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In this work, a model is proposed to provide an estimation of the 
temporal and spatial changes of the potential within the interaction zone 
between laser and metal surface. The model depends on the real 
experimental data which were measured around the interaction zone. 
This model provides an estimation of the charge involved and considers 
the presence of the hole created by the interaction. For the first time, it 
provides the spatial and the temporal variation of the potential which 
reflects the electric forces and temperature at the interaction zone. It also 
gives a clear insight of the position of the Knudsen layer. The estimated 
maximum potential is more than ten times the potential at the surface 
boundary. This implies that surface potential is due to the interaction of 
the surface with the plasma rather than the usually believed thermionic 
emission. 
 
Keywords: Laser-solid interaction, Poisson's equation, Knudsen layer, Plasma 
dynamics 
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1. Introduction 
When intense laser radiation impinges on a 

solid target with initial density ρs, hot plasma is 
formed at the surface. Above certain threshold 
intensity, depending on the wavelength of the 
laser and material properties, breakdown occurs, 
i.e., free electrons are created in the irradiated 
material [1]. Up to date, the procedure, by which 
the very first free electron is produced, is not 
recognized precisely. The photon energy of the 
laser light is not nearly high enough to ionize the 
atoms or molecules, so direct photoionization 
cannot occur. As well, the photon energy of laser 
light is not high enough for multi-photon 
ionization. Other ionization mechanisms have 
been proposed, such as stimulated Raman 
scattering (SRS) [2]. It is most likely, that due to 
background radiation or impurity effects, free 
electrons are already present. Whatever the 
origin of the initial electron, it collides with 
another atom and ionizes it, creating yet another 
free electron. One electron becomes multiple 
electrons, each gaining energy from the radiation 
field and then ionizing other atoms. The 
concentration of free electrons increases rapidly 
and at high enough light intensities, results is the 
formation of a strongly absorbing layer at the 
surface of the target. 

In order to produce any effect on the material 
by the laser radiation, laser light must be 

absorbed. A laser-induced process is thermally 
activated if the thermalization of the extinction 
excitation energy is fast compared to the initial 
processing step (i.e., pulse duration) [3-8]. In 
such a case, laser treatment is thermal and the 
laser is simply considered as a heat source. In 
metals, light is absorbed within 10-10-10-14s [9]. 

As the laser energy is absorbed, it is 
transformed into thermal energy by the plasma 
electrons which carry the energy deeper into the 
target by electron heat diffusion. At the same 
time, expansion of the heated material sets in and 
leads to the formation of an ablative electron heat 
wave. In a high-Z material, competition between 
electron heat conduction and conversion into 
primary x-rays modifies this heat wave. The 
conversion layer, typically has a high 
temperature (~1keV) and a low density 
(~0.1g/cm3) and is thereby optically thin to the 
radiation generated there [10]. 

Focusing a strong laser beam into plasma can 
considerably influence the plasma’s electron 
temperature and density. This renders the 
measured values of these parameters useless. The 
electric field of the intense laser beam can heat 
electrons in the plasma. This takes place via the 
process of inverse Bremsstrahlung, which will be 
introduced later. Kunze [11] estimated the 
relative change in electron temperature due to 
heating by the laser beam. The laser pulse length 
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is assumed to be long enough to heat the 
electrons, but too short for the electrons to 
transfer this heat to the heavy particles. This 
estimation assumes the laser beam not to affect 
the absorption coefficient of plasma. This is true 
if the maximum kinetic energy that a free 
electron can gain in the radiation field is less 
than the photon energy [12]. 

 
2. Modeling 
The Poisson’s equation for potential inside 

the plasma can be written as: 

°
−=∇
ε
ρV2 (1) 

where ∇2 is the Laplacian operator, V is the 
potential and ρ is space charge density. 

There are many elegant analytical solutions 
to Poisson's equation in special geometries, but 
nowadays, real problems are usually solved 
numerically. Computers and software are now so 
powerful that it can be easier to obtain a 
computer solution than to find the exact one in 
reference books. The finite-difference method 
(FDM) was used to give the governing partial 
differential equation for a particular 
electromagnetic problem. The first step involved 
in the application of the FDM is [13] dividing the 
domain of interest into a grid (usually 
rectangular) in one, two or three dimensions; 
V(x,y,z), which is a three dimensional (3D) 
solution, V(x,y), which is a two dimensional (2D) 
solution (no z-variation), and V(x), which is a one 
dimensional (1D) solution (no y or z-variation). 
The second step is developing algebraic 
equations, which approximate the partial 
derivatives in the governing equations 
(difference equations). The final step is solving 
the set of algebraic equations. 

To solve the Poisson's equation numerically, 
the region of interest can be divided into 
rectangular grid over which the difference 
equation approximations to the 2nd order 
derivatives are defined. The grid points located 
on the boundaries represent fixed nodes where 
the potential is known [13,14]. The internal grid 
points from the boundary are defined as free 
nodes where the potential must be computed. 
The grid points are labeled in the x-direction as i,
i+1, i+2, etc, and in the y-direction j, j+1, j+2, 
etc. In other words, we will write the equations at 
all internal nodes of a grid with a regular step 
size, h, in the x-direction as ∆x, and in the y-
direction, as ∆y as shown in Fig. (1). 

In order to solve Poisson's equation, finite 
differences method (FDM) is used, and the 
approximations to model the governing equation 
are based on forward-difference in time and 
central-difference in space. The 2D Poisson’s 
equation in rectangular coordinates is [15]: 

°
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ε
ρ
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Fig. (1) 2D grid considered in this analysis, where i
is spatial index and j temporal index [13] 
 

Considering a rectangular region defined by 
0≤x≤a and 0≤y≤b enclosed by conductors of 
known potential V(x,y) and known charge 
distribution throughout ρ(x,y), the required 
derivatives in the 2D Poisson's equation are: 
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The 1st order partial derivatives with respect 
to x and y can first be defined on either side of 
the grid point (i,j) as: 
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The approximations of the 1st order 
derivatives on either side of grid point (i,j) can 
then be used to approximate the 2nd order partial 
derivatives with respect to x and y as: 
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Inserting the 1st order derivative 
approximations and collecting terms yields the 
2nd order derivative approximations, yield 
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Inserting the 2nd order derivative 
approximations in Poisson's equation gives: 

B
y
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Given a square grid (∆x=∆y=h), the equation 
above is reduced to: 
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°
−=−++ −−+ ε

ρ ji
jijijiji
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VVVV ,

2

,1,,1,1 4 (7) 

which is a square-grid 2D Poisson’s equation 
 

3. Experimental and Model Assumptions 
Previous experimental results [16-21] were 

used for feeding the mathematical model with 
the required data to solve the equations involved. 
A solid stainless-steel 304 sample was irradiated 
by Nd:YAG laser pulses with intensity of 
I=12.4MW/cm2 and wavelength λ=1.069µm. The 
laser was focused on spot of area A=1.38x10-

3cm2 using a 10cm focusing lens [17]. A surface 
voltage is generated during the interaction 
between laser pulse and the sample [20]. A 
floating potential probe was used at a distance 
3mm away from the sample surface to measure 
the potential of the plasma generated [18]. 

To start the analytical modeling of the 
experimental results, as well as to provide a 
solution of the problem, several assumptions are 
made. The material is considered as a layer that 
first melts then evaporates, where the skin depth 
represents thickness of this layer and the spot 
area represents the area of this layer. The system 
is placed into an evacuated chamber where the 
right and left boundary voltages (VbR and VbL) are 
zero by neglecting the charge loss produced from 
attraction of charge with surface. Therefore, the 
net charge, not the positive or the negative 
charge, is considered because the data taken from 

reference [52] represent the net charge. As well, 
the ionization by absorption is neglected. Also, 
no time delay between the charge at the 
boundary and the interaction zone occurs. This is 
needed for proper time analysis. As well, the 
charge is not accumulated at the interaction zone. 
This is true only for high vacuum. We assume 
that the problem is spatially 3D (x,y,z) and 
because of symmetry around z we have 
considered (x,z) for simplicity and reducing 
matrix size and time of calculation. We have 
used Cartesian coordinates because the charge 
distribution and motion is not a point source or 
cylindrical.  
 

4. Model Parameters 
The considered model needs many predefined 

parameters as well as numerical solutions of 
Poisson's equation. 
 

4.1 Boundary Conditions Consideration 
The values of the boundary conditions are 

taken as: 
(a) Metal surface potential boundary data values 
are provided by reference [20]. This potential is 
generated from the reaction of the St-St. 304 
sample with the Nd:YAG laser pulses of incident 
intensity 12.4 MW/cm2. Using least square 
fitting (LSF) to represent these results with 
polynomials yields: 

_____________________________________________________________________________________ 
 
V1(t) = 8.758231326297914e+023t6 - 9.647570877481166e+020t5 + 4.3214683770712e+017t4 +

1.004569463264522e+014t3 + 1.274971036417507e+010t2 - 8.371153279949487e+005t + 
2.221652415436611e+001 for 0 ≤ t ≤ t1

V2(t) = -4.216190398182638e+010t3 + 4.106638304623091e+007t2 - 1.283412744333760e+004t + 
1.211358590639905e+000  for t1 ≤ t ≤ t2

V3(t) = 1.058336673315529e+00t2 - 8.700171524786168e+001t - 3.133347479914106e-002 for t2≤t≤ t3
where t1, t2 and t3 are selected times on the potential-time curve 
_____________________________________________________________________________________ 
 
(b) The boundary data at a distance of 3mm 
away from the surface is taken from the 
experimental result of reference [18], which 
measured the temporal voltage using three 
floating probes: one single cylindrical and two 
circular (4.5mm and 9mm in diameter). These 
results are collected and interpolated as temporal 
and spatial voltages and they represent the 
potential over a lateral distance of 9mm. 

The dimensions of the target are 5×2mm2,
therefore, we have selected the potentials over a 
central distance of 5mm instead of 9mm and for 
the same durations. They are considered as the 
upper boundary conditions. 

 

4.2 The Charge Consideration 
We get the values of the charge density from 

two resources; the first is the values of charge 
density for different time and space from the 
center point where the laser interaction with 
solid. We have integrated the data as: 

∫
−=

=
9.4

9.4

),()(
x

dxtxt ρρ (8) 

This charge is assumed to exist in the hole 
based on the following assumption from charge 
reservation law: 

holeholeprobeprobe

holeprobe

AA
QQ

ρρ =

=
(9) 
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where ρprobe, ρhole and Aprobe, Ahole are charge 
densities and surface areas of probe and hole, 
respectively 

This charge may be distributed on the first 
layer of the hole, or overall the layers of the hole. 
 For the first layer 

)()(
1

wholeprobeprobe
stw

probe hkHtL
H

ρ
ρ

=











 ∫ (10a) 

where Hw1st and Hw are the number of points of 
1st layer (hole) and one layer, respectively, L and 
t are the length and thickness of the probe, 
respectively 
For all layers 

)()( wholeprobeprobe
wall

probe hkHtL
H

ρ
ρ

=











 ∫ (10b) 

The second resource is using thermal 
emission as we have calculated the total current 
density as: 
J = A* T2 exp (-Eω0/ kbT) (11) 
where A* is Richardson constant, T is the 
temperature, Eω is the work function. The 
electronic current density can be obtained by: 
 
Je= A* T2 exp (-Eω / kbT) = 138.936 A/cm2

I = J x A = 736.365036397x10-3 A
Q = I x tlayer = 3788.64252135x10-9 C 

 
The charge appears to be very small 

compared to that calculated from probe 
measurements. Therefore, we use the charge 
from these probe measurements.  
 

4.3 Hole Size Consideration   
Both fixed hole size of (1x1) mm and 

variable hole size can be considered. It was taken 
from previous heat model of reference [21] who 
considered removing a skin layer according to 
the deposited variable heat delivered by the laser 
source. The number of layers is temporally 
varied and changes as: 

309320106906.50149029.2
0171694.60203024.6

0236055.20246938.9

2

34

56

++++−

+++

−+++−=
∆
∆

tete
tete

tete
t
n

We have derived the size from the following 
equation: 
ZH (size of hole) = nL (number of layers at that 
time) x ZL (size of layer) 
where ZL (size of layer) = δ (skin depth) x A
(spot area) 
The skin depth = 10-7cm, and the spot area = 
1.38x10-3cm2.

This is satisfactory if we are looking for the 
variation of voltage over all space over the 
surface up to upper boundary. 
 

5. Results and Discussion 
The potential over the surface up to the 

boundary is derived by solving Poisson's 
equation numerically 

°
−=∇
ε
ρV2 (12) 

The 2D Poisson's equation in rectangular 
coordinates is 

°
−=

∂
∂+

∂
∂=∇

ε
ρ

2

2

2

2
2

y
V

x
VV (13) 

according to the numerical analysis given in 
advance. A nodal grid is created and used in the 
derivation of the finite difference equations. A 
grid is spaced every 5x10-3/d cm along the 
horizontal and vertical axis to ensure that at least 
31 nodes are used in obtaining the potential 
distribution as shown in Fig. (2). 

Fig. (2) Nodal grid formed in order to derive the 
finite difference equations 
 

We have used 31×31 grid size to represent 
reasonably the actual size 5×5mm and 2mm of 
the metal surface. Execution of a program with 
this size of grid is fast since matrix size is not 
large. Although the program is made flexible to 
any size, but MATLAB for larger size would be 
slow.  

The charges collected on the probes are 
considered to be the same as in the hole. This is 
calculated as: 
Q (t) = ρprobe (t) L = ρhole (t) W (14) 
where L is the boundary length, W is the hole 
length, ρprobe(t) is the temporal charge density on 
the probe and ρhole(t) is the temporal charge 
density in the hole 

This charge may be divided equally on the 
first layer of the hole points or may be divided 
entirely over all the hole size (2D). 

Analysis of the plasma potential production 
from interaction of a laser beam with a 
workpiece is based on development of a two-
dimensional model for the geometry shown in 
Fig. (3). The laser beam is characterized by its 
wavelength λ, the beam spot radius ω0 at the 
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surface, the skin depth δ, and the power density I
within the spot. The workpieces were secured by 
a rectangular plate with a square hole in the 
middle, so that the laser beam could irradiate the 
exposed workpiece in the middle of the clamp 
plate. 

Fig. (3) Description of the boundary conditions of 
the mathematical model used in this work 
 

The model described in this work explains a 
physical matter that can be described as a 
material (St. St. 304) of 2mm thickness and 5mm 
length, three probes (single cylindrical, and two 
ring probes of 9mm and 4.5mm diameters) at a 
distance of 3mm from the target, where the 
values produced from these probes were assumed 
as boundary conditions for the upper limits of the 
model and the boundary condition of the lower 
limit of the model was taken from reference [17]. 
Finally, the boundary conditions on the left and 
right side of the mathematical model has been 
assumed zero considering that the system is 
located in an evacuated chamber. The results 
have taken into account all the variables 
mentioned above according to the block diagram 
shown in Fig. (4). 

The problem is solved with charge density 
Poisson's equation. We have solved the problem 
when the charge density is in the first layer and 
we consider a fixed hole size (1×1mm) and with 
only metal surface potential boundary data 
values as shown in Fig. (5).We have also solved 
the problem in the same case as before but with 
metal surface potential boundary data values and 
with boundary data at 3mm away from the 
surface as shown in Fig. (6). 

The problem is solved when the charge 
density is in all layer and we consider a fixed 
hole size (1×1mm) and with only metal surface 
potential boundary data values as shown in Fig. 
(7).We have also solved the problem in the same 
case as before but with metal surface potential 
boundary data values and with boundary data at 
3mm away from the surface as shown in Fig. (8). 

 

Fig. (5) The solution of the problem when the 
charge density is in the first Layer and considering 
a fixed hole size (1×1mm) and with only metal 
surface potential boundary data values 

Fig. (6) The solution of the problem in the same 
case as before but with metal surface potential 
boundary data values and with boundary data a 
3mm away from the surface 

 
We also have solved the problem with hole, 

and we may consider a variable hole size with 
time but with only metal surface potential 
boundary data values as shown in Fig. (9). We 
have solved the problem in the same case as 
before but with metal surface potential boundary 
data values and with boundary data at 3mm away 
from the surface as shown in Fig. (10). 
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The case in Fig. (5) represents the potential in 
vacuum with no upper boundary condition. Also 
it represents a true experimental case at the early 
stage of the pulse where the mass removal is 
small (no proper hole).The variation of the 
potential with time shows clearly the stages of 
plum dynamic. The maximum voltage peak is 
about ten times the voltage of the surface 
boundary at t=0.001sec. At all other times the 
surface potential does not affect the plasma 
potential but only in the part near the surface.  

The upper boundary in Fig. (6) does not 
influence the result of Fig. (5). This reflects that 
the potential peak near the surface is not 
smoothed by the upper boundary. The effect of 
the boundary is to change the potential 
distribution near the boundary since the charge is 
distributed in the boundary over a very large 
distance compared to the interaction zone. 

The hole creation usually represents the 
extraction process that starts rapidly at the 
beginning of the pulse, then decays with pulse 
decay. Although we have assumed a constant 
size (1×1mm) which represents the ultimate size. 
The presence of hole seems to influence the 
potential distribution since the changes will be 
distributed over a greater area. The maximum 
peak is about 30 times the peak of the surface 
boundary. The effect of upper boundary in Fig. 
(8) only influences the region close to the 
boundary. This is same as in Fig. (6). 

 

Fig. (7) The solution of the problem when the 
charge density is in all Layers and considering a 
fixed hole size (1×1mm) and with only metal surface 
potential boundary data values 
 

The case of Fig. (9) represents the actual 
simulation of the interaction process, where the 

created hole size depends on the laser intensity. 
The potential appears to stay almost constant but 
the width varies with size of the hole. The width 
of the potential always increases with hole size. 

 

Fig. (8) The solution of the problem in the same 
case as before but with Metal surface potential 
boundary data values and with boundary data at 
3mm away from the surface 

Fig. (9) The solution of the problem with hole, and 
we may consider a variable hole size with time but 
with only metal surface potential boundary data 
values 

 
The effect of applying upper boundary with 

dynamic hole creation is presented in Fig. (10). 
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This boundary still only influence the region 
close the boundary, as in Fig. (6) and Fig. (8). 

 

Fig. (10) The solution of the problem in the same 
case as before but with metal surface potential 
boundary data values and with boundary data at 
3mm away from the surface 

6. Conclusions 
According to the results obtained from this 

work, we can conclude that a large change in the 
potential values appears within the interaction 
zone. This will cause a large electric field. This 
means that there is a large force acts on the 
charges leading to a large acceleration and 
collision and therefore provides good ionization 
and absorption conditions. As well, the most 
important advantage of this method is to clearly 
define the position of the Knudsen layer, which 
defines the region where the density, velocity 
and pressure change dramatically. We believe 
that this layer could be studied further using this 
potential method. For comparison, we have 
calculated the potential where boundary voltage, 
charge and hole are removed. The estimated 
maximum potential peak is ten times the surface 
potential. This definitely concludes that the 
surface potential is not a thermoionic emission 
type. This is also supported by the small 
calculated charge derived from thermoionic 
emission in this work. If we consider that the 
charge exists not only on the first layer but in all 
layers, then there is a large change in potential 
arise, whose width is proportional to hole size. 
The amount of the potential gradient depends on 
the charge. The symmetry of the potential 
distribution is affected by the boundary 
condition, while the value of the potential is 
proportional to it. 
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Reviewing codes: AP0214/2010/01/IND, AP0214/2010/02/CHN 

Set eight positions in matrix xx (- 0.45 � 0.45) 
Set eight times in matrix tt (0.1msec � 0.8msec) 

Find the upper voltage matrix (VV) by using the function (upbv) for (d,tt) inputs 
Find the charge matrix (roh1) by using the function (charge) for (tt) input 

Store in (m & n) the dimensions of (VV) 
Surround the left and right sides of (VV) with left and right boundary voltages 

ii = 1 � m

Create unity matrix g(d×d) and surround the left and 
right sides with left and right boundary voltages

t = ?

Select the coefficients 
(co1) of the 1st polynomial 
and the lower boundary 
voltage (vbD)  

{ ∑
=

=
n

i

i
iD tcovb

1

1 }

256×10-6 ≥ t ≥ 96×10-6256×10-6 < t ≤ 4×10-4

Select the coefficients 
(co2) of the 2nd polynomial 
and the lower boundary 
voltage (vbD) 

 { ∑
=

=
n

i

i
iD tcovb

1

2 }

Select the coefficients (co3) of 
the third polynomial and the 
lower boundary voltage (vbD) 

{ ∑
=

=
n

i

i
iD tcovb

1

3 }

144×10-5 ≥ t > 4×10-4

Approximate the drop value of hole by using the equation 
(HH = 3×d / 5) and Set (H= HH + 2)

1

2 End 

dep = 0 No

Yes 
Approximate the width of hole by 

using the equation (Hw=d/5)

Find the depth by using the function depth 
Approximate the width of hole by using the 

equation (Hw = dp*(d+2-H)/2) 

Start 
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Fig. (4) Flow chart for the numerical solution of Poisson's equation 
 

End 

Use 3-D surf plot to show V 

ev = 0 Yes

1

i = 0 � Hw - 2 

Put (rohH × 10-2 × Hw) / (h × k) in (BC) matrix at indices of range (HH × d 
+ y + 2 + d × i) � (HH × d + y + Hw – 1+d × i) 

No

Set (v1) equal to the matrix inverse of (A) multiplied by (BC)
Reshape (v1) from 1-D to 2-D (d×d) matrix (rowwise order) and stor the result in (v2) 

V = g and put in all elements of (V) (except the border elements) the element of (v2)
Put the lower boundary voltage (vbD) in all elements of left and right sides of hole and also lower 

half of hole 

Call the subprogram genA2

2

Store in 1-D matrix (vbU) the row of matrix (VV) of index (ii)
Store in 1-D matrix (roh2) the row of matrix (roh1) of index (ii) 

By using trapezoidal method find the result of numeric integration of roh2 with 
respect to positions (xx) and store it in (rohH) 
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Physicists find a big 
particle accelerator 
in the sky 
 

Is there a giant accelerator lurking above the 
clouds? 
 

The first evidence that thunderstorms can 
function as huge natural particle accelerators 
has been collected by an international team of 
researchers.  

 
In a presentation at a meeting of the Royal 

Astronomical Society in Glasgow earlier this 
week, Martin Füllekrug of Bath University 
described how the team detected radio waves 
coinciding with the appearance of "sprites" – 
glowing orbs that occasionally flicker into 
existence above thunderstorms. The radio 
waves suggest the sprites can accelerate 
nearby electrons, creating a beam with the 
same power as a small nuclear power plant.  

 
"The discovery of the particle accelerator 

allows [one] to apply the knowledge gained in 
particle physics to the real world, and put the 
expected consequences to experimental 
testing," Füllekrug told physicsworld.com.

An old idea 
The idea of natural particle accelerators 

existing just kilometres above our heads first 
came in 1925, when the UK physicist and Nobel 
laureate Charles Wilson investigated the effects 
of a thundercloud's electric field. Wilson 
claimed that the electric field would cause an 
electrical breakdown of the Earth's atmosphere 
above the cloud, leading to transient 
phenomena such as sprites.  

 
These sprites, physicists suggested, would 

do more than just light up the sky. As highly 

energetic particles or "cosmic rays" from space 
bombard our atmosphere, they strip air 
molecules of their outer electrons. In the 
presence of a sprite's electric field, these 
electrons could be forced upward in a narrow 
beam from the troposphere to near-Earth 
space. Moreover, the changing electron current 
would, via Maxwell's equations, produce 
electromagnetic waves in the radio-frequency 
range.  

 
In 1998 Füllekrug's colleague Robert 

Roussel-Dupré of Los Alamos National 
Laboratory in New Mexico, US, used a 
supercomputer to simulate these radio waves. 
The simulations predicted they would come in 
pulses with a fairly flat spectrum – contrary to 
the electromagnetic spectrum of the lightning 
itself, which increases at lower frequencies.  

 
Predictions confirmed 
In 2008, while a group of European 

scientists timed the arrival of sprites from a 
mountain top in the French Pyrenées, Füllekrug 
was on the ground with a purpose-built radio-
wave detector. The signals he detected 
coincided with the sprites and matched the 
characteristics of Roussel-Dupré's predictions.  

 
"It's intriguing to see that nature creates 

particle accelerators just a few miles above our 
heads," says Füllekrug, adding: "They provide a 
fascinating example of the interaction between 
the Earth and the wider universe."  

 
Füllekrug notes that he has no particular 

applications in mind for a sky-based particle 
accelerator, although he believes there may be 
wider implications for science. Researchers 
have many questions about the middle 
atmosphere because it is so difficult to set up 
observational platforms there. But by employing 
what physicists have learned about how such 
electron beams interact with matter, 
researchers could use this phenomenon to 
study this part of the atmosphere.  

 
Indeed, we might be hearing a lot more 

about natural particle accelerators in the near 
future. The IBUKI satellite from Japan is 
currently looking at the movement of charged 
particles in the atmosphere. In the next few 
years several missions – including CHIBIS from 
Russia and TARANIS from France – should 
provide more data about these accelerators. 
 
______________________________________ 
_____________________________________ 
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Optical flow estimation is still one of the key problems in computer vision. When 
estimating the displacement field between two images, it is applied as soon as 
correspondences between pixels are needed. Some framelet-based optical flow 
estimation approaches has been proposed. The relatively new field of framelet 
shows promise in removing some of the limitations of wavelets and 
multiwavelets. Framelets offer more design options and hence can combine all 
desirable transform features. The choice of the transform is an important tool in 
optical flow estimation.  
An approach is developed for computing optical flow in the differential 
framework for global models. This is achieved using schemes for the 
computation of the derivative using 4-point central differences filter. The 
proposed algorithm is compared with the most recent algorithm that is based on 
multiwavelet and it is found that the proposed algorithm is better than that based 
on multiwavelet in terms of results and required execution time. The algorithm 
developed in this paper is performed using MATLAB version 7 and implemented 
on Pentium 4, 1.7 GHz, 256 Mbyte RAM computer. 
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1. Introduction 
Optical flow is a representation of the 

instantaneous motion of intensity points in a 
sequence of images. Since 1980, considerable 
attention has been devoted to accurately 
estimating the optical flow given a sequence of 
images. There are two main methods for 
computing optical flow: gradient methods and 
correlation methods. Apart from these, other 
known methods involve the statistical estimation 
of motion parameters [1] and the use of phase 
information [2]. Hayton [3] illustrates the 
relationship between optical flow and image 
registration methods, surveying the use of non-
rigid correlations, mutual information, and multi-
scale methods. 

Suppose I(x,t) is the image intensity function 
returning the pixel grey value at location x of the 
image at time t. Gradient-based methods are 
based on the intensity conservation assumption  

),(),( ttxxItxI δδ ++= (1) 
which can be expanded in a Taylor series 
neglecting higher order terms [4]. In general 
gradient-based methods are accurate only when 
this assumption holds, and when frame-to-frame 
displacements due to motion are a fraction of a 
pixel so that the Taylor series approximation is 
meaningful. There are also problems with 
accuracy in determining second order derivatives 
due to the sensitivity of numerical integration. In 
practice, gradient-based methods require 
iteration to reduce the error and need to be 

augmented by a subsequent process of smoothing 
the resulting flow vectors over a larger image 
region. The need to take into account flow 
information over a large image region for 
smoothing, together with the need to cope with 
large displacements, has led to gradient-based 
approaches being supplemented by hierarchical, 
coarse-to-fine resolution searches, in which a 
first approximation to image motion is estimated 
using a coarse grid, and then using this 
information to define finer grids to limit the area 
in which displacements are found [5]. Another 
approach is to apply anisotropic smoothing, so 
that flow vectors are not smoothed across motion 
boundaries. 

Correlation-based methods have been useful 
in sequences where the assumptions required for 
gradient-based methods do not apply, for 
example in cloud [6] and combustion[7] images. 
Such methods try to establish correspondences 
between invariant features between frames. 
Typical features might be blobs, corners, and 
edges. Alternatively, patches of the image itself 
may be used directly as templates to be matched 
in subsequent images. The main difficulties with 
correspondence-based methods are the 
uncertainty in finding invariant features due to 
distortion of the image, and the uncertainty in 
finding corresponding features. Again the 
spurious results obtained due to this uncertainty 
need to be removed or smoothed. 

While the correlation surface computed by 
correlation-based methods is intrinsically multi-
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modal, and thus capable of representing multiple 
motions, gradient methods assume that locally 
there is only one coherent motion, and they 
attempt to find the best values for certain 
parameters that describe the motion. Such single-
motion methods are unreliable near motion 
contrast borders because the best value amounts 
to the mean of the various velocities present. As 
the surveys referred to above have shown, this is 
almost never the correct response. Instead, one 
can consider distributed representations of 
optical flow.  

In 1980-1981, Horn and Schunck [8] devised 
a simple way to compute the optical flow based 
on regularization. It is based on the observation 
that the flow velocity has two components and 
that the basic equation for the rate of change of 
image brightness provides only one constraint. It 
is also possible to combine gradients constraints 
locally by assuming that the motion within a 
patch is constant. Early work using local 
combination of constraints was performed by 
Lucas and Kanade [9]. In 1987, Nagel [10] 
introduced an oriented smoothness constraint 
that depends on the second order derivative. In 
1989, the first matching technique is reported by 
Anandan [11].  This method is based on a 
Laplacian pyramid and a course to-fine SSD-
based matching strategy. Fleet and Jepson [12] 
use a set of velocity tuned filters and the phase 
behavior of the filter outputs. They claim that 
phase-based techniques are more robust than 
techniques based on conservation of intensity, 
especially in the presence of noise, brightness 
change and non-translational motion.  

In 1994, Weber and Malik [13] convolve the 
image sequence with a set of linear separable 
spatiotemporal filters to produce a set of images 
and apply the brightness constant to these, which 
result in an overdetermined system of equations 
for the optical flow at each pixel. In 2000, Wu et 
al.[14] used wavelets to model flow vectors and 
proposed a coarse-to-fine hierarchy to 
reconstruct these vectors. In 2003, Bruhn et. al. 
[15] consider the CLG (combining of local and  
global) method, a recent variational technique 
that combines the  quality of the dense flow 
fields of the Horn and Shunck approach with  the 
noise robustness of the Lucas and Kanade 
method. 

 
2. Optical Flow 
The optical flow is a velocity field associated 

with brightness changes in the image. This 
suggests an assumption often made in methods 
for optical flow estimation, the brightness 
conservation assumption, which states that 
brightness of an image of any point on the object 
is invariant under motion. 

An image intensity function is denoted by 
I(x,y,t), and the velocity of an image pixel 
m=[x,y]T is [16]: 
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In order to compute image velocity, one must 
first decide which property of the image to track 
from one time to the next. One common, 
successful approach in machine vision is based 
on the assumption that the light reflected from an 
object surface remains constant through time, in 
which case one can track points of constant 
image intensity. The initial hypothesis in 
measuring image motion is that the intensity 
structures of local time varying image regions 
are approximately constant under motion for at 
least a short duration (dt), i.e. [17,18]: 

),,(),,( tyxIdttdtvydtuxI =+++ (3) 
If the brightness changes smoothly with x, y 

and t, the left-hand-side is expanded by Taylor 
series as follows: 
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By neglecting higher order derivative O(dt2): 
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is image gradient at pixel m, which 

can be obtained  from images 
 
3. Curvelet Transform 
The new curvelet transform is developed over 

several years in an attempt to break an inherent 
limit plaguing wavelet transform. This limit 
arises from the well-known and frequently 
depicted fact that the two-dimensional wavelet 
transform of images exhibits large wavelet 
coefficients even at fine scales, all along the 
important edges in the image, so that in a map of 
the large wavelet coefficients one sees the edges 
of the images repeated at scale after scale. While 
this effect is visually interesting, it means that 
many wavelet coefficients are required in order 
to reconstruct the edges in an image properly. 
With so many coefficients to estimate, denoising 
faces certain difficulties. There is, owing to well-
known statistical principles, an imposing tradeoff 
between parsimony and accuracy which even in 
the best balancing leads to a relatively high Mean 
Squared Error (MSE) [19]. 

While this tradeoff is intrinsic to wavelet 
methods (and also to Fourier and many other 
standard methods), there exist, on theoretical 
grounds, better de-noising schemes for 
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recovering images which are smooth away from 
edges. For example, asymptotic arguments show 
that, in a certain continuum model of treating 
noisy images with formal noise parameterε , for 
recovering an image which is C2 smooth away 
from C2 edges, the ideal MSE scales like ε4/3 
whereas the MSE acheivable by wavelet methods 
scales only like ε [20]). 

To approach this ideal MSE, one should 
develop new expansions which accurately 
represent smooth functions using only a few 
nonzero coefficients, and which also accurately 
represent edges using only a few nonzero 
coefficients. Then, because so few coefficients 
are required either for the smooth parts or the 
edge parts, the balance between parsimony and 
accuracy will be much more favorable and a 
lower MSE results. The curvelet transform is 
developed explicitly to show that this combined 
sparsity in representation of both smooth 
functions and edges is possible [19]. 

So according to theory for a certain 
continuous-space model, discrete curvelet 
transforms provide near-ideal sparsity of 
representation of both smooth objects and of 
objects with edges. In a certain continuous-space 
statistical theory, this implies that simple 
thresholding of noisy coefficients in these 
expansions is a near-optimal method of de-
noising in the presence of white Gaussian noise 
[19]. 

Curvelets are interesting because they 
efficiently address very important problems 
where wavelet ideas are far from ideal. We give 
three examples [21]: 

 
3.1. Optimally sparse representation of 

objects with edges 
Curvelets provide optimally sparse 

representations of objects which display curve-
punctuated smoothness except for discontinuity 
along a general curve with bounded curvature. 
Such representations are nearly as sparse as if the 
object were not singular and turn out to be far 
more sparse than the wavelet decomposition of 
the object. 

This phenomenon has immediate applications 
in approximation theory and in statistical 
estimation. In approximation theory, let fm be the 
m-term curvelet approximation (corresponding to 
the m largest coefficients in the curvelet series) 
to an object f(x1,x2)∈L2(R2). Then the enhanced 
sparsity says that if the object f is singular along 
a generic smooth C2 curve but otherwise smooth, 
the approximation error obeys  

( ) 232
2 .log. −≤− mmCff Lm (7) 

and is optimal in the sense that no other 
representation can yield a smaller asymptotic 
error with the same number of terms. The 

implication in statistics is that one can recover 
such objects from noisy data by simple curvelet 
shrinkage and obtain a Mean Squared Error 
(MSE) order of magnitude better than what is 
achieved by more traditional methods. In fact, 
the recovery is provably asymptotically near-
optimal. The statistical optimality of the curvelet 
shrinkage extends to other situations involving 
indirect measurements as in a large class of ill-
posed inverse problems [22]. 

 
3.2. Optimal image reconstruction in 

severely ill-posed problems 
Curvelets also have special microlocal 

features which make them especially adapted to 
certain reconstruction problems with missing 
data. For example, in many important medical 
applications, one wishes to reconstruct an object 
f(x1,x2) from noisy and incomplete tomographic 
data [23], i.e., a subset of line integrals of f
corrupted by additive noise modeling uncertainty 
in the measurements. 

Because of its relevance in biomedical 
imaging, this problem has been extensively 
studied (compare the vast literature on computed 
tomography). Yet, curvelets offer surprisingly 
new quantitative insights [24]. For example, a 
beautiful application of the phase-space 
localization of the curvelet transform allows a 
very precise description of those features of the 
object of f which can be reconstructed accurately 
from such data and how well, and of those 
features which cannot be recovered. Roughly 
speaking, the data acquisition geometry separates 
the curvelet expansion of the object into two 
pieces 

∑∑
∉∈

ΦΦ+ΦΦ=
Goodn

nn
Goodn

nn fff ,,  (8) 

The first part of the expansion can be 
recovered accurately while the second part 
cannot. What is interesting here is that one can 
provably reconstruct the “recoverable” part with 
an accuracy similar to that one would achieve 
even if one had complete data. There is indeed a 
quantitative theory showing that for some 
statistical models which allow for discontinuities 
in the object to be recovered, there are simple 
algorithms based on the shrinkage of curvelet-
biorthogonal decompositions, which achieve 
optimal statistical rates of convergence; that is, 
such that there are no other estimating procedure 
which, in an asymptotic sense, give 
fundamentally better MSEs [21,24]. 

 
4. The Proposed Algorithm 
A new algorithm for computing optical flow 

in the differential framework is proposed here. 
This algorithm is performed comparably to the 
Horn and Schunck approach but with a higher 
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density of estimates. The proposed algorithm is 
as follows: 

 
1) Pre-smoothing using 2D Discrete 

Curvelet Transform (DCvT) 
A 2D discrete curvelet transform is used to 

perform pre-smoothing. This is done to reduce 
noise and aliasing. 

2) Calculate the Partial Derivative 
A four point central difference is employed. 

This is done with a size five kernel with taps 

[ ]1,8,0,8,1
12
1

−− (9) 

which require five input images, allowing two 
pixels on either side of the central pixel to be 
included in the differencing. 

3) Initialize u(x,y) and v(x,y) for all (x,y)
pixel.

4) Compute Velocities 
Calculate the following steps iteratively and 

for each iteration perform the following steps: 
• Initialize ux,y and vx,y for all (x,y) pixel. 
• Calculate the Laplacian of the flow velocities: 
The Laplacian of u and v, ∇ 2u and ∇ 2v, can be 
obtained by applying a 3×3 window operator to 
each point in the u and v planes. The 3×3 
window operator is shown in Fig. (1) 

 
)1,1( −− yx ),1( yx − )1,1( +− yx ? 1/12 1/6 1/12 

)1,( −yx ),( yx  )1,( +yx 1/6 -1 1/6 
)1,1( −+ yx ),1( yx + )1,1( ++ yx 1/12 1/6 1/12 

Fig. (1) a 3×3 window operator 
 

• Apply Gauss Seidel method to find a new set 
of velocity estimates 
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5) Threshold the Estimated Velocities on the 

basis of spatial intensity gradient as 
follows: 
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where 22),(),( yx IIyxIyxM +=∇=

The proposed algorithm is shown in Fig (2). 
 
5. Experimental Results 
The proposed algorithm presented in this 

paper is tested to estimate the optical flow on the 
following image sequences: 

Translating square: A simple example is 
tested as shown in Fig. (3), which is a translating 
dark square translating in a bright background. 

SRI Sequence: In this sequence a camera 
translates parallel to the ground plane, 
perpendicular to its line of sight, and in front of a 
cluster of trees. The estimated optical flow using 
the proposed algorithm is shown in Fig. (4). 

Hamburg Taxi Sequence: In this sequence 
there are four moving objects which are: A taxi 
turning the corner, a car in the lower left (driving 
from left to right), a van in the lower right 
driving from right to left, and finally pedestrian 
in the upper left. The estimated optical flow is 
shown in Fig. (5). 

Rotating Rubic's Cube: In this image, a 
Rubic's cube is rotating counterclockwise on a 

turntable. The estimated optical flow is shown in 
Fig. (6). 
 

Read 5 frames

Pre-smoothing using 2D DCvT

4 points central derivative filter

Compute velocities

Threshold the estimated velocities

Calculate mean square error and standard deviation

Graph the estimated optical flow

Srart

End

Fig. (2) The Flowchart of the Proposed Algorithm 
 

6. Conclusions and Discussions 
The proposed algorithm here is implemented 

using MATLAB package version 7 on 
Pentium4/1.7GHz processor, 80GB hard disk 
with 512MB RAM. From the obtained results, it 
can be concluded that curvelet transform gives 
good results for the estimated optical flow. 
Finally to find the benefit of this algorithm, now 
this algorithm is compared with the algorithm 
presented in [18]. The work presented in [18] is 
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the same as proposed in this paper except it has 
been used 2D Multiwavelet transform instead of 
2D curvelet transform. Table (1) presents a 
comparison between the two works. It can be 
concluded from Table (1) that the proposed 
algorithm in this paper is better than presented in 
[18]. Also from Table (2), which gives us the 

time required to execute each algorithm, it can be 
concluded that the proposed algorithm is much 
faster than the work presented in [18]. The main 
reason for that is curvelets can find estimates 
also on curves that multiwavelets can not find 
well. 

 
Table (1) A comparison between the proposed algorithm and the work in [18] 

 
The Proposed Algorithm Work presented in [18] 

Sequence  
Mean Error Standard 

Deviation Mean Error Standard 
Deviation 

Translating Square 0.0671 2.8105 0.0725 3.7221 
SRI Sequence 0.1168 1.8955 0.2688 3.8662 
Hamburg Taxi  0.1685 1.4426 0.6344 5.6853 
Rotating Rubic's Cube 0.1870 0.8432 0.4849 5.6933 

Table (2) The time required to execute the proposed algorithm and the work in [10] 
 

Sequence  The Proposed Algorithm (sec) The work presented in [18] (sec) 
Translating Square 4.9220 5.7960 
SRI Sequence 11.0630 39.0940 
Hamburg Taxi  11.9380 37.7970 
Rotating Rubic's Cube 10.8130 40.9840 

0 5 10 15
0

5

10

15

20

Fig. (3) The translating square and its estimated optical flow 

0 5 10 15
0

5

10

15

Fig. (4) The SRI sequence and its estimated optical flow 
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0 5 10 15
0
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Fig. (5) The Hamburg Taxi image and its estimated optical flow 

0 5 10 15
0

5

10

Fig. (6) The Rotating Cube and its estimated optical flow 
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In this paper, a crossed dipole antenna combined with the quadratic Koch 
curve geometry, which has a novel configuration, is proposed and 
investigated for low profile and multi-band performance in communication 
systems. The proposed antenna has operating frequencies of 1.543GHz, 
2.537GHz, 3.038GHz, 3.469GHz and 3.769GHz. The field pattern of the 
proposed antenna is described and simulated in the three planes: XZ-plane, 
YZ-plane, and XY-plane. The radiation characteristics, VSWR, reflection 
coefficients, and input impedance of the proposed antenna are described 
and simulated using the 4NEC software package. 
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1. Introduction 
For the current world of wireless 

communications, it has required compact and 
wider bandwidth antennas. Recent progress in 
the study of fractal antennas suggests some 
attractive solutions of using a single small 
antenna operating in several frequency bands [1]. 
Fractals are a class of shapes which have no 
characteristic size. Each fractal is composed of 
multiple iterations of a single elementary shape. 
The iterations can continue infinitely, thus 
forming a shape within a finite boundary but of 
infinite length or area. This indicates fractal 
shapes are compact, meaning that they can 
occupy a portion of space more efficiently than 
other antenna types. In  previously published 
literature [2-3], it has been discovered that fractal 
shapes radiate electromagnetic energy well and 
also been demonstrated that fractal antennas 
exhibit compressed resonance and multi-band 
behavior, which can radiate signals at multiple 
frequency bands when their impedance 
properties are compared to those of Euclidean 
antennas, having the same overall size. Fractal 
antennas have also been shown to exhibit lower 
resonant frequencies than Euclidean antennas of 
the same overall size. All the properties 
discovered, fractal shapes are advantageous over 
traditional antenna types, which can be helpful in 
applications requiring reduced size antennas, like 
mobile wireless communication because smaller 
receivers could be produced. 

In modern terminal antenna technology, there 
is an increasing need for singly-fed antennas 
operating in more than two frequency bands. 
Fractal antennas have been demonstrated to 
enhance antenna properties due to their self-
similarity behavior. Multi-band behavior for 
Koch monopole and dipole are fully 
demonstrated in [4]. This paper presents the 

complete design and simulations of the quadratic 
Koch curve multi-band cross-dipole antenna that 
results from combining the normal cross-dipole 
antenna with the quadratic Koch curve geometry. 

 
2. Proposed Antenna Geometry 
Quadratic Koch curve geometry with 

different iterations is shown in Fig. (1) [5]. The 
proposed geometry includes the replacement of 
each arm in the normal dipole crossed antenna in 
Fig. (2a) with second-iteration quadratic Koch 
curve geometry. The proposed antenna is shown 
in Fig. (2b). 

Fig. (1) First three stages of the construction of the 
quadratic Koch curve 

3. Proposed Antenna Design and 
Simulation Results 

In this work, method of moment simulation 
code (NEC) is used to perform a detailed study 
of VSWR, input impedance, and radiation 
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pattern characteristics of the cross quadratic 
Koch dipole antenna in free space. 
 

(a) 

(b) 
Fig. (2) Cross Dipole Antenna (a) cross normal 
dipole antenna (b) proposed cross dipole antenna 
 

The NEC is a computer code based on the 
method of moment for analyzing the 
electromagnetic response of an arbitrary 
structure consisting of wires or surfaces, such as 
Hilbert and Koch curves. The Method of 
Moment (MoM) is used to calculate the current 
distribution along the cross quadratic Koch curve 
antenna, and hence the radiation characteristics 
of the antenna [6]. The modeling process is 
simply done by dividing all straight wires into 
short segments where the current in one segment 
is considered constant along the length of the 
short segment [7]. The cross fractal wire dipole 
antenna consists of second iteration quadratic 
Koch curve, as shown in Fig. (2b), and this 
antenna is placed in YZ-plane with design 
frequency equal to 750MHz. The feed source 
point of this antenna is placed at the origin 
(0,0,0), and this source is set to 1 volt. For the 
design frequency of 750MHz, the design 

wavelength, λ0 is 0.4m (40cm) then the length of 
the corresponding λ/2 dipole antenna length will 
be of 20cm. Figure (3) shows the visualization of 
this dipole antenna geometry by using NEC-
viewer software. 
 

Fig. (3) Visualization of the modeled cross fractal 
dipole antenna geometry 
 

The real and imaginary parts of the input 
impedance and the simulated 50Ω-VSWR of this 
proposed antenna are shown in Figs. (4) and (5) 
over a frequency range from 0 to 4GHz. Figures 
(4) and (5) shows that the antenna has several 
resonant frequencies with VSWR<2. The three 
dimensional gain radiation patterns at the 
resonant frequencies for the proposed antenna 
have been illustrated in Fig. (6). 
 

Fig. (4) Antenna input impedance 
 

Fig. (5) Simulated 50Ω, VSWR vs. frequency 
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(a) f=1.543GHz    (b) f=2.537GHz 

(c) f=3.038GHz    (d) f=3.469GHz 

(e) f=3.769GHz 
Fig. (6) 3D gain radiation pattern 

Table (1) shows these resonant frequencies, 
and the corresponding input impedance of each 
one, with peak gain, VSWR and reflection 
coefficients. The radiation patterns at these 

resonant frequencies, in the planes YZ-plane, 
XZ-plane, and XY-plane are depicted in Fig. (7), 
where the antenna is placed in the YZ-plane. 

 
Table (1) Simulation results of the Proposed Antenna 

 

Input Impedance (Ω)Frequency (GHz) 
R X

VSWR 
Reflection 
Coefficient 

(dB) 
Peak Gain (dB) 

1.543 46.72 j0.215 1.07 -29.4 6.28 
2.537 73.48 j0.535 1.47 -14.4 6.18 
3.038 68.23 j0.122 1.365 -16.2 6.78 
3.469 56.63 j0.055 1.133 -24.1 9.67 
3.769 60.08 -j0.04 1.202 -20.8 5.89 
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XZ-plane    YZ-plane    XY-plane 
(a) f=1.543GHz 

XZ-plane    YZ-plane    XY-plane 
 (b) f=2.537GHz 

XZ-plane    YZ-plane    XY-plane 
 (c) f=3.038GHz 

XZ-plane    YZ-plane    XY-plane 
 (d) f=3.469GHz 

XZ-plane    YZ-plane    XY-plane 
 (e) f=3.769GHz 

 
Fig. (7) Radiation patterns of the proposed antenna in the three planes 
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4. Conclusion 
A novel small size multi-band cross dipole 

antenna based on a fractal second iteration 
quadratic Koch curve, has is presented. The 
analysis of the proposed antenna is performed 
using the method of moments (MOM), and the 
numerical simulations show that the proposed 
antenna has the ability to work as multi-band 
antenna at the frequencies 1.543 GHz, 2.537 
GHz, 3.038 GHz, 3.469 GHz, and 3.769 GHz. In 
addition, this antenna has VSWR<2 at all 
aforementioned resonance frequencies. The 
compact size of the antenna geometry makes it 
useful for wireless applications.  
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Graphite is a very attractive candidate for copper-metal matrix composites. 
However, copper does not wet graphite, which makes the production of copper-
graphite composites difficult. Because of the strong possibilities of these 
combinations in forming highly desirable composites, copper-carbon composites 
prepared by hot uniaxial pressure were investigated. The copper-carbon 
interface is of the samples was examined microscopically using optical 
microscopy. The observed microstructure at copper interface is composed of 
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film at interface. To determine the diffusion of carbon through copper matrix by 
X-ray diffraction was used. 
 
Keywords: Cu–C matrix composite, Graphite composite, Wettability, Carbon diffusion 
Received: 28 April 2010, Revised: 10 June 2010, Accepted: 18 June 2010 

1. Introduction 
Composites are very interesting and 

important subset of advanced materials, because 
they allow a designer the ability to craft new 
materials with property compensations superior 
to those of non- reinforced metals, ceramics and 
polymers. Generally, a composite is considered 
to be any multiphase material that exhibits 
significant properties of both constituent phases 
such that better properties are achieved. The 
principal of combined action, an often valid 
supposition, states that a higher level of 
properties can be achieved by combining two or 
more dissimilar materials. Most composites are 
created to improve the following mechanical 
properties: stiffness, toughness, ambient and high 
temperature strength [1]. The ability to combine 
properties is especially crucial for aerospace, 
underwater, and transportation applications [2]. 
Metal matrix Composites (MMC) is a 
combination of matrix and reinforcement: 
matrix, is a ductile metal, usually super alloys or 
alloys of aluminum, magnesium, titanium, and 
copper. The reinforcements include particulates, 
continuous and discontinuous fibers, and 
whiskers. Some of the continuous fibers are 
carbon, silicon carbide, boron, alumina, and 
refractory metals [3]. These composites materials 
are usually used at elevated temperatures because 
they are often more resistant to creep, and they 
exhibit lower thermal conductivity than their 
bulk counterparts. Graphite copper composites 
have tailorable properties, are useful to high 
temperatures in air, and provide excellent 
mechanical characteristics, as well as high 
electrical and thermal conductivity [4]. They 
offer easier processing as compared with steel 
[5]. Although the various methods for joining 

graphite to other metals such as mechanical 
fastening, arc welding, or diffusion bonding have 
been examined, it was shown that it is difficult to 
produce a sound joint without leakage [6,7]. 
Previous studies were achieved to investigate the 
interfacial interaction for MMC and its 
interfacial structures [8-10]. Essentially, it is 
impossible to braze graphite with copper filler 
metal because no wetting occurs [6,11].  

 
2. Experimental Work 
Materials used in this research are: copper 

(99.95% purity) and graphite as base materials 
(graphite sheets were excluded due to fracture 
during the hot uniaxial pressing operation) to 
with stand the applied pressure [12,13]. Base 
materials in this research were copper and 
graphite and examined using X-Ray Diffraction, 
before and after the hot uniaxial pressing 
operation (see Fig. (1)). 

Graphite samples were cut into squares with 
dimensions, 14x14x5mm3 using a hydraulic 
cutting machine. One surface of the samples was 
wet ground using silicon carbide papers, polished 
with 1µm diamond paste, cleaned by alcohol, 
and finally cleaned ultrasonically for 10min 
using acetone as a medium. Copper sheets 
interlayer were flattened by anvil, then subjected 
to pickling (10% HNO3 and distilled water) to 
remove oxide film, cleaned with soap and water 
rinsed and finally ultrasonically cleaned for 
10min. using acetone bath and then dried, 
etching solution for copper sheets was 50ml 
distilled water, 150ml hydrochloric acid (specific 
gravity 1.19 and 36% conc.) and 25g chromium 
(VI) oxide for 20s. Prior to cleaning, each sample 
was then subjected to hot uniaxial pressing 
experiments. 
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(a) 

(b) 

(c) 
 

Fig. (1) Diffractograms from the surface of (a) graphite base material, (b) copper base material, and (c) copper 
base material after attempting the hot-pressing experiment 

 
Copper is highly susceptible to oxidation and 

oxide skin is very tenacious even at high 
temperatures, even though in the presence of 
argon as inert atmosphere. To minimize the 
oxidation problem, a special vacuum system of 
(0.15-0.18x10-2) N/m2 was used. Most of copper 

oxidation problems associated with the heating 
experiments was eliminated. 

In this study different heating temperature 
were used ranging from (700-850)°C, holding 
time was (30-120) min, and pressing pressure 
(7.5-20x106) N/m2. Microstructural tests for 
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polished side of graphite were used using optical 
microscope, as shown in Fig. (2) and Fig. (3). 
 

Fig. (2) Microstructure of graphite before attempting 
the hot uniaxial pressing 

 

Fig. (3) Microstructure of copper before attempting 
the hot uniaxial pressing 
 

3. Fractography and X-Ray Diffraction 
Analysis 

After attempting the hot uniaxial pressing 
experiments for copper-graphite composites, 
fractography and XRD Analysis were used to 
examined the interfacial structure at the 
composites interface, the different features 
appeared could be classified as follows: 

1- Diffusion of carbon at copper interface 
was observed and this was a function of 
changing heating temperatures (700-850)°C, 
were the diffusion is increased with increasing 
heating temperature. Figure (1c) shows 
Diffractograms from copper interface, indicating 
the effect of increasing heating temperature on 
diffusion of carbon through copper matrix. 
Figure (4) shows parallel lines of copper surface 
imprint at graphite interface and this was due to 
coarsening of graphite surface to increase the 
contact area. This procedure does not affect the 
newly formed contact region. Increase in heating 
time (30-120min), increases the recrystallization 
of copper (fine grains) but on the other hand does 
not affect the diffusion of carbon through 
interface markedly and this is clearly observed in 
Fig. (5). 
 

Fig. (4) Fractography at graphite interface, the effect 
of heating time after the hot uniaxial pressing 

 

Fig. (5) Fractography at copper interface, the effect 
of heating time after the hot uniaxial pressing 

 
2- Increasing the pressing load (7.5-20MPa) 

does not affect the diffusion of carbon through 
copper matrix markedly, and this was due to 
induced cracks during the pressing operation and 
this inhibit diffusion as well [14]. Figure (6) is a 
fractograph of copper, the dark area on the top of 
the micrograph represent the graphite adhered 
material, and the white area at the bottom of the 
micrograph represent copper contact interface, 
there is no diffusion of carbon in this region. 

 

Fig. (6) Fractography of copper, the effect of 
pressing load inhibit diffusion significantly 
 

3- The inert atmosphere had a significant 
effect on the reliability of the hot- pressing 
operation. The high oxidation of copper had a 
tailorable effect at high temperature and this 
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induces an interfacial corrosion at interface, this 
inhibits the diffusion of carbon through copper 
matrix. As a result the oxide film became a 
barrier to form contact or bond, as shown in Fig. 
(7). Vacuum atmosphere (0.15-0.18x10-2) N/m2

is more reliable than argon atmosphere to 
achieve adhesion, and this agrees well with 
previous study of joining copper to ceramic [15]. 
 

Fig. (7)  Fractography of copper, the oxidation of 
copper surface due to argon atmosphere 
 

4- The adhesion between copper ad graphite 
was achieved, and this was due to mechanical or 
interlocking theory. However, there is no 
intimate contact between the copper and graphite 
film [16], as shown in Fig. (8) and Fig. (9). 
 

Fig. (8) Fractography of copper, the diffusion of 
carbon is observed at joint interface 

 

Fig. (9) Fractography of copper, were no intimate 
contact is formed 
 

5- The increase in heating temperature 
enlarges the contact area during the hot uniaxial 
pressure experiments at interface and this is 
clearly observed in Fig. (10), (large dark area, is 
graphite bonded to copper interface), even 
though, the failure was observed during cooling 
to room temperature at graphite bulk material 
near joint interface for adhesive joint. On the 
other hand, failure occurs at copper- graphite 
interface as shown in Fig. (11), (grey regions 
represent graphite films bonded to copper and 
black spots represent graphite partitions) were 
weak boundary layered is formed, this is in 
reasonable agreement with the result reported 
[11,17]. 
 

Fig. (10) Fractography of copper, weak boundary 
layered is formed 

 

Fig. (11) Fractography of copper, failure was 
observed at graphite bulk material near interface 
 

4. Conclusions 
The experiments with the copper-graphite 

composite showed a dramatically different 
behavior. Hot uniaxial pressing parameters had a 
noticeable effect on diffusion of carbon and the 
resultant adhesion of graphite through copper 
matrix at the interfacial region. Obviously carbon 
does not wet copper, so the proposed mechanism 
for producing copper-carbon composite in solid 
state is, mechanical interlocking. The main 
effective parameter in improving composite 
reliability is, temperature. The diffusion of 
carbon at copper interfaces increased with 
increasing heating temperature and has it 
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maximum values at 850°C. Heating time has no 
considerable effect on diffusion through 
interfacial interface. 

Increasing the pressing load during the hot 
uniaxial pressing operation induce cracks 
through graphite and inhibit diffusion of carbon 
through copper matrix. The effect of inert 
atmosphere appeared to be very effective at 
elevated temperature and implies that vacuum 
atmosphere (0.15-0.18x10-2) N/m2 is more 
reliable than argon atmosphere for overcoming 
the problem of copper corrosion at high 
temperature. The adhesion between copper ad 
graphite is achieved. However, there is no 
intimate contact between the copper and graphite 
film at interface. For all specimens the failure 
was observed through cooling to ambient 
temperature. This failure has two features. Firstly 
one at graphite bulk material near joint interface 
for adhesive joint, secondly at copper- graphite 
interface, where weak boundary layered is 
formed. 
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Scientists create 
artificial mini 
“Black Hole” 
 

(a) A model of an electromagnetic omnidirectional 
absorber composed of a gradient-index metamaterial 
shell and a lossy dielectric core. (b) Photograph of the 
fabricated artificial omnidirectional absorbing device 
based on metamaterials, which is composed of 60 
concentric layers, with ELC structures in the core layers 
and I-shaped structures in the shell layers. 
 
Chinese researchers have successfully built an 
electromagnetic absorbing device for microwave 
frequencies. The device, made of a thin cylinder 
comprising 60 concentric rings of metamaterials, is 
capable of absorbing microwave radiation, and has 
been compared to an astrophysical black hole 
(which, in space, soaks up matter and light). 

Abstract. In a recent theoretical work by Narimanov and 
Kildishev (2009 Appl. Phys. Lett. 95 041106) an optical 
omnidirectional light absorber based on metamaterials was 
proposed, in which theoretical analysis and numerical 
simulations showed that all optical waves hitting the 
absorber are trapped and absorbed. Here we report the first 
experimental demonstration of an omnidirectional 
electromagnetic absorber in the microwave frequency. The 
proposed device is composed of non-resonant and resonant 
metamaterial structures, which can trap and absorb 
electromagnetic waves coming from all directions spirally 
inwards without any reflections due to the local control of 
electromagnetic fields. It is shown that the absorption rate 
can reach 99 per cent in the microwave frequency. The all-
directional full absorption property makes the device 
behave like an `electromagnetic black body', and the wave 
trapping and absorbing properties simulate, to some extent, 
an `electromagnetic black hole.' We expect that such a 
device could be used as a thermal emitting source and to 
harvest electromagnetic waves. 
 
The research published today, Thursday, 3 June, in 
New Journal of Physics (co-owned by the Institute of 
Physics and German Physical Society), shows how the 
researchers utilised the special properties of 

metamaterials, a class of ordered composites which 
can distort light and other waves. 
Qiang Cheng and Tie Jun Cui of the State Key 
Laboratory of Millimeter Waves at Southeast 
University in Nanjing, China, designed and fabricated 
their absorbing device, officially called an 
“omnidirectional electromagnetic absorber”, using 60 
strips of circuit board arranged in concentric layers 
coated in copper. Each layer is imprinted with 
alternating patterns, which resonate or don’t resonate 
in electromagnetic waves. 
The designed device can trap and absorb 
electromagnetic waves coming from all directions by 
spiraling the radiation inwards and converting its 
energy into heat with an absorption rate of 99%. 
Hence it behaves like an “electromagnetic black body” 
or an “electromagnetic black hole”. 
 

Effective medium parameters for unit cells of the 
artificial omnidirectional absorbing device. (a) The 
relation between the effective permittivity and 
permeability and the geometry dimension m for the 
I-shaped unit. The inset shows the sketch of the I-
shaped unit, with w = 0.15 mm and q = 1.1 m. (b) 
The effective permittivity and permeability versus 
the frequency for the ELC resonator. The inset 
shows the sketch of the ELC unit, where t=1.6 mm, 
g=0.3 mm, p=0.15 mm, and s=0.65 mm. 
 
At the moment, the device only works with 
microwaves, but the researchers are planning to 
develop a black hole for visible light next. 
The current results could find some applications in 
microwaves. As the researchers write, “The good 
agreement between theoretical and experimental 
results has shown the excellent ability for 
metamaterials as the candidate to construct artificial 
omnidirectional absorbing devices. 
“Since the lossy core can transfer electromagnetic 
energies into heat energies, we expect that the 
proposed device could find important applications in 
thermal emitting and electromagnetic-wave 
harvesting.” 
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In this research a new method that determine the difference in orientation 
between two images (windows) using the DCT coefficients as descriptors is 
present, where the four operators that may change the orientation between the 
two images (windows) is studied by analyzing the new distribution of the DCT 
coefficients after applying each of them or their combinations. To determine the 
difference in orientation using the new distribution of the DCT coefficients, a 
new criterion is proposed which uses the sign changing in certain DCT 
coefficients as a pattern for that difference, and according to the results it 
success to determine the difference in the orientation between two images 
(windows) in very fast and accurate manner that invariant to the size and the 
details of the image (window). 
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1. Introduction 
In many field of image processing and remote 

sensing adjusting the orientation between 
different images or their slide windows to be 
matched is common issue as pre or post 
processing step. Adjusting the orientation utilizes 
testing all possible different directions that may 
make the images orientation match, this process 
usually perform using pixel-based distance 
criteria in which the minimum of the sum 
squared distances between the images is intend 
[1]. 

Adjusting the orientation between different 
images are rise in many different fields, therefore 
many researches that deal with that issue are 
reported and all are aim to perform it with more 
accurate and efficient way that consume the 
computer less time and memory. In building 3-
dimensional representation for big object, Besl 
and McKay [2] present iterative closest point 
(ICP) method to adjust the orientation of range 
images, the ICP searches corresponding points as 
the nearest neighbors between two range images. 
Relative rotation and translation matrices are 
computed so that the mean square error of the 
corresponding points is minimized. These steps 
are iterated until the error falls below the 
threshold value. Oishi [3] developed a faster 
model of the ICP method to reduce the 
computational time by reduce the algorithm to 
only three or more of the range image. In 
medical imaging, Bulan and Ozturk [4] present a 
comparison between a k-dimensional tree based 
alignment with the standard distance map based 
alignment algorithm, the k-dimensional based 
technique uses modified approximate nearest 
neighbor library, which primate to search in 

multidimensional space and adjust the 
orientation in 3D dataset of rodent brain. In 
remote sensing field Cheng [5] uses a binary 
image region based method to adjust the 
orientation between images by a two steps, first 
determine the overlap regions between the 
images and then the regions process to binary 
images, and then the binary images are filtered 
by mathematic morphologic method. In the 
appointed binary image region of the former 
image, feature template is searched and 
extracted. Through the XOR operation of the 
feature template and search region, some 
possible matching positions in the overlapped 
region of the latter image are obtained. In Image 
Processing, Dong and Guan [6] used the local 
binary pattern technique to adjust the images 
orientation, which is recognized as gray scale 
and rotation invariant, but this technique is 
variant for flipping and scaling or their 
combinations. 

In the field of remote sensing, the standard 
four operations that may produce the difference 
in orientation between different images or there 
slide windows are flipping, rotation, scaling, 
translation, or combinations of these operations. 
The common way to adjust the orientation is to 
use the distance criteria to decide which 
orientation match the other image (window) 
better than the others orientation, therefore each 
image (window) should be tested using the four 
standard operations or there combinations and 
calculate the difference with the reference 
images (window). 
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2. DCT Coefficients as Descriptors 
One of the properties that the DCT transform 

is possessing the energy compactness [7], which 
mean that the DCT transform has the ability to 
describe the image orientation in its coefficients 
(except the DC coefficient), therefore using the 
DCT transform as image (window) descriptor 
will provide a very fast way to detect the 
orientation of different images (windows) since 
there is no need for applying the four standard 
operations or there combinations and measure 
the distance between the images (windows). 

In order to use the DCT transform as a 
descriptor there is a need to study the new 
distribution of the coefficients and their 
alternation to make pattern of changing for each 
standard operation or there combinations to use 
them to detect the orientation between the two 
images (windows). 

 
3. Research Procedures 
To maintain the generality and to make the 

results independent on the used images, random 
number generator used to generate the test slide 

windows for different sizes, which used to 
analyze the DCT coefficients. The coefficients of 
each generated slide window compared with the 
coefficients of the same generated slide window 
but after applying rotation, flipping, scaling, 
and\or translation operator separately and 
together (companied). The alteration in the DCT 
coefficients after applying the operators is 
detected using the DCT descriptor. 

 
4. Results and Discussions 
By comparing the DCT coefficients of the 

test slide windows before and after applying the 
operators, the alterations in the DCT coefficients 
illustrated in Fig. (1) is determined. 

In Table (1), summary of the alteration in the 
DCT coefficients distribution and their signs is 
presented, in which for each operation(s) there is 
standard distribution for the new DCT 
coefficients. For some cases, when applying the 
operators together it will produced effect on the 
test slide windows similar to the effect of other 
operators and this is due to the symmetry effect 
of these operators. 

 
Table (1) Summery of the changing in the DCT coefficients 

 
Operation Equal to Sign Changing Transpose 

Flipping Around Rows (r) c180 Yes No 

Flipping Around Columns (c) r180 Yes No 

Rotation 90 Counterclockwise (90) 90 Yes Yes 

Rotation 180 Counterclockwise (180) 180 Yes No 

Rotation 270 Counterclockwise (270) 270 Yes Yes 

Flipping Around Rows And Rotation 90 Counterclockwise (r90) c270 Yes Yes 

Flipping Around Rows And Rotation 180 Counterclockwise (r180) C Yes No 

Flipping Around Rows And Rotation 270 Counterclockwise (r270) c9o No Yes 

Flipping Around Columns And Rotation 90 Counterclockwise (c90) r270 No Yes 

Flipping Around Columns And Rotation 180 Counterclockwise (c180) r Yes No 

Flipping Around Columns And Rotation 270 Counterclockwise (c270) r90 Yes Yes 

By examining Fig. (1), it is clear that the 
DCT coefficient altered with the four operators 
in two manners either by altering the sign of 
some coefficients in certain pattern for each 
operation or altering the coefficients by two steps 
first by altering the sign and then by transpose 
the coefficients. 

By studying the alteration in the DCT 
coefficients it is easy to notice that the new 
distribution of the DCT coefficients after 
applying the four operators or their combinations 
is invariant for the size and contain of the 
original data (image details) as shown in Fig. (1). 

That’s make the determining of which 
operator(s) that may produce the new distribution 
of the DCT coefficients is easy by comparing 
them with the DCT coefficients of the original 
data. In this research a new criteria is suggested 
to determine the difference in orientation 
between two datasets by taking certain 
coefficients and determine if the signs of them 
are changed and according to the sign changing 
pattern the difference in the orientation between 
the datasets is determine (i.e. which of the four 
operators or their combinations caused the 
difference). 
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Fig. (1) the changing in the DCT coefficients with slide window of size 4x4 pixel 
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In this new criteria, the coefficients election 
is done after a careful study for the new 
distribution of the DCT coefficients comparing 
with the original DCT coefficients, which let us 
elect eight coefficients (which can be reduce to 
four) that their sign change can be used as a 
pattern to determine the difference in orientation 

between any two dataset as shown in Table (2). 
The changing in sign for any coefficient can be 
tested by simply multiplying this coefficient with 
the same coefficient in the original DCT 
coefficients (has same location) and see if the 
multiplying result is negative which mean that 
the sign is changed and vice versa. 

 

Table (2) the changing sign pattern that determine the difference in orientation, where the O means that the two 
coefficients have the same sign and X mean that the two coefficients have different signs (capital letters mean 
after applying the operator(s) and small for the original DCT coefficient) 
 

a21*A21 a32*A32 a12*A21 a23*A23 a21*A12 a41*A14 a24*A24 a43*A34 

r X O X X

c X O X

90 X O O O

180 X X X O

270 O X X X

r90 X X X X

r180 O X O X

r270 O O O O

5. Conclusions 
According to the obtained results, the 

following conclusions are driven. For each 
operation of the four operations (or their 
combinations), the DCT coefficients will be 
always changed in a certain pattern. The new 
pattern of the DCT coefficients after applying 
one or combination of the four operations is 
invariant with the window size and details. In 
some cases of combining two of the four 
operators together, it will produce the same 
effect when combine other two operators as 
shown in Table (1), therefore they will produce 
the same distribution for the DCT coefficients. 
The suggested criterion success to determine the 
difference in orientation in very fast and accurate 
way and it is invariant for dataset size or 
contained. 
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