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Introduction: 
This deliverable is a status report on the experiments to use 6-qubit states for quantum 
processing tasks. UoB has so far achieved a 4-photon 4-qubit cluster state with which they 
have demonstrated all primitives required for quantum information processing [BTC1-13]. 
They are presently extending the 4-photon cluster state by adding two path entangled qubits. 
This involves adding ultra-stable interferometers to encode qubits in path to our existing 
experiment. Here, first we report progress in measuring the fidelity of the path-polarisation 
entanglement and its use in a preliminary 3-photon, 4-qubit entanglement verification 
experiment. 
 
The experiments at UoB: 
The 4-photon cluster state experiment is described in [BTC1-13]. It uses two Sagnac loop 
entangled pair photon sources entangled via a fusion gate (polarising beam-splitter) [BCT1-
12]. In the 6-qubit experiment this star cluster state is extended by the addition of two path 
qubits as shown in figure 1.  
 

(a)     

(b)  
Figure 1: Two Sagnac loop fibre pair photon sources generate polarisation entangled photon pair 
states when pumped by a pulsed Ti Sapphire laser. These two colour states are separated at dichroic 
mirrors (DM) and signal photons (s1,s2) interfere at a polarising beamsplitter (PBS) then pass to 
further polarisation analysers. Coincident detections in detectors 3 and 4 postselect the core four 
photon cluster state shown in  (b). Qubits 5 and 6 are added by including path encoding in the idler 
arms using interferometers made by polarising beamsplitters followed by standard non-polarising 
beamsplitters.   



 
 
Recent results from UoB: 
In initial experiments we have measured the fidelity of the entanglement between path and 
polarisation qubits reaching a figure of F>0.9 as shown in the tomographic reconstruction in 
figure 2 [1].  
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Figure 2: (a) Real and (b) Imaginary parts of a reconstructed density matrix showing entanglement 
between polarization and path of a single photon in an ultrastable interferometer. 
 
We have gone on to verify that using one path qubit and 3 polarisation qubits we can verify 
genuine multipartite entanglement (GME) using entanglement witnesses developed in [2, 3, 
MLP1-12]. Beginning from a three photon GHZ state, we add a path qubit to one of the 
photons to generate the four qubit linear cluster state, the simplest cluster state to be a 
different class of entanglement from GHZ states. Figure 3 shows measured expectation values 
for several two and three party stabilizer correlations which can be used to set a lower bound 
on the state fidelity and detect GME. Based on [2], W = 2 – ½ (XZII + ZXZI + IZXZ + IIZX 
+ XIXZ + ZXIX) can only have a negative expectation value if GME is present. We find ‹W› 
= -0.12 +/-0.02, confirming GME and corresponding to a fidelity F ≥ 0.56 +/- 0.01. The actual 
fidelity is likely to be higher than this bound, which may be confirmed by further 
measurements. 
  
 

 
Figure 3: Measured expectation values from a four qubit linear cluster state. 

 



Six-photon-singlets in pilot results from UG: 
Transmission of quantum states is a central task in quantum information science. Remote state 
preparation (RSP) has the same goal as teleportation, i.e. transferring quantum information 
without sending physically the information carrier, but in RSP the sender knows the state 
which is to be transmitted. UG has presented experimental demonstrations of RSP for two and 
three locations [RWZ1-13]. The actual measurements were done by Bourennane group in 
Stockholm. In their experimental scheme, Alice (the preparer) and her three partners share 
four and six photon polarization entangled singlets. This allows for performing RSP of two or 
three copies of a single qubit state, a two-qubit Bell state, and a three-qubit W, or inverse W 
state. Ways to prepare a two-qubit non-maximally entangled state or a GHZ state are also 
described.  
 
A distinguishing feature of the scheme lies in the ability to remotely prepare an entangled 
state by local projections at Alice as discussed in detail in arXiv:1304.4504 [RWZ1-13].  
 
 

 
 
Figure 4: The source produces 2-, 4-, 6-photon singlets. Now Alice receives half of the qubits 
and measures them in some basis. Bob, Charlie, and Daniel receive one photon. If Alice’s 
measurement yielded a correct measurement, then Bob, Charlie, and Daniel share a desired 
state. 
 

Alice Bob, Charlie, Daniel 
|HHH› |VVV› 

{|VHH› , |HVH› , |HHV›}  (|VVH› + |VHV› + |HVV›) / √3 
 
 
 
 
 

PDC 
type-II

Alice

D
C

B



 
 
Conclusions: 
We have shown that significant progress has been made towards developing a 4-photon         
6-qubit cluster state and its verification, while a 6-qubit singlet has been seen in a pilot set-up 
at UG. Once the 6-qubit cluster state has been realised in the setting of UoB, it will be 
exploited to demonstrate various computational tasks including fault tolerant transmission of 
quantum information and simple quantum algorithms.  
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