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Abstract
We theoretically investigated the sub-luminal and super-luminal light propagation by intro-
ducing compton scattering and Kerr non-linear effects to a four level atomic system. Slow 
light propagation is observed at a group index of 3918 in the transparency region. The slow 
light propagation is tuned to fast light propagation at group index 0.2, using compton scat-
tering angle of � = �∕6 . The surperluminality is further enhanced with compton scattering 
angle at the resonance frequency. Under the Kerr nonlinearity, the slow light propagation 
at a group index of 3918 is enhanced to fast light propagation at group index of 2 × 106 at 
the resonance frequency. The group index is reduced to 6.56281 × 10−5 in the presence of 
both Kerr non-linearity and compton scattering. In the presence of compton scattering, the 
Phase shift at �∕2 without Kerr nonlinearity is 7 × 10−8 radian and with Kerr nonlinear-
ity its value is 1.7 × 10−9 radian at resonance frequency. This demonstrate that introducing 
Kerr effect and compton scattering lead to significant modifications in the phase shift.

Keywords Lasers · Light matter interaction · Plasmons · Dispersion · Superluminal 
propagation

1 Introduction

The speed of light is one of the most important and core concept of optics. In a medium, the 
group velocity of light can exceed its speed in vacuum (superluminal propagation) or even 
become negative in a transparent material (Wang et al. 2000). The superluminal propagation is 
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due to the anomalous dispersion in a medium and changing the group velocity of light to the 
superluminal propagation has attracted attention of researchers due to its wide range of appli-
cations in nonlinear optics (Harris and Hau 1999), photon controlling and storage (Liu et al. 
2001), high-speed optical switching (Bajcsy et al. 2009), quantum communication (Duan et al. 
2001) and precision sensing (Leonhardt and Piwnicki 2000). Light propagation in an optical 
medium can be manipulated by tailoring the dispersion properties of the medium. The control 
of dispersion from normal to anomalous can be obtained by applying a field connecting the 
two closed sublevels (Carreno et al. 2005). Wang et al. (2000) demonstrated superluminal light 
propagation using the region of lossless anomalous dispersion between two closely spaced 
gain lines in a double-peaked Raman gain medium. Kim et al. (2003) experimentally showed 
manipulation of light propagation from subluminal to superluminal propagation by changing 
the power of the pump field (laser) in a Cesium atomic system.

The phase sensitivity of a medium exhibit that how effectively this medium change the 
phase of incoming light beam. Evaluation of phase sensitivity allows us to quantify and 
understand how efficiently a medium responds to the incoming electromagnetic field. The 
change in phase is related to the change in refractive index of the medium. When a light 
beam passes through a medium, it induces a varying refractive index because of optical Kerr 
effect which leads to changes in its phase (Vaziri 2015). The phase sensitivity has great 
importance due to its potential applications in the field of quantum metrology, quantitative 
phase imaging and sensing (Kakue et  al. 2011), gravitational wave detection (Vahlbruch 
et al. 2018), phase-shifting interferometry (Arif et al. 2021) and the study of protein struc-
tures. Phase sensitivity is deeply affected by internal losses inside the medium such as deco-
herence, photon absorption etc. The phase sensitivity can be characterized as spatial sensi-
tivity which exhibit the non-uniformity within a region and temporal sensitivity that shows 
non-repeatability at a specific location. Both theoretical as well as experimental investiga-
tions have been made to study the phase sensitivity of different media. Non-classical states 
of light like Fock states, non-Gaussian states and squeezed entangled states have been used 
to estimate higher phase precession (Bradshaw et al. 2018). Chang et al. (2020) proposed a 
theoretical scheme and suggested that phase sensitivity could be enhanced by introducing a 
non-linear phase shifter within an interferometer. Recently, phase sensitivity have been stud-
ied through dynamic chiral medium under the quantum tunneling effect (Arif et al. 2021).

In this article, the superluminal propagation of light is investigated under compton scat-
tering effect in the presence and absence of Kerr non-linearity. Furthermore, the phase shift 
is calculated in the presence of compton scattering with and without the Kerr non linearity. 
Upto the best of our knowledge, this is a new approach to control and modify the super-
luminity of light and phase shift. This work will play a significant role in development of 
phase-shifting digital holography, spatial light modulators, interferometry and increasing 
the capacity of storage devices. Furthermore, this work have applications in plasmonster 
technology which is based on control of surface plasmons sensitivity.

2  Model of the atomic system

We consider a four level atomic configuration as shown in Fig.  1. In this configuration, 
the electric probe field Ep which has Rabi frequency Ωp is coupled between states �1⟩ and 
�4⟩ . The �1⟩ and �3⟩ are coupled with control field E1 having Rabi frequency Ω1 . The �2⟩ and 
�4⟩ are coupled with a control field E2 having Rabi frequency Ω2 . The decay rates between 
these states are �1,2,3,4 and collision decay is Γ1 . The detuning parameters of these fields are 
Δ1 , Δ2 and Δp . The self Hamiltonian of the system is:
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The Hamiltonian in the interaction picture can be written as:

The following master equation is used to solve the dynamics of the system:

where, R† is raising operator and R is lowering operator to determine the decay probability 
between the states. Using master equation and initial population condition, the following 
coherence is calculated after long algebraic calculations:

where A1−4 and Q are:

From the above coherence, the complex susceptibility is calculated, which is given below:
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Here N is the atomic number density and �14 is dipole matrix element. To introduce the 
cross Kerr non-linearity in the atomic system, the susceptibility � is expanded within the 
the following perturbation limit.

where � (0) is the Kerr field free susceptibility and I = |Ω1|2.
The group index without and with the presence of Kerr effect is given as:

The associated group velocity is written as vg = c∕ng and vk
g
= c∕nk

g
 . The complex refrac-

tive index after introducing the compton scattering effect can be written as:

The group index in the presence of compton effect can be written as:

The group index in the presence of both Kerr and compton effect can be written as:

The phase shift without compton and Kerr effects at length L can be written as:

The phase shift in the presence of Compton effect at the length L is written as:

The phase shift at the presence of Kerr effect at the length L can be written as:

The phase shift in the presence of both Kerr and compton effects at the length L can be 
written as:
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All the above expressions have been used for our investigations. The obtained results are 
presented in the following section.

3  Results and discussions

The results are presented for susceptibility, group index and phase shifts both in the pres-
ence and absence of compton scattering effect. The atomic decay rate � is assumed to be 
1THz and other parameters are scaled to this decay rate. Atomic units are used throughout 
this work. The other frequencies parameters are scaled to this decay rate � and therefore 
taken in atomic units. We take the value of � = 1000 � and � = 2�c∕�.

In Fig. 2, the plots are traced for real and imaginary parts of susceptibility and group 
index of refraction without and in the presence of compton scattering effect. The real part 
of susceptibility show dispersion while imaginary part show absorption spectrum. The 
transparency window is measured at the given parameters and the slope of dispersion is 
found to be positive or normal within the transparency region as shown in Fig. 2a. The 
group index is positive within transparency region and have value of 3918 at resonance 
frequency Δp = 0� as shown in Fig. 2b. The group index in the presence of compton scat-
tering is 3918 at � = 0, 2� , but varies with value of � from �∕6 to � radian as shown inset 
of Fig. 2c. In this case, the group index reduces to ns

g
= 0.2 at resonance frequency and 

the compton scattering angle � = �∕6 . The group index at detuning Δp = 0.1� , 0.2� , 0.3� 
and � = �∕6 is 0.13, 0.10 and 0.05 shown by dashed purple,dashed red, dashed green and 
dashed black lines as shown in Fig. 2c.

Figure 3 shows real and imaginary parts of susceptibility and group index of refraction 
in the presence of both Kerr and compton scattering effects. A narrow amplification win-
dow is measured at the given parameters and the slope of dispersion is positive within this 
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Fig. 2  Absorption, dispersion and group Refractive index �
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narrow amplification around the resonance region. The negative absorption is called ampli-
fication. The group index is positive at the amplification region and enhanced to 2.29 × 106 
at the resonance frequency in the presence of this cross Kerr nonlinearity. The group index 
plotted with compton scattering angle � at resonance frequency is 2.29 × 106 , when � is 
0 or 2� . The light pulse is sub-luminal when � varies from zero to � radian. At �∕6 the 
group index ns

g
 is 6.56281 × 10−5 . Further at Δp = 0.1�,we have ns

g
= 9.5 × 10−4 , while 

Δp = 0.2� , ns
g
= 2.8 × 10−3 and Δp = 0.3� , ns

g
= 5.08 × 10−3.

Figure 4 show phase shifts with probe detuning. The phase shift is 1 milli-radian (inset 
red line) without Kerr nonlinearity, while it enhanced to 0.7 radian in the presence of 
Kerr effect at resonance frequency in the absence of compton scattering effect as shown 
in Fig. 4a. The phase shift under compton effect at � = 0, 2� shows same value of 1 milli 
radian and 0.7 radian without compton as well as Kerr effect at resonance frequency. This 
show same phase shift according to close orbit theory of photon in matter from the scat-
tering between two electrons at � = � . The phase shift decreases in the presence of comp-
ton effect and from without Kerr nonlinearity to the presence of Kerr nonlinearity. The 
phase shift at �∕2 without Kerr nonlinearity is 7 × 10−8 radian and with Kerr nonlinearity 
is 1.7 × 10−9 radian at resonance frequency in the presence of compton scattering as shown 
Fig. 4b, c.

In conclusion, the sub-luminal vg << c to super-luminal vg > c propagation of light 
pulse and the phase shift is investigated in this article and significant tunability is reported. 
A group velocity of c/3918 in the transparency region without compton effect is obtained. 
This group index is reduced to 0.2 in the presence of compton scattering angle of � = �∕6 
at resonance frequency. By including the Kerr non-linearity, the slow group velocity of 
c/3918 is enhanced to c∕2 × 106 . In the presence of both Kerr nonlinearity and compton 
scattering, the group velocity is tuned to c∕6.56281 × 10−5 . Significant modification in 
the phase shift is reported without and in the presence of Kerr nonlinearity and compton 

(b)(a)

(c)

Fig. 3  Absorption, dispersion and group Refractive index under Kerr effect �
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scattering effects. Phase shift at �∕2 without Kerr nonlinearity is 7 × 10−8 radian and in the 
presence of Kerr nonlinearity, its value is 1.7 × 10−9 radian at resonance frequency in the 
presence of compton scattering. In back-to-back electron scattering in a close orbit path, 
the same group index, group velocity and phase are obtained.
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