Introduction to Quantum Teleportation

Ever since the wheel was invented more than 5,000 years ago, people have been inventing new ways to travel faster from one point to another. The chariot, bicycle, automobile, airplane and rocket have all been invented to decrease the amount of time we spend getting  

They require us to cross a physical distance, which can take anywhere from minutes to many hours depending on the starting and ending points. 

But what if there were a way to get you from your home to the supermarket without having to use your car. There are scientists working right now on such a method of travel, combining properties of telecommunications and transportation to achieve a system called teleportation.
Teleportation involves dematerializing an object at one point, and sending the details of that object's precise atomic configuration to another location, where it will be reconstructed. What this means is that time and space could be eliminated from travel -- we could be transported to any location instantly, without actually crossing a physical distance
What is teleportation? Roughly speaking, there is a Lab A and a Lab B, and each lab has a box. The goal of teleportation is to take any object that is placed in Box A and move it to Box B. 

Teleportation is a term created by science fictionauthors describing a process, which lets a person or object disappear while an exact replica appears in the best case immediately at some distant location
Quantum Teleportation:-
Teleportation: A hypothetical method of transportation in which matter or information is dematerialized, usually instantaneously, at one point and recreated at another. 

Quantum Teleportation is the instantaneous transference of properties from one quantum system to another without physical contact. 

Teleportation is the name given by science fiction writers to the feat of making an object or person disintegrate in one place while a perfect replica appears somewhere else. 

The general idea seems to be that the original object is scanned in such a way as to extract all the information from it, then this information is transmitted to the receiving location and used to construct the replica, not necessarily from the actual material of the original, but perhaps from atoms of the same kinds, arranged in exactly the same pattern as the original.
A teleportation machine would be like a fax machine, except that it would work on 3-dimensional objects as well as documents, it would produce an exact copy rather than an approximate facsimile, and it would destroy the original in the process of scanning it.

Until recently, teleportation was not taken seriously by scientists, because it was thought to violate the uncertainty principle of quantum mechanics, which forbids any measuring or scanning process from extracting all the information in an atom or other object. 

According to the uncertainty principle, the more accurately an object is scanned, the more it is disturbed by the scanning process, until one reaches a point where the object's original state has been completely disrupted, still without having extracted enough information to make a perfect replica. 

This sounds like a solid argument against teleportation: if one cannot extract enough information from an object to make a perfect copy, it would seem that a perfect copy cannot be made. But the six scientists found a way to that it is possible to transfer even quantum states, provided one does not get any information about the state. This becomes possible by utilizing entanglement, one of the essential features of quantum mechanics (Einstein-Podolsky-Rosen effect).
Conventional Facsimile Transmission v/s  Quantum Teleportation.
In order to teleport the object A scientists found a way to scan out part of the information from an object A, which one wishes to teleport, while causing the remaining, unscanned, part of the information to pass, via the Einstein-Podolsky-Rosen effect, into another object C which has never been in contact with A. Later, by applying to C a treatment depending on the scanned-out information, it is possible to maneuver C into exactly the same state as A was in before it was scanned.  

A itself is no longer in that state, having been thoroughly disrupted by the scanning, so what has been achieved is teleportation, not replication. 
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As this figure suggests, the unscanned part of the information is conveyed from A to C by an intermediary object B, which interacts first with C and then with A. What? Can it really be correct to say "first with C and then with A"? 

Surely, in order to convey something from A to C, the delivery vehicle must visit A before C, not the other way around. 

But there is a subtle, unscannable kind of information that, unlike any material cargo, and even unlike ordinary information, can indeed be delivered in such a backward fashion. This subtle kind of information, also called "Einstein-Podolsky-Rosen (EPR) correlation" or "entanglement".
In the 1960s John Bell showed that a pair of entangled particles, which were once in contact but later move too far apart to interact directly, can exhibit individually random behavior that is too strongly correlated to be explained by classical statistics. Experiments on photons and other particles have repeatedly confirmed these correlations, thereby providing strong evidence for the validity of quantum mechanics, which neatly explains them.  Another well-known fact about EPR correlations is that they cannot by themselves deliver a meaningful and controllable message. It was thought that their only usefulness was in proving the validity of quantum mechanics. But now it is known that, through the phenomenon of quantum teleportation, they can deliver exactly that part of the information in an object which is too delicate to be scanned out and delivered by conventional methods.
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This figure compares conventional facsimile transmission with quantum teleportation. In conventional facsimile transmission the original is scanned, extracting partial information about it, but remains more or less intact after the scanning process. 

The scanned information is sent to the receiving station, where it is imprinted on some raw material (eg paper) to produce an approximate copy of the original. In quantum teleportation two objects B and C are first brought into contact and then separated. 

Object B is taken to the sending station, while object C is taken to the receiving station. At the sending station object B is scanned together with the original object A which one wishes to teleport, yielding some information and totally disrupting the state of A and B. The scanned information is sent to the receiving station, where it is used to select one of several treatments to be applied to object C, thereby putting C into an exact replica of the former state of A. 
Concept Of Entanglement:-
In order to teleport a photon without violating the Heisenberg Principle, the Caltech physicists used a phenomenon known as entanglement. In entanglement, at least three photons are needed to achieve quantum teleportation: 

· Photon A: The photon to be teleported 

· Photon B: The transporting photon 

· Photon C: The photon that is entangled with photon B 

If researchers tried to look too closely at photon A without entanglement, they would bump it, and thereby change it. By entangling photons B and C, researchers can extract some information about photon A, and the remaining information would be passed on to B by way of entanglement, and then on to photon C. When researchers apply the information from photon A to photon C, they can create an exact replica of photon A. However, photon A no longer exists as it did before the information was sent to photon C.
By entangling of two particles , properties of those particle  become perfectly correlated. If a certain property is measured in one of the "twin" particles, this determines the corresponding property of the other automatically and with immediate effect. 

Twin pair is produced by sending a strong light pulse to a glass tube filled with caesium gas (about 1012 atoms). The magnetic moments of the gas atoms are aligned in a homogenous magnetic field.

Experimental Setup
 A pulse of ultraviolet light passes through a non-linear crystal and creates the ancillary pair of

entangled photons 2 and 3. The pulse is reflected by a mirror and again passes through the crystal creating another pair of photons. One of them will be prepared in the initial state of photon 1, the other one can serve as a trigger, indicating that a photon to be teleported is on its way. Alice looks for coincidences

behind the beam splitter (BS) where the initial photon 1 and photon 2 are superposed. If they are indistinguishable,they interfere. Bob knows that photon3 has been converted into the initial state of photon 1. He checks this by using polarization analysis with the polarizing   beam splitter and the detectors d1 and d2.
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BELL-STATE MEASUREMENTS:

Here we shall prepare pairs of entangled photons with opposite polarizations; we shall call them E1 and E2. The entanglement means that if we measure a beam of, say, E1 photons with a polarizer, one-half of the incident photons will pass the filter, regardless of the orientation of the polarizer. Whether a particular photon will pass the filter is random. However, if we measure its companion E2 photon with a polarizer oriented at 90 degrees relative to the first, then if E1 passes its filter E2 will also pass its filter. Similarly if E1 does not pass its filter its companion E2 will not.

Half-silvered mirrors, which reflect one-half of the light incident on them and transmit the other half without reflection, are sometimes called beam splitters because they split a light beam into two equal parts.
We direct one of the entangled photons, say E1, to the beam splitter.

Meanwhile, we prepare another photon with a polarization of 450, and direct it to the same beam splitter from the other side, as shown. This is the photon whose properties will be transported; we label it K (for Kirk). We time it so that both E1 and K reach the beam splitter at the same time

[image: image3.png]K: 45°




The E1 photon incident from above will be reflected by the beam splitter some of the time and will be transmitted some of the time. Similarly for the K photon that is incident from below. So sometimes both photons will end up going up and to the right as shown.
Similarly, sometimes both photons will end up going down and to the right.
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But sometimes one photon will end up going upwards and the other will be going downwards, as shown. This will occur when either both photons have been reflected or both photons have been transmitted.

Thus there are three possible arrangements for the photons from the beam splitter: both upwards, both downwards, or one upwards and one downwards.

Which of these three possibilities has occurred can be determined if we put detectors in the paths of the photons after they have left the beam splitter.

However, in the case of one photon going upwards and the other going downwards, we can not tell which is which. Perhaps both photons were reflected by the beam splitter, but perhaps both were transmitted.

This means that the two photons have become entangled.

If we have a large beam of identically prepared photon pairs incident on the beam splitter, the case of one photon ending up going upwards and the other downwards occurs, perhaps surprisingly, 25% of the time.

Also somewhat surprisingly, for a single pair of photons incident on the beam splitter, the photon E1 has now collapsed into a state where its polarization is -450, the opposite polarization of the prepared 450 one. This is because the photons have become entangled. So although we don't know which photon is which, we know the polarizations of both of them.

The explanation of these two somewhat surprising results is beyond the level of this discussion, but can be explained by the phase shifts the light experiences when reflected, the mixture of polarization states of E1, and the consequent interference between the two photons.
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THE TELEPORTER:

Now we shall think about the E2 companion to E1.

25 percent of the time, the Bell-state measurement resulted in the circumstance shown, and in these cases we have collapsed the state of the E1 photon into a state where its polarization is -450.

But since the two photon system E1 and E2 was prepared with opposite polarizations, this means that the companion to E1, E2, now has a polarization of +450. Thus the state of the K photon has now been transferred to the E2 photon. We have teleported the information about the K photon to E2.

Although this collapse of E2 into a 450 polarization state occurs instantaneously, we haven't achieved teleportation until we communicate that the Bell-state measurement has yielded the result shown. Thus the teleportation does not occur instantaneously.

Note that the teleportation has destroyed the state of the original K photon.
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Human Teleportation:
We are years away from the development of a teleportation machine like the transporter room on Star Trek's Enterprise spaceship. The laws of physics may even make it impossible to create a transporter that enables a person to be sent instantaneously to another location, which would require travel at the speed of light. 

For a person to be transported, a machine would have to be built that can pinpoint and analyze all of the 1028 atoms that make up the human body. That's more than a trillion trillion atoms. This machine would then have to send this information to another location, where the person's body would be reconstructed with exact precision. Molecules couldn't be even a millimeter out of place, lest the person arrive with some severe neurological or physiological defect. 

OTHER APPLICATIONS:-
Quantum Information

As you probably know, computers store information as sequences of 0's and 1's. For example, in the ASCII encoding the letter A is represented by the number 65. As a binary number this is:

1,000,001
Inside the computer, there are transistors that are either on or off, and we assign the on-state be 1 and the off state 0. However, the same information can be stored in exactly the same way in any system that has two mutually exclusive binary states.

For example, if we have a collection photons we could represent the 1's as photons whose polarization is +450 and the 0's as polarizations of -450. We could similarly use electrons with spin-up and spin-down states to encode the information. These quantum bits of information are called qubits.

Quantum Cryptography

Cryptography depends on both the sender and receiver of the encrypted information both knowing a key. The sender uses the key to encrypt the information and the receiver uses the same key to decrypt it.

The key can be something very simple, such as both parties knowing that each letter has been shifted up by 13 places, with letters above the thirteenth in the alphabet rotated to the beginning. Or they can be very complex, such as a very very long string of binary digits.

Here is an example of using binary numbers to encrypt and decrypt a message, in this case the letter A, which we have seen is 1,000,001 in a binary ASCII encoding. We shall use as the key the number 23, which in binary is 0,010,111. We will use the key to encode the letter using a rule that if the corresponding bits of the letter and key are the same, the result is a 1, and otherwise a 0.

	A
	1
	0
	0
	0
	0
	0
	1

	Key
	0
	0
	1
	0
	1
	1
	1

	Encrypted
	0
	1
	0
	1
	0
	0
	1


The encrypted value is 41, which in ASCII is the right parenthesis: )

To decrypt the message we use the key and the same procedure:

	Encrypted
	0
	1
	0
	1
	0
	0
	1

	Key
	0
	0
	1
	0
	1
	1
	1

	A
	1
	0
	0
	0
	0
	0
	1


To send a key in Quantum Cryptography, simply send photons in one of four polarizations: -45, 0, 45, or 90 degrees. As you know, the receiver can measure, say, whether or not a photon is polarized at 90 degrees and if it is not then be sure than it was polarized at 0 degrees. Similarly the receiver can measure whether a photon was polarized at 45 degrees, and if it is not then it is surely polarized at -45 degrees. However the receiver can not measure both the 0 degree state and 45 degree state, since the first measurement destroys the information of the second one, regardless of which one is performed first.

The receiver measures the incoming photons, randomly choosing whether to measure at 90 degrees or 45 degrees, and records the results but keeps them secret. The receiver contacts the sender and tells her on an open channel which type of measurement was done for each, without revealing the result. The sender tells the receiver which of the measurements were of the correct type. Both the sender and receiver keep only the qubits that were measured correctly, and they have now formed the key.

If the bad guys intercept the transmission of photons, measure their polarizations, and then send them on to the receiver, they will inevitably introduce errors because they don't know which polarization measurement to perform. The two legitimate users of the quantum channel test for eavesdropping by revealing a random subset of the key bits and checking the error rate on an open channel. Although they cannot prevent eavesdropping, they will never be fooled by an eavesdropper because any, however subtle and sophisticated, effort to tap the channel will be detected. Whenever they are not happy with the security of the channel they can try to set up the key distribution again.

