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Preparation of entangled state of cavity

QED phase matched two-photons

under spontaneous parameters

Tingyu Li1, Hui Li1,∗

Abstract. Based on cavity quantum electrodynamics (QED), the issue of preparing entan-
gled state of phase matched two-photon under spontaneous parameters is researched: considering
the condition in which each cavity traps a two-level atom and the atom resonates and interacts
with cavity field via two-photon transition process, adopting the negative eigenvalue to measure
the entanglement between two subsystems and using numerical calculation to research dynamics
characteristics of entanglement between two subsystems in the system. The research also discussed
the influence of change of coupling coefficient between cavity fields on the entanglement character-
istics between two subsystems. It is found that the entanglement between two atoms is enhanced
and the entanglement between two cavity fields is weakened with increase of coupling coefficient
between cavity fields.

Key words. Spontaneous parameter, Cavity quantum, Electrodynamics, Phase match, Two-
photon, Entangled state.

1. Introduction

In quantum information, the information processing cannot be independent from
quantum state and its evolution, while the quantum entanglement is undoubtedly
the most important quantum state. As an important "quantum resource", entangled
state has been widely applied in recent years with rapid development of quantum
informatics, such as successfully application to domains like quantum key alloca-
tion, quantum dense coding, quantum teleportation, quantum entanglement code,
and quantum computation. As the entangled state of multiple subsystems has prop-
erties not possessed by a great many two subsystems, and increasingly developing
experimental technique more deepens the preparation of quantum entangled state.

1School of Information Science and Engineering, Shenyang University of Technology, Shenyang,
Liaoning 110870, China

*. Corresponding author

http://journal.it.cas.cz



1700 TINGYU LI, HUI LI

This does not relate to the essence of quantum entanglement, but also can help
people to better understand the basic theories of quantum mechanics, and more im-
portantly, can develop heaps of magical applications. The quantum entanglement is
the most important and the most peculiar subject in quantum informatics.

For the issue of preparing photon entangled state, the paper proposes a prepa-
ration method for entangled state of cavity QED phase matched two-photon under
spontaneous parameters: Considering the condition in which each cavity traps a two-
level atom and the atom resonates and interacts with cavity field via two-photon
transition process, adopting negative eigenvalue to measure the entanglement be-
tween two subsystems, and uses numerical calculation method to research dynamics
characteristics of entanglement between two subsystems in the system. Lastly, the
influence of change of coupling coefficient between cavity fields on the entanglement
characteristics between two subsystems is discussed.

2. Definition of quantum entangled state

So-called entangled state refers to a special quantum state of the composite sys-
tem. It cannot be written as direct product form of quantum state of two subsystems
in any representation. To facilitate understanding, the paper considers a two-body
system composed of two subsystems A and B (A and B are all of pure state), sets
eigenstate vector of A as |Ψ〉A and eigenstate vector of B as |Ψ〉B . If the eigenstate
vector |Ψ〉AB of the composite system A+B cannot be expressed as direct product
form of |Ψ〉A and |Ψ〉B , the pure state |Ψ〉AB is called an entangled state.

|Ψ〉AB 6= |Ψ〉A⊗ |Ψ〉B . (1)

When mixed state is considered, the density matrix can be used for representa-
tion,

ρAB 6= ρA⊗ ρB . (2)

|Ψ〉AB = α |0〉A |0〉B +β |1〉A |1〉B , |a|2 + |β|2 = 1, (3)

is an entangled state in condition of pure state.
Following takes the maximal entangled state of two particle systems whose spin

is respectively 1/2-Bell base for example to describe the definition of entangled state.
There are following four quantum states for two two-particle quantum systems, i.e.
the eigenstate of Bell operator:∣∣Φ±〉12 =

1√
2

(|0〉1 |0〉2± |1〉1 |1〉2) . (4)

∣∣Ψ±〉12 =
1√
2

(|0〉1 |1〉2± |1〉1 |0〉2) . (5)

Assuming there are two atoms 1 and 2 with only two quantum states, which can
be in superposition state-one of the states in equation (4b),|Ψ−〉12 = 1√

2
(|0〉1 |1〉2−
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|1〉1 |0〉2), where, |0〉1 |1〉2 represents the atom 1 is in state |0〉 and atom 2 is in state
|1〉. |1〉1 |0〉2 represents atom 1 is in state |1〉, and atom 2 is in |0〉. When the two
atoms are in superposition state |Ψ±〉, the two atoms are regarded as in entangled
state, as now it is only known that one atom is in |0〉 state and one atom is in state
|1〉, but which atom is in state |0〉 and which atom is in state |1〉 are unknown. The
atom 1 may be in state |0〉 or state |1〉, and atom 2 may be in state |0〉 or state |1〉.
Thus, the two atoms are entangled.

As each component of entangled state is composed of singlet state |0〉 and |1〉
of two particles, so the two particles in entangled state |0〉 |1〉 have a wonderful
characteristic: once the state |0〉 of the first particle is determined via measurement,
the corresponding wave function of entangled state collapses to its corresponding
component |1〉, thereby determining the state |1〉 of another particle in an instant.
Now even the spatial distance between two particles is far (several meters, thousand
of meters, or tens of thousands meters), people can determine the state of one particle
through the state of another particle in an instant in principle. For example, for a
two-atom system in state |0〉 |1〉, if measurement of atom 1 finds that it is in |0〉
state, then people can immediately know atom 2 is in |1〉 state, which is called by
Einstein as "spooky interaction between places with far distance"

3. Preparation of entangled state

The quantum entangled state plays a vitally important role in quantum telepor-
tation, quantum dense coding, quantum cryptographic communication and quantum
calculation, so the preparation of quantum entangled state is key in the quantum
information domain. To entangle two or more microscopic systems in direct product
state requires controllable interaction. Currently, the preparation of entangled state
has been realized in some physical systems, for example: nonlinear optical system,
cavity quantum electrodynamics (QED) system, ion trap system and recently real-
ized entanglement of atom cluster. Currently, for the two-particle system, the most
successful achievement is to use spontaneous parametric down-conversion to realize
two-photon entanglement in nonlinear optical system. Following is a brief introduc-
tion of the schemes of preparing photon entanglement via spontaneous parametric
down-conversion and preparing atom entanglement in cavity QED, and preparing
entangled state in ion trap.

3.1. Preparation of entangled state by spontaneous para-
metric down-conversion

Spontaneous parametric down-conversion is the non-linear interaction process of
crystal, and the intensity of non-linear interaction is determined by electrochemical
intensity of nonlinear crystal:

pi =
∑

Xij Ej (ω1) +
∑

X
(2)
ijk Ej (ω1)Ek (ω2)

+
∑

X
(3)
ijklEj (ω1)Ek (ω2)Ej (ω2)El (ω3) + · · · · · · ·
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Where, the conversion of parameters is produced by intermediate second-order non-
linear interaction, and the interaction of higher-order terms is very small and negli-
gible. This process must meet law of conservation of energy, i.e.:

ωp = ωs +ωi,
→
kp =

→
ki +

→
ks . (6)

This equation is also called phase matching condition, ωp, and
→
kp,
→
ks,
→
ki respec-

tively represent frequency and wave vector of pump light, signal light and leisure
light. The birefringence of crystal leads to different refractive indices of different
polarized light in crystal, and the dispersion action of crystal can realize phase
matching in some crystals, so proper nonlinear crystals can be selected to realize
spontaneous parametric down-conversion.

3.2. Preparation of two-photon entangled state

The research used spontaneous parametric down-conversion process of contin-
uous wave laser beam pump nonlinear crystal to prepare two-photon polarization-
entangled state: radiate a beam of pump light on a nonlinear crystal BBO to produce
a pair of entangled twin photons. The spontaneous parametric down-conversion is
the non-linear interaction process of crystal, and can be divided into type I and type
II according to the type of phase matching of crystal. Following is an introduction
of the characteristics of the two types (Take uniaxial negative crystal as an example)

The type I parametric down-conversion process can be expressed as e → o + o,
i.e. the two photons produced have the same polarization and are all vertical to
polarization direction of pump light. The spatial distribution of parametric light
produced is coniform with pump light as axis, as shown in Fig.1:to polarization direction of pump light. The spatial distribution of parametric light produced is coniform with pump light as axis, as shown in 

Fig.1: 

  

Fig. 1. Type I spontaneous parametric down-conversion 

  

Fig. 1. Type I spontaneous parametric down-conversion

This type produces two-photon state entangled in time, space and frequency.
Type II parametric down-conversion can be expressed as e → e + o, i.e. the two
photons produced are mutually perpendicular in polarization direction. It usually
adopts frequency degeneration, now the polarization-entangled two-photon pairs can
be produced, as shown in Fig.2

The distribution of parametric light includes two tapers in the case of nonlinear
matching. In the figure, the upper half circle is e light and the lower half circle is
o light, whose two crossing points may be e light or o light. In this way, a pair of
photons in these two directions forms polarization-entangled photon state. In 1999,
Kwait, et al. suggested a new method of producing polarization-entangled twin
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Fig.1: 

  

Fig. 1. Type I spontaneous parametric down-conversion 

  

Fig. 2. Type II parametric down-conversion

photons, i.e. adopted type I nonlinearly phase-matched BBO crystal, when the two
crystals were bonded, the optical axis of two crystals are in two orthogonal planes,
when a beam of polarized pump light is radiated into this interwoven crystal, a
polarization-entangled twin photons are produced. A large advantage of this method
is to conveniently produce non-maximally entangled state by just changing polarized
state of pump light.

The entanglement source brightness and entanglement degree of this preparation
method are all close to leading level of international like research. Besides, our en-
tanglement source is also featured with adjustability of parameter, i.e. it cannot only
produce the common maximal entangled state, but also can conveniently produce
non-maximal entangled states of various entanglement degrees, with entanglement
degree easy for control. This provides a powerful and convenient tool for research
on change of various properties of entangled state. We also used this kind of en-
tanglement source to prepare another important mixed entangled state in quantum
informatics-Werner state. The scheme adopted made the entangled components in
Werner state controllable. The Werner state can be directly used for experimen-
tal study on entanglement purification, which is of great importance for theoretical
research, experimental research or even research on practicability for quantum com-
munication.

3.3. Prepare atom entangled state in cavity QED

A two-level atom is equal to a particle whose spin is 1
2 , and the detection efficiency

for atom can be basically reach 1000/0. Furthermore, the atom is highly spatially
separable. Thus, to prepare entangled state in cavity QED is a significant subject.

In cavity QED, quantum state evolution of atom—optical cavity system can be
described with Jaynes—Cummings model. Phoenix, et al., Kudryavtseu, et al.,
and Cirac et al., respectively suggested two-atom EPR state. In 1997, the research
group of Ecole Normale Supérieure successfully prepared EPR state in experiment
by injecting an atom which is initially in excited state |e〉 into an optical cavity
which is initially vacuum, and after π

2 Rabi rotation, following is obtained:

|Ψ〉1 =
1√
2

(|e, 0〉+ |g, 1〉) (7)

To read out state of light field requires an atom in ground state |g〉 to enter the
optical cavity to be subjected to Rabi rotation with phase of π, then the two atoms
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are in following entangled state:

|Ψ〉2 =
1√
2

(|e, g〉 − |g, e〉) . (8)

Above methods were produced when atom and optical field resonate and interact.
In 2000, Zheng and Guo suggested directly injecting two two-level atoms into a non-
resonant cavity field to prepare two-atom entangled stage. Then the research group
of Ecole Normale Supérieure successfully applied this theoretical scheme to exper-
iment. What follows was popularization of this theory to preparation of multiple
atoms entangled state.

4. Experimental analysis

4.1. Experiment setup

The experiment was in three parts:
1) Part 1 (built light path, as shown in Fig.3), firstly, according to the core map

for the principle part of this application form, referred to the parameters of each
device provided by laboratory, made theoretical calculation, prejudged pattern of
SP-DC optical field and spatial position of entangled point, designed and planned
reverse lighting path system, pre-set positions of devices. Then, used high-resolution
spectrograph and large-travel precision displacement instrument to look for approx-
imate position of entangled point, and further collected and analyzed the correlation
of spectral information and intensity of SPDC optical field near entangled point with
positional change, and measured the spatial position curve of light with wavelength
of 806nm near entangled point, then described spatial distribution in the condi-
tion of SPDC frequency degeneration using curve shape, to promote understanding
the generation mechanism of optical field. This part also serves as the instructive
technology index for the experiment in part 2.

 

  
Fig. 3. Analytic system diagram of SPDC optical field

[1. Laser 2,3. Visible light reflector 4. Focusing lens 5. Main BBO crystal 6. Tail
light collecting vessel 7,8. Infrared reflector 9,10. Large travel travelling platform
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11,12. Optical fiber collimator 13,14 Spectrograph 15. Computer system (configured
with spectrograph collection control software)

2) Part 2. Based on part 1, connected the received optical signal into single pho-
ton counter near entangled point, measured decay curve of single-channel counting
and took it as area coverage information for looking for spatial positions of entangled
point. This part also provides data technology direction for building entanglement
source in part 3. .

3) Part 3, as shown in Fig.4, built light path, added analyzer via twin chan-
nels to analyze data change to precisely determine the position of entangled point,
then disconnected spectrograph, and connected the signal to single photon counter-
electronic screening and coincidence analytic system, added compensation, made
slight adjustment. Completed overall experimental process of building entanglement
source, collected data and drew up coincidence counting analytical curve, substituted
the key data into exporting form of Bell inequation-CHSH inequation, and tested
calculation result of inequation, thereby judging whether entanglement source was
successfully built and the receiving efficiency of entanglement source was high or
low, and verifying basic concepts of quantum mechanics, to achieve the set target of
experiment.

 

  
Fig. 4. Performance testing system diagram for entanglement source

[1. Laser 2,3. Visible light reflector 4. Focusing lens 5. Main BBO crystal
6. Tail light collecting vessel 7,8. Infrared reflector 9,10. Broadband half-wave
plate 11,12. Compensating BBO crystal; 13,14 Analyzer 15. Monomode optical
fiber collimator 17,18. Single photon counter 19. Electronics system 20. Computer
system 21.Oscillograph system]

4.2. Result analysis

As shown in Fig.3, configured light path and device, collected down-conversion
spatial map at 806nm near the entangled points, as shown in Fig.5. The curve result
in the figure clearly shows the condition in the neighborhood of intersecting point
for 806 nm aureole. According to the principle of this experiment, the intersecting
point is just the entangled point, thereby completing the analysis on focused SPDC
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optical field, and then assisted looking for the preliminary positioning for inter-
umbrella position of entangled point.

 

  
Fig. 5. Space map of down-conversion at 806nm near entangled point

Converted the spectrograph system in Fig.4 into single photon counter, collected
decay pattern of transverse and longitudinal counting rate near entangled point, as
shown in Fig.6 (background noise grade was 1,400). The curve in the figure shows
descending condition of single-channel data near the entangled point, and it can
be judged that the adjustable scope from preliminary positioning to pinpointing
is about 0.2mmX0.2mm. Besides, observation of the curve shows that outside the
aureole where the entangled point is located is sparse area of photons.

 

(a) Longitudinal 

 

(b) Transverse 
  

Fig. 6. Decaying of longitudinal and transverse counting rate near entangled point
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General analysis on experimental data result: The analysis on SPDL optical field
visually and vividly presents the spatial position of entangled point, and further
shows the change of strength of photons near entangled point, thereby conducing
to deepen the understanding of down-conversion optical field and technological de-
tails for spatial positioning of entangled points, also realizing orderly and quick next
precision spatial positioning of entangled point The entanglement source was suc-
cessfully built via this method with good quality delivered, which speaks volumes
for the fact that the experimental method perfectly kept original technical quality of
entanglement source while optimizing, thereby proving the success of this method.

5. Conclusion

By measuring SPDC optical field near entangled point with high-sensitivity spec-
trograph, the paper researches the preparation of entangled state of phase matched
two-photon under spontaneous parameters, and compares with theoretical result,
thereby deepening the cognition of formation mechanism of SPDC optical field and
promoting understanding of the concept of quantum entanglement and experimen-
tal phenomenon. Lastly it uses numerical calculation method to research dynamics
characteristics of entanglement between two subsystems in the system and discusses
the influence of change of coupling coefficient between cavity fields on the entangle-
ment characteristics between two subsystems, and further applies this data result to
assist positioning entangled point’s position in optical field to assist building two-
photon polarized entanglement source, thereby reducing the operational difficulty in
such traditional entanglement source experiment and shortening the time needed to
complete entanglement source experiment.
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