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Abstract

One of the most surprising consequences of quantum mechanics is the

entanglement of two or more distance particles. The \ghost" interference

experiment demonstrated the astonishing nonlocal behavior of an entangled

photon pair. Even though we still have question in regard to fundamental

issues of the entangled quantum systems, quantum entanglement has started

to play important roles in quantum information and quantum computation.

Quantum teleportation is one of the hot topics. We have demonstrated a

quantum teleportation experiment recently. The experimental results proved

the working principle of irreversibly teleporting an unknown arbitrary quan-

tum state from one system to another distant system by disassembling into

and then later reconstructing from purely classical information and nonclas-

sical EPR correlations. The distinct feature of this experiment is that the

complete set of Bell states can be distinguished in the Bell state measure-

ment. Teleportation of a quantum state can thus occur with certainty in

principle.

I. INTRODUCTION

One of the most surprising consequences of quantum mechanics has been the entangle-

ment of two or more distance particles. The two-particle entangled state was mathematically

formulated by Schr�odinger [1]. Consider a pure state for a system composed of two spatially

separated subsystems,

�̂ = j	i h	j ; j	i =X
a;b

c(a; b) jai jbi (1)

where fj aig and fj big are two sets of orthogonal vectors for subsystems 1 and 2, respectively,

and �̂ the density matrix. If c(a; b) does not factor into a product of the form f(a) � g(b)

then it follows that the state does not factor into a product state for subsystems 1 and 2:

�̂ 6= �̂1
 �̂2 (2)
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the state was de�ned by Schr�odinger as the entangled state.

The �rst classic example of a two-particle entangled state was suggested by Einstein,

Podolsky, and Rosen in 1935 [2]:

j	i =X
a;b

� (a+ b� c0) jai jbi (3)

where a and b are the momentum or the position of particle 1 and 2, respectively, c0 is

a constant. A surprising feature about the EPR state is the following: the value of an

observable (momentum or position) for neither single subsystem is determinate. However,

if one of the subsystem is measured to be at a certain value for that observable the other one

is 100% determined, despite the distance between the particles. This point can be easily seen

from the delta function in Eq. (3).

Another classic example of an entangled two-particle system, suggested by Bohm is a

singlet state of two spin 1/2 particles [3]:

j	i = 1p
2
[j"i1 j#i2 � j"i1 j#i2] (4)

where the kets j"i and j#i represent states of spin \up" and spin \down", respectively, along

an arbitrary direction n̂. Again for this state, the spin for neither particle is determined;

however, if one particle is measured to be spin up along a certain direction, the other one must

be spin down along that direction, despite the distance between the two spin 1/2 particles.

The nonlocal behavior of the entangled quantum system has troubled us since 1935. In

this paper we will show a \ghost" interference (section IB) experiment to demonstrate the

astonishing nonlocal behavior of an entangled photon pair and provide our explanations.

Even though we still have many questions in regard to the fundamental issues of the en-

tangled quantum systems, quantum entanglement has started to play important roles in

quantum information processing and quantum computing. Quantum teleportation is one of

the hot topics. We will discuss a recent quantum teleportation experiment in section II.

A. Spontaneous parametric down conversion

The state of the signal-idler photon pair of spontaneous parametric down conversion

(SPDC) [4] is a typical entangled EPR state. SPDC is a nonlinear optical process from

which a pair of signal-idler photon is generated when a pump laser beam is incident onto

an optical nonlinear crystal. Quantum mechanically, the state can be calculated by the �rst

order perturbation theory [5] [6],

j	i =X
s;i

� (!s + !i � !p) � (ks + ki � kp) a
y
s
(!(ks)) a

y
i
(!(ki)) j 0i (5)

where !j, kj (j = s, i, p) are the frequency and wavevector of the signal (s), idler (i), and

pump (p) respectively, !p and kp can be considered as constants, ay
s
and a

y
i
are creation

operators for signal and idler photon, respectively.

The signal and idler pair is generated in such a way that the energy and momentum of

neither photon is determinate; however, if one of them is measured to have certain energy
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and momentum the energy and momentum of its twin is determined with certainty. It is

a two-photon state, but not a state of two individual photons [7]. We have calculated the

e�ective two-photon wavefunction for the signal-idler pair of SPDC, which may be helpful

for the understanding of the entanglement nature of the state [5] [6].

0

a)

0

b)

FIG. 1. Two-photon wavepacket envelopes for type-I (a) and type-II (b) SPDC. Note: type-II

wavepacket has a rectangular shape in t1 � t2 and is asymmetric to t1 � t2 = 0:

The two-photon wavepacket or biphoton can be calculated according to the standard

quantum �eld theory [8]. The non-factorizeable e�ective two-photon wavefunction 	(t1; t2)

(2-D in con�guration space) is calculated to be [5] [6] [9] [10],

	(t1; t2) = A0e
��2

+
(t1+t2)

2

e
��2
�

(t1�t2)
2

e
�i
st1e

�i
it2 (6)

for type-I SPDC [11], where 
j, j = s; i, is the central frequency for signal or idler, 1=��
are \coherence times" associated with the SPDC �eld (��) and the pump �eld (�+), ti �
Ti � ri=c; i = 1; 2, Ti is the detection time of detector i and ri the optical pathlength from

SPDC to the ith detector. For type-II SPDC [11], the wavepacket 	(t1; t2), or biphoton, is

calculated with an asymmetrical (respect to \zero" of t1 � t2) rectangular shape,

	(t1; t2) = A0e
��2

+
(t1+t2)

2

�(t1 � t2) e
�i
st1e

�i
it2 (7)

where

�(t1 � t2) = f 1
0

if

if

0 � t1 � t2 � DL

otherwise

and D � 1=uo � 1=ue, uo and ue are recognized as the group velocities of the ordinary

and extraordinary rays of the SPDC crystal, and L the length of the crystal. Figure 1 is a

schematic diagram of 	(t1; t2) for type-I and type-II SPDC, respectively.

The signal-idler photon pair of SPDC has been widely used to prepare EPR-Bohm-Bell

states for photon-polarization [12]. The four Bell states which form a complete orthonormal

basis are usually represented as,
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j�(�)
12 i =

1p
2
fj0102i � j1112ig;

j	(�)
12 i =

1p
2
fj0112i � j1102ig: (8)

where j0i and j1i represent the two orthogonal polarization bases, for example, jHi (horizon-
tal) and jV i (vertical) linear polarization, respectively. In this representation the associated

two-photon wavepackets (space-time) has been ignored. However, to prepare Bell states

experimentally, it is very important to make the wavepackets \overlapping", i.e., quantum

mechanically indistinguishable, to keep the \superposition" in Eq. (8) valid.

B. \Ghost" interference experiment

The schematic experimental set-up of the \ghost" interference experiment is illustrated

in Fig. 2 [13].
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FIG. 2. Schematic set-up of the two-photon \ghost" interference-di�raction experiment.

The 351:1nm line of an Argon Ion laser is used to pump a BBO (�-BaB2O4 ) crystal

which is cut at a degenerate type-II phase matching angle [11] to produce a pair of orthog-

onally polarized signal (e-ray of the BBO) and idler (o-ray of the BBO) photon. The pair

emerges from the crystal nearly collinear, with !s
�= !i

�= !p=2; where !j (j = s; i; p) are the
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frequencies of the signal, idler, and pump, respectively. The pump is then separated from

the down conversion by a UV grade fused silica dispersion prism and the remaining signal

and idler beams are sent in di�erent directions by a polarization beam splitting Thomp-

son prism. The signal passes through a Young's double-slit and then travels about 1m to

be counted by a point-like photon counting detector D1 (0:5mm in diameter). The idler

travels a distance about 1:2m from BS to the input tip of the optical �ber. The horizontal

transverse coordinate, x2, of the �ber input tip is scanned by an encoder driver.

Figure 3 reports a typically observed double-slit interference-di�raction pattern. The

joint detection counting rate is reported as a function of x2, which is obtained by scanning

the detector D2 (the �ber tip) in the idler beam, whereas the double-slit is in the signal

beam and D1 is �xed in a symmetrical point behind the double-slit. The Young's double-silt

has a slit-width a = 0:15mm and slit-distance d = 0:47mm. The interference period is

measured to be 2:7 � 0:2mm and the half-width of the envelope is estimated to be about

8mm. By curve �tting, we conclude that the observation is a standard Young's interference

pattern, i.e., a sinusoidal oscillation with a sinc function envelope:

Rc / sinc
2(x2�a=�z2) cos

2(x2�d=�z2) (9)

FIG. 3. Typical observed \ghost" interference-di�raction pattern: the dependence of the coin-

cidence on the position of D2; which counts the idler, while the signal pass through a double-slit

to be counted by the �xed detector D1. The solid curve is a calculated curve. If D1 is moved

to an asymmetrical point, which results in unequal distance to slit C and D (see �g. 4), the

interference-di�raction pattern is observed to be simply shifted to one side.

The remarkable feature here is that z2 is the distance from the slits plane, which is in the

signal beam, back through BS to BBO crystal and then along the idler beam to the scanning

�ber tip of detector D2 (see Fig. 4). The calculated interference period and half-width of

the sinc function from Eq. (9) are 2:67mm and 8:4mm, respectively. Even though the
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interference-di�raction pattern is observed in joint detection, the single detector counting

rates are both observed to be constant when scanning detector D1 or D2 individually. It

seems reasonable not to have any interference modulation in the single counting rate of

D2, which is located in the \empty" idler beam. Of interest, however, is that the absence

of the interference-di�raction structure in the single counting rate of D1, which is behind

the double-slit, is mainly due to the divergence of the SPDC beam (� �=d). In other

words, the \blurring out" of the �rst order interference fringes is due to the considerably

large momentum uncertainty of the signal photon. Furthermore, if D1 is moved to an

unsymmetrical point, which results in unequal distances to the two slits, the interference-

di�raction pattern is observed to be simply shifted from the current symmetrical position to

one side of x2. This is quite mind boggling: imagine that there were a �rst order interference

pattern behind the double-slit and D1 were moved to a completely destructive interference

point (i.e. zero intensity at that point) and �xed there. Then we still can observe the same

interference pattern in the joint counts (same period, shape, and counting rate), except for

a phase shift!
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FIG. 4. Simpli�ed experimental scheme (a) and the \unfolded" version (b).

To explain this unusual phenomenon, we present a simple quantum model. The quantum

entanglement nature of the two-photon state of SPDC has been described in Eq. (5). Even

though for each single photon of the pair the momentum (vector) has a considerably large

uncertainty, the measurement of the momentum of either photon determines the momentum

of its twin with unit probability. This important peculiarity selects the only possible optical

paths in Fig. 4, when signal passes through the double-slit aperture while the other gets to

D2. In the near degenerate case, we can simply treat the crystal as a re
ecting mirror [14].

The joint counting rate Rc is determined by the probability P12 of detecting the signal-idler

pair by detectors D1 and D2 simultaneously.
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P12 = h	j E(�)
1 E

(�)
2 E

(+)
2 E

(+)
1 j	i =

���h0j E(+)
2 E

(+)
1 j	i

���
2

(10)

where j	i is the two-photon state of SPDC. Let us simplify the mathematics by using the

following \two-modes" expression for the state, bearing in mind that the � functions of

the \phase matching" conditions have been taken into account based on the \straight line"

picture of Fig. 4.

j	i = j0i+ � [ay
s
a
y
i
exp(i'A) + b

y
s
b
y
i
exp(i'B)] j0i (11)

where �� 1 is proportional to the pump �eld (classical) and the nonlinearity of the crystal,

'A and 'B are the phases of the pump �eld at A and B, and a
y
j
(b
y
j
) are the photon creation

operators for the upper (lower) mode in Fig. 4 (j = s; i).

In Eq. (10) the �elds at the detectors are given by:

E
(+)
1 = as exp(ik rA1) + bs exp(ik rB1)

E
(+)
2 = ai exp(ik rA2) + bi exp(ik rB2)

(12)

where rAi (rBi) are the optical pathlengths from region A (B) along the upper (lower) path

to the ith detector. Substituting Eqs. (11) and (12) into Eq. (10),

Rc / P12 = �
2 jexp(ik rA + i'A) + exp(ik rB + i'B) j2

/ 1 + cos[k (rA � rB)]
(13)

where we assume 'A = 'B in the second line of Eq. (13) (although this is not a necessary

condition to see the interference pattern, the transverse coherence of the pump beam at A

and B is crucial). In Eq. (13) we de�ned the overall optical lengths between the detectors

D1 and D2 along the upper and lower paths (see Fig. 4): rA � rA1 + rA2 = rC1 + rC2;

rB � rB1 + rB2 = rD1 + rD2; where rCi and rDi are the respective pathlengths from the slits

C and D to the ith detector.

If the optical paths from the �xed detector D1 to the two slits are equal, i.e., rC1 = rD1,

and if z2 � d
2
=� (far �eld), then rA�rB = rC2�rD2

�= x2d=z2, and Eq. (13) can be written

as:

Rc(x2) / cos 2(x2�d=�z2) : (14)

Equation (14) has the form of standard Young's double-slit interference pattern. However,

here again z2 is the unusual distance from the slits plane, which is in the signal beam, back

through BS to the crystal and then along the idler beam to the scanning �ber tip of detector

D2 .

If the optical paths from the �xed detector D1 to the two slits are unequal, i.e., rC1 6= rD1,

the interference pattern will be shifted from the symmetrical position from that of Eq. (14)

according to Eq. (13). This interesting phenomenon has been observed and discussed

following the discussion of Fig. 3.

Combine the di�raction e�ect by considering an integral of the e�ective two-photon

wavefunction over the slit width (the superposition of in�nite number of probability ampli-

tudes results in a click-click joint detection event), the interference-di�raction coincidence

counting rate for the double-slit case is given by:
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Rc(x2) / sinc
2(x2�a=�z2) cos

2(x2�d=�z2) (15)

which is exactly the same as Eq. (9) obtained from experimental data �ttings. If the �nite

size of the detectors and the divergence of the pump are taken into account, the interference

visibility will be reduced. These factors have been considered in the theoretical plots of

Fig. 3.

II. QUANTUM TELEPORTATION EXPERIMENT

Quantum information processing is based on the use of quantum - qubit. This makes it

very di�erent from classical information processing. First, since a quantum will be destroyed

after a measurement, there is only one chance for measurement. However, one measurement

of a quantum would not, in principle, provide any information about the state of the qubit

according to quantum mechanics. How to learn the state of a quantum? Can we make many

copies and than make an ensemble measurement of the copies? Unfortunately, no-cloning

theorem said: NO! Quantum mechanics does not allow a \copier" to duplicate copies of a

quantum.

How to transport the state of a quantum? Quantum teleportation might be the unique

approach.

The idea of quantum teleportation is to utilize the nonlocal correlations between an

Einstein-Podolsky-Rosen pair of particles [2] to prepare a quantum system in some state,

which is the exact replica of an arbitrary unknown state of a distant individual quantum

system [15]. Three experiments in this direction were published recently [16] [17] [18].

The following conditions must be satis�ed in any claim for quantum teleportation: (i)

the input quantum state, which is teleported in the experiment must be an arbitrary state,

(ii) there must be an output quantum state which is an \instantaneous copy" of the input

quantum state, (iii) for any input state, the teleportation must be deterministic, not \statis-

tical", and (iv) the Bell state measurement (BSM) must be able to distinguish the complete

set of the orthogonal Bell states so that the input state can be teleported with certainty.

We have recently demonstrated a quantum teleportation scheme which satis�es all four

of the above conditions [19]. The input state is an arbitrary polarization state and the BSM

can distinguish the complete set four orthogonal Bell states. Teleportation of a quantum

state can thus occur with certainty in principle. This is because the BSM is based on

nonlinear interactions which are necessary and non-trivial physical processes for quantum

teleportation [20] [21]. Another point we like to emphasize is that the Bell state measurement

is deterministic in this scheme. This is important for the teleportation of a qubit, which is

\carried" by a single quantum.

The basic elements of the experiment are schematically shown in Fig. 5. Just as the

original proposal of quantum teleportation [15], it consists of four essential parts: (a) the

input state, (b) the EPR pair, (c) Alice (who performs the BSM of the input state and her

EPR particle), and (d) Bob (who carries out unitary operations on his EPR particle). The

input quantum state is an arbitrary polarization state given by,

j	1i = �j01i+ �j11i; (16)
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FIG. 5. Schematic of quantum teleportation with complete BSM. Nonlinear interactions (SFG)

are used to perform the BSM. � and l represent the respective horizontal and vertical orientations

of the optic axes of the crystals.

where j0i and j1i represent the two orthogonal linear polarization bases (speci�cally in this

paper) jHi (horizontal) and jV i (vertical) respectively. � and � are two arbitrary complex

amplitudes with respect to the j0i and j1i bases and they satisfy the condition j�j2+j�j2 = 1.

Note, � and � are allowed to be functions of time t, �(t) and �(t), in our experiment. The

EPR pair shared by Alice and Bob is prepared by spontaneous parametric down conversion

(SPDC) as,

j	23i = 1p
2
fj0203i � j1213ig; (17)

with the subscripts 2 and 3 as labeled in Fig. 5 [22]. The complete state of the three particles

before Alice's measurement is then,

j	123i = �p
2
fj010203i � j011213ig+ �p

2
fj110203i � j111213ig: (18)

State (18) can now be re-written in the following form based on the complete set of the

orthonormal Bell states of Eq. (8),

j	123i = 1

2
fj�(+)

12 i(�j03i � �j13i) + j�(�)
12 i(�j03i+ �j13i)

+j	(+)
12 i(��j13i+ �j03i) + j	(�)

12 i(��j13i � �j03i)g: (19)

To teleport the state of particle 1 to particle 3 reliably, Alice must be able to distinguish

her four Bell states by means of the BSM performed on particle 1 and her EPR share (particle
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2). She then tells Bob through a classical channel to perform a corresponding linear unitary

operation on his EPR share (particle 3) to obtain an exact replica of the state of particle 1.

This completes the process of quantum teleportation.

The distinct feature of the scheme shown in Fig. 5 is that the BSM is based on nonlinear

interactions: optical Sum Frequency Generation (SFG) (or \upconversion"). Four SFG

nonlinear crystals are used for \measuring" and \distinguishing" the complete set of the

four Bell states. Photon 1 and photon 2 may interact either in the two type-I crystals or in

the two type-II crystals to generate a higher frequency photon (labeled as photon 4). The

projection measurements on photon 4 (either the 45� or 135� direction) correspond to the

four Bell states of photon 1 and photon 2, j�(�)
12 i and j	(�)

12 i.
Let us now discuss the BSM in detail (see Fig. 5). The �rst type-I SFG crystal converts

two jV i polarized photons j1112i into a single horizontal polarized photon jH4i. Likewise,

the second type-I SFG crystal converts two jHi polarized photons j0102i into a single vertical
polarized photon jV4i. The �rst and the last terms on the right-hand side in Eq. (18) thus

become,

j	43i = �jV403i � �jH413i:
Dichroic beamsplitter M re
ects only SFG photons to the 45� polarization projector G1.

Two detectors D
I

4 and D
II

4 are placed at the 45� and 135� output ports of G1 respectively.

Denoting the 45� and 135� polarization bases by j45�i and j135�i, the state j	43i can be

re-written as,

j	43i = 1p
2
fj45�i4(�j03i � �j13i) + j135�i4(�j03i+ �j13i)g; (20)

which gives,

j	i
3jD

I

4

= �j03i � �j13i;
j	i

3jD
II

4

= �j03i+ �j13i; (21)

i.e., if detector D
I

4 (45
�) is triggered, the quantum state of Bob's EPR share (photon 3) is:

j	3i = �j03i � �j13i and if detector D
II

4 (135�) is triggered, the quantum state of Bob's

photon is: j	3i = �j03i+ �j13i.
As we have analyzed above, the 45� and the 135� polarized type-I SFG components in

Eq. (20) correspond to the superposition of j0102i and j1112i which are the respective Bell

states j�(+)
12 i and j�(�)

12 i.
Similarly, the other two Bell states are distinguished by the type-II SFG's. The states

j0112i and j1102i are made to interact in the �rst and the second type-II SFG crystals

respectively to generate a higher frequency photon with either horizontal (the �rst type-II

SFG) or vertical (the second type-II SFG) polarization. A 45� polarization projector G2 is

used after the type-II SFG crystals and two detectors D
III

4 and D
IV

4 are placed at the 45�

and the 135� output ports of G2 respectively. On the new bases of 45� and 135� for the SFG

photon, the second and the third terms on the right-hand side in Eq. (18) thus become,

j	43i = 1p
2
fj45�i4(��j13i+ �j03i) + j135�i4(��j13i � �j03i)g; (22)
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which gives,

j	i
3jD

III

4

= ��j13i+ �j03i;
j	i

3jD
IV

4

= ��j13i � �j03i; (23)

i.e., if detector D
III

4 (45�) is triggered, the quantum state of Bob's photon is: j	3i =

��j13i + �j03i and if detector D
IV

4 (135�) is triggered, the quantum state of Bob's photon

is: j	3i = ��j13i � �j03i.
The 45� and the 135� polarized type-II SFG components correspond to the superposition

of j0112i and j1102i which are the Bell states j	(+)
12 i and j	(�)

12 i respectively.
To obtain the exact replica of the state of Eq. (16), Bob needs simply to perform a

corresponding unitary transformation after learning from Alice which of her four detectors,

D
I

4, D
II

4 , D
III

4 , or D
IV

4 , is triggered at time t [23].
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FIG. 6. Solid line (circled data points) is the joint detection rate D
I

4-D3. Dashed line (square

data points) is for D
II

4 -D3. The expected � phase shift is clearly demonstrated.

To demonstrate the working principle of this scheme, we measure the joint detection

rates between detectors D
I

4-D3, D
II

4 -D3, D
III

4 -D3 and D
IV

4 -D3, where D3 is Bob's detector

(see Fig. 8). In these measurements we choose the input state j	1i as a linear polarization

state. For a �xed input polarization state, the angle of the polarization analyzer A3 which

is placed in front of Bob's detector is rotated and the joint detection rates are recorded.

Figure 6 show two typical data sets for D
I

4-D3 and D
II

4 -D3. The input polarization state

is 45�. Clearly, these data curves con�rm Eq. (21). The di�erent phases of the two curves

re
ect the phase di�erence between the two states in Eq. (21). As expected, experimental

data for D
III

4 -D3 and D
IV

4 -D3 show similar behavior, see Fig. 7.
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FIG. 7. Solid line (circled data points) is the joint detection rate D
III

4 -D3. Dashed line (square

data points) is for D
IV

4 -D3. Again, the expected � phase shift is clearly demonstrated.

The schematic of the experimental setup is shown in Fig. 8. The input polarization state

is prepared by using a �=2 plate from a femtosecond laser pulse (pulse width � 100fsec and

central wavelength = 800nm) [24]. The EPR pair (730nm-885nm photon pair) is generated

by two non-degenerate type-I SPDC's. The optical axes of the �rst and the second SPDC

crystals are oriented in the respective horizontal (�) and vertical (l) directions. The SPDC
crystals are pumped by a 45� polarized 100fsec laser pulse with 400nm central wavelength.

Since the two crystals are pumped equally, the SPDC pair can be generated either in the

�rst BBO as jV885i2jV730i3 (j1213i) or in the second BBO as jH885i2jH730i3 (j0203i) with

equal probability (885 and 730 refer to the wavelengths in nanometer).

In order to prepare an EPR state in the form of Eq. (17) (a Bell state), these two

amplitudes have to be quantum mechanically \indistinguishable" and have the expected

relative phase. A Compensator (C-1) is used for this purpose and it consists of two parts: a

thick quartz rod and two thin plates. The thick quartz rod is used to compensate the time

delay between the two amplitudes j1213i and the j0203i, and two thin quartz plates are used

to adjust the relative phase between them by angular tilting. A dichroic beamsplitter DBS

is placed behind the SPDC crystals to separate and send the photon 2 (885nm) and photon

3 (730nm) to Alice and Bob respectively. To check the EPR state, a 
ipper mirror FM is

used to send the photon 2 (885nm) to a photon-counting detector D2 for EPR correlation

measurement. Both the space-time and polarization correlations must be checked before

teleportation measurements, in order to be certain of having high degree EPR entanglement

and the expected relative phase between the j1213i and the j0203i amplitudes (see Ref. [25]

for details). Once the EPR state in Eq. (17) is prepared, FM is 
ipped-down and photon

2 (885nm) is given to Alice for BSM with photon 1.

The BSM consists of four SFG nonlinear crystals, two 45� projectors (G1 and G2), four

single photon counting detectors (DI

4, D
II

4 , DIII

4 , and DIV

4 ) and two compensators as well as
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other necessary optical components. The working principle of the BSM has been discussed

previously.
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FIG. 8. Schematic of the Experimental Setup. The inset shows the details of the compensators.

See text for details.
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