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In the classical world, information can be perfectly copied without any fundamental limitation. This is 
not the case in the quantum world due to the no-cloning theorem [1]. This result is not a matter of technical 
limitations, but rather a fundamental limitation. The no-cloning theorem turns out to be necessary for 
quantum information to be consistent with many fundamental principles such as the no-signaling theorem 
and the uncertainty principle. Although perfect cloned copies of an unknown quantum system cannot be 
achieved, one may ask how good a clone copies are fundamentally allowed to be produced. Hence, 
quantum cloning machines may generate copies with some maximal fidelity, where the fidelity of the clone 
is defined as the overlap of the initial state that is to be cloned with the cloned copy. An expression for the 
optimal cloning fidelity of the 1 → 2 universal quantum cloning machine is given by F=1/2+1/(1+d) [2], 
where d is the dimension of the Hilbert space of the cloned states. Orbital angular momentum (OAM) 
states of single photons, associated with twisted phase fronts, can serve as a physical realization of a d-
dimensional quantum states, referred as qudits. 

Figure 1. (a) The average cloning fidelities are plotted along with amplitude probability matrices from which the fidelity values are 
extracted from. The shaded area corresponds to cloning fidelities not accessible by any optimal UQCM. (b) Experimentally reconstructed 
density matrices of the Gaussian state before and after cloning are shown along with their theoretical counterpart. 

We use the symmetrization method to realize a universal optimal quantum cloning machine for high-
dimensional OAM states. Increasing the dimensionality of the input quantum states results in a decrease 
of the cloning fidelity. Interestingly, this behaviour can serve as an intuitive explanation of the superiority 
of high-dimensional quantum cryptography. In our experiment, we measure the cloning fidelity of the 
cloning machine for different input states belonging to the logical OAM basis of various dimensions, d  
{2, 3, 4, 5, 6, 7}. We find perfect agreement of the experimentally evaluated cloning fidelities to the 
theoretical predictions of the high-dimensional 1 → 2 UQCM (see Fig 1 (a)). As a test of the universality 
of our cloner, we perform full quantum state tomography on the cloned state in the case of an arbitrary 
input state. As an exemplary, visually interesting high-dimensional state, we investigate the cloning of the 
so-called Gaussian state presented in Figure 1 (b). Very good agreement of the experimental data to the 
theory is observed. In conclusion, we have performed optimal quantum cloning of optical orbital angular 
momentum qudits, using the symmetrisation method. High dimensional quantum cloning has great 
fundamental importance in quantum information, quantum cryptography and quantum communication 
protocols. 
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