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Abstract  

The effect of changing the value of Rabi frequency has been studied in six level atomic 

system, Optical Bloch equations where used as the main tool   to get the final shape of 

the model to treat the model. In this work we present a theoretical study of the non-linear 

optical properties of materials as a result of their interaction with laser radiation in 

resonance state. Density matrix was used in our formulation of Optical Bloch Equation. 

These equations were solved using Matlap program for Six-levels Inverted-Y Atomic 

Systems. A formula for calculation of electrical susceptibility was obtained.  With 

increasing the real and imaginary parts of the electric susceptibility have also increased 

gradually which effects the index of refraction of the medium (real part), and the 

absorption window (described by the imaginary part). Moreover, when increasing the real 

and imaginary parts of the electric susceptibility decreased and we noticed that with 

increasing the value of the signal laser field related to transition |2⟩ ↔ |6⟩a distortion starts 

to appear on both real and imaginary parts. 

Key Words: Rabi frequency, Density matrix, electrical susceptibility, laser, Optical 

Bloch equations. 
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ذات الستة المقلوبة  Y تأثير تردد رابي على القابلية الكهربائية للأنظمة الذرية من نوع 
 المستويات

 سعاد ابوالقاسم مجاور، ايمان عمر معافى، سعاد محمد ابوزريبة، اسراء محمد بن احميدة
 جامعة مصراتة –كلية العلوم  –قسم الفيزياء

Suadabu@yahoo.com 

 الملخص
لضوئية كأداة اتم دراسة تأثير تغيير قيمة تردد رابي في نظام ذري بستة مستويات، حيث تم استخدام معادلات بلوخ 

رئيسية للحصول على الشكل النهائي للنموذج لمعالجة النموذج. في هذا العمل نقدم دراسة نظرية للخصائص البصرية 
غير الخطية للمواد نتيجة تفاعلها مع إشعاع الليزر في حالة الرنين. تم استخدام مصفوفة الكثافة في صياغتنا لمعادلة 

تم  .Y لات باستخدام برنامج ماتلاب للأنظمة الذرية ذات الستة مستويات المقلوبةبلوخ الضوئية. تم حل هذه المعاد
الحصول على صيغة لحساب القابلية الكهربائية. مع زيادة الأجزاء الحقيقية والتخيلية للقابلية الكهربائية زادت أيضًا 

علاوة  ص )الموصوفة بالجزء التخيلي(.تدريجيًا مما يؤثر على معامل انكسار الوسط )الجزء الحقيقي( ونافذة الامتصا
على ذلك، عند زيادة الأجزاء الحقيقية والتخيلية انخفضت القابلية الكهربائية ولاحظنا أنه مع زيادة قيمة مجال إشارة 

 .والتخيلية الحقيقية الأجزاء من كل على الظهور في التشويه يبدأ ⟨6| ↔ ⟨2الليزر المتعلقة بالانتقال |
 .تردد رابي، مصفوفة الكثافة، القابلية الكهربائية، الليزر، معادلات بلوخ الضوئية: حيةالكلمات المفتا

 

Introduction: 

Nonlinear optics is one of the important issues in optics. Nonlinear optical properties refer 

to the changes in a material's response when it interacts with high-intensity light. This 

interaction modifies the material's optical properties, transitioning from a linear to a 

nonlinear response. The interaction of light with matter has been studied in both quantum 

[1, 2], and semiclassical treatments [3]. In the semiclassical approach, atoms are treated 

quantum mechanically, where all the fields are treated as classical vector fields [4]. 

Nonlinear electric susceptibility one of the nonlinear properties, it contains both real and 

imaginary parts, the real part related to the index of refraction, and the imaginary part 

related to the absorption. The nonlinear absorption and refraction in multilevel system 

described by density matrix [5, 6]. In its simplest configuration, two electromagnetic 

fields excite an ensemble of three-level atoms in configuration and the optical properties 

of the atomic medium are described by the first-order complex electric susceptibility 

. Its real part Re { } is related to the index of refraction of the medium, the absorption 
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window is described by the imaginary part Im{ } [7, 8]. Furthermore, there are several 

studies on the four and five levels systems and their applications [9-13].The effect of the 

Rabi frequency on the electric susceptibility for 𝚲 -type atoms was studied and clear 

distortion has been seen in both the real and imaginary parts of the electric susceptibility. 

With increasing the Rabi frequency of the laser pulse that in resonance with the lower 

transition the distortion will produce a new peak in the electric susceptibility parts, both 

the real and imaginary ones [14]. 

In this paper we have studied the effect of changing Rabi frequency on the electric 

susceptibility of the six-levels inverted-Y atomic configuration interacts with three laser 

fields shown in figure(1).The analytical model is applied to  atom. 

,  

Figure (1) Six-levels Inverted-Y configuration 

The transition |1〉↔|2〉 is driven by a weak probe laser field of frequency  , and 

associated Rabi frequency of the first pulse in the resonance of the lower transition, 

The transition |6〉↔|2〉 is interacted with a signal laser field of frequency , and Rabi 

frequency . A strong coupling laser field with frequency  and Rabi frequency 

simultaneously couples transitions between the state |2〉, and three closely spaced states 

|3〉, |4〉 and |5〉. The frequency separations between the levels |3〉–|4〉 and |5〉–|3〉 are δ1 

and δ2, respectively 

Theoretical Treatment 
The non-linear response of a material system to an applied optical wave can be described 

by expressing the material polarization as a power series expansion in the electric field. 

The Hamiltonian 𝐻for the system can be written as [14]: 
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where describes the Hamiltonian for atom without presenting the electric field of the 

light, which is the laser. is the Hamiltonian of the interaction with the electric field of 

the laser. Now for six states |𝑛>with the condition: 

 

The Hamiltonian  can be written: 

  

  

The electric field equation of the three used lasers is:  

  

Where 𝜉𝑝, 𝜉𝑐 , 𝜉𝑠, are the amplitudes of the laser fields that has frequencies 𝜔𝑝, 𝜔𝑐, 𝜔𝑠

 

In the frame of rotating wave approximation, the interaction Hamiltonian can be 
written as: 
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with the elements 𝜚𝑛𝑚of the dipole operator ϱ = 𝑞𝑟̂ that satisfy the condition 𝜚𝑛𝑚= 

𝜚𝑛𝑚
∗= ⟩𝑛|𝜚|𝑚⟩ , The Rabi frequencies defined as: 𝛺𝑝 =

𝜉𝑝|𝑝12|

ℏ
،𝛺𝑐 =

𝜉𝑐|𝑝25|

ℏ
،Ω𝑠 =

𝜉𝑠|𝑝62|

ℏ
.       

This gives the interaction Hamiltonian with Rabi frequencies terms as: 

𝐻1 = −
ℏ

2
×

[
 
 
 
 
 
 

0 𝛺𝑝𝑒
𝑖𝜑𝑝𝑒𝑖𝜔𝑃𝑡 0 0 0 0

𝛺𝑝𝑒
−𝑖𝜑𝑝𝑒−𝑖𝜔𝑃𝑡 0 𝛺𝑐𝑒

𝑖𝜑𝑐𝑒𝑖𝜔𝑐𝑡 𝛺𝑐𝑒
𝑖𝜑𝑐𝑒𝑖𝜔𝑐𝑡 𝛺𝑐𝑒

𝑖𝜑𝑐𝑒𝑖𝜔𝑐𝑡 𝛺𝑠𝑒
𝑖𝜑𝑠𝑒𝑖𝜔𝑠𝑡

0 𝛺𝑐𝑒
−𝑖𝜑𝑐𝑒−𝑖𝜔𝑐𝑡 0 0 0 0

0 𝛺𝑐𝑒
−𝑖𝜑𝑐𝑒−𝑖𝜔𝑐𝑡 0 0 0 0

0 𝛺𝑐𝑒
−𝑖𝜑𝑐𝑒−𝑖𝜔𝑐𝑡 0 0 0 0

0 𝛺𝑠𝑒
−𝑖𝜑𝑠𝑒−𝑖𝜔𝑠𝑡 0 0 0 0 ]

 
 
 
 
 
 

(6) 

Using eq. (3) and (6) , we can rewrite eq.(1) as: 

 

  

Using the co-rotating frame, the time independent Hamiltonian becomes: 

 

The Hamiltonian in terms of the detuning:  where: , 

, gives: 
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�̃� =
ℏ

2

[
 
 
 
 
 
 

0 −𝛺𝑝 0 0 0 0

−𝛺𝑝 2(∆𝑝 − ∆𝑠) −𝛺𝑐 −𝛺𝑐 −𝛺𝑐 −𝛺𝑠

0 −𝛺𝑐 2(∆𝑝 − ∆𝑐) 0 0 0

0 −𝛺𝑐 0 2(∆𝑝 − ∆𝑐 + 𝛿1) 0 0

0 −𝛺𝑐 0 0 2(∆𝑝 − ∆𝑐 − 𝛿2) 0

0 −𝛺𝑠 0 0 0 0 ]
 
 
 
 
 
 

 (9) 

On the other hand, the density matrix can be defined as: 

 

where 𝑃𝑛is the probability of the occupation of the system in case 𝑛. The Von Neumann 

equation �̇� = [𝐻, 𝜌], for system under the study, using eq. (9) and eq. (10), the Von 

Neumann equation is: 
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For N atoms, the polarization using the density matrix is:

 

  

(

 
 
 
 

[
 
 
 
 
 
𝜌11 𝜌12 𝜌13 𝜌14 𝜌15 𝜌16

𝜌21 𝜌22 𝜌23 𝜌24 𝜌25 𝜌26

𝜌31 𝜌32 𝜌33 𝜌34 𝜌35 𝜌36

𝜌41 𝜌42 𝜌43 𝜌44 𝜌45 𝜌46

𝜌51 𝜌52 𝜌53 𝜌54 𝜌55 𝜌56

𝜌61 𝜌62 𝜌63 𝜌64 𝜌65 𝜌66]
 
 
 
 
 

[
 
 
 
 
 
 

0 �̂�12 0 0 0 0

�̂�21 0 �̂�23 �̂�24 �̂�25 �̂�26

0 �̂�32 0 0 0 0

0 �̂�42 0 0 0 0

0 �̂�52 0 0 0 0

0 �̂�62 0 0 0 0 ]
 
 
 
 
 
 

)

 
 
 
 

     (12) 

and polarization will be simply rewritten as: 

𝑃 = 𝑁(𝜌12�̂�21 + 𝜌21�̂�12 + 𝜌23�̂�32 + 𝜌24�̂�42 + 𝜌25�̂�52 + 𝜌26�̂�62 + 𝜌32�̂�23 + 𝜌42�̂�24 +

𝜌52�̂�25 + 𝜌62�̂�26) (13) 
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From the polarization P we can calculate the electric susceptibility for the system: 

  

From eq.(14) the real and imaginary parts are: 

  

  

Results and Discussion 

In this section, we apply the calculation results to 87Rb atom with the states shown in 

figure (1). and with the help of matlab software, we have calculated the electric 

susceptibility for different values of Ω𝑐and Ωs. Figure (2) represents the real and 

imaginary parts of the electric susceptibility with ,  ،

MHz. 

  

 

Figure(2): The real and imaginary parts of the electric susceptibility ( Ω𝒄= 1𝑴𝑯𝒛) 

∆𝒑 𝜸𝟏𝟑⁄ , Ω𝒑 = 𝟏. 𝟓MHz , Ω𝒔 = 𝟎. 𝟗 MHz,∆𝒄= 𝟎. 𝟔 MHz, ∆𝒔= 𝟎. 𝟖 MHz 

With increasing the value of Rabi frequency Ω𝑐between levels |2〉–|5〉at the same value 

of Ω𝑝 and Ωs, we notice increase in the values of both real and imaginary parts and the 

behavior stay the same. . Figure (3) shows that at Ω𝑐 = 2MHzwith the same parameters. 
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Figure(3): The real and imaginary parts of the electric susceptibility (Ω𝒄 = 2𝑴𝑯𝒛) 

∆𝒑 𝜸𝟏𝟑⁄ , Ω𝒑 = 𝟏. 𝟓MHz , Ω𝒔 = 𝟎. 𝟗 MHz,∆𝒄= 𝟎. 𝟔 MHz, ∆𝒔= 𝟎. 𝟖 MHz 

 

In figure (4) the increase in the value of both parts of the electric susceptibility becomes 

much clearer as we increase  Ω𝑐 𝑡𝑜 4MHz. 

 
Figure (4) The real and imaginary parts of the electric susceptibility (Ω𝒄 =4𝑴𝑯𝒛) 

∆𝒑 𝜸𝟏𝟑⁄ , Ω𝒑 = 𝟏. 𝟓MHz , Ω𝒔 = 𝟎. 𝟗 MHz,∆𝒄= 𝟎. 𝟔 MHz, ∆𝒔= 𝟎. 𝟖 MHz 

 

For different values of Rabi frequency, the real and imaginary parts of the electric 

susceptibility drown in figure (5) figure (6) to prove the conclusion that we have reach. 

 
Figure (5) The real part of the electric susceptibility  
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)𝒛𝑯𝑴4, 3,  2, 1= 𝒄Ω(∆𝒑 𝜸𝟏𝟑⁄   ,Ω𝒑 = 𝟏.𝟓MHz ,MHzΩ𝒔 = 𝟎. 𝟗  ,, ∆𝒔=MHz∆𝒄= 𝟎. 𝟔 

𝟎. 𝟖 MHz, 𝜸𝟏𝟐 = 𝟏MHz𝜸𝟏𝟑 = 𝟎. 𝟖 MHz , 𝜸𝟏𝟒 = 2 MHz, 𝜸𝟏𝟓 = 𝟎. 𝟔MHz ,𝜸𝟏𝟔 =

𝟏. 𝟓MHz,  𝝃𝒑 = 𝟓𝑽 𝒎⁄ 

Also we have calculated the electric susceptibility for different values of Ωs. figure(7) 

represents the real and imaginary parts of the electric susceptibility with

f rabi frequency Ωsat the same value of Ω𝑝 and Ωc. 

Figure(8) shows that at with the same parameters, we notice decrease in the 

values of both real and imaginary partsand a distortion starts to appear on both real and 

imaginary parts. In figure (9) the decrease in the value of both parts of the electric 

susceptibility becomes much clearer as we increase  . 

 

 
)𝒛𝑯𝑴4, 3,  2, 1= 𝒄Ωhe imaginary part of the electric susceptibility (Figure (6) T 

∆p γ13⁄   ,Ωp = 1.5MHz ،Ωs = 0.9 MHz ،∆c= 0.6 MHz, ∆s= 0.8 MHz, γ12 = 1MHz 

𝛾13 = 0.8 MHz , 𝛾14 = 2 𝑀𝐻𝑧,  𝛾15 = 0.6MHz ,𝜸𝟏𝟔 = 𝟏. 𝟓MHz,  𝝃𝒑 = 𝟓𝑽 𝒎⁄ 
 

 
)𝒛𝑯𝑴1=  sΩ7): The real and imaginary parts of the electric susceptibility (Figure ( 

 

∆𝒑 𝜸𝟏𝟑⁄ , Ω𝑝 = 1.5MHz ،Ω𝑐 = 0.9 MHz ،∆𝑐= 0.6 MHz, ∆𝑠= 0.8 MHz 
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)𝒛𝑯𝑴2=  sΩFigure(8): The real and imaginary parts of the electric susceptibility ( 
∆𝒑 𝜸𝟏𝟑⁄ , Ω𝑝 = 1.5MHz 

 

 ،Ω𝑐 = 0.9 MHz ،∆𝑐= 0.6 MHz, ∆𝑠= 0.8 MHz 
 

 
)𝒛𝑯𝑴4=  sΩFigure(9): The real and imaginary parts of the electric susceptibility ( 

∆𝒑 𝜸𝟏𝟑⁄ , Ω𝑝 = 1.5MHz ،Ω𝑐 = 0.9𝑀𝐻𝑧  ،∆𝑐= 0.6𝑀𝐻𝑧 , ∆𝑠= 0.8𝑀𝐻𝑧  

 

For different values of Rabi frequency Ω𝑠, the real and imaginary parts of the electric 

susceptibility drown in figure (10)  to prove the conclusion that we have reach. 
 

 
)𝒛𝑯𝑴4, 3,  2, 1= sΩ( Figure (10) The real part of the electric susceptibility 

Ω𝒑 = 𝟏. 𝟓MHz , Ω𝒄 = 𝟎. 𝟗 MHz ,∆𝒄= 0.6 MHz, ∆𝑠= 0.8 MHz𝛾13 = 0.8 MHz , 𝛾14 = 2 MHz,  

𝛾15 = 0.6MHz ,𝛾16 = 1.5MHz , 𝜉𝑝 = 5𝑉 𝑚⁄ ,𝛾12 = 1MHz 
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Conclusion 

 Optical Bloch equations where used as the main tool   to get the final shape of the model 

to treat the model. In this work we present a theoretical study of the non-linear optical 

properties of materials as a result of their interaction with laser radiation in resonance 

state. Density matrix was used in our formulation of Optical Bloch Equation. These 

equations were solved using Matlap program for Six-levels Inverted-Y Atomic Systems. 

A formula for calculation of electrical susceptibility was obtained. with increasing  the 

real and imaginary parts of the electric susceptibility have also increased gradually which 

effects the index of refraction of the medium (real part), and the absorption window 

(described by the imaginary part). Moreover when increasing  the real and imaginary 

parts of the electric susceptibility decreased and we noticed that with increasing the value 

of the signal laser field related to transition |2⟩ ↔ |6⟩a distortion starts to appear on both 

real and imaginary parts. 
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