
Atomic Systems: Qubit control


Coherent control of a trapped two-level system 

In the following, we will examine the interaction of the two-level system with a monochromatic laser 

field of frequency        described by











Before we also assumed a dipole transition. It follows that the atom-filed Hamiltonian is:











Remember that a dipole transition is one that occurs between states of opposite parity because the 

electric dipole moment operator is an odd-parity vector.

















Let's now remember that the atom is trapped in an harmonic oscillator. This means that the laser 

phase seen by the atom is dependent on it's position in the trap.  The interaction Hamiltonian can 

then be written as:
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We said that the matrix contains only off diagonal terms. We can thus evaluate them:


























It is useful to transform this to the interaction picture with respect to         to determine resonances.























Two more approximations can be made to simplify things: First, I assume that the laser is tuned close 

to a resonance involving only one motional mode, and that other possible resonances are far away 
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compared to .    such that no significant excitations on off-resonant transitions occur.  Second, 

motional excitations in the motional  modes are assumed to be low such that 


holds at all times, which is called Lamb-Dicke regime












































In the LD regime we only consider the first term of the exponential. We can thus see that











The coupling strength can be calculated as
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Notice that the LD approximation is valid only for small LD parameters or for very low occupation of 

the motional state.  Experimentally, assuming that one cannot change the mass of the atom or its 

motional frequency, a small LD parameter can be achieved if the laser k-vector does not couple well 

with the motional mode direction. 


Most experiments try to work in the LD regime. However if this is not possible (too large LD 

parameter or too large motional occupation) we can still find an exact solution to the exponential. In 

this case we notice that we are not simply restricted to rotations between neighboring motional states 

but we can couple any      to any    
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This result is particularly importance when we want to know the Rabi frequency. We can absorb the 

exponential in the definition of the Rabi frequency














Important things to remember: LD parameter definition, condition for the LD approximation, 

interaction Hamiltoninan in the interaction picture, and just remember that the Rabi frequency 

depends on the motional state.


Raman transitions


If the qubit is encoded in hyperfine transition the qubit frequency is at most at GHz. This means that 

the qubit can be driven with microwave antennas. However, due to the long wavelength of this drive it 

becomes quite challenging to have individual qubit addressing. For this purpose it is often useful 

drive the qubit with two-photon stimulated Raman transitions. We consider the energy level structure
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