
Atomic Systems: Qubit and state preparation 

It is now time to start looking into our first quantum platform. We will discuss atomic systems in 

which the qubit is encoded within two particular state of the atomic structure (e.g. two long-lived 

hyperfine states, two electronic states coupled by and optical transition, a ground and a Rydberg 

state....). From a conceptual perspective neutral atoms or ions are very similar in the way they interact 

with light. They only differ in the way we trap them and what is the mechanism that regulates 

interactions between two qubits. As we will discuss later in the course, neutral atoms are trapped 

with laser fields using optical dipole forces, while ions are confined through the Coulomb force. The 

Coulomb force is also the force that mediates the interactions between two ions, while to make 

neutral atoms interact we will use Van der Waals interactions. 


For now we can simply consider atoms or ions as two-level systems that are confined in space.


The two level atom has two states           and .        that are connected by an electric dipole transition 

with angular frequency .       . This system is equivalent to a spin-1/2 evolving in space with a 

magnetic field aligned along the "vertical" Z axis that splits the energy of the two spin components.  

Following this analogy, the atomic Hamiltonian is 





where we have set the zero energy half-way between the two levels 


Let us introduce also the atomic raising and lowering operators  
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We also said that atoms and ions are confined in space. For now we do not care how we trap them, 

however we can say that the trap is to a good approximation harmonic. This is generally true if we 

think of a particle whose motional energy is very small. In this case the particle only explore the 

bottom of the trapping potential which we can approximate with a parabola (so harmonic). Under this 

approximation, we can then consider the motion of "cold" particle as that of a quantum harmonic 

oscillator. We will check the validity of this approximation later on when we will discuss the trapping 

mechanisms of neutral atoms and trapped ions.


The Hamiltonian governing the atomic motion is thus:





We can thus describe a trapped atom or ion as a two-level system that is coupled to a quantum 

harmonic oscillator


 





The free Hamiltonian for a single trapped particle is thus
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Qubit definition 

In the previous section we investigated how an atom interacts with light. If we want to use atomic 

systems to build a quantum computer, the first thing we need to do is to define the qubit in these 

systems (DiVincenzo's first criteria)


As we are dealing with atomic transitions we need to find transitions where the decay time is long.  

The first transition type that usually comes to mind is a dipole transition whose decay rate is  








There are two possible ways of reducing the decay rate: the first is to suppress the dipole matrix 

element, thus using a dipole forbidden transition, and the second is to reduce the qubit transition 

frequency.


























Quadrupole transitions can be treated in a similar way to dipole transitions with the difference that we 

need to deal with higher order terms 
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However working with hyperfine transition opens up new interesting way to coherent manipulation of 

the qubit (i.e. Raman transitions).


Qubit Coherence


The third DiVincenzo's criteria also requires that the qubit coherence is long compared to the typical 

experimental timescales.  One of the main decoherence channel in atomic systems is noise due to 

classical fields. Why? In atomic systems we always need to apply a magnetic field to define a 

quantization axis and to split degeneracies between different levels.  Lifting the degeneracy is crucial 

to isolate qubit states. This is for example the hyperfine ground state of





 














More generally the energy splitting is given by 
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There are two ways in which one can improve the coherence other than improving the stability of the 

magnetic field. In hyperfine interactions, depending on the atomic structure, there can be certain 

magnetic field values for which first-order magnetic field insensitive transition appears. The 

Hamiltonian of the system is driven by:
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The second way of improving the coherence is to use the entanglement. 

 

 

 

If the noise is common mode then entangled states can have very long coherence times

















Qubit initialization 

Before any coherent control of the qubit it is necessary to initialize the qubit to a fiducial state. Most 

atomic systems have complex atomic structures where the ground state is composed of multiple 

substates (fine structure and hyperfine structure). When atoms are initially trapped all states are 

commonly occupied. 


To initialize the qubit to a particular state we typically perform optical pumping 

Idea: excite all occupied states except for the target one to an excited state that has a decay 

component to the target state. The typical approach is to use         polarized light. 














QUBIT 1 105 e
W ᵗ

115

COBITZ lost five
t
ing

ENTANGLEDstate e
W

101 e'with110s giwett logs picket
waltho

THETRIPLETSTATE 1013 1105 IS

A DECOHERENCEFREE SUBSPACE

o

EXAMPLE

11103

FF
IS TARGETSTATE



The exact optical pumping scheme depends on the atomic species. Here is an example for         

since we talked about it before. 





























In real systems, the state preparation infidelity arises form polarization impurities. In the previous 

example, if the polarization is not perfectly            but also has some         component, then the state                     


                                              can be excited to 


The optical pumping rate from an initial state i to f is
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In the ideal case scenario
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