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Abstract The quantum correlation between a pair of photons, emitted by a Δ-type atom, is
calculated. The correlation show anti-bunching property, and the second correlation function
is dependent on classical field Ω . So we can control the magnitude of the joint detection
probability by adjusting the driving field. In addition, Δ-type atom can also work as storage
and retrieving apparatus.

1 Introduction

The generation of high intensity correlation photon source as a current interesting subject
has been studied by many authors. Correlated pairs are very useful because it can be used
in quantum information such as quantum memory [1], quantum communication [2], and
in controllable few-photon pulse generation [3]. Such pairs can also be used for enhancing
of resolution in quantum microscopy and lithography [4–6]. The stokes-anti-stokes Raman
emission (RED) as a scheme to produce high intensity correlation were discussed in the
early works of Agarwal and Jha [7] and Scully and Druhl [8]. A serious of experiments
has also been done by several groups [1–3, 9, 10]. The quantum correlation in a three or
four level atomic system have shown strong anti-bunching feature and have a controllable
correlation [2, 10, 11]. Scully [12] have shown that using strong correlated photon in Raman
emission the magnitude of the joint detection probability can be controlled by the classical
field.

In this paper, we study two-photon correlation in a three-level atom driven by a classi-
cal field. Our three-level atomic system can be a cascade or so-called atomic cyclic Δ-type
system [13, 14]. Reference [14] shows us that the three-level atoms with Δ-type transition
can be used to perform quantum information transformation because information can be
transfered from one quantized optical mode to another. We investigate the two-photon cor-
relation function, and found that the correlation function have the similar behavior to that
of RED [12], which means the correlation can be controlled by the driving field Ω . If we

Y.H. Ma · Q.X. Mu · L. Zhou (�)
School of Physics and Optoelectronics, Dalian University of Technology, Dalian 116024, China
e-mail: zhlhxn@dlut.edu.cn



Int J Theor Phys (2007) 46: 3242–3246 3243

look q photon as preparing and k photon as retrieving of atomic state, atomic memory can
be achieved.

2 Calculation of Two Photon Correlation

In this section, we present the calculation of two photon correlation. We consider a three-
level atom driven by a classical field. The atomic level configuration is depicted in Fig. 1.
The classical driving field is resonant with the atomic transition |a〉 ↔ |c〉. In the interaction
picture, the full Hamiltonian for the scheme shown in Fig. 1 is given by

Ĥ = �Ω|a〉〈c| +
∑

k

�g∗
k (r0)ak|a〉〈b|e−i(ωab−ωk)t

+
∑

q

�g∗
q(r0)aq |b〉〈c|e−i(ωbc−ωq)t + h.c., (1)

where Ω is Rabi frequency associated with the classical field. gk(r0), gq(r0) are the coupling
frequency for photon emissions between level |a〉 ↔ |b〉 and |b〉 ↔ |c〉. |i〉〈j | (i, j = a, b, c)
are the atomic operator, ak(a

+
k ) and aq(a

+
q ) are the annihilation (creation) operators of pho-

ton k and photon q .
The wave function method had been used in treating RED [12] as well as CED (cascade

emission doublet) [15]. If the reabsorption is weak,the approximation of cutting wave func-
tion is used [12]. Here, we also employ this method to calculate the correlation function and
cut the wave function at the first cycle. We assume that initial state of the atom is in the state
|b〉 and the field modes are in the vacuum state |0〉. The corresponding atom-field state of
the system can be written as

|Ψ (t)〉 = c0(t)|b,0〉 +
∑

q

cqc(t)|c,1q〉

+
∑

q

cqa(t)|a,1q〉 +
∑

kq

ckq(t)|c,1k,1q〉. (2)

Using the Schrödinger equation, we obtain the equations of motion for the probability am-
plitudes c0(t), cqa(t), cqc(t) and ckq(t) as

iċ0(t) =
∑

q

g∗
q(r0)cqc(t)e

i(ωbc−ωq)t , (3)

i ˙cqa(t) = Ωcqc(t) +
∑

k

g∗
k (r0)ckq(t)e

i(ωab−ωk)t , (4)

Fig. 1 The Δ-type atomic
configuration
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i ˙cqc(t) = Ω∗cqa(t) + gq(r0)c0(t)e
−i(ωbc−ωq)t , (5)

i ˙ckq(t) = gk(r0)cqa(t)e
−i(ωab−ωk)t . (6)

In order to determine the state of atom and the state of the radiation field, we solve the
above equations with the Weisskopf–Wigner approximation [15], and have the relations∑

k |gk(r0)|2 = Γa,
∑

q |gq(r0)|2 = Γb , where Γa and Γb means the atomic decay rate from
state |a〉 to |b〉 and |b〉 to |c〉 respectively. We have

ċ0(t) = −Γbc0(t), (7)

˙cqa(t) = −iΩcqc(t) − Γacqa(t), (8)

˙cqc(t) = −iΩ∗cqa(t) − igq(r0)c0(t)e
−i(ωbc−ωq)t , (9)

˙ckq(t) = −igk(r0)cqa(t)e
−i(ωab−ωk)t , (10)

here, Ωd =
√

|Ω|2 − ( Γa

2 )2. Solving the last differential equation, we obtain cqa(t) as

cqa(t) = gq(r0)Ω

2iΩd

[
e(− Γa

2 +iΩd )t

( Γa

2 − Γb − iΔ2 − iΩd)
− e(− Γa

2 −iΩd )t

( Γa

2 − Γb − iΔ2 + iΩd)

− 2iΩde
−(Γb+iΔ2)t

( Γa

2 − Γb − iΔ2 − iΩd)(
Γa

2 − Γb − iΔ2 + iΩd)

]
, (11)

where Δ1 = ωab − ωk , Δ2 = ωbc − ωq . We are most interested in the state of the field for
time t � Γ −1

a ,Γ −1
b . So we want to know ckq(∞) as c0(∞), cqc(∞) and cqa(∞) tend to

zero and deduce

ckq(∞) = gk(r0)gq(r0)Ω

2Ωd

1

−Γb − iΔ1 − iΔ2

×
{

1

−Γa

2 + iΩd − iΔ1
− 1

−Γa

2 − iΩd − iΔ1

}
. (12)

As in the long time limit, c0(t), cqc(t) and cqa(t) are all zero, and the radiation field is given
by

|Ψ (∞)〉 =
∑

kq

ckq(∞)|1k,1q〉. (13)

The second order two photon correlation function in the atomic cascade emission system is
as

G(2)(1,2) = 〈Ψ |E(−)

1 E
(−)

2 E
(+)

2 E
(+)

1 |Ψ 〉
= 〈Ψ |E(−)

1 E
(−)

2 |0〉〈0|E(+)

2 E
(+)

1 |Ψ 〉
= |Ψ (2)(1,2)|2, (14)

where Ψ (2)(1,2) = 〈0|E(+)

2 E
(+)

1 |Ψ 〉 in which E(+) is the positive frequency (annihilation
operator) part of the electric field operator.
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We first detect q photon then k photon, finally we have

Ψ (2)(r1, t1; r2, t2) = ηe−(iωbc+iωab+Γb)τ1Θ(τ1)e
−(

Γa
2 +iωab)(τ2−τ1) sin[Ωd(τ2 − τ1)]

× Θ(τ2 − τ1) + (1 ↔ 2), (15)

where η = 2iκΩ
Δr1Δr2Ωd

, κ = (2π)4k0ga,k0gb,q0σ(k0)σ (q0), so the corresponding second order
correlation is

G(2)(r1, t1; r2, t2) = |η|2e−Γbτ1Θ(τ1)e
−Γa(τ2−τ1)

× sin2[Ωd(τ2 − τ1)]Θ(τ2 − τ1) + (1 ↔ 2). (16)

This is the main result of our calculation and we will discuss the behavior of the correlation
function.

3 Result and Discussion

We plot the second correlation function in Fig. 2 with different field strengths. From the
figure, we can clearly see that curves of correlation function vanish at τ2 − τ1 = 0, indicating
the anti-bunching. This is because once the q photon is emitted, the atom goes to the state
|c〉 and needs to be pumped to the state |a〉 for emission of k photon. Thus, for Ω > Γa

4 ,
the two-photon correlation is also a oscillation function of the pumping Ωd . A decaying
oscillation is a quantum interference effect or a Rabi oscillation of the atom between |b〉
and |a〉. One can also see that quantum interference is destructed when τ2 − τ1 = nπ

Ωd
(n =

0,1,2, . . .), and correlation becomes zero. If Ω = Γa

4 , the oscillation factor sin[Ωd(τ2 −
τ1)]/Ωd → τ2 − τ1, from (14) and (15), one can easily see G(2)(r1, t1; r2, t2) → Ω(τ2 −
τ1)

2e− Γb
2 τ1Θ(τ1)e

− Γa
2 (τ2−τ1)Θ(τ2 − τ1) + (1 ↔ 2) (see Fig. 2(b), here we plot it under the

case Ω = Γa

2 ).
In the case of Ω < Γa

2 , using the similar manner G(2)(r1, t1; r2, t2) becomes

G(2)(r1, t1; r2, t2) → e−Γa(τ2−τ1) sinh2[Ω ′
d(τ2 − τ1)]Θ(τ2 − τ1) + (1 ↔ 2), (17)

with Ω
′
d = √

(Γa/2)2 − |Ω|2. In this case, namely over-damped case G(2)(r1, t1; r2, t2) is
very weak shown in Fig. 2(c). It is understandable in physics because if classical Ω is

Fig. 2 (Color online) The two
photons correlation function
G(2)(r1, t1; r2, t2) for a cyclic
Δ-type atom as a function of
retarded time τ2 − τ1. The three
curves is corresponding to three
differently cases (a) Ω = 5Γa ;
(b) Ω = 0.5Γa ; (c) Ω = 0.4Γa
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too weak, correlation will also be weak. Therefore, one can conclude that the correlation
are strongly affected by the classical strength Ω . On the other hand, although our atomic
configuration can also be viewed as a cascade system, our system shows anti-bunching,
different with usually bunching behavior of CED [15]. This is because the different initial
condition and the introduction of classical field. The most important difference is that our
system can be used as quantum memory while usually CED can not. We will state it in
succeeding paragraph.

Now we want to discuss potential application of our Δ-type atomic system in quantum
information. As it was reported in Ref. [1], a atomic ensemble with “lambda” configuration,
coupled by a pair of optical controls fields, can work as information storage and retrieval
because of Stokes photon and Anti-Stokes photon correlation. In our scheme, if we code
information in state |b〉 when we prepare the initial state, the information will be carried in
q photon when the atom goes to state |c〉; and the information is stored in state |c〉. In the
second process, after the retrieve field Ω drive the atom from |c〉 to |a〉, k photon field will
be created and the information can be retrieved. The storage time (delay time) and the rate
of retrieval are controlled by the intensity of field Ω . So, Δ-type atomic system also can
also promise to work as quantum information apparatus.

4 Conclusion

We have calculated the two-photon correlation between a pair of photons in a Δ-type
atomic system. According to the result of calculation, anti-bunching behavior of photons
is shown in the cyclic three-level atom. Another feature is that the second correlation func-
tion G2(r1, t1; r2, t2) is dependent on classical field Ω . So we can control the magnitude of
the joint detection probability by the driving field. In addition, if we look on q photon as
preparing and k photon as retrieving of atomic state, quantum information process can be
achieved.
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8. Scully, M.O., Drűhl, K.: Phys. Rev. A 25, 2208 (1982)
9. Chou, C.W., Polyakov, S.V., Kuzmich, A., Kimble, H.J.: Phys. Rev. Lett. 92, 213601 (2004)

10. Balic, V., Braje, D.A., Kolchin, P., Yin, G.Y., Harris, S.D.: Phys. Rev. Lett. 94, 183601 (2005)
11. Patnaik, A.K., Agarwal, G.S., Ooi, C.H.R., Scully, M.O.: Phys. Rev. A 72, 043811 (2005)
12. Scully, M.O., Ooi, C.H.R.: J. Opt. B 6, 816 (2004)
13. Liu, Y.X., You, J.Q., Wei, L.F., Sun, C.P., Nori, F.: Phys. Rev. Lett. 95, 087001 (2005)
14. Li, Y., Zheng, L., Liu, Y.X., Sun, C.P.: Phys. Rev. A 73, 043805 (2006)
15. Scully, M.O., Zubairy, M.S.: Quantum Optics. Cambridge University Press, Cambridge (1997)


	Quantum Correlations Between a Pair of Photons in a Delta-Type Atom
	Abstract
	Introduction
	Calculation of Two Photon Correlation
	Result and Discussion
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


