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Photon Entanglement and its Applications 

Quantum mechanics is defined as the branch of mechanics that deals with the 

mathematical description of the motion and interaction of subatomic particles, incorporating the 

concepts of quantization of energy, wave-particle duality, the uncertainty principle, and the 

correspondence principle. In quantum mechanics, particles are considered entangled if their 

state cannot be factored into single-particle states.1 The famous scientist, Albert Einstein, did not 

believe in theory of entanglement.  He did not believe this because in theory, there is always one 

element corresponding to each element in reality.  However, in entanglement, there are two 

elements that are dependent on each other and on one element.  The defining property of 

quantum entanglement is the measurements performed on the first particle gives reliable 

information about the state of the second particle, no matter how far apart they may be.  The 

way to prove entanglement in photons exists, Bell’s Inequality must be violated in such a way 

that the visibility is greater than 0.71.  Below, we discussed the different applications of photon 

entanglement.   

Since both of us are majoring in biomedical engineering, we thought it would be ideal to 

discuss the multiple uses of photon entanglement within the field.  The first article we found 

discussed the measurement errors in entanglement-assisted electron microscopy.2  There are 

many limiting factors that exist in cryoelectron microscopy.  The major one is the radiation 

damage by the electrons that were used to probe the specimen structure.  An electron 

microscopy idea that includes entanglement was proposed to address this problem.2  A multipixel 



phase estimation method that uses quantum entanglement and a delocalized probe state over 

all the pixels was introduced. 2  However, it was stated that this was unlikely to be strong.  This 

process is often done in biological electron microscopy.  Within the paper they also discussed 

that the possibility of using quantum entanglement between a probe electron and a Cooper pair 

box place on an electron mirror. 2  As seen in this article, though the nature of entanglement is 

within the realm of physics, the concept can be applied to biology and engineering.  An image of 

the electron microscopy set up is presented below.   

 

The structure of the proposed set up consists of a pulsed electron source (PES), a 

monochromater (MC), an electron beam separator (EBS), a low-temperature electron mirror 

(EM), a Cooper pair box (CPB), an accelerator (ACC), a condenser lens (CL), a specimen (SP), and 

objective lens (OL), a projector lens system (PLS), and an area detector (AD).2  



Entanglement also has many applications outside of biomedical research. For example, 

one recent application of photon entanglement can be seen in quantum cryptography, also 

known as quantum key distribution (QKD). In general, cryptography is a method of ensuring the 

confidentiality of information transfer for communication purposes using a key and subsequent 

encryption. In the past, the key for information sent through cryptographic applications could be 

broken using high powered computing methods3. Because of this, research in quantum 

cryptography has gained a lot of momentum due to interest in more secure data transfer. The 

security for QKD comes from the use of entangled photon pairs during the reception of the key 

for encryption.  

The security of using entangled photons is described in the article, “The Security of 

Practical Quantum Key Distribution”. In a QKD setting, there are two authorized partners who 

are connected by a quantum channel (for transfer of quantum signals) and a classic channel to 

send regular messages to each other3. The two individuals are at a specified distance apart from 

each other. Any third party can manipulate the quantum channel which causes the need for a 

key for security. This security is gained from the “no-cloning theorem” of quantum mechanics 

“which states that one cannot duplicate an unknown quantum state while keeping the original 

intact”. Thus, one would not be able to duplicate the key for encryption being sent using QKD.3
 

In the article, “Entangled quantum key distribution over two free-space optical links”, 

QKD is implemented in a two free-space link. The components of the system include: “a 

spontaneous parametric down-conversion (SPDC) source, two fee-space telescope links, two 

compact passive polarization analysis modules, avalanche photodiode (APD) single photon 



detectors, time-stampers, GPS time receivers, two laptops, and custom software.” Below is the 

schematic for the set-up4.  

After the photons are 

polarized, they are delivered to the 

counting module via four multimode 

fibers. The time-stamper is then used 

to record the time at which each 

photon that comes through is 

detected4. Photon pairs are matched 

due to the fact that they have the 

same time stamp since they are 

created at the same time in the BBO crystal. The system only accepts photon pairs with 

simultaneous detection. The computer program processes the simultaneous detections and 

creates a coincidence thread which is used to identify the entangled photon pairs which 

correspond to the key needed for the data encryption4. While this experiment was successful 

over a distance of less than 2000m, other more recent experiments have successfully transmitted 

data at distances of over 100km.  

 In the article, “Quantum teleportation over 143 kilometers using active feed-forward”, 

QKD is taken to the next level – quantum teleportation. Whereas current QKD methods only use 

single photons or entangled pairs, “quantum teleportation is based on the simultaneous creation 

of at least three photons”5 which decreases the noise in the signal and accounts for the necessity 

of a higher level of stability in the system. Additionally it accommodates the longer signal 



transmission distances typical of quantum teleportation. This article describes the experimental 

procedure behind the quantum teleportation set up between La Palma and Tenerife in the 

Canary Islands in Spain (143 km apart). In La Palma, there was both a single-photon source as 

well as a photon pair source5.  

Tenerife was the receiving 

end. Like in the last article 

discussed, the experiment 

used two free-space optical 

links5. The success of this 

experiment over a long 

distance opens up the use of 

QKD and quantum 

teleportation (and photon entanglement in general) to even more broad uses. According to this 

article, the internet will eventually be quantum based as we will be able to teleport information 

over such broad ranges without knowing the exact location with much more security than ever 

before6. Unfortunately, there are some current problems with using quantum teleportation on 

such a broad range due to the fact that photons decay when they propagate long distances. Some 

researchers have tried to remedy this by using photon amplifiers; however, this degrades the 

quantum entanglement6. Because of this, it is clear that a lot more research in the field is 

necessary, however applications of entanglement hold a lot of promise for future technologies. 

After reading several articles on how entanglement works on a macroscopic scale, we 

were surprised that the phenomena happens almost everywhere.  Professor Stanislaw Szarek of 



Case Western University led a mathematics group to discuss the question of entanglement on a 

larger scale.7  Using a strictly statistical analysis, quantum probabilities were studied using 

geometric functional analysis.  Geometric functional analysis is a field of math used when solving 

problems with large numbers of dimensions.  On the micro scale, particles that are entangled, 

really show no sign of actually being entangled. 7  They tend to lie close to a pure state.  However, 

at macro scale, “the way the quantum attributes of the system scale with size changes the 

probabilities considerably. Now the pure states form only a very small portion of the possible 

quantum states, and as a result, the more probable behavior is that parts of the system are 

entangled with each other.” 7 His team also explored the idea of subsystem entanglement 

occurring.  The theory states that if you were to choose two particles from a system, the chance 

that they are entangled is almost zero.  However, if you were to split the system in half, the halves 

are almost certain to be entangled. 7  Their conclusion was that in systems with large number of 

particles, a pair of tiny subsystems do not seem to be entangled, but a pair of large subsystems 

tend to be entangled. 7  Also, two subsystems each having fewer than about one-fifth of the total 

number of particles in the overall system tend not to be entangled.  If the subsystems are larger 

than one-fifth of the original system, they tend to be entangled. 7  These results proved that the 

individually parts of most objects are entangled.   
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