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Abstract- The article presents two dimensional � 2D(x,y) numerical ablation model, which describes simultaneous interaction, in close 
proximity, of two and three high power pulsed laser beams. Such pulsed laser beams may be generated as a result of, e.g., interference of 
two high power pulsed laser beams. Geometry of the sample and method of its illumination were presented. Illuminated disk was 
constituted by an aluminium layer with a thickness of 400 nm, lying on a quartz substrate with a thickness of 900 nm. Results of numerical 
calculations, presented in the article, were selected from many previously-performed numerical simulations for two and three 
simultaneously interacting pulsed laser beams, dependent on their intensity and their reciprocal distance, taking into account the material 
parameters of the selected target. Equations describing the problem of interaction between high power pulsed radiation and an aluminium 
target, which were presented and described in the article, were solved numerically using the free particle method. 
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INTRODUCTION 
 

One of the important issues in the area of materials 
engineering is conscious surface modification of different 
materials, e.g. manufacturing of micron- and submicron 
structures. Surfaces of solids may be modified in various 
ways in order to meet physical, chemical, or mechanical 
requirements, such as, e.g., wear resistance, decrease in 
resistance to flow, change of tribological properties, change 
of light reflectance, or protection against corrosion [1]. 
Modified and innovative surfaces will be effective if they are 
arranged in a suitable place having relevant technical 
property and efficiency.  

Some surface properties need structure dimensions in the 
range of several to dozens of micrometers (e.g., 
manufacturing of oil containers - lubrication of sockets in 
deep cavities or ink pots in printing dies, creating undulating 
surfaces of �shark skin� type or adapting the surface structure 

to different forms). Significantly smaller structures are 
needed for other surface properties (e.g. protection against 
wear by depositing hard phases in elastic matrix, �lotus 

flower� self-cleaning effects, local colour changes, change of 
adhesion and sealing effects). As a consequence, there is a 
need for several techniques of surface structuring aimed at 
creating a particular texture having different scales and 
properties. 

In recent decades, many different techniques for shaping - 
structuring of surfaces in the micro-and nanometric scale 
have been developed. One of the recent ones is the Direct 
Laser Interference Lithography (DLIL) [1-3], using high 
power lasers emitting radiation in the range of UV, VIS and 
NIR, e.g. Q-modulated Nd:YAG laser. As a result of 
photothermal, photochemical or photophysical impact [4], 
surfaces of materials can be modified directly and locally in 
places corresponding to maximal interference. Since various  

 
 
metallurgical effects can also be induced (especially in metals 
and ceramics), this method is called the Laser Interference 
Metalurgy (LIMET) [5]. Formation of periodic 1D, 2D and 
3D structures on the surface and in the volume of materials of 
micro-and submicron dimensions is a developing field of 
research with applications in many areas of technology [6, 7]. 
One example is a bone material presenting complex 
hierarchical structure of short-ranged, orderly distribution of 
fibers and particles and with long-ranged, orderly, periodic 
structure, on which there are several hierarchical levels with 
dimensions from nanometers to micrometers and even as 
large as millimeters [8]. This type of structure on the surface 
of metals, semiconductors, dielectrics or polymers allows to 
generate new properties of materials of very specific optical, 
electrical, mechanical, chemical and even biomedical 
characteristics [9]. 

Direct interference lithography is based on the spatial 
variations of radiation intensity generated as a result of 
interference of at least two pulsed laser beams, which can 
induce local and periodical modifications of the material 
surface. This allows, in one step and without the mask, for a 
direct production of periodic structures and patterns with 
well-defined long-ranged order in the micro- and submicron 
scale. This technique is a new solution for initiation of 
metallurgical processes, such as melting, recrystallisation, or 
regeneration of the surface layer of materials. The use of 
high-power pulsed lasers allows to modify the morphology 
and structure of the outer layer or layers (melting of deeper 
layers) or without melting of material lying below [10]. 
Depending on the specific material parameters and 
morphology of structures, new systems, such as bio-sensors 
[11], micro-flow systems [12], photonic structures [13] and 
mechanical parts with increased lifetime [14] can be realised. 
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The article presents: 

 Original, two-dimensional 2D(x,y) numerical model 
describing the issue of material ablation. 

 Preliminary computer simulations for power density of 
radiation flux of the order of: 

8 10 210 10 [ / ]q W cm  . 

 Results of numerical calculations for the problem of 
spatially periodic  ablation of irradiated material, 
generated by periodic intensity distribution of the laser 
radiation produced, e.g., as a result of interference of 
two laser beams. 

 Selected experimental example of the structure obtained 
has been given. 

I. THEORY 

A. Equations of the problem 
A basic system of partial differential equations describing 

the analysed problem is based on the laws of conservation of 
mass, momentum and energy for elasto-plastic bodies. In the 
axially-symetrical case 2D(r,z) the model is the following 
[15-18] (cylindrical symmetry; planar symmetry equations 
obtained using asymptotic transition r   and variable 
substitution (r,z)  (x,y)): 

0 wdiv
dt

d 




   (1) 

r

SS

z

S

r

S

r

p

dt

du rrrzrr 


















    

r

S

z

S

r

S

z

p

dt

d rzzzrz 
















                 (3) 

RTS
e

e
m

m

rzzzrr

QQQ
z

q

dt

d
Q

dt

d
Q

rz

u
S

z
S

r

u
S

r

u
Swpdiv

dt

de











































 



(4) 

rz
rr S

rz

u
wdiv

r

u

dt

dS





































3

1
2      (5) 









 wdiv

r

u

dt

dS 

3

1
2       (6) 

rz
zz S

rz

u
wdiv

zdt

dS





































3

1
2         (7) 

 zzrr
rz SS

rz

u

rz

u

dt

dS








































2

1
      (8) 

     where:  � density, p � pressure, e � internal energy per 
unit mass, u � mass velocity along r axis,  � mass velocity 
along z axis, Sik � stress tensor deviator components,  � 
shear modulus, q � laser beam flux, Qm � latent heat of 
melting, Qe � latent heat of evaporation, m � coefficient of 
phase transition to liquid, e � coefficient of phase transition 
to gas, QS � ionisation losses, QT � an expression describing 
heat conduction, QR � radiation losses. The substantial 
derivative d/dt  and the expressions wdiv



 are in the assumed 
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Derivatives dtd m /  and dtd e /  are expressed as 

follows: 
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where: em, ee � internal energies corresponding to melting 
and boiling point, cV � specific heat at constant volume, Tm � 
melting point, Te � boiling point, m, e � relaxation times. 

Let us move on to defining the expressions q, QT, QS i QR 
in the equation of energy conservation. 

The laser radiation energy flux is expressed by the 
equation [19, 20]: 
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where: K � laser radiation absorption coefficient, q0 � 
radiation energy flux on the deforming sample surface z0(r,t), 
T0 � room temperature, 0 � initial density,  � laser 
wavelength, c � velocity of light, h � Planck's constant, k � 
Boltzmann�s constant, Z � ionisation level, Z0 � initial 
ionisation level, K0 � constant coefficient. 

QT is in turn an expression describing the phenomenon of 
classical heat conduction and  is the coefficient of heat 
conduction: 
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where: 1, 0� constant coefficients.  
Ionisation losses were introduced by defining the QS factor 

as follows: 
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where: J(Z) � interpolated ionisation potential, mj � mass of 
the nucleus. J(Z) is determined by the formula: 
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where: Zj � nucleus charge. 
The expression describing radiation losses QR is more 

complex due to the equation of conservation of radiant 
energy that has to be added to the computations [21]: 
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where: er � radiant energy density; pr � radiation pressure; 
Tr � radiation temperature, � Stefan-Boltzmann constant. 

The diffusion coefficient D and the factor describing the 
exchange of radiant energy with the medium Kre is defined as 
follows: 
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where: A � mass number, lR � Rosseland range. 
The relation between internal energy e with temperature T 

of the medium is defined as follows: 
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e
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where: cV � specific heat at constant volume that with the 
impact of medium ionisation looks as follows: 
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The level of medium ionisation Z can be computed with 
the use of a collision-radiation model or the Saha equilibrium 
model [22]. In the collision-radiation model the level of 
ionisation is obtained by solving a differential equation in the 
form: 

)( ftiZ
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dZ
                       (24) 

where: i � collision ionisation rate; t � three-body 
recombination rate; f � photo-recombination rate. 

The analysed laser parameter range, meaning density and 
temperature of the irradiated medium, similar results can be 
obtained using the Saha equilibrium model. The 
computations are far simpler, as the ionisation level Z is 
determined using the following algebraic equation: 
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where: nj � ion concentration; JH � hydrogen ionisation 
potential (JH  = 13,6 [eV]). 

Equations of state of the researched media have to be 
added to the system of equations above. The subject literature 
contains various forms of these relations: p = p(,e) or p = 
p(,T). In our research we use the following form of the 
equations of state [23, 24]: 
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where: px � is so called elastic pressure; k1, 1, 2 � constants. 
The system of equations (1) - (8) needs to be augmented 

by conditions determining the state when the medium 
changes from elastic to plastic properties. This condition was 
applied in the form proposed by Mises [15, 25]: 
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where: Y � yield strength. 
When this condition is exceeded, its fulfillment is 

guaranteed by so called stress scaling procedure for elastic-
plastic behavior. 

The yield strength Y and shear modulus  were assumed as 
in the Johnson-Cook model [18]: 
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p
p [1/s], B, C, E, n, m � constants; 0 � 

constant;  p � equivalent plastic deformation; p � plastic 

strain rate,  p
ik  � plastic strain tensor components. 

For T > Tm the assumptions were Y = 0,  = 0 which is 
equivalent to transition to a hydrodynamic approximation. 

B. Geometry of the model adopted for calculations 

In laser interference lithography, picture of the full field 

E


of many interfering laser beams is obtained as a result of 

superposition of each individual field jE


from each beam. 

This resultant field can be represented as follows: 
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where: 0jE


 - initial value of component beam electric field 

vector, k


 - wave number vector, r


 - radial coordinate 
vector,  - angular frequency of electric field. 

In this case, representation of the interference "2" of (two) 
laser beams is illustrated in Fig. 1. In maximal interference of 
the two beams, their intensities can be represented by the 
formula: 

 sincos4 2
0 kxII                             (32) 

with the period of the fringe field: 





sin2
d                               (33) 

where: I - resultant intensity of laser beam in equation (32),  
I0 - initial intensity of laser beam, è - half-angle between 
interfering laser beams. 

 

 
Fig.1. Illustration of interference of two plane waves. Angle between the 

beams is 2 . Interference generates simple, equidistant interference fringes 
in the plane perpendicular to the drawing plane 
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Two overlapping laser beams, when falling on the surface 
of the material, produce periodic, linear picture of 
interference fringes. In the geometric model adopted for 
numerical computations the following were selected: 

 

 three adjacent fringes (of many), distant from each 
other by nmd 925 , which means that the angle 

between the interfering beams is: o702  for the 
wavelength of the laser radiation, nm1064 , as 

illustrated in Fig. 1. 
 two adjacent interference fringes, distant from each 

other by nmd 1850 , which means that the angle 

between the interfering beams is: o5,332  for the 
wavelength of the laser radiation, nm1064 . 

For numerical calculations, in the first place, three 
"beams" (interference fringes) were adopted. Each beam had 
the same value of radiation intensity. 

In the numerical model, it was also assumed that each of 
the resulting interference fringes is about 250 nm wide at half 
height of intensity. Furthermore, it was assumed that the 
intensity distribution in the interference fringe in the 
transverse direction is in the shape of the so called 
"supergaussian" curve, defined by the formula: 
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where: Q - resultant absorbed intensity; Q0 � initial absorbed 
intensity, F, G � constants, nmRp 250  - fringe width at 

half height in the transverse direction. 

Such assumptions were primarily dictated by the 
numerical model verification, in order to check:  

 how far the heat affected and target material melting 
zone, in the range of pulse duration, reaches, 

 whether adjacent laser pulses will not cause the 
simultaneous process of melting and ablation of 
material of Al layer, in the areas adjacent to the laser 
beams. 

This means that it is desired to obtain separated adjacent 
areas of target material ablation with a distinct border: for a 
given power density, laser wavelength and angle between 
laser beams. Thereby, this also means that it is not desired to 
obtain a periodic structure, as in Fig. 2. 

 
Fig. 2. Illustration of an undesired ablation effect of Al layer during 
illumination with a laser beam with a periodic intensity distribution 

II. RESULTS AND DISCUSSION 
In the first approach, in the numerical calculations, an 

aluminium sample irradiation (on quartz substrate) with three 
equidistant interference beams - fringes, generated as a result 
of interference of two high power laser beams, was adopted.  

The equations of the problem presented in Chapter 2, for our 
geometric model of the sample, can only be solved by 
numerical methods. Taking into account the whole 
experience of the authors in the area of computer modelling 
of dynamic interactions of objects, numerical solution of 
equations formulated in the previous chapter by free particle 
method, as described in the paper [18], has been attempted. 
The following values of material constants were adopted for 
the calculations:  

 for aluminium: 0= 2.78 [g/ccm], 0=27.6 [GPa], Qm =397 

[J/g], Qe=1.086104 [J/g], Tm = 934 [K], Te = 2972 [K], 

K0=1106 [1/cm], 0=1.9610-11 [J/(cmsK3.5)], 

1=2.37 [J/(cmsK)], cv0=1.086 [J/(gK)], k1=47 [GPa], 

=2, B=0.09 [GPa], C=0.2 [GPa], E=0.0083 ,n= 0.73, 

m=1.7, 1 =3 , 2=1.4. 

 for quartz: 0= 2.5 [g/ccm], 0=28 [Gpa], Qm =400 [J/g], 

Qe =1104 [J/g], Tm = 1500 [K], Te = 3000 [K], K0=0 , 

0=1.9610-11 [J/(cmsK3.5)], 1=8.810-3 [J/(cmsK], 

cv0=0.63 [J/(g.K)], k1=25 [GPa], =1.16, B=0.1 [GPa], 

C=0, E=0, m=1 , 1 =1 , 2 = 0. 

 
a) 

 
b) 

Fig. 3. Initial location of the interference fringes - "laser beams" on the target 
surface: a) three laser beams; b) two laser beams 

The optimum duration (D) represents the duration at which 
minimum total cost is calculated. The disadvantage of this 
consideration is that, project duration might be inappropriate. 
It might be better to use this rule to obtain more than one 
solution along the crashed period as explained in Section VI.  

In Figures 3a and 3b, the starting state of the samples at 
the beginning of their illumination with three and two 
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equidistant beams. In the first case, each of the beams had a 
power density of 5x108 W/cm2.  

 

 
Fig. 4. Results of numerical calculations of temperature distribution in the Al 

layer of 400 nm during laser pulse. Power density of the laser pulse: 5·108 
W/cm2. The upper part of each figure shows the current absorbed "part" of 

the pulse 

In Figure 4, 5 and 7, temperature distributions, calculated 
from the numerical model presented before, for three 
different power densities of laser radiation, marked on the 
drawings, were presented. The upper part of each figure 
shows a "part" of pulse duration, i.e., that part of the laser 
pulse, which is absorbed in the material of the target. The 
illustrated numerical calculations of temperature generated as 
a result of interaction of laser pulse with a layer of aluminium 
are presented in two columns in order to better compare the 
numerical results obtained. In the figures presented in the 
columns on the left side, three beams, equally spaced, every 
925 nm, interact while the figures in the column on the right 
side, the central beam was removed. This meant that the 
angle between the interfering beams, in this case, was: 

o5,332  . 
In Fig. 6 and 8, craters formed after rejection of material 

that was evaporated or was in the form of molten droplets of 
metal, respectively, for two and three beams, and power 
densities of the pulse 7·10

8 W/cm2, were presented. 
In Fig. 6a, the effect of material melting from the adjacent 

laser beams can be already noticed. The depth of material 
ablation process was stopped in the middle of the material 
thickness. A similar depth of the material ablation is observed 

in Fig. 6b, however there is a distinct separation of areas 
subjected to ablation. 

 
Fig. 5. Results of numerical calculations of temperature distribution in the Al 

layer of 400 nm during laser pulse. Power density in the laser pulse: 7·108 
W/cm2. The upper part of each figure shows the current absorbed "part" of 

the pulse 

 
a) 

 
b) 
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Fig. 6. Results of numerical calculations of the craters formed, in the Al layer 
of 400 nm, after the completion of laser pulse duration: a) three laser beams; 

b) two laser beams. Power density in the laser pulse: 7·108 W/cm2 

 
Fig. 7. Results of numerical calculations of temperature distribution in the Al 

layer of 400 nm during laser pulse. Power density in the laser pulse: 9·108 
W/cm2. The upper part of each figure shows the current absorbed "part" of 

the pulse 

 
a) 

 
b) 

Fig. 8. Results of numerical calculations of the craters formed, in the Al layer 
of 400 nm, after the completion of laser pulse duration: a) three laser beams; 

b) two laser beams. Power density in the laser pulse: 9·108 W/cm2 

In Fig. 8a, an almost complete evaporation of A1 layer, 
covered by three laser beams, can be seen. In the case of two 
laser beams, between which the distance is doubled compared 
to the case of three beams, a complete evaporation of the 
layer deep to the substrate and a distinct boundary between 
the evaporated and unevaporated part of the layer, can be 
seen. The next step in the calculations is the maximal 
approach of the two beams so that the minimal distance 
between the interacting beams and the maximal depth of 
ablation could be obtained. 

Conclusions of the preliminary numerical calculations for 
the three beams are as follows: 
 For all the three simultaneously interacting laser beams, 

situated at a distance of 925 nm and the three adopted to 
calculate the intensity of laser radiation, effect of 
intensity (accumulation) from the individual beams can 
be seen and virtually the whole A1 layer evaporates 
(undergoes ablation). 

 The distance, adopted for calculations, between the 
three laser beams, for all the three intensities of laser 
radiation is too low. 

 Effect of accumulation of the temperature from the 
adjacent laser beams is visible - effect of heat 
conduction. 

 The top layer of the substrate (quartz) was slightly 
heated for the largest intensity adopted. 

In the following calculations, to quickly simplify the 
problem, and the time of numerical calculations, initially, the 
central beam involved in the interaction with the target has 
been abandoned. This means that the distance between 
interference fringes doubled. Results of numerical simulation 
for the interaction of two, and not three, laser beams distant 
from each other at 1850 nm, are shown, respectively, in Fig. 
4, 5, 6, 7 and 8 on the right side. For the calculations, the 
same power densities of radiation were adopted. 

As can be seen in Fig. 8b, as a result of numerical 
simulation performed for the interaction model adopted, two 
laser beams spaced at twice the distance compared to the first 
case, the following was obtained: 
 Separation of ablation areas of the target material. 
 Substrate temperature does not reach the melting 

temperature. 
 Possibility to further optimise the calculations (e.g., 

shortening the distance between the beams) to obtain a 
borderline case, i.e., so that "aspect ratio", or a ratio of 
the depth of ablation groove of target material to the 
distance between "grooves" be possibly the highest. 

 The modelling results have shown that the theoretical 
model and computer code can be successfully used for 
numerical simulation of the interaction of laser pulses 
with multilayer target consisting of different materials. 

In all the figures obtained from numerical calculations, so 
as not to obscure the image, only temperature ranges of 
interest are indicated. 

EXPERIMENTAL RESULTS 
The experiment used a two-channel Nd:YAG laser system 

with resonator Q -modulation. The maximum output power 
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of each channel had a value of about 2 J, the laser pulse 
duration being of about 7 ns. Generation of the laser pulse 
with a duration of 1 ns is not difficult, but very expensive. 
Dual-channel laser system at the same time was constituted 
by Mach-Zehnder interferometer, the laser radiation 
amplifiers being arranged in its arms, which resulted in easy 
adjustment of light intensity in the interfering beams. The 
practical advantage of this system is almost automatic 
alignment of optical paths. Easy modification of the 
interference angle of the two laser beams in a fairly wide 
ranges was another one. In the case of depolarisation of 
initially polarised laser beam, as a result of thermal 
birefringence phenomenon in laser rods, additionally, two 
polarisers were installed on the output. Optical system used 
in the experiment for direct interference lithography is 
described in [26]. 

Although the laser pulse duration was about 7 ns, in Fig. 9, 
a separation of interference structure in A1 layer is clearly 
visible, and the obtained period of the linear structure 
coincides with the period of Fig. 6b and 8b. 

 

 
Fig. 9. Image of periodic structure from an optical microscope. Upper-right 
small photograph shows length of ten structure periods equal to 17.07 m 

CONCLUSIONS 
The use of high power lasers in direct modification and 

structuring of surface layers of materials (including hardly 
fusible metals, sintered carbides and ceramics) is increasingly 
popular. Modification of the surface layers of materials leads 
to a variety of properties of the surface itself, providing and 
meeting a number of physical, chemical and mechanical 
requirements. This technique involves technologies, such as 
remelting, structuring and shock peening. In this paper, the 
authors present numerical and experimental results of the 
simultaneous interaction of multiple beams, pulsed laser 
radiation with a real sample model. This technology is used 
in the so-called direct interference lithography. The sample 
constituted system of a thin metallic Al layer, vapour-
deposited on the quartz substrate. The objective of numerical 
calculations was to optimise the process of Al material 
ablation, which is to produce a periodic structure with the 
greatest depth and the minimum distance between the fringes, 
by means of pulsed laser radiation and a wavelength of 1064 
nm. The developed numerical model is highly versatile and 
correctly shows the qualitative and quantitative behaviour of 
the irradiated object. It can be used when describing the 

simultaneous interaction of multiple laser beams with the 
sample, at any time intervals and in a fairly wide range of 
power densities used of laser pulses, provided in the 
introduction of this article.  

Numerical calculations were performed for a laser pulse 
with a duration of 1 ns with full width at half maximum 
(FWHM) intensity and for such a power density of laser 
radiation, that the temperature of evaporation of the target 
material (also the melting zone of the material) of one beam 
does not affect the temperature of the evaporating material 
from an adjacent beam. It should be noted here that the 
numerical calculations for the adopted model geometry 
(aluminium on quartz) are complex, and the experimental 
studies even more. For such thin layers of virtually any metal, 
the quartz substrate constitutes a thermal buffer, which does 
not only make it difficult to calculate, but requires very 
precise experimental conditions in order to avoid the metal 
layer defoliation. 

The purpose of these numerical calculations was to 
combine the method, described above, of laser interference 
structuring of surface for further advanced microstructure 
designs with the micro-plastic treatment of metal and plastic 
materials to form multi-level hierarchical periodic textures on 
surfaces including different micro-scales. 

Regardless of the above-mentioned facts, the photonic 
method for formation of  micro- and submicron structures 
have several advantages due to the remote and non-contact 
processing, flexibility during the material processing and 
precise dosage of energy. 

According to the authors' knowledge, this is the first such 
approach to the numerical solution of the target material 
ablation process during its simultaneous illumination with 
many high power pulsed laser beams, adjacent to each other. 
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