Neutral atoms in optical tweezers

Unlike ions that are trapped with electric fields, neutral atoms are trapped by virtue of light-matter
interaction. This mechanism is based on the AC Stark shifts (as discussed in the course
atoms,molecules and photons) induced by light which is far detuned from atomic transitions that

confines atoms in the local intensity maxima (or minima, depending on the sign of the laser detuning)
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Optical tweezers utilize this principle by focusing a laser to a micron-scale diameter, where individual
atoms are trapped at the focus. The trap depth is typically expressed in units of temperature and in
typically it is at most a few mK. This means that the atom’s kinetic energy needs to be very small to
be stably trapped. For this reason loading atoms in optical tweezers is done in steps. First, thermal

atoms are cooled in a magneto-optical trap (MOT) that cools them from hundreds of K to tens of A K
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In a second step, an array of optical tweezers (1D, 2D and sometimes even 3D) is overlapped with

the cold atom cloud. Multiple atoms are then loaded in each tweezer
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which they load atoms from the MOT but pairs of loaded atoms are



ejected due to light-assisted collisions (LACs) induced by the MOT lasers

The LAC process is defined by the excitation of atom pairs from an S +S to S +P electronic state at a

resonant internuclear distance D_c,(Condon radius)

eqcas-
S+P

Sxs
S >
Qc, \INTEN Aot ic
Sefaranod
5 S
© &— © @ @ ® o e/ ® —\
AtOn Aot Q. St
< z "L,
Svars

This mechanism ensures that tweezers are loaded with at most single atoms, but the loading is
probabilistic: each trap is loaded with a single atom with probability 50 — 60%. There are optimized
mechanisms that yield higher filling probabilities but we will not consider them in this course

To prepare deterministic atom arrays, we utilize a real-time feedback procedure, in which the
randomly loaded atoms are identified and then rearranged into pre-programmed geometries. Atom
rearrangement requires moving atoms in tweezers which can be smoothly steered to minimize
heating. Acousto-optic deflectors (AODs) are incredibly effective tools for this application, since they
deflect a laser beam by a tunable angle which is controlled by the frequency of a running acoustic

wave in the AOD crystal. QL+ W e
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Dynamic tuning of the acoustic frequency translates into smooth motion of an optical tweezer.
Moreover, a multi-frequency acoustic wave creates an array of laser deflections, which after focusing

through a microscope objective forms an array of optical tweezers with tunable position and
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amplitude.
An alternative way of creating a tweezer array is to use a spatial light modulator (SLM) that imprints a
phase hologram on the wavefront of a single laser field, such that after propagating to the fo- cus of a

microscope objective, the laser forms a flexible, programmable array of tweezers in 2D.
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The orientation of the liquid crystal molecule can be changed according to the applied electric field
which is controlled by the voltage difference between the pixel electrodes. Different voltage applied
on the pixel electrodes will lead to different phase delay of the light field.

The tweezers generated with an SLM are static and cannot be dynamically moved (i.e the update rate
of the liquid crystal is at most in the kHz range so very slow). To rearrange atoms in 2D, one uses a

combination of SLM to provide an array of fixed traps and a second set of moving optical tweezers

that are steered by a pair of crossed acousto-optical deflectors R



We have now seen how we trap atoms in tweezers and how we can re-arrange them in any
configuration we want. To finish with the discussion we need to now talk about how we make two
atoms interact to perform two qubit operations. Unlike ions, neutral atoms cannot interact through
the Coulomb force, and, as we discussed before, the use of detuned laser light (like in the case of
cooling) causes LACs. This means that we also cannot have two atoms sitting in the same potential

well. How do we make them interact? Through Rydberg interactions

Rydberg states are highly-excited atomic states, with principal quantum number o >34
The properties of atomic states scale dramatically with principal quantum number.
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however, the dipole matrix element between neighboring Rydberg states also grows with n (ok /h?')
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practical consideration: while higher Rydberg states have longer lifetimes and stronger interactions,
the laser excitation coupling is weaker, which can pose its own limitation, and the atom is more
sensitive to electric field noise.
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Optical excitation from a qubit state in the low n levels to a target Rydberg state is a key ingredient in
Rydberg experiments. There are different schemes each with its own advantages and disadvantages
o The simplest is direct laser excitation with a single-photon transition. This is the most obvious
operation but it can be hard to implement as it is often in the deep ultraviolet. Ultraviolet lasers pose
serious experimental challenges, due to material degradation, unavail- ability of optical fibers and
low-loss optics, and more.
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Ytterbium, allows single photon excitation to a Rydberg state of type S with a direct single photon
e . L. 38

excitation. A similar mechanism is also true for Sz

@ Alternatively, two-photon laser excitation can be used to couple ground S states to Rydberg S

states through an intermediate P state. This method is similar to the Raman mechanism we

discussed earlier, with the difference that the atom absorbs two photons.
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Note that when labeling Rydberg states, the good quantum numbers are mand mc, rather than T

and miz ; this is because the hyperfine interaction is very weak in Rydberg states and therefore even

at small Gauss-scale magnetic fields, the level structure is in the Paschen-Back regime.



Interactions between Rydberg atoms play a central role in many-body experiments and in quantum
computing. These interactions take the form of an energy shift for pairs of atoms that are
simultaneously excited to the Rydberg state. When this interaction shift V is larger than the strength

of the excitation coupling 3. excitation to doubly excited states is suppressed.
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This asymmetric mechanism can be used to realize gates. In particular a simple one is the controlled-

phase gate (C-2)
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The Rydberg blockade effect is generally insensitive to the particular strength of the interaction, as

longas V. >> 2



