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I.  INTRODUCTION 
 

 Electromagnetically induced transparency (EIT) [1] is 
a quantum interference effect that permits propagation of 
light through an opaque atomic medium without attenua-
tion. Early experimental studies of EIT were mainly carried 
out in rubidium atoms and concerned with three-level 
systems (mainly systems), which are elementary systems 
for studying EIT. They could form lambda, vee or cascade 
configurations [13]. EIT manifests itself as a narrow 
window of transparency within the absorption profile and it 
is accompanied by a step, positive dispersion of the 
refractive index. It was first proposed theoretically in 1989 
[2] and experimentally verified in 1991 [3]. Since then, 
theoretical and experimental studies of EIT have attracted 
great attention due to their potential applications in many 
fields, such as low light nonlinear optics [4], quantum 
information [5], atomic frequency standard [6], physics of 
semiconductor quantum wells and quantum dots [14-21], 
photonic crystals [22] and so on. Several excellent reviews 
on the progress in EIT and other quantum coherence 
phenomena are available [23-29] giving a deeper insight 
into the subject and providing lists of original references. 
 Recently, many groups explored the EIT phenomena 
using the laser cooled atoms. The cold atoms are confined 

in a magneto-optical trap (MOT) [7]. There are several 
advantages in the cold atoms [8]. Firstly, because of the 
low temperature of the cold atoms (below mK), the 
Doppler broadening effect is effectively eliminated. This 
allows the coupling and the probe beams to propagate in 
arbitrary directions and to have various kinds of polariza-
tions configurations in the experiments of studying the 
quantum coherence phenomena. The flexibility of the 
experimental arrangements and the degree of freedom of 
the studies are improved. Secondly, the motion of cold 
atoms is very slow. It follows that we could have a very 
high density sample of cold atoms for the studies and the 
collision perturbation is still negligible. The lower collision 
rates in the cold atomic sample reduce greatly the 
decoherence rate. The recent studies on EIT and the related 
phenomena in the cold atoms provided intensive 
understanding of the atomic coherence and interference in 
the fundamental interaction between the light field and the 
atoms. 
 Some studies of EIT in the cascade configuration have 
been made before [9], but when the degeneration of the 
Zeeman levels are taken into account, we have the 
multilevel cascade systems. Although essential physics 
about EIT has been understood well from the studies of the 
simple three-level systems, there are several interesting 
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features in the complicated multi-level systems [10]. In 
their paper Wang and his coworkers have reported their 
experimental study of EIT in a multi-level cascade system 
in cold 85Rb atoms. It has been shown that the experimental 
measurements agree well with the theoretical calculations. 
 Recently, the Warsaw Group of Physicists have per-
formed a similar experiment and observed a resonance of 
enhanced transparency (transparency window) in the ab-
sorption profile of a weak probe beam (p) in the presence 
of a strong beam (c) beam. The probe and coupling beams 
were approximately at 60° and with orthogonal polariza-
tions. In our previous papers [30, 31], we have calculated 
theoretically the EIT spectra using the master equation 
introduced in [10] for a five-level model approximation. 
Our theoretical results are in good agreement with the 
experimental data obtained by Warsaw Group. 
 In this paper we will use a four-level scheme for the 
lambda configuration for describing other experimental 
observations performed also by Warsaw Group [32]. 
Obtained results are in good agreement again with the 
experimental data. 
 
 

II.  MASTER  EQUATION   
FOR  THE  FOUR-LEVEL  EIT  SYSTEM 

 
 A 4-level model of the electromagnetically induced 
transparency (EIT) in Λ-configuration was considered. The 
states in Fig. 1 correspond to the following atomic states 

  
1/2 1/2

1/2 1/2

1 5   ( 2),  2   5  ( ' 2),   

3 5   ( 3),  4   5   ( ' 3).

S F S F

P F P F

= = = =

= = = =
 (1) 

 The strong beam ωc couple the state 1  with states 3  
and 4 ,  while the weak probe beam ωp brings about 
a transitions 2  to 3  and ∆1= ωp – ω32, ∆2

 = ωc – ω31 are 
detunings. Where ω32 and ω31 are resonance frequencies, 
while Ωp = μ32Ep/ħ and Ωc = μ31Ec/ħ are Rabi frequencies 
(δ1 = ω21, δ2 = ω43). 
 The evolution of the atomic variables in the interaction 
and RWA approximation is governed by the master 
equation 
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 The total Hamiltonian of 4-level system can be written 
as 
  0 IH H H= + . (3) 

 

Fig. 1. The four-level scheme 

 
 Here H0 is the unperturbed Hamiltonian 
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and HI is the atom-field interaction Hamiltonian 
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 The Hamiltonians H0 and HI in Eqs. (3)-(5) are 
expressed in the basis of selected states where ij i jσ =  
(i, j = 1, 2, 3, 4) are population-operator for i = j, and dipole 
operator for i j.≠  Decay of an atom in Eq. (2) from level 
i to level j is described by the formulae 
 

  ( )1 2
2ij ji ij ij ji ij jiL .ρ σ ρσ σ σ ρ ρσ σ= − −  (6) 

 Parameters a41 = μ41/μ31, b42 = μ42/μ32. γij is the rate 
spontaneous emission for transition from level i to level j. 
 The probe absorption signal can be obtained from the 
density matrix Eq. (2) by solving them numerically or 
analytically under the steady state condition, i.e.  

  0
t
ρ∂ =

∂
. (7) 

 We numerically solve the rate equations in the steady 
state regime for different values of pump and probe 
detunings. The probe absorption signal is proportional to 
the imaginary part of the ρ2j (j = 3, 4). We can write it as: 

  ( ) ( )
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III.  COMPARISON  WITH  THE  EXPERIMENTAL 
DATA  OF  WARSAW  GROUP 

 
 In the experiment of Warsaw Group [12] the tempera-
ture of atom cloud is about 100 μK. The diameter of 
coupling beam is approximately equal to 2 mm, its power 
is 400 mW. The weak probe beam has the diameter 0.7 mm 
and the power 100 mW.  
 Our results for the transition 5S1/2 (F = 3) → 5P3/2 (F' = 3) 
are compared with experimental data in Fig. 2 and Fig. 3. The 
experimental data are denoted by solid lines and the dashed 
lines correspond to the our numerical calculations. In Fig. 2, 
detuning of the coupling beam in the experiment is around 
150 MHz, whereas in Fig. 3 it is approximately 90 MHz. 

  

 
Fig. 2. Transmission rate as the function of probe beam detuning. 
Solid line corresponds to the experimental results of Warsaw 
Group with coupling beam detuning approximately equal to 
150 MHz. Theoretical results are plotted as dashed line (for the 
                       parameters see in the text) 

 

 
Fig. 3. The same as in Fig. 2 but for experimental results 
corresponding to the coupling beam detuning approximately equal 
to 90 MHz. Values of parameters involved in the theoretical 
                               problem are given in the text 

 
 In Fig. 2, we have the following values of parameters 
involved in our model: a41 = 0.9, b42 = 1, δ2 = 70 MHz, 
Ωc = 34 MHz, Ωp = 3 MHz, Δ2 = 150 MHz, γ31 = γ32 = 1 MHz, 
γ41 = 0.5 MHz and γ42 = 10 MHz, whereas in Fig. 3: 
Δ2 = 90 MHz, γ31 = 0.5 MHz, γ32 = 0.25 MHz, γ41 = 3 MHz, 

γ42 = 10 MHz and other parameters are the same as before. It 
follows that the calculations based on the master equation 
generally agree with the experimental results. However, the 
model proposed in this paper should be extended to the case 
when additional Zeeman sublevels will be taken into ac-
count. This is the subject of our further publications. 

 We would like to express our deep gratitude to the 
Warsaw Experimental Group of Polish Academy of Science 
for giving us their experimental data before publications. 
 
References 
 
   [1] M.D. Lukin, A. Imamoglu,  Nature 413, 273 (2001). 
   [2] A. Imamoglu, S.E. Harris, Opt. Lett. 14, 1344 (1989). 
   [3] K.J. Boller, A. Imamoglu, S.E. Harris, Phys. Rev. Lett. 66, 

2593 (1991). 
   [4]  S.E. Harris, L.V. Hau, Phys. Rev. Lett. 82, 4611 (1999). 
   [5]  M. Paternostro, M.S. Kim, B.S. Ham, Phys. Rev. A67, 

023811 (2003). 
   [6]  S. Knappe, J. Kitching, L. Hollberg, Appl. Phys. Lett. 81, 

553 (2002). 
   [7]  Cao Long Van, Dinh Xuan Khoa, Marek Trippenbach, 

Introduction to Nonlinear Optics, Vinh 2003. 
   [8] Y.C. Chen, C.W. Lin, I.A. Yu, Phys. Rev. A61, 053805, 

(2000). 
   [9]  J. Clarke, H.X. Chen, W.A. van Wijngaarden, Appl. Opt. 

40, 2047 (2001). 
 [10]  J. Wang et al., Phys. Lett. A328, 437 (2004). 
 [11]  M.S. Safronova, C.J. Williams, C.W. Clark, Phys. Rev. A69, 

022509 (2004). 
 [12]  A.M. Glodz et al., to be published and K. Kowalski, 

Elektromagnetycznie wymuszona przezroczystość w zim-
nych atomach rubidu w pułapce magneto-optycznej, PhD 
thesis (in polish), Institute of Physics, Polish Academy of 
Sciences, Warsaw 2008. 

 [13]  J.R. Boon, E. Zekou, D. McCloin, M.H. Dunn, Phys. Rev. 
A59, 4675 (1999). 

 [14]  M. Phillips, H. Wang, Opt. Lett. 28, 831 (2003). 
 [15]  G.B. Serapiglia et al., Phys. Rev. Lett. 84, 1019 (2000). 
 [16]  M.C. Phillips, H. Wang, Phys. Rev. Lett. 89, 186401 (2002). 
 [17]  W.W. Chow, H.C. Schneider, M.C. Phillips, Phys. Rev. 

A68, 053802 (2003). 
 [18]  M.C. Phillips et al., Phys. Rev. Lett. 91, 183602 (2003). 
 [19]  J. Houmark et al. J. Phys. Conf. Ser. 107, 012005 (2008). 
 [20]  Y. Wu, X. Yang, Phys. Rev. A71, 053806 (2005). 
 [21]  S. Marcinkievicius, A. Gushterov, J.P. Reithmaier, Appl. 

Phys. Lett. 92, 04113 (2008). 
 [22]  H. Gersen, Phys. Rev. Lett. 94, 073903 (2005). 
 [23]  E. Arimondo, Prog. Opt. 35, 257 (1996). 
 [24]  S.E. Harris, Phys. Today 50, 36 (1997). 
 [25]  J.P. Marangos, J. Mod. Opt 45, 471 (1998). 
 [26]  R.W. Boyd, D.J. Gauthier, Prog. Opt. 43, 497 (2002). 
 [27]  M.D. Lukin, Rev. Mod. Phys. 75, 457 (2003). 
 [28]  M. Fleischhauer, A. Imamoglu, J.P. Marangos, Rev. Mod. 

Phys. 77, 633 (2005). 
 [29]  A. Andre et al., J. Phys. B38, 5589 (2005). 
 [30]  V. Cao Long, K. Dinh Xuan, T. Bui Dinh, H. Nguyen Viet, 

Comm. in Physics 18, 146 (2008). 
 [31]  K. Kowalski et al., J. of Non-Crystalline Solids, 355, 1295 

(2009). 



B. Brzostowski, V. Cao Long, K. Dinh Xuan, B. Grabiec, S. Vu Ngoc, A. Żaba 16

 

BARTOSZ BRZOSTOWSKI works at the Institute of Physics of the University of Zielona Góra, Poland. He 
received Ph.D. degree in Physics in 2003 from University of Wrocław. His main areas of interest include 
quantum optics, solid state physics and several topics in molecular physics (mainly magnetic molecules). 

 

CAO LONG VAN was born in 1952 in Hanoi, Vietnam. He graduated from Warsaw University in 1976 with 
an MSc degree in Theoretical Physics. His master thesis was entitled “Callan-Symanzik Equation and 
Transition Probabilities” and was written under the supervision of Prof. Iwo Białynicki-Birula. In 1979, he 
defended his PhD dissertation entitled “Phase Representation in Quantum Optics”, also supervised by Prof. 
I. Białynicki-Birula. He habilitated in 1987 in Center of Theoretical Physics, Polish Academy of Sciences 
in Warsaw with a thesis entitled “Noises in Quantum Optics”. His research interests concern several topics 
in Quantum and Nonlinear Optics. 

 

DINH XUAN KHOA graduated from Vinh University, Vietnam, with a major in physics in 1981. He 
completed a PhD course in Quantum Optics in 1996. His doctoral thesis entitled “Generative Kinetics of 
Dye Lasers” was supervised by Prof. Cao Long Van and Prof. Dao Xuan Hoi. His field of interests covers 
a large variety of topics in Quantum and Nonlinear Optics. He is exceptionally interested in Soliton Theory 
and research concerning long-distance optical communication systems. Recently, Prof. Dinh Xuan Khoa 
has been a deputy rector of Vinh University. 

 

BOGDAN GRABIEC was born in Jastrzębie Zdrój, Poland. He received the Ph.D. degree in Physics in 2002 
from University of Silesia. He is working at the Institute of Physics, the University of Zielona Góra. His 
research interests concern quantum optics and physics solids state. 

 

SAU VU NGOC was born in Thanh Hoa province, Vietnam. He graduated, with a major in Physics, from 
Vinh University in 1976. He completed a PhD course in Quantum Optics in 1996. His doctoral thesis 
entitled “Two-photon pumped Dye Lasers”. Since 2001 he has been selected as the dean of faculty of 
technology. His field of interests covers a large variety of topics in Quantum and Nonlinear Optics, Laser 
physics, Atomic and molecular Physics.   

 

AGNIESZKA ŻABA was born in 1985 Szprotawa, Poland. She graduated from the University of Zielona 
Góra in 2009 with an MSc degree in Physics. Her master thesis was entitled „Influence of hiperfine 
structure on electromagnetically induced transparency in cold rubidium atoms” and was written under the 
supervision of Prof. Cao Long Van. She is interested in quantum optics. 

  

                                                 
 
COMPUTATIONAL METHODS IN SCIENCE AND TECHNOLOGY  Special Issue (2) 13-16  (2010) 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




