from a
silver mirror positioned in the CAM focal plane. We observed

parallel interference fringes with no significant deformation
until an aperture of = 23 mm, corresponding to the desired
NA. The light was then focused on a beam-profiler (Thorlabs,
BC106N-VIS) with a single lens providing a magnification
of 160. The Strehl ratio was deduced across the full field of
view, confirming a diffraction limited performance up to the
designed NA.

E. Optical transportation setup

To be able to reach quantum degeneracy and transport the
atoms into the focal plane of the CAM we developed an
optical setup capable of moving in three dimensions a pair
of two crossed high-power optical dipole traps (we refer to
them as tweezers) at 1053 nm, crossing at 14◦ (Fig. 4). The
setup needs to be able to efficiently load the Dy cloud from
the compressed MOT (CMOT), transport it while performing
evaporative cooling, and eventually position it onto the focal
plane and symmetry axis of the CAM.

We utilize a large dynamic aspheric lens, which is a 20 mm
wide slice, cut symmetrically around the diameter from a large
commercial asphere (Thorlabs AL100200-C, f = 200 mm,
Fig. 4). This aspheric lens is positioned in an aluminum frame
on an air-bearing stage (ABS) (Aeroflex, ABL1000-050-E2-
CMS1-PL2-TAS), capable of transporting the two-tweezer
intersection point, over a maximum distance of 50 mm. The
intersection point coincides with the asphere focal point dur-
ing the full transport, due to the parallelism of the tweezers
to the lens symmetry axis, before refracting from it. The
customized lens cut removes a lot of unnecessary weight and
size from the asphere, but still we need carefully positioned
counterweights ensuring that the center of mass of the full
structure is within the stage requirements. Such an arrange-
ment allows us to precisely transport the atoms in the focus
of the tweezer pair across the 35 mm distance from MOT
to CAM regions along the x direction and additionally along
y and z (coordinate system on Fig. 4). The ABS is slightly
magnetic, and therefore the holding structure is designed to
keep it far from the atoms.

The tweezer light is transported onto the experimental table
with two photonic crystal fibers (E324-443-500, NKT Pho-
tonics), which are water-cooled at the entrance. Their power
is regulated with two AOMs after the fiber exit, because we
actively steer them horizontally at 100 kHz to dynamically
broaden the beams at the focus position. For this we send an
arccosine-shaped signal from an arbitrary waveform generator
to a fast voltage-controlled oscillator (VCO, AA Optoelec-
tronic, 1 µs full range scanning time).

To set the desired aspect ratio of the tweezers beams, they
cross two expanding telescopes made out of a set of cylin-
drical lenses in order to increase the beam size only along
the z direction. The ambient aspect ratio in the absence of the
beam steering is 2.5 (ωz = 19 µm and ωy = 50 µm). The two
telescopes are positioned right before the dynamic asphere
where the tweezers are parallel to each other and 50 mm apart.
The front lenses in each telescope is attached to a miniature
precision linear stage equipped with an optical linear encoder
(Q-521.130, PI). This allows us to move the tweezers ver-
tically from their original position during the MOT loading
stage, at 2.6 mm above the CAM front surface, and lower

023311-7



GREGOR ANICH et al. PHYSICAL REVIEW A 110, 023311 (2024)

them to its focal plane at 160 µm above. The final necessary
degree of freedom along the y direction is not automated
and therefore optimized once. The ABS rests on a precisely
polished smooth granite block, which is channeled to move
along the y direction with two pairs of ceramic ball bearings
pressing on its y-z opposite walls. The motion along this final
degree of freedom is accomplished by moving the granite
block with two micrometers, pressing against its two opposite
x-z walls.

F. Optical lattices implementation

Eventually the atoms have to be loaded in a 2D plane
coincident with the focal plane of the CAM and pinned by
the lattice geometry of choice in that plane. This is both for
technical reasons, given the tight depth of focus of the CAM,
and fundamental, given the scientific goals of the experiment.
As a first step toward preparing a 2D sample we load the
cloud into a single plane of a vertical lattice with spacing of
10 µm, which we refer to as a fixed accordion (FA). The FA
is formed by the interference of two beams at 532 nm derived
from a 18-W Verdi laser (Fig. 5), propagating in the x-z plane
and intersecting above the CAM at an angle of 3◦ (Fig. 4).
The two beams are derived from a single beam incident on
a custom coated flat glass substrate positioned at 45◦ relative
to the z axis, with a partially reflective (38%) polarization-
independent coating on the front surface and a high reflective
coating on the back surface. The high parallelism and choice
of reflectivity of the substrate ensures two identical equal-
powered and highly parallel beams exiting horizontally (along
−x) and 5 mm apart (defined by the substrate thickness of
6.35 mm). The two beams are derived from the first reflection
and the first transmission of the original beam. About 25%
of the incoming power is lost in the beam remaining after
the second exit from the substrate. The two beams are then
focused onto the focal plane of the CAM with a f = 100 mm
aspheric lens (Asphericon, AFL25-100-U-U-355-L) and form
the interference pattern along the z direction. The interference
pattern has a Gaussian envelope with 150 µm along y direction
and 80 µm along the interference pattern in the z direction. The
substrate can be moved vertically with submicron precision
with a slip-stick actuator (PI, N-470 PiezoMike) to adjust the
middle fringe of the interference pattern onto the CAM focal
plane.

Currently the laser is not frequency stabilized and the sub-
strate is not actively temperature stabilized; nevertheless the
interference pattern is sufficiently stable for the initial charac-
terization of the CAM of this work. Stability and positioning
below the depth of focus of the CAM will only be achievable
once the atomic 2D plane is referenced to the CAM itself
(detailed in Sec. VI). Furthermore for ensuring that the x-y
trap frequencies are not severely elevated when increasing
the FA power, we have an alternative design based on an in-
terferometer [79], where the horizontal diameter is increased
to ∼1 mm. Here the vertical adjustment of the interference
fringes is achieved by a piezo crystal, tuning the length of one
of the interferometer branches. To improve the chances of this
method for both designs, we image the interference pattern
on a 1D charge-coupled device (CCD) camera, and extract an
error signal of the drift in position of the central interference

fringe. In future we will feed this signal back to an actuator
that corrects the FA position. This improvement still does not
guarantee a long-term stability and does not cancel vibrations
of the interference fringe relative to the CAM.

To further avoid vibrations and long-term drifts, it is instru-
mental to eventually lock the atomic 2D cloud to the CAM
focal plane. For this purpose we reflect a 1053-nm vertical
lattice beam from the front face of the CAM (R > 99.5% in
the range of 1030–1120 nm from 0–5◦ angle of incidence).
We discuss in Sec. VI our future plans to populate a single
plane of such a lattice.

The horizontal x′y′ lattices are rotated at 23◦ relative to
the x-y coordinate system, due to the available space, and
consist of two (for both x′ and y′ directions) super-lattice
beams of copropagating 532-nm and 1053-nm beams (Fig. 4).
The retro-reflective optics for each of the super-lattice beams
consist of two polarizing beam splitters with a motorized
half-waveplate in between, followed by a mirror. Each of
the polarization elements, the mirrors and lenses for shaping
the lattice beams are chosen to perform equivalently at both
532-nm and 1053-nm wavelengths. With this arrangement,
by rotating the wave plate the reflection can be extinguished
and the lattice beams become regular dipole traps. This con-
struction simplifies traps alignment procedures and is also
used optionally during the experimental cycle to utilize the
lattice beams as traps during the evaporation process and later
converting them to lattices (the minimum time for the switch,
limited by our servo motors, is 100 ms). Each lattice beam is
delivered by a photonic crystal fiber identical to the one for
the tweezer light, with the difference that in order to avoid
reflections back into the fiber the horizontal x′-y′ beams are
followed by high-power optical isolators. For the vertical lat-
tice we can avoid the optical isolator, by slightly deviating the
incoming beam from the normal incidence and then blocking
the back reflection, given the proximity of the atoms to the
retro-reflective front surface of the CAM.

IV. EXPERIMENTAL PROCEDURES
AND SYSTEM CHARACTERIZATION

In this section we describe a typical experimental pro-
cedure, starting with the inital slowing of the atomic beam
(Sec. IV A), followed by the MOT stage (Sec. IV B) and
loading of the dipole traps with subsequent evaporation and
transport to the CAM (Sec. IV C). Finally, we characterize the
optical lattices in Sec. IV D.

A. Transverse cooling and Zeeman slower

We operate the Dy oven with the crucible and the hot lip
temperature at 1000 ◦C and 1100 ◦C, respectively, to produce
a beam with a most probable longitudinal velocity of about
450 m/s [66,80–82]. Immediately following the oven, before
entering the Zeeman slower (Fig. 6), we perform TC (via the
four glass ports following the oven in Fig. 2) to decrease the
angular spread of the beam [83]. We apply cooling in 2D, by
utilizing a orthogonal retro-reflected beam configuration with
30 mW in each direction (elliptical shape with 26 × 5 mm2

with long axis along the atomic beam). We experimentally
optimize the polarization of the individual beams and find
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FIG. 6. ZS coils and main set of coils. Each set consists of gradi-
ent and offset coils in Helmholtz configuration, concentric with the
MOT and CAM z axis of symmetry, respectively but sharing a com-
mon water-cooled sink. Presented are also the measured individual
fields of each ZS coil, total on-axis field, and the desired theoretical
field (dashed line).

the optimum detuning to be 0.5�421, as expected for low
saturation. The increase in atom number in the 3D MOT due to
the TC is shown on Fig. 7(a). It is clear that the atom number
does not plateau out with laser power, given the available laser
intensity. We achieve a factor of 7 increase in atom number in
the MOT (described below) at the maximum available power.

Next the atoms enter the ZS region. Here the atoms expe-
rience a resonant 421-nm slowing beam, focused on the oven
exit aperture in order to match the diverging atomic beam.
We operate at large detuning of ∼20�421 and send about 150
mW of 421-nm light, which is reflected from the in-vacuum
aluminum coated mirror. We observe a vague spot on the mir-
ror due to the deposited Dy and assume that about 20% of the
reflected light is lost, based on experience of other laboratories
utilizing an in-vacuum mirror for Dy ZS. The ZS is designed
with a safety factor of η = azs/amax ≈ 0.4 (here azs is the true
acceleration and amax = 5.8 × 105 m/s2 is the max accelera-
tion possible). The length is chosen to achieve a targeted final
velocity of v f = 7 m/s to match the MOT capture velocity.
Given the large distance from the end of the ZS to the MOT
center, we may in future adapt a better strategy, allowing a
higher final velocity in order to reduce the transverse expan-
sion and then slow the atoms to the MOT trapping velocity
right before the MOT [84]. We first tested the ZS performance
before assembly, by mapping the magnetic field of each indi-
vidual coil [Bi(z), i is the coil index and z is the longitudinal
coordinate] first for a current value of 1 A. Subsequently a
minimization procedure over this basis is used to find the
optimal individual currents Ii, realizing a total experimentally
optimized magnetic field BZS (z) = ∑

i IiBi(z), matching the
ideal theoretical field of Bth = Bb + B0

√
1 − z/z0. Here Bb
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FIG. 7. MOT characterization. (a) Increase of the atom number
in the CMOT as a function of total laser power of the TC. (b) MOT
loading vs time. The atom number is measured after the CMOT stage
at s = 0.02. (c) Atom number vs time in a CMOT for s = 0.5 (blue)
and s = 0.02 (red).

and B0 are the bias and overall height of the field profile and
z0 is the ZS length (Fig. 6). Further fine tuning of the currents
was done experimentally by directly maximizing the number
of atoms in the MOT.

B. Magneto-optical trap

Exiting the ZS the atoms are captured in a 626-nm narrow-
line six-beam MOT [66,81,82]. We increase the MOT capture
velocity by creating a comb structure of sidebands spaced
by 110 kHz. We use a resonant EOM (Qubig PM6-VIS)
to generate an effective linewidth of 7 MHz. During the
MOT loading process [Fig. 7(b)], which takes 2 s, the laser
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detuning is −38�626. We gain a factor of 2 in MOT loading
rate (2.85 × 107 s−1) utilizing the above spectral broadening.
Following the loading we enter the CMOT stage, where
we reduce the temperature of the sample by extinguishing
first the spectral broadening in 2 ms and successively ramp
down the magnetic field gradient 1.5 → 1 G/cm and the total
laser intensity from 625 → 0.02Is (saturation intensity Is =
72 µW/cm2, MOT beams 45 mm) in 50 ms. In parallel we
linearly ramp down the laser detuning toward the resonance
�626 = −38 → −10�626. This is not to be confused with
the local detuning �loc relative to the mJ = −8 → mJ = −9,
which remains constant at −�626/2(

√
(η − 2)s − 1),

where η = h̄k�626/2mDyg, mDy is the mass of Dy, g is
the gravitational acceleration, s is the saturation parameter,
and k is the wave number for the 626-nm transition [85]. At
higher final laser intensities we achieve a higher atom number
in the CMOT of 2 × 108 but at higher temperature. We further
hold the sample for another 300 ms to reach a temperature
of 5.6 µK which is above the limiting Doppler cooling
temperature of Tmin = ηh̄�626/(2kB(η − 2)) 
 3.4 µK.
The 300 ms hold time exceeds the time for the sample
temperature to reach a plateau (∼50 ms), but it is necessary
for establishing local density equilibrium and therefore is
needed for optimum dipole trap loading, which follows as a
next stage.

To characterize the atom losses in the MOT we take two
decay curves at a fixed detuning �626 = −10�626 and satu-
ration parameter s for two different final values of s = 0.02
and s = 0.5 [Fig. 7(c)]. We make a leap forward and mention
that we achieve the best phase-space density (PSD) in the
dipole trap loading, following the CMOT stage, at s = 0.02Is.
The PSD is calculated as PSD = N (h̄ω̄/kBT )3, where N is
the atom number, ω̄ is the geometric average of the trap
frequencies along orthogonal directions, and T is the temper-
ature. Only for these extremely low s parameter values do we
observe a steep initial decay, until a plateau with a very slow
decay (>20 s) is reached [Fig. 7(c), s = 0.02]. This initial
decay is caused most probably by diffusion and loss of atoms
from the MOT, which is unable to hold the complete cloud.
However, in the next stage, when the MOT is supplemented
with a dipole trap, is when we get the best performance.
The background pressure is 
 1 × 10−11 mbar, and therefore
we disregard the slow one-body decay due to collisions with
background atoms and attribute this decay to one-body scat-
tering processes due to the 626-nm light. For larger saturation
value of s = 0.5 the observed initial loss can be attributed to
two-body loss due to light-assisted collisions [85] [Fig. 7(c),
blue trace]. We extract a two-body loss rate from the ini-
tial slope of β = (1/Nn̄)dN/dt = 4 × 10−11 cm3/s, where
n̄ = N/(8π3/2σ 2

x σz ) is the average density and σx,z are the
cloud size along x and z assuming σx = σy. The obtained loss
rate is close to the theoretical prediction, based on a model
of light-induced collisions, described in [85]. We vary the
two most important parameters to achieve the best loading
conditions for the dipole trap, namely, detuning �626 and s.
For the temperature dependence on the saturation parameter
we observe a linear slope of T/

√
s = 28 µK for s ∈ (0.5, 10).

We do not observe any temperature dependence on �626 for
red detuned values >2π × 0.3 MHz and fixed s, but a large
dependence of the spin polarization.
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FIG. 8. Tweezer traps loading vs time.

To quantify the degree of spin polarization we perform
a Stern-Gerlach experiment after the MOT light is switched
off, where we briefly turn on a gradient field before imaging.
Given the size and the temperature of the MOT we cannot
resolve the individual spin components. Instead we record
the vertical cloud size after Stern-Gerlach expansion σ

sg
z and

compare it to the bare size without gradient field σ 0
z , to get

the normalized size σ n
z = σ

sg
z /σ 0

z , which we use as merit for
the polarization purity. At detunings �626 � 2π × 1.4 MHz,
we find σ n

z → 1, meaning that the cloud is polarized. This is
consistent with the behavior observed in other experiments
[81,82,85], explained by the sagging of the cloud under the
quadrupole center in order to provide equilibrium between
gravity and the radiative forces, subsequently leading to opti-
cal pumping due to the predominant σ− transition. We choose
the limiting value of �626 = 2π × 1.4 MHz as a compromise
between spin purity and cloud size, given that the horizontal
size σx grows linearly with the detuning and compromises
the dipole trap loading efficiency later. The spin polariza-
tion is crucial for the subsequent evaporative cooling in
the dipole trap.

Out of scientific curiosity, we performed eveporative cool-
ing (described in Sec. IV C) starting with an unpolarized
sample (using detuning �626 = 2π × 0.5 MHz), which was
possible only in a very narrow <10 mG magnetic field region
around zero magnetic field. Apart from the technical diffi-
culty, eventually we barely achieve the onset of a BEC with
a tenfold compromised atom number. Eventually the sample
becomes polarized during the evaporation ramp, but in that
process dipolar relaxation heats the sample and impairs the
evaporative cooling efficiency.

C. Tweezer loading, evaporative cooling, and transport

In order to load the tweezers, they are already turned on
during the MOT stage with a power of 11 W per beam.
It is crucial that both beams have linear polarization in the
x-y plane (Fig. 9). The difference between the x-y and a z
polarization arrangement is a slight loading difference from
the CMOT, possibly related to the tensorial part of the polar-
izability, and a much more dramatic difference in the atomic
lifetime in the trap by an order of magnitude. Since the
vertical position of the CMOT sensitively depends on the
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FIG. 9. Horizontal and vertical transport with time. The accom-
panying MOT, CMOT, and tweezers loading regions together with
the three evaporation ramps are bounded by the vertical dashed lines
(the state of the cloud on the pictures refers to the end of each period).
Top row pictures are absorption images of Dy sample after (a) 2.5 s
MOT + 300 ms CMOT, (b) tweezers 100 ms after CMOT at aspect
ratio 2.5 and P=4 W, (c) tweezers after horizontal transport and first
evaporation down to P=2 W, and (d) tweezers after vertical transport
and evaporation 2 and 3 down to P = 0.07 W. Onset of a BEC
appears after evaporation stage 2. Images (a) and (b) are taken with
camera 1 along x at the MOT region, and images (c) and (d) with
camera 2 at the CAM region along y′(see text).

saturation parameter s, the detuning �626, and the vertical
offset magnetic field Bz, but the first two are crucial for the
final temperature and polarization of the sample, we choose
to vary Bz in order to match the CMOT vertical position with
the tweezers tight vertical dimension. We increase the aspect
ratio of the tweezer beams by a factor of 10 during the loading
from the CMOT (at our optimum conditions of s = 0.02 the
CMOT sizes are σz = 0.2 and σx,y = 1 mm respectively). This
dynamic mode matching to the post laser-cooled cloud size
improves our loading efficiency from the CMOT by a factor
of 2.5 to a rate of 3.7 × 107 s−1 and an absolute number of
trapped atoms of 1.3 × 107 (Fig. 8).

After the tweezer loading, we extinguish the modula-
tion and linearly ramp the powers of the two tweezers to
2 W each in 500 ms. At this point we have a PSD = 0.007
and 2.5 × 106 atoms at 9 µK [trap frequencies ( fx, fy, fz ) =
(51, 398, 874) Hz]. Next we initiate the first out of three
evaporation ramps and simultaneously the horizontal trans-
port. As shown in Fig. 9 (magenta solid trace) we transverse
the horizontal gap between the MOT and CAM regions in
1 s and exponentially lower the power of the tweezers to
P = 0.5 W [atom number 9 × 105, T = 2 µK, PSD = 0.03,
trap frequencies ( fx, fy, fz ) = (26, 198, 437) Hz]. Until this
point we evaporate at the same magnetic field of B0 = 0.8 G
as the one set during the CMOT stage after extinguishing the
CMOT gradient field. We set this field with our large offset
coils assuring a good spatial uniformity during the transport.
Once the cloud is transported above the CAM we engage also
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FIG. 10. Atom-loss spectrum taken at an initial temperature of
200 nK in the low magnetic field range of interest. The arrow points
at the region where we perform the main evaporation and measure-
ments. The hold time at every point is 500 ms. Normalization is done
relative to the atom number at zero holding time.

the local offset coils, concentric with the CAM (Fig. 4), which
allows us to adjust the z field in the foothills of the Feshbach
resonance centered at 2.75 G (Fig. 10). The field is switched to
the new value of 2.5 G (scattering length ∼120a0) in 5 ms, and
we initiate the vertical transport (Fig. 9, blue dashed trace).
The same Feshbach region is mapped with the magnetic
field pointing along y direction. Rotating the magnetic field
in a precise manner, while maintaining a particular contact
scattering length is important for future plans to achieve a
2D sample by effectively canceling the DDI and the contact
interaction (see Sec. VI). During the vertical transport, which
takes 2.5 s, we execute the second evaporation ramp ending at
P = 0.12 W. We see the onset of a BEC at the end of evapora-
tion 2 at T = 200 nK [Figs. 11(a) and 11(b)]. The last ramp is
executed in 1 s and delivers a BEC with a condensate fraction
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FIG. 11. Phase transition to a BEC. Optical density profile
(a) and (c) and 1D atomic densities (b) and (d) revealing bimodal
structure. Both biquadratic and thermal Gaussian fits are displayed
in (b) and (d) to describe the BEC fraction and thermal component
respectively. Atom number, temperature, and BEC fraction are (a),
(b) 4.5 × 105 atoms, 200 nK, 15% and (c), (d) 1.5 × 105 atoms, 40
nK, 70%. The effective pixel size in the object plane is 4 µm. The
time of flight is 25 ms. The imaging is performed in absorption with
camera 2 along the y′ axis.
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FIG. 12. Lifetime of the Dy cloud loaded in the 532-nm FA
with a trap frequency ωz = 2π × 1 kHz. The inset shows the FA
interference pattern.

of 70% [Figs. 11(c) and 11(d)]. During the time of flight
the DDI preserves the parabolic condensate profile [86], and
although the Thomas-Fermi criteria are changed when DDI is
added to the conventional s-wave interaction, we satisfy the
extended criteria for our parameters [87].

During the last ramp we have the option to reshape the
cloud by including in the evaporation either a vertical broad-
band 770-nm beam (150 µm), or two orthogonal horizontal
1053-nm dipole traps (x × z = 300 × 70 µm2 each) that co-
incide with the x′y′ coordinate system (Fig. 4). The horizontal
traps can be turned into lattice beams later in the experi-
mental sequence (detailed below). The automatic tuning of
the aspect ratio of the tweezers completes the full control
over all the trap frequencies. The broadband 770-nm dipole
trap goes in the negative z direction through the CAM. The
undesired lattice formation from imperfect AR coatings of the
CAM optical surfaces is evaded by the short coherence length
lc = 2ln2λ2

770/π�λ770 = 29 µm of this laser source relative
to the distance between the cloud and these surfaces.

D. Optical lattices characterization

The inset of Fig. 12 displays the interference pattern of
the FA with ∼13 µm spacing, imaged by a CDD. We load the
atomic cloud in a single fringe by simultaneously raising the
FA power and the 772-nm vertical beam power in 500 ms,
so we can barely hold the cloud against gravity. Meanwhile
we linearly ramp down the tweezers power to zero. Figure 12
shows an exponential decay of the atom number with time
constant of 2.6 s in a FA with ωz = 2π × 1 kHz trap frequency
along the z direction. The atom number is deduced by captur-
ing fluorescence on the 421-nm atomic transition for 1 µs with
the CAM. The polarization of each of the FA beams is in the
x-z plane. The lifetime is reasonable for future experiments,
and we don’t observe a detectable shift from the 421-nm reso-
nance, while holding the atoms in the FA during imaging. We
can reach up to ωz = 2π × 4 kHz vertical trapping frequency
and at the typical radial confinement determined mostly by the
770-nm trap of ωρ = 2π × 54 Hz we satisfy the criteria for
the 2D mean-field regime Nas(1 + 2εdd )l3

z /l4
ρ ∼ 0.2 � 1 (for

atom number N = 104, s-wave scattering length as = 88a0,
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FIG. 13. Characterization of optical lattices. Population in the

0h̄k and ±2h̄k momentum states for both vertical 1053-nm
lattice a) with 10 ms time of flight, and a horizontal x′ lattice beam
at 532 nm b) with 4 ms time of flight. The boundary visible in panel
(b) represents the CAM front surface. (c) A lattice depth measure-
ment showing oscillations between 0h̄k and ±2h̄k momentum states
after sudden loading in a lattice. The inset shows the 0-2 band gap
at at ER. (d) Lifetime of the full cloud (BEC and thermal fraction)
loaded in the vertical retroreflected from the CAM lattice at 1053 nm.

ratio of the dipolar to s-wave scattering length for 164Dy εdd =
add/as = 1.5, and oscillator lengths in the tight confinement
and radial direction lz and lρ , respectively) [87]. The expan-
sion after releasing from the FA is anisotropic and in the
vertical waist follows the expected linear time dependence of
R(t ) = √

3.5h̄ω0/mDyt , where ω0 is the trap frequency along
the tight vertical z direction and t is the time of flight [88].

To calibrate the short lattices at 1053 nm and 532 nm,
as described in Sec. III F, we use a standard Dirac-Kapitza
diffraction method, where we pulse the lattice power (<0.5 µs
rise/fall time) over a short period and vary its time duration
[89,90]. The actual momentum peaks of the matter wave
interference pattern are shown as examples in Figs. 13(a)
and 13(b), for both horizontal 532-nm and vertical 1053-nm
lattices. We detect oscillations between the population in the
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0 and ±2h̄k1053 momentum states (k is the wave vector for the
1053-nm lattice), with a frequency corresponding to the en-
ergy difference between the zeroth and second energy bands.
An example of such oscillation in the vertical 1053-nm lattice
at ∼30ER (ER = h2/(2mDyλ

2
1053) is the photon recoil energy, h

is the Plank constant, and λ1053 is the wavelength at 1053 nm)
is shown in Fig. 13(c). We have calibrated similarly our 532-
nm lattices. The decay of the oscillation is possibly due to
the inhomogeneity of our lattice beams and the presence of
both contact interaction with scattering length of about 100a0

and DDI. The lifetime of a sample adiabatically loaded into
the vertical lattice, at powers barely holding the atoms against
gravity, reveals a dual exponential decay with the longer life-
time >20 s [Fig. 13(d)].

V. FLUORESCENCE IMAGING WITH THE CAM

Typically CAMs with alkali atoms [64], termed quantum
gas microscopes (QGM) when they operate with a single
site resolution, are supplemented with a cooling mechanism
that keeps the atoms pinned in the lattice as they fluoresce.
Currently we are attempting another approach given the large
mass of Dy and the broad 421-nm imaging transition. The
scheme is similar to the one implemented for 6Li in [91],
based on a collection of few photons per pixel in a short time.
Given our significant overall collection efficiency of approxi-
mately 20%, we are currently pursuing a fast illumination of
τ = 1–2 µs during which we detect 20–40 photons/atom, or
∼2 − 4 photons/pixel/atom given our current magnification
of 160 [92]. During fluorescence, the atoms will exhibit diffu-
sion from photon recoil. As a result, the width of the position
distribution scales as ∝ τ 3/2�

1/2
421/mDyλ421 [91,93]. Given the

large mass of Dy, for times <3 µs the atom will not exceed
the width of a single lattice site of a 1053-nm standing wave,
and therefore one can even turn off the lattices at the time
of the imaging. For this preliminary work lattices and traps
are always kept on during the fluorescence detection, which
additionally inhibits their random walk.

In detail our overall collection efficiency is defined mostly
by the collection efficiency of the CAM of 30%, which ac-
counts for the photon angular distribution, based on linear
polarization of the excitation beams in the x-y plane and
the applied magnetic field along the axis of the microscope.
The total transmission of the CAM is further limited by the
quality of the AR coating (R < 0.3% per surface) and two
narrow transmission filters centered at 420 nm (Semrock,
FF01-420/10, T > 95%) placed in front of camera 3. Fur-
thermore the fluorescence is guided by two dichroic mirrors
(Semrock, Di03-442-t3, R > 97%) in reflection to the camera,
which has quantum efficiency of 83%.

For the above strategy to succeed we first need to elimi-
nate the linear net radiative force on the atoms by a pair of
counter-propagating excitation beams. Each beam is resonant
with the 421-nm Dy transition, with an intensity >100I421,
and its focus at the atom position is 150 µm. The tight focus
avoids clipping from the front face of the CAM. The pair
is practically copropagating with the y′ lattice, making only
a 3◦ angle with it, which allows us to deviate the excita-
tion beams from the lattice light after the cloud. However,
this will tilt the lattice potential along this direction. As

(a) (b)

FIG. 14. Compensation of excitation beam radiative force ef-
fects. (a) Side fluorescence imaging of Dy cloud showing an
accelerated Dy cloud due to unbalanced excitation beam. (b) The
same as (a) with balanced excitation beam by counter-propagating it
with orthogonal polarization. The black line in (a) and (b) shows the
surface of the CAM. Underneath, the cloud mirror image from the
top CAM surface is visible.

an example, the needed lattice depth for a 532-nm lattice
to contain the atoms against this tilt, if a single beam was
used, is Vmin = h̄k421�421/2k532 ∼ 1.9 mK. Here k421 and k532

are the wave vectors of the excitation and lattice light at
421 nm and 532 nm, respectively. This is rather substantial
given the power available for our lattices. Currently we strobe
each beam with 0.5-µs long pulses, ensuring the counter-
propagating pulse trains are out of phase [49,91]. The strobing
is implemented by a two-channel arbitrary waveform gener-
ator (Keysight 33509B) activating two independent AOMs,
gating the light of each addressing beam. The tight beam
focusing at the AOM crystal allows pulses as short as 0.1 µs.

To ensure a good overlap with the original illuminating
beams, we utilize fluorescence imaging transversely to the
CAM using camera 2. We first block one of the beams and
provide a single excitation pulse of 50 µs. The fluorescence
image resembles a cone aligned in the direction of the ex-
citation beam, formed by atoms being accelerated along its
k421 wave vector [Fig. 14(a)]. We then carefully align the
second beam until we see no offset in the original position
of the cloud [Fig. 14(b)]. The leftover heating during the
excitation is due to diffusion. The expected heating rate due
to momentum kicks of absorption and emission is dT/dt =
�421h̄2k2

421/2kBmDy = 67 µK/µs.
Once the addressing 421-nm beam is balanced, we adjust

the sample with the tweezers at a specific height above the
CAM, in the vicinity of its focal plane. To navigate ourselves,
if we are within 1–2 µm of the focal plane we need to create a
mask of point sources or stripes, created by the atoms, and
use their contrast as a metric for this initial vertical posi-
tioning. We take advantage of a peculiar droplet crystalline
state [94], consisting of multiple sub-µm droplets [Figs. 15(a)
and 15(b)]. This state is achieved by a sharp quench (on a
few-ms scale) from a BEC state which we evaporate into at a
typical magnetic field of Bin = 2.5 G and scattering length of
≈120a0 [95,96], into the region of an insulating droplet state
at final magnetic field of B f = 0.7 G (≈90a0). This droplet
crystalline state differs from the ground state at the final point
of the quench, which based on a simulation using an extended
Gross-Pitaevskii equation (eGPE) [97–102] and on an in situ
fluorescence image with the CAM contains only a few large
droplets. The excited crystalline state (lifetime >100 ms) is
therefore reminiscent to a high-resolution microscopy slide
target. We use this method for different final cloud aspect
ratios. To obtain a cigar-shaped cloud we evaporate solely
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FIG. 15. Fluorescence imaging with the CAM of a multidroplet
crystalline excited state in (a) pancake-like configuration at trap
frequencies ( fx, fy, fz ) = (11, 76, 160) Hz and (b) cigar-shaped con-
figuration with trap frequencies (26, 24, 124) Hz. The zoom-in on
the right reveal minuscule droplets of a few hundred atoms with a
diameter of 0.6 µm. Illumination time is 2 × 1 µs.

in the two-tweezer configuration with anisotropic frequencies
( fx, fy, fz ) = (11, 76, 160) Hz and atom number of 1.5−2 ×
105 [Fig. 15(b)]. Alternatively we prepare a pancake-like con-
figuration with trap frequencies (26, 24, 124) Hz [Fig. 15(a)],
where we use our x-y lattice beams as traps (see Sec. III F)
by introducing them in the final evaporation step and simul-
taneously dynamically increase the horizontal waists of the
tweezers by a factor of 3 with our modulation method.

Once in the vicinity of the CAM focal plane we prepare
a 2D sample by ramping up the accordion vertical lattice
and simultaneously the axial time-incoherent 770-nm trap in

100 ms [typical trap frequencies ( fx, fy, fz ) = (75, 75, 1.2 ×
103) Hz]. Beforehand, the sample is squeezed and mode
matched to this 2D geometry by linearly ramping up the
tweezers and simultaneously dynamically increasing their
horizontal waists (by a factor of 5.3), achieving trap frequen-
cies of ( fx, fy, fz ) = (62, 46, 540) Hz. This is followed by
ramping down the tweezers to zero power in 100 ms and leav-
ing the sample purely to the accordion-axial 770-nm trap. For
these experiments we used the interferometer-based accordion
and therefore the vertical position of the atoms was adjusted
by tuning the piezo-actuator that changes the length of one of
the interferometer arms.

Now we are in position to raise the horizontal x′-y′ lat-
tices. We choose an exponential ramp in 100 ms, while we
additionally raise the accordion power to achieve a vertical
trapping frequency of 3 kHz and a corresponding oscillator
length of 140 nm. In Fig. 16 in situ images of a single 1D
and a 2D lattice with spacing of 526 nm are displayed, taken
with 2 × 1 µs total imaging time. For these images we limit
the atom number to <104. To minimize the axial defocus, we
compute the spatial Fourier transform of the grid of atoms
loaded in a 1D lattice, and use the peak at a spatial frequency
of 1.9 µm−1 (inverse lattice spacing) as a figure of merit. The
two lattices deviate from orthogonality by 3.3◦. Currently we
observe slightly worse contrast in the lattice y′ probably due to
imperfect balancing of the two counter-propagating imaging
beams, which are almost aligned with the y′ direction.

Being able to resolve single lattice sites with high fidelity,
eventually even at lattice spacings similar to or below the
resolution of our CAM, driven by the necessity to achieve
higher DDI rates, will requite the introduction of new tools.
Generally one needs to accommodate a few competing fac-
tors: On one hand, to have high resolution in the image plane
requires a large magnification due to the large pixel size of
the iXon-897 of 16 µm. Subsequently the photon count per
pixel is reduced and one resorts to longer imaging times.
In order to avoid active cooling during the imaging process,
which makes this method appealing, the imaging time has to
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FIG. 16. In situ images of a 1D (a) and 2D (d) optical lattice with 526-nm spacing, taken with imaging time 2 × 1 µs and magnification
of 160. Camera pixel size is 16 µm. The spatial Fourier transform peaks at spatial frequency ∼1.9 µm−1, which fits the inverse lattice spacing.
Panel (b) shows the red cutout in (a) and panel (c) the corresponding signal averaged along the vertical direction, revealing the periodic density
modulation in the lattice. (d) The angle between the two lattice directions deviates by 3.3◦. The Fourier spectra are computed by rotating the
image correspondingly.
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be limited such that the detection fidelity is not compromised
due to the stochastic diffusion that will eventually overlap the
photon signals of two neighboring sites. Magnifying the atom
positions before the imaging is therefore the best approach,
as demonstrated recently by the introduction of a magnifying
accordion lattice for erbium [48,49]. We describe our current
strategy to resolve the above limitations which differ from
other approaches in Sec. VI. The optimal spacing that can still
give a large available field of view and substantial detection
fidelity is similar to the average distance between the droplets
in our droplet crystal (Fig. 15).

VI. CONCLUSIONS AND PERSPECTIVES

We presented a potential experimental platform capable
of simulating spin models of quantum magnetism based on
highly magnetic Dy atoms pinned on an optical lattice. Ad-
ditionally, Dy atoms prepared in a specific set of degenerate
magnetic sublevels, members of a highly electrically cou-
pled opposite parity doublet, cast a peculiar pseudospin-1/2
system, that features both eDDI and mDDI. Due to the de-
generacy, the spin-orbit coupling term intrinsic to the DDI
is activated additionally to the conventional Ising and spin-
exchange (state swapping) DDI terms primarily considered.
Unlike those terms the spin-orbit coupling changes the spin
angular momentum by ±2 and therefore imprints a phase
factor of exp(±2iφi j ) associated with a change of the orbital
angular momentum among an atom pair.

Once the DDI is projected onto the above pseudospin-1/2
basis and rewritten in terms of a conventional spin-1/2 op-
erator set Ŝx,y,z one arrives at a generalized XYZ spin model
where the asymmetry of the rates governing the ŜxŜx and ŜyŜy

interactions is ensured by the spin-orbit DDI. Furthermore
these rates depend on the lattice geometry through the azimu-
tal phase φi j . Quantum simulators, such as this one, present an
irreplaceable tool for exploring tunable low-symmetry models
that could not be approached analytically or numerically.

Furthermore, we described a new apparatus and its basic
operation, tailored to achieve the above goals. The apparatus
consists of many atypical, or out-of-the-mainstream, alter-
natives to conventional cold atom experimental approaches,
which we hope this work validates. Specifically, utilizing a
large glass cell with an indium seal eliminates the necessity of
a long glass to metal transition. Having a single cell serving as
a main laser cooling vessel and containing a CAM facilitates
the atomic transport. The glass cell nano-coating provides
lossless access for any laser wavelength from the mid-UVC
region to the NIR even at large angle of incidence. The CAM
simplistic miniature design, allows its positioning in vacuum,
and therefore possesses a large NA, field of view and reason-
able working distance, while eliminating the need to include
glass vacuum ports into the optical design. The latter approach
suffers from the glass warping due to the atmospheric pressure
and the viewport manufacturing process itself.

We have additionally complemented the vertical 1053-nm
lattice, currently retro-reflected from the CAM front face with
a secondary retro-reflected beam at 1095 nm. The formed
beat-note lattice [103] should form the same long wavelength
potential envelope as we currently have with the 532-nm FA
(with step 13 µm), with the difference that this potential will

be referenced to the CAM. Our strategy in selecting a sin-
gle reproducible 2D plane of atoms referenced to the CAM
and coincident with its focal plane is to adjust the beat-note
envelope such that the nth antinode coincides with the CAM
focal plane. For that purpose the seeding laser of the 1095-nm
fiber amplifier (Azurlight, 8 W) is an AR-coated ECDL with
broad tuning capability, which is needed due to the proximity
of the retro-reflective mirror to the atoms (in our case the
front surface of the CAM) of 160 µm. On the other hand the
robustness of the beat-note envelope is assured even if the
lasers run freely. Once we hand out the 2D sample from the FA
to the beat-note lattice antinode, even if the sample occupies
few neighboring planes, we can attempt selective parametric
heating by exciting the atoms in all planes to the second band
gap except the plane of the antinode. For this purpose the
frequency of the parametric heating should be scanned and
the scan interrupted right before the trapping frequency gap
of the antinode plane (which is about 1.5% higher than the
next nearest neighbor). The beat-note lattice could be further
used to load two nearby 2D layers allowing the engineering of
bilayer dipolar systems [104–106].

Furthermore we have nearly implemented a 2D dynamic
accordion lattice (DAL) [107], that can change in 30 ms the
site spacing from 266 nm to 1.5 µm. The starting spacing is
commensurate with the 532-nm science lattice spacing and
with proper adjustment of its phase one could transfer the
atoms in it without significant heating. This should allow
a magnification of the 2D sample, before imaging at high
fidelity, as recently demonstrated for Er in [48].

Another elegant method that could be adapted to our situa-
tion, is currently also pursued in order to increase the imaging
fidelity. The method is based on coherent expansion in a com-
bination of a crossed horizontal 2D light sheet (reminiscent
to the current FA) and a radial harmonic potential (our time-
incoherent 770-nm dipole trap). Evolving the system up to a
specified time slightly exceeding a quarter period of the har-
monic potential, followed by precisely timed free expansion,
could magnify the state in position space and access the in
situ distribution of the atoms, as has been demonstrated for
multiple occupied lattice sites [50]. In the last work a large
magnification >90 was achieved. Since we need a magnifica-
tion of <6, to render the single atoms spacing of ∼1.5–2 µm,
we need to still be in the same proximity to the CAM focal
plane. Therefore the free expansion in our implementation of
the technique should be substituted with a expansion in a 2D
plane with very low orthogonal trap frequencies.
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APPENDIX: DETAILED PREPARATION
OF A DEGENERATE ISOSPIN-1/2 SYSTEM

WITH MDDI AND EDDI

The level structure of the OPS can be seen in Fig. 1. We
depict the rightmost magnetic sublevels of the OPS manifold,
as |1〉 = |J = 10, m = −10〉 (we drop the J and m notation
from here on), |α〉 = |10,−9〉 and |β〉 = |9,−9〉. We restrict
ourselves to Dy atoms in the x-y plane, with applied magnetic
field B = Bẑ and a MW Em = Emeiωt ẑ with linear polarization
directed along the ẑ direction. The MW dresses the bare states
|α〉 and |β〉 [108,109].

For this geometry and choice of states, the state |1〉 has
no partner in the J = 9 to be coupled by the MW. Moreover
the g factors of both J = 9 and J = 10 states are almost
identical (g10 = 1.3, g9 = 1.32) therefore we can consider the
MW detuning δ as unaffected by the Zeeman shift. Then
for certain magnetic field B, and MW detuning δ and Rabi
frequency � we can induce degeneracy between the bare
state |1〉 and the MW dressed state |2〉 = a|α〉 + b|β〉. Here
we defined the weights a = sin θ and b = cos θ exp(iωt ),
with cos 2θ = −δ/

√
δ2 + �2. The crossing will occur at

magnetic field gμBB = h̄/2(−δ + √
δ2 + �2) with the in-

duced electric dipole moment in the |2〉 state of 〈2|d|2〉 =
(1/

√
210)〈10||d||9〉(1/

√
1 + (δ/�)2).

We now focus on the degenerate two-level system (|1〉, |2〉)
in the limit of small θ , coupled by both mDDI and eDDI. In
the geometry discussed, the relevant parts of the electric and
magnetic DDI are Ĥ2

0 = (1/R3
i j )((d̂

i
1d̂ j

−1 + d̂ i
−1d̂ j

1 )/2 + d̂ i
0d̂ j

0 )

and Ĥ2
+2,−2 = (−3/2R3

i j )(d̂
i
1d̂ j

1 e−2iφi j + h.c.). Here φi j is the
azimuthal angle of the vector connecting the atoms, positioned
at lattice sites i, j, Ri j is the distance between them, and the
polar angle is automatically substituted with π/2; superscripts
refer to the rank of the spherical tensor and the subscripts to
its components. Like in proposals based on magnetic atoms
[43] or polar molecules [28,110], when both mDDI and eDDI
are projected in the |1〉, |2〉 basis one generates a spin model
of the type Ĥspin = �i, j (Ai, j Ŝi

xŜ j
x + Bi, j Ŝi

yŜ j
y + Ci, j Ŝi

zŜ
j
z +

Di, j{Ŝi
x, Ŝ j

y }) + �iHiŜi
z, where {, } is the anticommutator.

Here spin operators are defined in the standard way:
Ŝi

z = 1/2(|1〉i〈1|i − |2〉)i〈2|i ), Ŝi
x = 1/2(|1〉i〈2|i + |2〉)i〈1|i )

and Ŝi
y = 1/2i(|1〉i〈2|i − |2〉)i〈1|i ). We have omitted terms

proportional to n̂in̂ j , which are constant for pinned dipoles
(n̂i, the molecular density is a substitute for the identity
operator and is present in Hi). One unique feature of the
current system is the asymmetry between the Ai, j and
Bi, j exchange rates coming from the added/subtracted
contribution of the spin-orbit part of the DDI ∝ cos(2φi j ) to
the otherwise symmetric Ai, j and Bi, j rates. The spin-orbit
coupling adds also the anticommutator term with a lattice
index-dependent rate Di, j ∝ sin(2φi j ), which vanishes in
1D or a 2D square lattice. Since we envision a regime
where both magnetic and electric DDI are of the same order
(|de| tan (θ )c2/gL μB

√
J (J + 1)(2J + 1))2 ∝ 1 (neglecting

Wigner 3-j coefficients ratios, which are very similar in
magnitude among the states of interest) one needs only a small

admixture (θ0 ∼ π/180 rad). In this limit the corresponding
rates can be expressed as (Ai, j ; Bi, j ;Ci, j ; Di, j ) = 1/r3

i, j[Dm +
Deθ

2 + 3Dm cos(2φi, j ); Dm + Deθ
2 − 3Dm cos(2φi, j ); Pm +

Qeθ
2; Dm sin(2φi, j )] and the effective magnetic field is

Hi = � j (Rm + Seθ
2)(1/r3

i, j )n̂ j , where we use the indices
e, m to refer to terms generated by the magnetic and electric
DDI, respectively, and n̂ j = �α=|1〉,|2〉â†

jα â jα is the molecular
density operator.

One can vary the above rates by changing the mixing angle
θ around θ0 which depends only on the ratio �/δ and then
adjusting the magnetic field to reach again degeneracy. On a
typical optical lattice at 532 nm the above rates can be tuned
in the vicinity of 50 Hz (the static mDDI rate for two atoms
prepared in |1〉 is 150 Hz). Preparing neighboring degener-
ate states with lower angular momentum projection provides
solely mDDI rates in the vicinity of 300 Hz. Moreover for
such a choice of states, unlike the example discussed above,
there will be also a spin-orbit eDDI. Therefore overall rates
in the vicinity of 700 Hz are achievable with mixing angles
of θ ∼ 3θ0. We expect a maximally mixed eigenvector in the
degenerate basis, with (θ ∼ θ0) to have a lifetime exceeding
250 ms, limited by the theoretically estimated lifetime of the
|J = 9〉 state.

A prerequisite for the success of our platform is a low
magnetic noise environment. Such noise renders the two-level
isospin system nondegenerate at all times. It can be modeled
as a diagonal fluctuating term �ZN in the full Hamiltonian
matrix with standard deviation σZN = g10μBσB (we consider
g10 ≈ g9 here, σB is the standard deviation of the magnetic
field noise). Therefore the magnetic field noise σB should
be on the order of a few µG. Experiments that demand
such low magnetic field noise are typically isolated from the
environment by a few layers of mu-metal [111,112]. The
experimental complexity and the needed multi-beam optical
access make the current setup and in general cold-atom ex-
perimental setups hard to enclose in such mu-metal shields
or make such an approach prohibitively expensive. Moreover
the need for inner-shield coils for precisely setting the field
demands their careful engineering that takes into account the
nonlinear influence of the high-permeability nearby magnetic
shield [113]. Complex shields with multiple joints and ac-
cess holes offer even lower suppression factors at AC stray
magnetic fields [114]. We therefore are developing a two-
stage active noise cancellation system [114–119]. In the first
stage we will simply use a feed-forward system, based on an
arbitrary waveform generator, synchronized with the 50 Hz
power line. The generator outputs a superposition of oscil-
lating signals at the harmonics and the carrier of the power
line and adds the correction to our current 3D set of large
coils around the experiment, to counter the AC-dominating
noise. The cancellation is optimized once by minimizing the
reading of a flux-gate magnetometer. The second stage of
noise cancellation, already in operation, is based on a feed-
back system utilizing as an input the averaged error of two
three-axis fluxgate magnetometers symmetrically positioned
with respect to the atomic sample (Bartington Mag-13 low
noise option) [117]. A digital PID (Stefan Mayer Instruments,
TWIN MR-3) processes the signal and sends the feedback
correction to three sets of independent single-loop rectangular
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coils with the size of 1.5 × 2 × 2 m3. The current scheme
was thoroughly tested and brought the rms magnetic noise
to <100 µG level. After the introduction of the additional

feed-forward scheme we expect to be at a level of a few
ppm, which should be confirmed ultimately with the atoms
themselves [117].
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