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What have we learned from the quantum control of molecules?
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In its simpler form, Quantum Control is about finding an external field that drives the wave function from the initial state to a pre-determined end state at a given time. From a theoretical point of view, the three main questions related to this program are 

i) whether there exist control fields that fill the task, 

ii) how to find them and 

iii) what are their overall properties, such as stability, required resources, etc. and the mechanism under which they operate 

I shall concentrate mainly in the last two questions. Typically there are two main avenues to find the external fields. One is to fine-tune the parameters of well-known solutions obtained from simple Hamiltonian models to the problem at hand. (And sometimes new strategies are found even in these simple test systems.) In this case many of the general properties of the dynamics can be easily inferred from the behaviour of the test system. I will briefly review the most important theoretical (or guessed) control strategies designed from simple Hamiltonians, namely the control under so-called  or impulsive pulses where the desired quantum interferences are followed in time or in frequency domain, and the so-called adiabatic control of the dynamics using resonant or non-resonant fields. In the control literature all these strategies are often regarded as one-parameter control schemes. 

The second avenue is to set up a variational problem with the time-dependent Schrödinger equation and numerically find the fields that maximize the desired task. That is, given the initial i and final f states, we find the control field E(t) such that the required yield at time T, Pfi(T) = |<f | U(T,0;E(t)) | i >|2 is a maximum (a critical point) under changes in E(t), where U(T,0;E(t)) is the propagator. As often is the case, the variational problem leads to non-linear equations that must be solved iteratively, and different optimal control algorithms have been designed to improve the computational burdens associated to this task. An empirical version of this scheme is to perform actual experiments with programmable pulse shapers in close-loop with computers performing learning algorithms. Then Pfi(T) is actually measured and E(t) is modified from the search space using e.g. genetic algorithms. A softer version of the optimal control problem is to find E(t) such that the yield is increasing at each time, d Pfi(t) /dt > 0. The field is chosen based on the local-in-time properties of Pfi(t) and the scheme is thus called local-control. For both local and optimal control strategies it is difficult to unravel the mechanisms under which the control operates, and it is harder to understand the general properties of the solution even resorting to heavy computations in order to sketch the landscape of Pfi(T) under changes in E(t). However, the analysis of the theoretically-motivated schemes and the numerical and experimental findings from optimal control theory has lead to the determination of the most determining control parameters: the laser bandwidth and the field intensity.

Finally, time allowing I will present some recent results of our research where we use the non-resonant adiabatic strategy to control molecular properties such as the bond length1 and the dynamics at excited states leading to spin-orbit transitions2, inter-system conversion3 or photodissociation4 and I will speculate on how the previous findings could be used in controlling processes in solid state or surfaces.
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