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ABSTRACT 

Interest on the ultra-short laser has increased continually over the past decade. Scientists have an excellent power 

medical resource and the use of this resource will assist in the development of sustainable medical procedures. 

Scientists with its many technologies and significant medical range-might be expected to have considerable 

potential for treatment skin cancer. In this paper influences of the critical electron density and radiation intensity 

on the free-electron density for the ablation on the epidermis and dermis tissues are investigated. Our research 

work show existing of an inverse relationship between intensity radiations of laser pulsed and distance of focal 

spot with time dependent of free-electron density. This case is proper for skin cancer treatment. Also, our 

calculations for each medium (water and skin tissue)show that optimum time dependent  free electron density for 

dermis layer at angle 16˚ and 22˚ which is a function of wavelength, beam width, beam radius, amplitude of the 

beam radiation strength and pulse duration is  more than for epidermis layer. 
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INTRODUCTION 

Since the invention of laser in 1960, a great number of 

potential fields for laser application have been explored. 

Among these applications, various kinds of laser clinical 

therapies have already become irreplaceable tools of modern 

medicine. In the early times, use of a laser to irradiate animals 

and eventually people showed accelerated wound 

healing(Mester, Spiry, Szende, & Tota, 1971; Tata & 

Waynant, 2011). Laser systems can be classified as 

continuous wave (CW) lasers and pulsed lasers. The great 

progress in laser treatment in clinical applications is primarily 

attributed to the rapid development of pulsed laser systems. 

Ultrafast lasers output ultra-short pulses with pulse widths 

ranging from picoseconds down to femtosecond. Short-pulse 

lasers have become greatly important in recent years for many 

technologies, including micro fabrication, thin-film 

formation, laser cleaning, and medical and biological 

applications. For example, short-pulse lasers are powerful 

tools for surface patterning and micromachining because of 

the noncontact nature of processing (Nieto, Flores-Arias, 

O'Connor, & Gómez-Reino, 2011). Pulse lasers are also 

widely used in medical and biological fields, e.g., laser 

lithotripsy, microsurgery, and dentistry, in addition to 

materials processing (Nieto et al., 2011). Rapid progress in 

laser technology has brought anew set of opportunities and 

challenges in the past few years with the development of 

high-intensity femtosecond-pulse lasers. with their relatively 

long-pulse counterparts, ultra short-pulse lasers have many 

advantages for laser material processing, including negligible 

heat diffusion effects, absence of the liquid phase during 

material removal, minimal plasma absorption and shielding 

effects, and smaller laser fluencies for processing, which 

make them capable of producing high-quality features with 
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high spatial resolution. Two mechanisms, multi photon 

absorption and avalanche ionization, also called cascade or 

impact ionization, are responsible for laser-induced optical 

breakdown. Avalanche ionization is initiated when free 

electrons that are present in the material absorb the laser 

energy through inverse bremsstrahlung absorption. During 

inverse bremsstrahlung absorption, seed electrons absorb 

laser photons by favourable collisions with heavier particles, 

i.e., molecules and ions. If they sustain enough favourable 

collisions, they will eventually gain sufficient energy to 

ionize other molecules on impact, freeing new electrons to 

repeat the process, which results in a geometric increase in 

the free-electron density. The plasma-mediated ablation 

model has been employed to explain the optical breakdown 

phenomenon in the visible and near-infrared wavelength 

region, in which plasma induced by the strong 

electromagnetic field of a short laser pulse without significant 

light absorption, is considered as the cause of breakdown. In 

contrast, pulsed laser ablation is the process of material 

removal after the target is irradiated by intensive laser pulses 

(Jian Jiao, 2011). Plasma formation is characterized by the 

growth of plasmas. Scientists (Docchio, Regondi, Capon, & 

Mellerio, 1988)assumed the “moving breakdown” model to 

analyze plasma starting times and the temporal and spatial 

dynamics of plasma expansion in liquids subject to 

nanosecond laser pulse irradiation. Also scientists (Docchio 

et al., 1988; Fan, 2003) modified the model by taking into 

account the pulse propagation to characterize the time and 

space dependent breakdown region induced by femtosecond 

laser pulses. Zhou group (Zhou, Chen, & Zhang, 2008) used 

the rate equation to investigate the kinetic progression of 

plasma in pure water generated by focused short laser pulses. 

Guo’s group is well known in developing multi-dimensional 

ultra fast radiative transfer methods including the transient 

discrete ordinates method (Guo & Kumar, 2002; Kumar, 

2001), the transient Monte Carlo method (Guo, Kumar, & 

San, 2000), and the transient radiation element 

method(Kumar, 2001). Guo’s group (Guo & Kumar, 2002) 

also conducted experimental measurements to validate the 

modelling. Recently, Huang’s group investigated plasma-

induced ablation (H. Huang & Guo, 2010; K. Huang, Guo, & 

Xu, 2009) as well as thermal interaction (Jian Jiao & Guo, 

2009) of focused short laser pulses with skin tissues. It is now 

acknowledged that pulses with very short durations, such as 

picosecond or femtosecond, are advantageous in many 

applications. Due to the extremely short pulse duration which 

is much shorter than the thermal relaxation time of many 

materials, laser interaction with materials occurs before heat 

diffusion ever takes place, leading to increased local 

temperature rise in a very short time period and minimization 

of heat-affecting zone. This will lessen thermal damage to the 

surroundings. With the use of an ultrafast pulsed laser, 

significant improvement in the damage localization over 

continuous wave and general pulsed lasers has been attained 

(Guo & Kumar, 2002). Then the ablation of skin tissue and 

water medium with Pico and femtosecond laser pulses is 

investigated. In this paper we discussed the interaction 

fundamentals between ultra-short laser with skin tissue and 

water medium. The two model skin tissue and water medium 

is an axisymmetric cylinder and are stratified as three layers 

with different optical properties similar to human skin 

tissues-epidermis, dermis, and subcutaneous fat, respectively. 

The ultra- short laser pulse is converged inside the skin tissue 

and water medium to induce plasma breakdown for ablating 

cancerous tissue. The intensity of the focused beam is 

calculated by the Beer-Lambert law, and the time-dependent 

free-electron density is obtained according to fourth-order 

Runge-Kuttamethod. Various ionization mechanisms such as 

chromophore is calculated to show effects on the tissue 

layers. In this model, the temporal evolution of free electrons 

(i.e. plasmas) is predicted by a rate equation. The temporal 

evolution of the free-electron density is also illustrated at 

different locations inside the skin tissue and water medium. 

Finally, we conclude that of the influences of the free electron 

density rate equation and the chromophore ionization rate, 

beam radius, amplitude of the beam radiation strength on the 

ablation inhuman skin and water medium. 

MATHEMATICAL FORMULATION 

Time-dependent equation of radiative transfer (ERT) 

Consider a converging short laser pulse upon a biological 

tissue cylinder is sketched in Figure.1 (Jian Jiao, 2011). The 

laser beam radiation heat transfer is described by the time-

dependent ERT in the cylindrical coordinate system as where 

𝜇𝑙,𝜂𝑙, 𝜉𝑙 are the three directional cosines for the discrete 

direction 𝑠̂𝑙 is the radiative source term (the superscript𝑙 is the 

index of discrete directions), c is the speed of light in medium, 

I is the radiation intensity, 𝜎𝑒 is the extinction coefficient that 

is the sum of the absorption coefficient 𝜎𝑎 and the scattering 

coefficient 𝜎𝑠, t is the time (Kim & Guo, 2004). 
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Once the intensity field is obtained, the incident radiation is 

calculated as (Kim & Guo, 2004; Kumar, 2001) 

𝐺 = ∑ 𝜔𝑙𝐼𝑙
𝑑𝑁

𝑙=1 + 𝐼𝑏    (2) 

The incident radiation is the total intensity impinging on a 

point from all 0 ballistic laser irradiance  𝐼𝑏.The radiation 

intensity has two components: the ballisticcomponent 

𝐼𝑏 accounting for the incident laser beam and the diffuse 

component 𝐼𝑑 standing for the scattering component of the 

laser beam. The ballistic component of a laser beam is 

expressed as (Jian Jiao & Guo, 2009; Kim & Guo, 2004).   

𝐼𝑏(𝑟, 𝑧, 𝑡) = 𝐼0(𝑧)𝑒𝑥𝑝 {−4 𝑙𝑛 2 [
(𝑡 −

|𝑧−𝑧0|

𝑐 𝑐𝑜𝑠 𝜃
)

𝑡𝑝

− 2]

2

} 𝑒𝑥𝑝 [
−2𝑟2

𝜔(𝑧)2
] 𝑒𝑥𝑝 (−

𝜎𝑒|𝑧 − 𝑧0|

𝑐𝑜𝑠 𝜃
) 

(3) 

Where c is the speed of light in the medium; 𝜃 is the angle 

between the incident laser and the optical axis; 𝑡𝑝is thepulse 

width at half maximum; 𝜎𝑒 is the extinction coefficient, which 

is the summation of the absorption coefficient 𝜎𝑎 and the 
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scattering coefficient𝜎𝑠. The total time durationof a whole 

pulse is set as 4tp in this study, so that the peak of the pulse 

arrives at time 2tp.  In our calculations we assumed that 

average laser power is 0.065W.The amplitude of the beam 

radiation strength𝐼0(𝑍)can be specified by equation following 

𝐼0(𝑍)(
𝑊

𝑐𝑚2)
2𝑃

𝜋𝜔(𝑧)2    (4) 

Beam spot size 𝜔 is a function of axial position z, and it is 

characterized bybeam waist 𝜔0 at the focal point and at the 

Rayleighrange or focal region 𝑍𝑅 as following (Jian Jiao, 

2011) 

𝜔(𝑍) = 𝜔0𝑅 [1 + (
𝑍

𝑍𝑅
)

2

]

1

2
   (5) 

Where𝜔0𝑅 is the beam waist at the focus; and𝑍𝑅 is 

Rayleighlength that is calculated by 

𝑍𝑅 =
𝑛𝜋𝜔0𝑅

2

𝑀2      (6) 

Where, n is the refractive index of the medium; λ the 

laserwavelength in free space; 𝑀2 is the beam quality factor 

that is expressed as 

𝑀2 =
𝜔0𝑅𝜃𝑅

𝜃𝜔0
     (7) 

Here, 𝜃𝑅is the far-field divergence of a real beam; 𝜔0 and𝜃 

arethe beam waist and far-field divergence of a true Gaussian 

beam, respectively.  In our calculations we assume that 𝑀2 = 

1 for each medium (water and skin tissue) 

 
Figure.1 Sketch of the geometric coordinates and dimension 

(Jian Jiao, 2011) 

RATE EQUATION 

The general form of the rate equation of the time evolution 

of the free electron density is given by (Kumar, 2001). 
𝜕𝜌

𝜕𝑡
= (
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+ 𝜂𝑐𝑎𝑠𝑐𝜌 − 𝑔𝜌 − 𝜂𝑟𝑒𝑐𝜌2  (8) 

Where  𝜌  is the time dependent free-electron density. The 

first three terms on the right hand side represent the production 

of free electrons through multiphoton, chromophore and 

cascade (avalanche) ionizations, respectively. Last two terms 

are the electron losses due to diffusion and recombination, 

respectively. The multiphoton and cascade (avalanche) 

ionizations and diffusion rates are expressed as (Jian Jiao, 

2011). 
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1

𝑍𝑅
)

2

]  (11) 

The recombination rate is considered to be 

η
rec

=2×10−9 cm3/s (Kennedy, 1995). The ionization 

energy is 𝐸 = 6.5 𝑒𝑉 and 𝐸 = 4.6 𝑒𝑉 for water medium 

(Williams, Varma, & Hillenius, 2008) and skin tissue (Ding, 

Lu, Wooden, Kragel, & Hu, 2006; Fang & Hu, 2004), 

respectively. The second term on the right hand side Eq.(5), 

the quasi-free-electron density due to chromophore ionization 

is estimated as (Fang & Hu, 2004) 

𝜌𝑐ℎ(𝑡) = 

3√𝜋

4
𝜂𝑐ℎ𝑁𝑏 [

2𝑘𝐵

∆𝐸
(𝑇0 +

𝐹(𝑡)𝜇𝑎

𝑐𝑐ℎ𝑢𝑐ℎ𝑓𝑐ℎ
)]

1

2
𝑒𝑥𝑝 {−

∆𝐸

2𝑘𝐵[𝑇0+
𝐹(𝑡)𝜇𝑎

𝑐𝑐ℎ𝑢𝑐ℎ𝑓𝑐ℎ
]
}

  

(12) 

A necessary condition for the chromophore ionization 

pathway in producing quasi-free electrons lies in adiabatic 

heating of the chromophore by the ultra-short laser pulses. The 

characteristics time of thermal energy transport out of an 

described chromophore is proposed to be 20 μs (Fang & Hu, 

2004).Therefore, the adiabatic heating condition can be 

assumed for the ablation induced duo to picosecond or 

femtosecond laser interaction within each medium. 

Where  𝐹(𝑡) = ∫ 𝐺(𝑡)𝑑𝑡
𝑡

0
 is the time dependent integral of the 

incident radiation: 𝜂𝑐ℎ~1 × 1015𝑚−3is the number density of 

chromophore in skin tissue and water,𝑁𝑏 ≈ 1 × 1011is the 

average number of bound electrons per chromophore, 𝑢𝑐ℎ =
1.35 × 103 𝑘𝑔𝑚−3  mass density, 𝑘𝐵 is theBoltzmann 

constant; 𝑇0 is the ambient temperature assumed to be 300 

K,𝑐𝑐ℎ = 2.51 × 103 𝐽𝑘𝑔−1𝐾−1 is the specific heat of melano 

some organelles, 𝑓𝑐ℎ ≈ 0.5%is the volume ratio of the 

chromophores to skin and water(Fang,2004). By taking a 

partial derivative f the free-electron density with respect to 

time, the chromophore ionization rate is calculated. 

 

PROPERTIES OF EACH MEDIUM 

In this paper, for comparing our obtained results of each two 

media (water and skin tissue), we are considered the common 

wavelengths532, 580 and 1064 nm. A constant absorption and 

scattering coefficients of the plasmas generated by the pulsed 

laser is assumed. The epidermis layer absorption coefficient is 

adopted as  𝜎𝑎𝑒𝑑 = 0.02 𝑚𝑚−1and for dermis is  𝜎𝑎𝑑 = 

0.05  𝑚𝑚−1, the optical properties of the tissues for each 

medium at three wavelength are listed in Table 1.In this work, 

human skin (𝐻 = 5𝑚𝑚, 𝑅 = 5𝑚𝑚) is organized in distinct 

layers and cylindrical coordinate variables are 𝑧 and  𝑟. Which 

the high of epidermis, dermis and subcutaneous fat are, 

(He=0.5mm), (Hd=1.5mm), (𝐻𝑓 = 3𝑚𝑚), respectively. In this 

paper, the focused laser beam will incident on the surface of 

the epidermis and dermis layers within water and skin tissue. 

To induce plasma ablation in two medium, use of ultra-short 

pulsed (USP) lasers with pulse duration down to picoseconds 
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or femtosecond is required. The optical properties of the skin 

tissues at different wavelengths are listed in Table1. The 

refractive index of the skin tissues is assumed to be constant at 

1.40 (Ding et al., 2006). Refractive index calculated used for 

water medium, is1.33. 

 

Table1 Optical properties of the skin tissues at wavelength 

1064 nm (Ding et al., 2006). 
Fat Dermis Epidermis Tissue type 

0.07 

1.69 

0.05 

1.83 

0.02 

3.0 
𝜎𝑎(𝑚𝑚−1) 

𝜎𝑠(𝑚𝑚−1) 

RESULTS AND DISCUSSION 

Using the presented models and available data, we consider 

the time dependent free electron density in water medium and 

skin tissue. Therefore, a laser beam is assumed to be converged 

to a small spot at the skin layer by a single objective lens with 

angle of 16 and 22 degree. Now the study on the plasma-

mediated ablation is extended to the models water medium and 

skin tissue for different layers. A focused laser beam will 

incident on the surface of the epidermis or inside (dermis) in 

water medium and skin tissue. The focused laser beam 

technology is adapted to its propagation in the water medium 

and skin tissue is simulated via solving the kinetic equation of 

radiative transfer with Rung-Kutta method. In the numerical 

models, the optical breakdown in the water medium and skin 

tissue is identified when the maximum free- electron density 

generated at the focal spot centre during the period of one laser 

pulse equals to a critical electron density. In this work, we 

calculated the time evolution of the free-electron density in a 

control volume. The technique of converging beam is a non-

invasive method which ideally delivers energy to a location 

inside the body and avoids undesirable reactions in the 

surrounding healthy tissues. To study on  the ablation in a 

biological tissue, the attenuation of lights due to the absorption 

and scattering effects are such that needs to be accurately taken 

into account. Our numerical calculations for free electron 

density at three wavelength show that, the highest free-electron 

density would be occurred in the layer dermis at16 degree. 

 

  

a b 

Figure.2  Comparison of the skin tissue and water medium  a) 𝐼0(𝑧),    𝒃)𝜔(z) as a functions of the Z(𝑚𝑚−1) 

 

Figure 2(a) show the distance variations of 𝜔(z) (beam 

radius) eq.5, for various wavelengths such as 532, 580, 1064 

nm  at different physical conditions  that are listed in Table 2 

for water medium (solid line) and skin tissue (spot line). Here 

we estimated 𝜔(z) produced by laser pulse 30 ps at wavelength 

1064 nm is maximum and the laser pulse 6000 ns at 

wavelength 532 is minimum. We find that 𝜔(z) in the water 

medium much is greater than that for skin tissue, due to 

differences in the refractive index; hence, the Rayleigh length 

calculated is different. Fig. 2(b) show the distance variations 

of  𝐼0(𝑧) (beam radiation strength) Eq.(4) for various 

wavelengths at different physical conditions that for water 

medium (solid line) and skin tissue (spot line). Here  𝐼0(𝑧) 

calculated in the skin tissue and is more than water medium, 

due to differences in the refractive index and the Rayleigh 

length calculated, then maximum  calculate 𝐼0(𝑧)  from the 

focusspot the incoming laser beam (𝑧 = 0). The maximum 

irradiance is always at the beam focus (J Jiao & Guo, 2011). 

The extinction coefficient is from the layers dermis 

1.88 𝑚𝑚−1 and epidermis 3.02 𝑚𝑚−1. As expressed in Eq.(3), 

the I𝑏 is depends on the extinction coefficient, angle and layers 

depth counter. Our numerical calculations show that 𝐼𝑏 in the 

skin tissue is much greater than water medium, due to 

differences in the refractive index. The Rayleigh length, beam 

width and 𝐼0(𝑧) calculated. There are not differences of 

viewpointI𝑏amountbetween layers configuration for each 

medium in the 2-D and 3-D models. The multi photon and 

cascade ionizations are the primary mechanisms for the USP 

laser ablation on the models skin tissue and water medium (J 

Jiao & Guo, 2011). 

 

Table 2  Comparison 𝜔(z) and𝐼0(𝑧) calculated in the skin tissue water medium 
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𝜔𝑧𝑤 (
0.003 
𝑚𝑚−1) 𝜔𝑧𝑤 (

0.002 
𝑚𝑚−1) 𝜔𝑧𝑤 (

0.001
𝑚𝑚−1) 𝐼0𝑤(𝑍) 𝑡𝑝(𝑝𝑠) 𝜔𝑧𝑠 (

0.003
𝑚𝑚−1) 𝜔𝑧𝑠 (

0.002
𝑚𝑚−1) 𝜔𝑧𝑠 (

0.001
𝑚𝑚−1) 2𝜔0𝑅(𝜇𝑚) 𝐼0𝑠(𝑍) × 108 (𝑛𝑚)  

0.000144 

0.0000224 

0.000166 
0.000166 

0.000147 

0.000198 
0.000324 

0.0000964 

0.000151 

0.000111 
0.000111 

0.000124 

0.000133 
0.000218 

0.0000487 

0.0000756 

0.0000558 
0.0000558 

0.0000491 

0.0000639 
0.000108 

2.02× 108 

4.51× 108 

2.2× 108 

2.2× 108 

2.76× 108 

9.69× 108 

2.6× 108 

6000 

30 

3 
0.3 

0.1 

6000 
30 

0.000137 

0.000213 

0.000158 
0.000158 

0.000139 

0.000189 
0.000309 

0.0000916 

0.000143 

0.000106 
0.000106 

0.0000934 

0.000127 
0.000207 

0.0000459 

0.0000719 

0.0000531 
0.0000531 

0.0000468 

0.0000637 
0.000104 

5.3 

3.4 

5 
5 

4.4 

7.7 
4.7 

2.06 

4.52 

2.21 
2.21 

2.77 

9.86 
2.65 

532 

532 

580 
580 

580 

1064 
1064 

1 

2 

3 
4 

5 

6 
7 

 

A USP laser system at wavelengths 532,580, 1064 nm is 

considered. The free-electron density was estimated in the 

orders of 10-40–1027𝑐𝑚−3. We assumed average laser power 

is 0.065W and cylinder radius is (𝑟 = −12.5 … 12.5𝜇𝑚).  

For chromophore ionization with the picoseconds and the 

femtosecond pulses, at all the wavelengths532, 580 and 1064 

nm, from  our calculations results we found that the good 

agreements between angle and the layer depth and the distance 

of focal spot. For example, according to our calculations for 

each medium show that maximum of generated chromophore 

ionization at three wavelengths for dermis layer at angles 16˚ 

and 22˚ is more than for epidermis layer. As expressed in (9)-

(12), the multiphoton ionization rate is proportional to 𝐺𝐾  and 

the chromophore ionization rate depends on the absorption of 

laser pulse energy 𝐹(𝑡)𝜇𝑎 (J Jiao & Guo, 2011). The 

chromophore ionization does not contribute too much to the 

generation of the seed electrons because of the relatively weak 

absorption of the chromophore (𝜎𝑎=1.85𝑚𝑚−1) at mentioned 

wavelengths (J Jiao & Guo, 2011). Therefore, in the following 

calculationsconcerning the chromophore ionization in water 

medium and skin tissues induced by the picoseconds and 

femtosecond lasers. Figure 3 to 8, show that the variations of 

chromophore ionization in terms of time for water and skin 

tissue at certain physical condition .According to our 

calculations the maximum of generated chromophore 

ionization at the wavelength 532 nm with 6000 ps pulse 

duration of layer dermis angle 16˚ at the time of 2.38× 10−8s 

are 8.09 × 1033, 3.97× 1033for skin tissue and water, 

respectively. 

 

 
a 

 
b 

Figure3  Comparison of the chromophore ionization as a function of the time in the wavelength 532 nm  and 2𝜔0𝑅 = 5.3𝜇𝑚 

at two angles 16˚,22˚ for dermis and epidermis layers a) Skin tissue b) Water medium 

 

  
c d 

Figure.4 Comparison of the choromophore ionization as a function of the time in the wavelength 532 nm and  2𝜔0𝑅 =
3.4𝜇𝑚 at two angles 16˚,22˚ for dermis and epidermis layers c) Skin tissue d) Water medium 
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Figure.5 Comparison of the chromophore ionization as a function of the time in the wavelength 580 nm and 2ω0R = 5μm at 

two angles 16˚,22˚ for dermis and epidermis layers e) Skin tissue f) Water medium 

 

  
g h 

Figure.6 Comparison of the chromophore ionization as a function of the time in the wavelength 580 nm  and2ω0R = 5μm   
and𝑡𝑝 = 0.3 psat two angles 16˚,22˚ for dermis and epidermis layers g) Skin tissue h) Water medium 

 

 

 
 

i j 

Figure.7 Comparison of the chromophore ionization as a function of the time in the wavelength 1064 𝑛𝑚  and 2ω0R =
7.7μm   and𝑡𝑝 = 6000 𝑝𝑠 at two angles 16˚,22˚ for dermis and epidermis layers i) Skin tissue j) Water medium 
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Figure.8 Comparison of the chromophore ionization as a function of the time in the wavelength 1064 nm  and 2ω0R =
4.7μm   andtp = 30psat two angles 16˚,22˚ for dermis and epidermis layers k) Skin tissue l) Water medium 

 

The minimum of generated chromophore ionization at the 3 

ps pulse at wavelength 580 nm and angle 22˚ of epidermis 

layer at the time of 1.19× 10−11 are 3.17× 10−14, 3.6× 10−31 

for skin tissue and water, respectively. Figure 6 shows 

chromophore ionization in the water medium and skin tissue 

with the 0.3 ps and 0.1 pulses the layers configuration with 

considered amount, angle, pulse duration and the time integral 

of the incident radiation and distance of focal spot, the first 

layer is dermis 16˚ and second layer is dermis 22˚, the 3rd layer 

is epidermis 16˚ and the last layer is epidermis 22˚. There are 

not differences of the viewpoint amount chromophore 

ionization in the layers configuration between for each 

medium in the 2-D and 3-D models, but from results of our 

calculations we found that differences are between layers 

configuration in the chromophore ionization with free electron 

density at skin tissue and water medium these differences are 

due to choose the Runge-Kutta algorithm and critical electron 

density. Also, in Figures 9 to13, we see that the two 

dimensional diagrams of time dependent free electron density 

for different wavelengths at various physical conditions for 

water and skin tissue media (epidermis and dermis) at 

choosing the incident angles 16˚ and 22˚. 

 

 

  

a b  

Figure.9 Comparison of the free electron density as a function of  thetime in the wavelength 532 nm  and 2ω0R = 5.3μm   
and𝑡𝑝 = 6000 𝑝𝑠at two angles 16˚,22˚ for dermis and epidermis layers a) Skin tissue b)Water  medium 

 

 

Table 3  Comparison of the peak spot the free electron density in the skin tissue and water medium for wavelength 532 nm 

with  2𝜔0𝑅 = 5.3𝜇𝑚 and 𝑡𝑝 = 6000𝑝𝑠 at two angles 16˚,22˚ for dermis and epidermis layers 

𝐼𝑠
𝑏(𝑟, 𝑧, 𝑡) 𝐼𝑤

𝑏 (𝑟, 𝑧, 𝑡) 𝜌𝑐ℎ𝑠(𝑡) 𝜌𝑐ℎ𝑤(𝑡) 𝜌𝑠(𝑡) 𝜌𝑤(𝑡) Tissue type 

68063.12 

2069.02 

52981.49 

1387.65 

61180.25 

1853.03 

47760.69 

1238.67 

8.09 × 1033 

1.08 × 1031 

5.55 × 1033 

5.91 × 1030 

3.97 × 1033 

5.28 × 1030 

2.73 × 1033 

2.88 × 1030 

8.25 × 1026 

1.22 × 1026 

7.46 × 1026 

9.09 × 1025 

2.15 × 1027 

6.72 × 1026 

2.45 × 1027 

4.97 × 1026 

Dermis-angle 16 

Epidermis-angle16 

Dermis-angle22 

epidermis-angle22 
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c d 

Figure.10 Comparison of the free electron density as a function of the time in the wavelength 532 nm  and 2ω0R = 3.4μm   
and𝑡𝑝 = 30𝑝𝑠 at two angles 16˚,22˚ for dermis and epidermis layers c) Skin tissue d)Water medium 

 

Table 4  Comparison of the peak spot the free electron density in the skin tissue and water medium for wavelength 532 nm 

with  2𝜔0𝑅 = 3.4𝜇𝑚 and 𝑡𝑝 = 30𝑝𝑠at two angles 16˚,22˚ for dermis and epidermis layers 

𝐼𝑠
𝑏(𝑟, 𝑧, 𝑡) 𝐼𝑤

𝑏 (𝑟, 𝑧, 𝑡) 𝜌𝑐ℎ𝑠(𝑡) 𝜌𝑐ℎ𝑤(𝑡) 𝜌𝑠(𝑡) 𝜌𝑤(𝑡) Tissue type 

26464.4 

772.5 

20475.96 

514.07 

61182.25 

1853.09 

47463.73 

1238.68 

6.68 × 1029 

3.67 × 1026 

4.68 × 1029 

1.3 × 1026 

3.36 × 1029 

1.06 × 1026 

2.29 × 1029 

2.88 × 1025 

3.48 × 1027 

8.75 × 1025 

2.87 × 1027 

4.85 × 1025 

2.45 × 1027 

3.73 × 1025 

2.01 × 1027 

1.43 × 1025 

Dermis-angle 16 

epidermis-angle16 

Dermis-angle22 

epidermis-angle22 
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Figure.11 Comparison of the free electron density as a function of the time in the wavelength 580 nm  and 2ω0R = 5μm   
and 𝑡𝑝 = 3𝑝𝑠 at two angles 16˚,22˚ for dermis and epidermis layers e) Skin tissue f)Watermedium 
 

Table 5  Comparison of the peak spot the free electron density in the skin tissue and water   medium for wavelength 580 nm 

with  2𝜔0𝑅 = 5𝜇𝑚, 𝑡𝑝 = 3𝑝𝑠at two angles 16˚,22˚ for dermis and epidermis layers 

𝐼𝑠
𝑏(𝑟, 𝑧, 𝑡) 𝐼𝑤

𝑏 (𝑟, 𝑧, 𝑡) 𝜌𝑐ℎ𝑠(𝑡) 𝜌𝑐ℎ𝑤(𝑡) 𝜌𝑠(𝑡) 𝜌𝑤(𝑡) Tissue type 

191.25 

5.741 

43.67 

1.125 

168.87 

5.054 

38.42 

0.984 

45.2 

3.17 × 10−14 

7.9 × 10−10 

1.78 × 1026 

4.5 × 10−11 

3.6 × 10−31 

1.5 × 1025 

1.74 × 10−31 

4.46 × 10−35 

4.32 × 10−37 

7.92 × 10−35 

6 × 10−40 

4.59 × 10−24 

2.71 × 10−26 

4.11 × 10−27 

1.8 × 10−29 

Dermis-angle 16 

epidermis-angle16 

Dermis-angle22 

epidermis-angle22 
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i j 

Figure.12  Comparison of the free electron density as a function of the time in the wavelength1064 nm and 2ω0R = 7.7μm   
and  𝑡𝑝 = 6000𝑝𝑠 at two angles 16˚,22˚ for dermis and epidermis layers i) Skin tissue  j) Water medium 
 

 

Table 6  Comparison of the peak spot the free electron density in the skin tissue and water medium for wavelength 1064 nm 

with  2𝜔0𝑅 = 7.7𝜇𝑚 and 𝑡𝑝 = 6000𝑝𝑠at two angles 16˚, 22˚ for dermis and epidermis layers 

𝐼𝑠
𝑏(𝑟, 𝑧, 𝑡) 𝐼𝑤

𝑏 (𝑟, 𝑧, 𝑡) 𝜌𝑐ℎ𝑠(𝑡) 𝜌𝑐ℎ𝑤(𝑡) 𝜌𝑠(𝑡) 𝜌𝑤(𝑡) Tissue type 

36540.05 

1111.54 

28362.54 

743.49 

32707.36 

994.24 

25539.85 

664.88 

3.17 × 1033 

4.26 × 1030 

2.18 × 1033 

2.33 × 1030 

1.55 × 1033 

2.07 × 1030 

1.07 × 1033 

1.13 × 1033 

1.92 × 1027 

6.1 × 1026 

2.2 × 1027 

4.54 × 1026 

1.85 × 1027 

4.21 × 1026 

2.06 × 1027 

3.11 × 1026 

Dermis-angle 16 

epidermis-angle16 

Dermis-angle22 

epidermis-angle22 

 

  

k l 
Figure.13 Comparison of the free electron density as a function of the time in the wavelength1064 nm  and 2ω0R = 4.7μm   

and 𝑡𝑝 = 30𝑝𝑠 at two angles 16˚,22˚ for dermis and epidermis layers k) Skin tissue l) Watermedium 
 

Table 7  Comparison of the peak spot the free electron density in the skin  tissue and water medium  for wavelength 1064 nm 

with  2𝜔0𝑅 = 4.7𝜇𝑚 and  𝑡𝑝 = 30𝑝𝑠 at two angles 16˚,22˚ for dermis and epidermis layers. 

𝐼𝑠
𝑏(𝑟, 𝑧, 𝑡) 𝐼𝑤

𝑏 (𝑟, 𝑧, 𝑡) 𝜌𝑐ℎ𝑠(𝑡) 𝜌𝑐ℎ𝑤(𝑡) 𝜌𝑠(𝑡) 𝜌𝑤(𝑡) Tissue type 

12662.7 

369.13 

9826.43 

245.43 

11405.35 

331.99 

8850.59 

220.21 

2.25 × 1029 

4.78 × 1025 

1.53 × 1029 

1.08 × 1025 

1.09 × 1029 

7.84 × 1024 

7.39 × 1028 

1.04 × 1024 

1.99 × 1027 

2.57 × 1025 

1.65 × 1027 

8.36 × 1024 

1.39 × 1027 

4.87 × 1024 

1.14 × 1027 

7.1 × 1023 

Dermis-angle 16 

epidermis-angle16 

Dermis-angle22 

epidermis-angle22 
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In tables 3 to 7, our calculations results of numerical values 

of intensity radiation laser, chromophore ionization and time 

dependent free electron density for various wavelengths at 

different physical conditions at two angles 16˚ and 22˚ for two 

layers (epidermis and dermis ) for water and skin tissue. By 

seeing the Table 3 to 7, we will find that the good agreement 

is seen between free electron density and critical electron 

density and layers configuration with considered wavelengths 

and pulse durations.  

Time dependent free electron density for two wavelengths 

of 1064 nm, 532 nm with 6 ns pulse duration is the slight 

difference with the other wavelengths at various physical 

conditions from the point view of layers configuration. This 

difference is due to critical free electron density, there for, 

according to our calculations, the maximum of generated free 

electron density at wavelength1064 nm with 6 ns pulse 

duration at the dermis layer of skin tissue are 2.2× 1027, 

1.92× 1027 for angle 22˚and 16˚, respectively and for the 

maximum of generated free electron density at the dermis layer 

of water medium are 2.06× 1027, 1.85× 1027for angle 22˚and 

16˚, respectively.  

According to our calculations the critical free electron 

density in water medium at the wavelengths 532 nm and 1064 

nm of layer dermis 22˚ are 7.67×1024, 6.45 ×1024, and for layer 

dermis 16˚ are 6.7×1024, 5.79 ×1024, respectively. Our 

computations show that for ablation in skin tissue and water 

media at 580 nm wavelength with two pulse duration 0.1 ps  

and 0.3 ps  the time dependent free electron density is about 0. 

This is duo to very short pulse duration and 𝐼𝑏 ≅ 0 .Our 

calculations show that free electron density and chromophore 

ionization is increasing with increasing time and the time 

dependent integral of the incident radiation and the radiation 

intensity.  

For ablation with the picosecond and femtosecond pulses, at 

all the wavelength 532, 580 and 1064 nm, from calculations 

results we conclude that the good agreement between layers 

configuration with considering angle and the distance of spot 

focal. Therefore from table 3 to 7 we see that concerning the 

ablation in water medium and skin tissue induced by the 

picosecond and femtosecond lasers, maximum free electron 

density for wavelength 532 nm with 6 ns pulse duration of 

dermis layer at angle 16˚ are 3.48× 1027in the time7.25×
10−11 and 2.45× 1027 in the time 7.43× 10−11 for skin tissue 

and water, respectively.   Therefore , according to our 

calculations the minimum of generated free electron density of 

epidermis 22˚ at 3 ps  pulse and 580 nm wavelength at the time 

of 1.19× 10−11are 6× 10−40,1.8× 10−29 for skin tissue and 

water, respectively. From fig (9)-(13) we see that the free 

electron density could expand initially of the occurrence of 

cascade ionization with more laser energy.  

Focused laser beam was incident on the surface of the 

epidermis or inside the skin tissue or the water medium. A USP 

laser system at wavelength 1064nm with 30 ps pulse duration 

is considered. The critical free-electron density would be 

estimated in the order of 1021 − 1025𝑐𝑚−3.  
A good agreement is found between numerical models the 

presented results from the layer epidermis in the water medium 

at the wavelength 1064 nm for angle 22 degree.  

To remove the cancerous cells exiting in the skin layers 

effectively, a laser beam can be focused inside the skin and 

water to the dermis angle 16 degree surface. The critical 

electron density epidermis layer is small therefore, the free 

electron density is a very small a dermis layer. 

 

CONCLUSIONS 

In this work, our studies are established on the ultra short 

pulsed laser on the skin tissue and water in cylindrical 

coordinates. The temporal evolutions of the free-electron 

density are calculated using numerical methods (fourth-order 

Runge-Kutta). A parametric study with regarding to the free 

electron density (plasma) in the skin tissue and water medium 

on the dermis and epidermis layers at angle 16 and 22 degree 

are concluded.  

In this work, a 2-D and 3-D models are established in 

combining the chromophore ionization rate and the  I𝑏  to 

investigate the temporal evolutions of the free-electron density 

in skin tissues and water. From our obtained results we found 

that the good agreement between layers configuration with 

considering angle, the extinction coefficient, layers depth and 

the distance of spot focal. Our studies on this work, show that 

if the amount of radiation intensity of pulsed laser is increased 

and the distance of focal spot is decreased the amount of time 

dependent free-electron density more and more, such that this 

case is proper for skin cancer treatment.  

Also, our calculations for each medium (water and skin 

tissue) show that optimum time dependent  free electron 

density, I𝑏 and the chromophore ionization rate for dermis 

layer at angle 16˚ and 22˚ are functions of wavelength, beam 

width, beam radius, amplitude of the beam radiation strength. 

Also pulse duration is more than for epidermis layer. Here we 

concludefree electron density produced by skin tissue is more 

than of water medium at the wavelengths 532 nm with 2𝜔0𝑅 =
5.3𝜇𝑚 and 580 with𝑡𝑝 = 3𝑝𝑠.  

Our calculations show that free electron density and 

chromophore ionization is increasing with increasing time and 

the time integral of the incident radiation and the radiation 

intensity. From calculations results we found that the good 

agreement between layers configuration of viewpoint amount  

for the free electron density rate equation and chromophore 

ionization with considering angle and distance of focal spot 

and I𝑏 . The first layer is dermis with angle 16 degree, latter 

layer is dermis with 22 degree, the 3rd layer is epidermis 16 

degree and the last layer is epidermis 22 degree.  

At the epidermis layer 22 degree, the free electron density is 

very small. The influence of various ionization mechanism 

including, chromophore ionization pathways on the process of 

plasma generation for the model skin tissue and water medium 

is investigated. A good agreement is found between layers 

configuration in 2-D and 3-D models of choromophore 

ionization in water medium and skin tissue but the slight 

differences are between layers configuration in chromophore 

ionization with free electron density at skin tissue and water 

medium can due to differences in the Runge-Kutta algorithm 

and critical electron density. 
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