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August 15, 2006 
 
Quantum logic with cold neutral atoms 
 
 
This project started in 2002 with the goal of experimentally demonstrating quantum logic 
gates with trapped neutral atoms, as well as theoretical studies of the feasibility of two-
dimensional arrays of quantum gates.  We have made significant experimental and 
theoretical progress towards demonstrating  neutral atom quantum gates.  Details of the 
scientific progress are given in the following sections.  
 
 
Experimental results:  
 

• loading of single Rb87 atoms into a microscopic optical trap 
• demonstration of site specific, fast (1.4 MHz) rotations between the qubit basis 

states using stimulated Raman transitions 
• demonstration of site specific rotations with crosstalk at the level of 0.001 for 

sites separated by 8 μm. 
• measurement of T2=0.9 msec using Ramsey interferometry 
• demonstration of fast two-photon excitation of n=28 Rydberg states 
• spectroscopic observation of  Rydberg levels ranging up to n=55 
• observation of dipole-blockade suppression of multiple excitation of atoms in a 

microscopic optical trap.  
• demonstration of loading of atoms in a 2x3 mini-lattice of optical sites.  
 

The results related to loading and control of ground state atoms were published in 
Physical Review Letters in spring 2006 (Yavuz, et al. Phys. Rev. Lett. 96, 063001 
(2006)). That work demonstrated the ability to load and detect single atoms and 
coherently control the qubit state at a rate of Omega=1.4 MHz. The qubit coherence time 
was measured by Ramsey interferometry to be about T2= 900 microsec. The 
corresponding figure of merit Omega*T2 ~1300 is, to our knowledge, the best ever 
reported for manipulation of neutral atom qubits. 

 
In order to demonstrate a neutral atom two-qubit gate we need to have controllable two-
atom interactions. The work during the last 9 months has therefore focused on coherent 
excitation of Rydberg states, and studies of dipole-dipole interactions of Rydberg atoms.   
 
Work was completed on a two-color stabilized laser system with each laser stabilized at 
the 100 Hz level by locking to a very high finesse cavity. The lasers were used for 
Rydberg excitation. An example showing the spectrum of the 55s state is shown in Fig. 1.  
The lineshape is derived from measurements of the trap loss. Accounting for power 
broadening and Doppler broadening the theoretical FWHM of the line is about 1.9 MHz 
which agrees reasonably well with the observed 2.2 MHz.  
                         



                 
 
Figure 1. Spectroscopy of the 55s Rydberg level.   
 
We have also investigated Rydberg excitation in the time domain using the 28d level. 
Figure 2 show the ability to put significant population in the Rydberg state at time scales 
as short as a few hundred nsec.    About 50% population transfer is observed, and only 
about half of a full Rabi period. The green curve is the result of numerically solving the 
optical Bloch equations, including excited state decay out of the system and an intrinsic 
dephasing mechanism. The source of the dephasing is currently under study. It may be 
due to two-body interactions of Rydberg atoms. While this is not fully expected at n=28, 
the data for 10 atoms in the trap show significantly smaller population transfer, possibly 
due to blockade effects.   
 



           
Figure 2. Time evolution of the ground state population during coherent excitation of the 
28d5/2 level. The lower curve is for an average of 2 atoms in the optical trap and the 
upper curve is for an average of 10 atoms. The green line is a simulation result.  
 
 
We have therefore studied the blockade physics in more detail by varying the number of 
atoms loaded. Figure 3. shows the fractional trap loss as a function of the number of 
atoms in the optical trap. For excitation to 55s the atoms are only weakly interacting (due 
to the large energy defect of the 55s Forster interaction) and we see a fractional loss that 
is almost independent of the number of atoms. However, for excitation to 47d5/2 (small 
energy defect and strong Forster interaction) we see a fractional loss very close to the 1/n 
curve that applies for perfect dipole blockade.  A publication describing these results is in 
preparation.  
 
This data is the first time that the dipole blockade mechanism has been seen in a 
controlled experiment with a small number of atoms in an optical trap. As such it 
represents a significant step towards implementing a two-qubit gate using dipole-dipole 
interactions. Work in progress is studying the sources of dephasing seen in Fig. 2, and 
investigating choices of parameters in order to obtain higher fidelity blockade. We plan, 
in the near future, to study the use of atoms in one trap to block the excitation of atoms in 
a neighboring trap located 8 microns apart. We demonstrated last year that we can 
coherently control one trap without disturbing the neighboring trap using stimulated 
Raman beams. By combining those capabilities with Rydberg excitation we will be 
within sight of a full 2-qubit gate.  



         
 
Figure 3.Observation of dipole blockade in a microscopic trap. The 1/n theory curve is 
corrected at small n for the Poissonian loading statistics. 
 
 
Finally as a first step towards scalability we have demonstrated loading of a 2x3 array of 
optical traps, as shown in Fig. 4. The spots were created by combining a custom 
fabricated diffraction grating with a calcite beamsplitter to obtain a two-dimensional 
array.  
 

                    
Figure 4. Picture of atoms loaded into a 2x3 array. Trapping power of 100 mW at 1030 
nm per spot.  
 



The traps were viewed in backscatter using a dichroic mirror inserted in the optical train 
that creates the spot array. Trapping was achieved using about 100 mW per spot. A 30 W 
infrared laser which is readily available commercially would thus provide adequate 
power for a 100 site or more array.  
 
 
Theoretical results 
 
We have studied how Rydberg blockade can be used for single atom deterministic 
loading and deterministic generation of single photons (M. Saffman and T. G. Walker, 
Creating single atom and single photon sources from entangled atomic ensembles", Phys. 
Rev. A 66, 065403-1--4 (2002)).  
 
In the last 12 months we have published two theoretical papers  related to the Rydberg 
gate approach.   
 
1) A detailed theoretical analysis of the operation of a neutral atom Rydberg gate (M. 
Saffman and T. G. Walker, “Analysis of a quantum logic device based on dipole-dipole 
interactions of optically trapped Rydberg atoms”, Phys. Rev. A (2005)). The analysis 
confirms the potential for high fidelity gates operating at MHz rates, and provides a 
theoretical basis for evaluating our ongoing experimental progress.  
 
2) A proposal for using single atom qubits coupled to small mesoscopic ensembles for 
fast state readout and quantum networking (M. Saffman and T. G. Walker “Entangling 
single and N atom qubits for fast quantum state detection and transmission”, Phys. Rev. 
A (2005)). This paper shows a pathway to scalable quantum networking without the need 
for the challenging task of strong coupling between atoms and photons in ultra high 
finesse optical resonators.  
 
We are currently working on several theoretical topics related to our current Rydberg 
experiments. This includes studies of dipole blockade using microwave dressing of 
Rydberg states, and approaches to efficient generation of GHZ, multipartite 
entanglement, by coupling of  multiple  Rydberg levels. In collaboration with Klaus 
Moelmer (University of Aarhus, Denmark) we are preparing a manuscript which shows 
how the Rydberg gate can be used for efficient encoding into decoherence free subspaces. 
In this encoding each logical qubit is represented by two physical qubits such that the 
qubit basis states are immune to common perturbations.  
 
 


