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A B S T R A C T  
 

 

In this work, we use Drude-Lorents model description to study the radiation of a charged particles 
moving in a homogeneous dispersive medium. A suitable quantized electromagnetic field for such 

medium is utilized to obtain proper equations for energy loss of the particle per unit length. The energy 

loss is separately calculated for transverse and longitudinal components of the filed operators. The 
calculations show that the longitudinal component of the field operators contributes in electron 

radiation, when dielectric function is exceedingly dependent on the frequency. It is also shown that 

when the dispersion is not included, the obtained equations are in a good agreement with previous 
results. For negligible dispersion, the contribution of the field’s longitudinal component tends to zero 

and at the end the results are in agreement with Ginsberg’s calculations. This calculation can reveal a 

development for the fields’ quantization for permeable dielectric background medium. 

doi: 10.5829/idosi.ije.2017.30.05b.07 
 

 

 
1. INTRODUCTION1 

 

The Cherenkov radiation is known as electron emission 

(electromagnetic radiation), when a charged particle 

passes through a medium with a velocity larger than the 

phase velocity of the light in that specific medium [1, 

2]. There are several mechanisms involved in 

Cherenkov radiation by which a high-energy subatomic 

particle- e.g. electron- can reach to an energetic 

equilibrium with its surrounding environment and 

determine how radiation is produced from these 

interactions.The Cherenkov radiation has been highly 

regarded at the beginning of the twentieth century for its 

importance in nuclear physics and cosmic ray[3]. 

Recently, the Cherenkov radiation has drawn attention 

in several fields and applications. In combination with 
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electromagnetic simulations in electronics [4-6], it has 

several applications in meta-material optoelectronics, 

photonic nanostructures, imaging of medical isotopes 

and ultra-fast laser pulses [7-11]. The behavior of 

electromagnetic radiations can often be incorporated 

into continuous, effective material parameters [12] or 

ultra-small scale materials [13] with different 

approaches [14, 15]. As a recent comprehensive study, 

Shaffer et al. presented a review study about different 

aspects of utilizing Cherenkov light in nanotechnology 

[16].  

Frank and Tamm [17] have investigated classical 

calculations of Cherenkov radiation, by deriving 

radiation intensity per unit time from the solution of 

electrodynamics equations in a particular medium. In 

their calculations, radiation intensity is considered as the 

Poynting vector flux [18] across the cylindrical surface, 

which hypothetically surrounds the electron trajectory 

[19].  
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On the other hand, Ginsberg reported the quantum 

computing of Cherenkov radiation [20, 21] with a good 

agreement with Pavel Cherenkov observation, who had 

originally discovered and analyzed the nature of this 

particular radiation. In this quantum mechanical 

approach, the theory is based on the conventional 

framework of quantum electrodynamics. Due to the 

limitation in fields’ quantization calculation at the same 

time, dissipative property of the background medium is 

not taken into account. It should be noted that the 

Ginsberg's calculations have been presented within 

quantized fields whose dielectric permittivity variation 

with frequency was insignificance. Recently, the fields’ 

quantization for casual permeable dielectric background 

medium has been developed [22, 23], given to that it 

can be interesting to recalculate the Ginsberg quantum 

calculation for the fields with quantized disperse 

medium. 

In this letter, first the Drude-Lorents model is 

reviewed and since quantum mechanical methods are 

offered for our calculations, then we take a glance at the 

electromagnetic field quantization in dispersive 

medium. By using the applicable model and 

electromagnetic fields calculation for such a medium, 

the behavior of the medium will be explained. To 

perform such analyses, the Fermi golden rule is 

implemented to calculate the rate of energy loss per unit 

length with the same method that was used by Ginsberg.  

Both longitudinal and transverse components of the 

electric field are shown to contribute in the radiation 

process. Unlike the previous classical and quantum 

mechanical calculations, the field’s longitudinal 

component has important role in the rate of energy loss. 

However, it is observed that for negligible dispersion, 

this contribution tends to zero and at the end the results 

are in agreement with Ginsberg’s calculations. 

 

 

2. DRUDE- LORENTS MODEL 
 

The Drude- Lorents model for a dielectric function in 

environments where damping is negligible, predicts 

following equation [24]: 
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when 22
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2
pL   , ω0 is inherent frequency and ωP is 

plasma frequency. In some cases where the environment 

has negligible damping, this equation can also be 

written as [24, 25]: 
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where k is the wave-vector and c is the speed of light. 

When the right side of these two previous equations are 

equated with each other, it can be seen that for each k

value there are two values for ω, as ω+ and ω-, which 

are shown in Figure 1. 

 

 

3. ELECTRIC FILED QUANTIZATION EQUATIONS 

 

All of the field operators are typically categorized into 

two separate parts as the transverse and longitudinal, 

and each of them should have a vector potential. The 

transverse component of the vector potential in 

dispersive medium is as following [26, 27]: 

 
(3) 

when  pv  and  gv  are the phase velocity and group 

velocity, respectively, 2 r and CH .  is referring to 

the Hermit conjugate of the function. It should be noted 

that  ke



~  is the polarization vector in the plane 

perpendicular to k


, when  kc



ˆ  is a boson operator and 

both are applicable to the following equation:  
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The longitude operator of the quantized vector potential 

is equal to: 
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which ωL is the only root of the equation   02  , and 

k
~

is the unit vector along the wave vector.    
 
 

 

 
Figure 1. The graph of k vs   , when imaginary part of the 

dielectric function tends to zero 
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4. FINDING THE RATE OF ENERGY LOSS FOR A 

MOVING CHARGE PARTICLE IN THE FIELD 

TRANSVERSE COMPONENT 

 

To find the rate of energy dissipation, the Ginsberg 

method is implemented [28]. First, the Fermi golden 

rule is used to find the probability of emitted photons 

per unit time for each moving charged particle, which is 

expressed as the following: 

 iffi EEV  
 22

  


 (6) 

i  and f  are the initial and final state of the system, 

respectively. It is assumed that the charged particle is 

initially moving with the momentum of q


  or velocity 

of 
m

q
v


 , which leads to the emission of a photon with 

the momentum of k


 . Accordingly, it can be written: 

(7) qi


0 , kqf


 1 

The term in the bracket of Equation (6) is the energy 

difference between the first and final states for a particle 

travelling with the mass of m and charge of Q, which 

means: 

m

q
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Then, the perturbation potential is only considered as 

the first-order terms of vector potential [29], and we 

have: 

iAP
m

Q
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  (9) 

According to the above equations, the probability of 

emitted photons per unit time for the transverse 

component of vector potential (Γ
T
) for the Equation (6) 

can be written as: 
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where   is the angle between the initial velocity of the 

particle, before emission, and the direction of the 

emitted photon. Now it is time to calculate the energy 

loss of the particle per unit length, from the following 

relation: 
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After substituting the Equation (10) into the above 

relation for transverse component of Γ (as Γ
T
), and 

using the definition of the volume element in k
3
 space, 

the energy loss is calculated as following [30]:   
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4. 1. Finding the Integration Limits and Minimum 
of Speed       By means of using Dirac delta function 

term in Equation (12), the integration limits can be 

determined.  According to the concept of delta function 

and the value of the cosine, which is between +1 and -1, 

one can write: 

vkk
m
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  (13) 

From the intersection of the curve in Figure 1 with the 

parabola formula, from the right side of Equation (13), 

we reach to an inequality to determine the value of k  

(Figure 2).  

The numerical calculations of Equation (13) are as 

following: 

 i) Several numerical calculations show that the parabola 

from the right side of the Equation (13) does not 

intercept with the ω+ curve. Then for dispersive media, 

ω- is the only term which is entered in the calculations. 

ii) For the mediums with 1
0




 p , i.e. condensed 

environments 
24

,  the ω-  curve quickly reaches its limit 

value (ω0 in Figure 2), and this helps to be able to find 

the value of k . 

By having
0

  , the intercept of vkk
m

 2

2



(parabola) and ω- (curve), as  
k  and 

k ,  can be 

obtained as following: 
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Figure 2. The intersection curve of  and  vkk
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These two values define the integration limits in 

Equation (12). It should be noted that according to the 

existing tables, 
k  and 

k are always real [25]. Now, 

Equation (12) can be rewritten as following:  
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Regarding the fact that 0
  , Equation (13) leads to 

determination of the minimum speed of the charged 

particle, at which a photon emission can be occurred.  

k
mn

c
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  (16) 

 

4. 2. Reaching to a State with a Negligible 
Dispersion      In this section, the state with the 

negligible dispersion is considered, and it is shown that 

the equation obtained in Equation (15) is in well 

agreement with the classical calculation [17], as well as 

Ginzberg quantum calculations [31]. By implementing 

the following equation [7]: 
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Then, Equation (15) can be written as: 
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where 0






n
, then the value of ωL and ω0 should get 

close together. In this case, the allowed region for 

integration is between 0 and ko, and for this area (as 

shown in Figure 2), the relationship between k and ω is 

almost linear, as in 
n

kc
  , where c and n are 

constant. Accordingly, Equation (15) can be written as: 
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Ginzberg obtained the same expression in his 

calculation [31]. 
 

4. 3. Whether All the Energy Loss of the Moving 
Charged Particles Originated from the 
Transverse Fields’ Component?       If we apply the 

previous procedure for the longitudinal component of 

the electric field, then equation for the energy loss of the 

particle per unit length can be written: 
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The important question is why in previous 

calculations the contribution of such energy has not 

been included. The answer is that whatever obtained in 

previous calculations was related to the contribution of 

the transverse component of the field operators. Here, it 

is shown that the longitudinal component of field 

operators contributes in electron radiation, when the 

dielectric function is highly frequency dependent. In 

previous works, the dielectric function was considered 

with low dependency in frequency, where the frequency 

value was considered as TL   . At the frequencies 

close to L , the above equation will be converted to the 

form below:  
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This shows that if the dispersion is negligible, then 
dx

dW

tend to zero in agreement to the previous works.   
 

 

5. CONCLUSIONS 

 

In this study, the radiation of charged particles moving 

in a homogeneous dispersive medium was studied. 

During the energy loss calculations, two frequencies 

were found for each k value.  
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We presented that ω- has important role in calculations 

but ω+ has no contribution in calculations. It is also 

found that if the dispersion in medium is significant, 

then not only the field’s transverse component, but also 

longitudinal component has contribution in energy 

losses. This is the case that was not derived in Frank and 

Tamm classical calculation or Ginsberg quantum 

calculations. 
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 هچكيد
 

 
در اين مقاله با استفاده از مدل درود لورنتس براي توصيف محيط، به تشريح تابش ذرات بار دارمتحرك در محيط هاي پاشنده 

ت و ازميدانهاي الكترومغناطيسي كوانتيزه شده مناسب براي چنين محيط هايي بهره گرفته شده اس ينجاهمگن مي پردازيم. در ا

 يمولفه ها يبه طور جداگانه برا يشود. اتلاف انرژ يانرژي ذره در واحد طول ارائه م اتلاففرمول بندي مناسبي جهت آهنگ 

سهم را در  يشترينب  يدانم يعملگر ها يدهد  كه مولفه طول يمحاسبات نشان م ين, و ايشودمحاسبه م يكيالكتر يدانعملگر م

صرف نظر شود, روابط به دست آمده با نتايج قبلي به  شندگياز پا يدهند كه وقت ينشان م يجكند. نتا يم يفاتابش الكترون ا

ميدانهاي  يساز يزهو محاسبه معادلات كوانت يلتحل يرا برا يشرفتيتواند پ يمحاسبات م ينخوبي در توافق است. ا

را  يديجد يت هايافهد, كه به نوبه خود رهرا نشان د يرنفوذ پذ يکالكتر يد ينهبا پس زم يها يطمح يالكترومغناطيسي برا

 .يكندم يمعرف يپزشك ينگار يرو تصو يکروز آمد در فوتون يكاربردها يبرا
doi: 10.5829/idosi.ije.2017.30.05b.07 

 


