
However, our experimentally produced states are not pure. In our first 

experiment we model our states as being in the mixed state 

 

 

This density operator represents our photons as being in the entangled 

state  with probability pm, and in an equal mixture of the states |𝐻𝐻  
and  |𝑉𝑉  with probability 1-pm. In our second experiment we insert a 

business card that scatter photons into the beams. By adjusting the 

amount of the beam that the card blocks, we create a mixture of our 

entangled state, and a completely mixed state, which is known as a 

Werner state 
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Figure 4: (a) 𝑊+  (red circles) and 𝑊−  
(blue squares) are plotted as a function 
of the entangled state phase, 𝜙. (b) The 
CHSH parameter S is plotted as a function 
of the entangled state phase, 𝜙 . The 
points are experimental data, while the 
solid lines are theoretical predictions. 
Statistical (vertical) error bars are smaller 
than the markers. Horizontal error bars 
are ±𝜋/40, which is our best estimate of 
how accurately we can set the phase. 

ABSTRACT 
An entangled state of a two-particle system is a quantum state that cannot 
be separated—it cannot be written as the product of states of the 

individual particles. One way to tell if a system is entangled is to use it to 
violate a Bell inequality (such as the Clauser-Horne-Shimony-Holt, CHSH, 
inequality), because entanglement is necessary to violate these 

inequalities. However, there are other, easier to perform measurements 
that determine whether or not a system is entangled; an operator that 
corresponds to such a measurement is referred to as an entanglement 

witness. We present the theory of witness operators, and an 
undergraduate experiment that measures an entanglement witness for 
the joint polarization state of two photons. We are able to produce states 

for which the expectation value of the witness operator is entangled by 
more than 380 standard deviations. 

 Our experimental apparatus is shown in Figs. 1, 2 and 3. A 100 mW, 

405 nm laser diode pumps a pair of Type-I BBO crystals, whose axes are 

oriented at right angles with respect to each other. The states that we 

are trying to produce take the form  

 

 

The birefringent plate in the pump beam is used to adjust the relative 

phase 𝜙.  

Figure 5: (a) 𝑊+  (red circles) and 𝑊−  
(blue squares) are plotted as a function 
of the translation of a business card into 
the beams. (b) The CHSH parameter S is 
plotted as a function of business card 
translation. The points are experimental 
data, while the solid lines are theoretical 
predictions. Statistical (vertical) error 
bars are smaller than the markers. As the 
translation increases, the entangled state 
fraction pW decreases.  

 An observable 𝑊  is an entanglement witness if 

 

 

for all separable states 𝜌 𝑠𝑒𝑝, and  

 

 

for at least one entangled state 𝜌 𝑒𝑛𝑡. Here Tr() refers to the trace of an 

operator. This means that if one measures 𝑊 < 0, one knows that the 

state 𝜌  is entangled. 

 The states we are interested in measuring are the Bell states |𝛷± . 

The technique we use to construct the witness operator is to note that if 

our experimentally produced state is "close enough" (in Hilbert space) to 

one of these states, it will be entangled as well. As such we construct the 

witness operator 
 

 

 

 

 

 

 

 

 

 

In the last line, we have written our witness operators in terms of local 

projection operators that we can measure in the laboratory. Here  |𝐷  

and |𝐴  are the diagonal and antidiagonal (+45o) linear polarization 

states, and |𝐿  and |𝑅  are the left- and right-circular polarization states. 

In terms of measured probabilities, the expectation value of our witness 

is 

Figure 4(a) shows 𝑊 ±  as the phase of the entangled state is varied. 

𝑊 + should detect entanglement for phases near 0, while 𝑊 − should 

detect entanglement for phases near 𝜋, and we see that that is indeed 

the case. Figure 4(b) shows the CHSH parameter S, which indicates 

entanglement in |𝛷+  for S > 2. Figure 5 shows the data for the Werner 

state; here, larger translations correspond to a larger degree of mixture. 

In both figures the theoretical curves are obtained by fitting the 𝑊 +  

experimental data for the entangled state probability (pm or pW). This 

same value of p is then used for all of the theoretical curves. At a 

translation of 0 in Fig. 5 𝑊 + = −0.3577 ± 0.0009 (380 < 0) for 

300 s of counting time. For this same state we have  

𝑆 = 2.358 ± 0.008 (44 > 2) for 400 s of counting time.  

Figure 3: The experimental apparatus. Here 𝜆 2  denotes a half-wave plate, BP 
denotes a birefringent plate, DC denotes down conversion crystals, BC denotes the 
optional business card to block the beam, WP denotes an optional wave plate, RP 
denotes a Rochon polarizer, and SPCMs are the single-photon counting modules.  

Figure 1: (above) Birefringent plate, down conversion crystals in pump beam with 
optional business card inserted. 
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Figure 2: (right) The experimental apparatus with optional wave plates inserted.  
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