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Abstract 

Removal of paint from Carbon Fiber Reinforced Polymer (CFRP) composites through laser 

ablation is very promising and environmentally safe process. The typical beam spatial profile of 

the laser sources used for this process is fundamental mode Gaussian with transverse 

electromagnetic mode of TEM00. However, there are many other higher order beam modes such 

as TEM01, TEM10 and special beam profiles such as Super-Gaussian (Top-Hat) and Truncated 

Gaussian that can be used for the process. Potential thermomechanical damage of CFRP 

composite laminate subjected to laser paint removal process plays a vital role in deciding the 

efficacy and the accuracy of a particular beam profile. Therefore, analytical studies were first 

conducted to understand the basic properties of Gaussian beams in terms of their transverse 

distribution and propagation satisfying the paraxial condition. Secondly, their transformation by 

simple optics and Diffractive Optical Elements (DOE) to achieve higher orders modes and special 

beam profiles were also studied. Finally, these studies were then used to model various beam 

profiles in a commercial finite element package, COMSOL Multiphysics, and to simulate the 

thermomechanical behavior of CFRP composite laminate illuminated by laser source. Both the 

Continuous Wave (CW) and Pulsed Laser were simulated. The results were summarized and 

compared in terms of the temperature distribution in the substrate laminate, penetration depth, and 

through thickness stresses. It was evident that the Gaussian (TEM00) beam profile has the fastest 

stabilized time as compared to the Super-Gaussian (Top-Hat) profile but produces higher stresses 

in the substrate laminate. 

 

1. Introduction 

 

Paints are generally removed from surfaces either by chemicals or abrasives. Although these 

chemical and abrasive based techniques are effective they do suffer from certain drawbacks. These 

processes often generate mixed waste and may damage the substrate surface too. Moreover, 

chemical, or abrasive based methods frequently drive some fraction of the contaminated paint 

residue deeper into the material, particularly, if the material is porous.  
 

Lasers have been used in wide range of scientific and industrial applications because they offer high 

energy concentrations, various temporal and spatial distribution and fast processing times. To 

maximize these advantages, the study of the quality of the processed materials is essential. The 
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quality of the processed materials is highly influenced by various laser parameters, including laser 

power, moving speed, beam radius, and beam shape. The optimal processing of laser power and 

moving speed has been the focus of considerable interest. A growing body of theoretical and 

experimental work has also explored the spatial structure of the laser beam modes in the areas of 

modern optics and laser physics [13]. However, one area that has received little quantitative attention 

is the effects of laser beam spatial distribution or modes on the laser-material interaction process. 

 

While most studies of laser-material interaction modeling have adapted a Gaussian laser beam shape 

for simplicity [1-4], one often finds several different laser beam shapes, called Transverse 

Electromagnetic (TEM) modes [12], in a real cavity for the following reasons. First, even in an 

accurately aligned cavity, some waves travel off-axis as they bounce back and forth, due to the 

effects of diffraction [10-11]. Second, there is considerable scattering loss that results from scratches 

on the mirror surface. 

 

In this paper, TEM00, TEM01, TEM11, and Top-hat laser beam shapes are selected. These beam 

shapes have been chosen due to their popularity as commercially available lasers. The general 

formula of TEM modes proposed by Enderlein and Pampaloni [13] are modified for all cases to 

have the same laser power since the definition of the beam radius is different for each case. The four 

different laser beam modes were used to simulate laser-material interaction. 

 

Moreover, the choice of a particular laser for paint stripping depends on the optical properties of the 

paint at the irradiation wavelength, paint thickness and on the material from which paint is to be 

removed. Paint stripping using excimer laser has demonstrated that aluminum and steel substrate 

retains good surface quality after stripping without getting thermally damaged [15]. However, as the 

removal of paint per pulse is rather small the processing time is generally longer. Epoxy grey paint 

stripping with Nd:YAG laser was extensively studied as a function of repetition rate (1 Hz–10 kHz), 

laser fluence (0.1–5 J/cm2) and pulse duration (5 ns and 100 ns) [16]. The best paint ablation 

efficiency of 0.3 mm3/ (J pulse) was obtained for 10 kHz at 1.5 J/cm2 for 100 ns pulse. A 1 kW 

pulsed TEA CO2 laser (pulse energy ~ 3.8 J, repetition rate ~265 Hz) was developed for paint 

stripping of various metallic and composite aircraft panels [6]. Due to high absorption of CO2 laser 

radiation in paints and low absorption in the underlying substrate in efficient removal of paint 

without damaging the substrate 

  

Compared to other lasers, TEA CO2 laser has a distinct advantage in terms of high efficiency, high 

peak power and higher absorption coefficient [17] for most of the paints. Higher absorption of CO2 

laser energy by the paints makes it the ideal choice for paint stripping and was the choice for this 

research. 

2. Mathematical Model of Various Laser Beam Modes 

2.1. Fundamental Gaussian Beam Mode (TEM00) 

By solving the Paraxial Helmholtz equation [33], the complex amplitude U(r) of the Gaussian Beam 

is expressed as: 

𝑈(𝑟) = 𝐴0  
𝑊0

𝑊(𝑍)
 𝑒𝑥𝑝

[−
𝜌2

𝑊(𝑍)2]
 𝑒𝑥𝑝

[−𝑗𝑘𝑧−𝑗𝑘
𝜌2

2𝑅(𝑍)
 +𝑗𝜉(𝑍)]

 

(2.1) 
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Where, 

𝑊(𝑍) =  𝑊0√1 + (
𝑍

𝑍0
)

2

 = Beam waist radius at distance “Z”. 

𝑅(𝑍) = 𝑍 [1 + (
𝑍0

𝑍
)

2

] = Raileigh range 

𝑊0 =  √
𝜆𝑍0

𝜋
 = Beam waist radius 

𝜉(𝑍) =  tan−1
𝑍

𝑍0
 

 

The optical Intensity I(r) = U(r)2 of the Gaussian Beam is a function of the axial and radial positions, 

Z and ρ = √x2 +  y2, respectively and it is expressed as: 

 

I (ρ, z) = 𝐼0 [
𝑊0

𝑊(𝑍)
]

2

𝑒𝑥𝑝
[−

2𝜌2

𝑊(𝑍)2]
 

 

The optical intensity I(r) of a Gaussian Beam in terms of the laser power (P) is expressed as: 

 

I (ρ, z) = 
2𝑃

𝜋𝑊(𝑍)2 𝑒𝑥𝑝
[−

2𝜌2

𝑊(𝑍)2]
 

(2.3) 

 

Figure-1-(a) shows the normalised Gaussian Beam intensity as a function of radial distance “ρ” at 

different axial distances “Z”. Equation (2.3) is the mathematical expression for TEM00 Gaussian 

Beam profile. Figure-1-(a) shows the Gaussian Beam profile generated in COMSOL based on 

Equation (2.3). 
 

2.2. Higher Order Gaussian Beam Mode (TEM01) 

The Gaussian beam is not the only beam-like solution of a Paraxial Helmholtz equation [12-13]. Of 

particular interest are solutions that exhibit non-Gaussian intensity distributions but share the wave 

fronts of the Gaussian Beam [33]. These solutions are called the Hermite Polynomial or Hermite-

Gaussian functions and is expressed as: 

 

Ul,m(x, y, z) = |𝐴𝑙,𝑚| [
𝑊0

𝑊(𝑍)
] 𝐺𝑙 [

√2𝑋

𝑊(𝑍)
] 𝐺𝑚 [

√2𝑌

𝑊(𝑍)
] 𝑒𝑥𝑝

[−𝑗𝑘𝑧−𝑗𝑘
𝑋2+𝑌2

2𝑅(𝑍)
+𝑗(𝑙+𝑚+1)𝜉(𝑍)]

 

(2.4) 

Where,  

𝐺𝑙(𝑢) = 𝐻𝑙(𝑢) 𝑒𝑥𝑝
(−

𝑢2

2
)
, 𝑙 = 0, 1, 2, … 

 

Equation (2.4) is known as the Hermite-Gaussian function of order “l” and Al,m is a constant. Since 

H0(u) = 1, the Hermite-Gaussian function of order “0” is simply the Gaussian function. Continuing 

to higher order, G1(u) = 2u*exp(-u2/2) is an odd function, G2(u) = (4u2 – 2)*exp(-u2/2) is even, G3(u) 

= (8u3 – 12u)*exp(-u2/2) is odd and so on. These functions are displayed schematically in Figure-

1(b) below: 

 

The optical intensity I(r) of HGl,m order Hermite-Gaussian Beam is expressed as: 

 

Il,m(x, y, z) = |𝐴𝑙,𝑚|
2

[
𝑊0

𝑊(𝑍)
]

2

𝐺𝑙
2 [

√2𝑋

𝑊(𝑍)
] 𝐺𝑚

2 [
√2𝑌

𝑊(𝑍)
] 
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(2.5) 

For HG01 = TEM01; For l = 0, Gl = G0(u) = exp(-u2/2) and for m =1, Gm = G1(u) = 2v*exp(-v2/2) and 

for Z = 0; W(Z) = W0. Hence, equation (2.5) will be expressed as: 

 

Il,m(x, y, z) = 
2𝑃

𝜋𝑊(𝑍)2
[

√2𝑋

𝑊(𝑍)
] (𝑒𝑥𝑝

[−
𝑋2

2
]
)

2

[
4𝑌2

𝑊(𝑧)2
] (𝑒𝑥𝑝

[−
𝑌2

𝑊(𝑧)2]
)

2

 

(2.6) 

 

 

Equation (2.6) is the mathematical expression for TEM01 Beam profile. Figure-1(b) shows the TEM01 

Higher-order Gaussian Beam profile generated in COMSOL based on equation (2.6): 
 

2.3. Higher Order Gaussian Beam Mode (TEM11) 

For HG11 = TEM11; For l = 1, Gl = G1(u) = 2u*exp(-u2/2); for m =1, Gm = G1(u) = 2v*exp(-v2/2). 

Hence, equation (2.5) will be expressed as: 

 

Il,m(x, y, z) = 
𝑃

2𝜋𝑊(𝑍)2
[

8𝑋2

𝑊(𝑍)2
] 𝑒𝑥𝑝

(−
2𝑋2

𝑊(𝑍)2)
[

8𝑌2

𝑊(𝑍)2
] 𝑒𝑥𝑝

(−
2𝑌2

𝑊(𝑍)2)
 

(2.7) 

 

Equation (2.7) is the mathematical expression for TEM11 Beam profile. Figure-1(c) illustrates the 

dependence of the intensity on the normalized transverse distances u =
√𝟐𝒙

𝑾(𝒁)
  and v = 

√𝟐𝒚

𝑾(𝒁)
 for several 

values of “l” and “m”. Figure-1(c) shows the TEM11 Higher-order Gaussian Beam profile generated in 

COMSOL based on equation (2.7): 
 

2.4. Top-Hat or Flat-Top Beam (Super-Gaussian) 

The heat generated by a super-Gaussian profile (i.e., a smoothed flat-top profile) of transverse 

optical intensity of order “n” [1] can be given as: 

 
(2.8) 

 

Where, Q0 is the peak intensity, w0 is the beam radius over the incident surface, and r is the radial 

distance from the propagation axis. A conventional Gaussian profile results from a super-Gaussian 

one of order two; the higher the order [34], the steeper the edges of the profile. A super-Gaussian 

intensity profile of “order 20” was implemented [35] as shown in Figure-1(d), based on actual data 

acquisition via beam profiler [55]. Under this assumption and for “P” denoting the operating power, 

the peak intensity in Equation (2.8) approaches: 

 

 
With 𝑥0 and 𝑦0 being the coordinates of the starting point of the beam path, a heat source was 

implemented in a Cartesian coordinate system, hence Equation (2.8) yielding: 
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(2.9) 

 

Equation (2.9) is the mathematical expression for Top-Hat Beam profile. Figure-1(d) shows the 

Top-Hat (Super-Gaussian) Beam profile generated in COMSOL based on equation (2.9): 

 

 
 

(a) 

 

 

 
 

(b) 

 

 
 

(c) 
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Figure-1 Beam profile in COMSOL for Beam waist radius W0 = 1.5mm, (a) TEM00 Gaussian Beam (b) TEM01 

Gaussian Beam (c) TEM11 Gaussian Beam (d) Top-Hat Super-Gaussian Beam 

3. Mathematical Model of Heat Transfer in Substrate Material 

Heat generated by a laser beam at the paint surface is dissipated by conduction, convection, and 

radiation [2]. The heat transport equation can be defined as: 

 
(3.1) 

 

Where, ρ is the density, C is the heat capacity, T is the temperature, K is the thermal conductivity, 

α is the absorption coefficient and Q is the laser heat generation. If we include the terms for the heat 

dissipated by convection and radiation, equation (4.1) takes the form as below: 

 

𝜌𝑐
𝜕𝑇

𝜕𝑡
−  ∇. (𝐾∇𝑇) = 𝑄 +  

ℎ𝑡𝑟𝑎𝑛𝑠

𝑑𝐴
(𝑇𝑒𝑥𝑡 − 𝑇) +  𝜀𝜎(𝑇𝑎𝑚𝑏

4 −  𝑇4) 

(3.2) 

 

Where, ℎ𝑡𝑟𝑎𝑛𝑠 is the heat transfer coefficient, ε is the emissivity, σ is the Stefan-Bolzman constant. 

The described model is applicable if there is no phase transition and other substantial surface 

changes i.e. for temperature profile below the melting point. At present we are only interested in 

thermo-mechanical behavior of laser heating of a substrate with paint material. Therefore, we shall 

apply the above assumptions and use the heat transfer equation in our numerical simulation. 

3.1. Beer-Lambert Law for Energy Absorption by Paint Layer 

The process of a plate of homogeneous and isotropic material absorbing a monochromatic and 

parallel laser beam of incident power density I0 can be described by the Beer-Lambert law [8, 62]: 

 

𝐼 = 𝐼0𝑒−∝𝑍 

(3.3) 

where I is the depth dependent laser intensity and I0 is the surface laser intensity of different laser 

beam modes as defined in section-2 and α is the spectral linear absorption coefficient (cm−1) of the 

material at laser wavelength. 
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4. Material Properties for Numerical Simulation 

4.1. Epoxy Paint 

 
In the present paper, Epoxy paint is used as it is widely used in industry because of its excellent chemical 

and water resistance and good adhesion to CFRP laminate. Moreover, it is a standard paint material whose 

mechanical and thermal properties are well documented in the literature [22-25] and tabulated here in Table 

1. FTIR spectroscopy of epoxy paint was carried out [64] to measure the absorption coefficient (α) and the 

value comes out to be 14.9x102 (cm-1).  

 
Table 1 Thermal Properties of Epoxy Paint 

Property Value Unit 

Specific Heat (Cp) 1180 J/(Kg*K) 

Thermal Conductivity (K) 0.2 W/(m*K) 

Coefficient of Thermal Expansion (α1) 55x10-6 [1/K] 

Density (ρ)  1800 Kg/m3 

Absorption Coefficient (α) at 10.6μm Wavelength 14.9x102 (cm-1) 

4.2. Carbon Fiber Reinforced Composite Plastic (CFRP) Substrate Laminate 

As per the SAE4872A standard [20], the recommended material properties for using CFRP 

composite for an aircraft structure is specified as BMS 8-256, Type IV, Class 2, 3K-70-PW (Ply 

Thickness: 8.5 mil +/- 0.8 mil) – 350F Cure CFRP. According to this recommendation, we have 

used CYCOM® 997 Epoxy Resin system and the properties [14] of it are listed in Table 2. The 

mechanical properties [15] of a single ply laminate made with Unidirectional Prepreg Tape of 

CYCOM® Epoxy Resin system are tabulated in Table 3. The temperature dependent thermal 

properties [21-23] of a single ply CFRP laminate with Unidirectional Prepreg Tape of CYCOM® 

Epoxy Resin system are tabulated in Table 5. The coefficient of thermal expansion for a single ply 

unidirectional laminate are obtained by rule of mixture. Laminate sequence used for the CFRP 

composite panel is [0, 90,4 5, -45]2S with total thickness of the laminate as 2.2 mm. 

 
Table 2 Mechanical Properties of CYCOM® Epoxy Resin Matrix 

Property Value Unit 

Elastic Modulus (E11) 4.14 GPa 

Elastic Modulus (E22) 4.14 GPa 

Shear Modulus (G12) 1.172 GPa 

Poison’s Ratio 0.35 - 

Density (rho) 1265 Kg/m3 

 

Table 3 Mechanical Properties of a Single Unidirectional CFRP Laminate 

Particular Value Unit 

Longitudinal Young’s Modulus (Ec,x) 131 GPa 

Transverse Young’s Modulus (Ec,y) 4.0 GPa 

Shear Modulus (Ec,s) 4.8 GPa 

Major Poisson’s Ratio (Vc,x) 0.28 - 

Minor Poisson’s Ratio (Vc,y) 0.28 - 

Fibre Volume Fraction, VF 60% - 

Cured thickness – Single Ply Laminate 0.1375 mm 
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Table 4 Thermal Properties of Single Ply Unidirectional CFRP Laminate for Static Analysis 

Particular Value Unit 

Fibre Volume Fraction, VF 0.6 - 

Matrix Volume Fraction, Vm 0.4 - 

Fibre Young Modulus in Fibre Direction, E1f 230 GPa 

Matrix Young Modulus, Em 4.14 GPa 

Fibre Poisson’s Ratio, V12f 0.2 - 

Matrix Poisson’s Ratio Vm 0.35 - 

Fibre Thermal Expansion Coefficient in Fibre Direction, 

α1f 

-0.6E6 [1/K] 

Fibre Thermal Expansion Coefficient Perpendicular to 

Fibre Direction, α2f 

8.5E-6 [1/K] 

Thermal Expansion Coefficient in Fibre Direction, α11 3.72E-8 [1/K] 

Thermal Expansion Coefficient Perpendicular to Fibre 

Direction, α22, α33 

3.47E-5 [1/K] 

Laminate Thermal Conductivity, Fiber Direction, K1 6.2 W/(m*K) 

Laminate Thermal Conductivity, Perpendicular to Fiber 

Direction, K2 

0.5 W/(m*K) 

Laminate Specific Heat (Cp) 465 J/(Kg*K) 

Density (ρ) 1600 Kg/m3 

 
Table 5 Temperature Dependent Thermal Properties of Single Ply Unidirectional CFRP Laminate 

T(K) Cp J/(Kg*K) K1 W/(m*K) 

Fiber Direction 

K2 W/(m*K) 

Perp. To Fiber 

Direction 

α1 [1/K]x10-7 α2 [1/K]x10-5 

300 850 7.0 0.80 -3.0 3.2 

350 930 8.0 0.85 -7.0 4.2 

400 1100 8.5 0.90 -7.5 6.5 

500 1300 9.0 0.93 -10.0 6.8 

 

4.3. Properties of TEA CO2 Laser for Numerical Simulation 

Compared to other lasers, TEA CO2 laser has a distinct advantage in terms of high efficiency, high 

peak power and higher absorption coefficient [62] for most of the paints. Higher absorption of CO2 

laser by the paints makes it the ideal choice for paint stripping. Therefore, in this paper the TEA 

CO2 laser has been used for the numerical simulation and the properties of which are listed in Table 

6. Figure-2 shows the pulse generation using analytical function with periodic excitation in 

COMSOL. The simulation is run for total 1 millisecond. 

 
Table 6 Properties of TEA CO2 Laser 

Description Value Unit 

Wavelength (λ) 10.6 μm 

Laser Power (W) 800 Watt 

Pulsed Width 200 Microseconds (μs) 

Beam Waist Radius (W0) 1.5 mm 
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Figure-2 Analytic function in COMSOL to depict pulsed laser with pulse width of 200 μs 

5. Simulation in COMSOL 

COMSOL Multiphysics is used for Modeling of laser heating and subsequent thermo-mechanical 

behaviour of a substrate with paint material. COMSOL has a unique capability to model very thin 

layered material via “Layered Shell” interface. The “Heat Transfer in Layered Shell” interface is 

used for generating laser heat source and simulating heat transfer as per Equation (3.2). A two-

dimensional square plate with dimension: 250 mm (L) x 250 mm (W) is modeled. The thickness of 

the plate is defined by the CFRP laminate with total 16 numbers of ply plus one layer of Epoxy paint 

(250 μm thickness) using the “Layered Shell” interface in COMSOL. The following boundary 

condition adopted for heat transfer in COMSOL: Inward heat flux applied at the top surface, heat 

dissipated by convection and radiation at the top surface and the edges are insulated. Layered cross 

section preview for CFRP composite with Epoxy paint layer is shown in Figure-3 and the layer 

stack preview is shown in Figure-4. The Multiphysics capacity of COMSOL is used for running 

multiple physics together. Here we run the model for coupled “Heat Transfer in Layered Shell” and 

“Structural Mechanics” physics to get the deformation, stresses, and temperature distribution. 

 

 

 
Figure-3 Layer Cross Section Preview for Laminate Sequence [0, 90, 45, -45]2s = 16 layers for CFRP Composite Panel 

with Epoxy Paint 
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Figure-4 Layer Stack Preview for Laminate Sequence [0, 90, 45, -45]2s = 16 layers for CFRP Composite Panel with 

Epoxy Paint 

 

 
 

Figure-5 Meshed geometry of CFRP composite panel with Epoxy paint 
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6. Results and Discussion 

The simulation is run for both Stationary and Transient (Time-Dependent) analysis. The results of 

the simulation are summarized in as shown in the section 6.1 and 6.2 in terms of the temperature 

distribution, von-mises stresses and through thickness stresses in the substrate material. 

 

6.1. Stationary Analysis 

 

The stationary analysis is performed with Gaussian TEM00 and Top-Hat beam profiles with the laser 

power intensity of 60W. The results are summarized in terms of the temperature and von-mises 

stress distribution in the substrate laminate as shown in Figure-6 and Figure-7.  
 

6.2. Stationary Analysis 

 

The transient (time-dependent) analysis is performed for total of 10 milliseconds with Gaussian 

TEM00 and Top-Hat beam profiles with the laser power intensity of 800W and Pulse width of 200 

microseconds. The results are summarized in terms of the temperature distribution in the substrate 

laminate as shown in Figure-8 and Figure-9. The von-mises stress distribution in the substrate 

laminate was also compared. 
 

 

                                      (a)                                                                                (b) 

 
Figure-6 Temperature distribution for stationary analysis (a) Gaussian TEM00 and (b) Top- Hat Beam Profiles 

 

 
(a) (b) 

 
Figure-7 Von-Mises stress distribution for stationary analysis (a) Gaussian TEM00 and (b) Top- Hat Beam Profiles 
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(a)                                                                               (b) 

 

 
 

                                    (c)                                                                                (d) 

 

 
 

                                     (e)                                                                              (f) 

 

 

 
Figure-8 Pulsed laser simulation with Gaussian (TEM00) beam profile: Temperature distribution at (a) 200 μs (b) 400 

μs (c) 1 Millisecond (d) 2 Milliseconds (e) 5 Milliseconds (f) 10 Milliseconds 
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1.                                                                                  (b) 

 

 

 
 

                                (c)                                                                                    (d) 

 

 

 
 

                                (e)                                                                                    (f) 

 

 
Figure-9 Pulsed laser simulation with Top-Hat beam profile: Temperature distribution at (a) 200 μs (b) 400 μs (c) 1 

Millisecond (d) 2 Milliseconds (e) 5 Milliseconds (f) 10 Milliseconds 
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7. Future Work 

The next step in this work is to compare the depth of penetration as a function of number of pulses 

and laser fluence. Furthermore, the analysis of Heat Affected Zone (HAZ) and residual stresses 

generated will be carried out and will be compared with different beam profiles used. A two-

dimensional thickness model will also be generated considering the phase change/transition of the 

paint from solid to gaseous state due to the laser heat source and complete material removal process 

will be simulated.  

8. Conclusion 

The numerical modeling approach developed in this research was shown to produce good results 

and following conclusion can be made: 

 

1. From the stationary analysis results, it is evident that the temperature distribution in the substrate 

laminate is higher in case of Top-Hat beam profile as compared to the Gaussian (TEM00) beam 

profile. However, the Top-Hat beam profile generate higher stresses in the substrate laminate 

than the Gaussian (TEM00) beam profile. 

 

2. From the results of transient (time-dependent analysis), it was observed that for the Gaussian 

(TEM00) beam profile, it takes 1.6 milliseconds to reach the substrate temperature of 550K and 

4.2 milliseconds for 1000K. Whereas, for the Top-Hat beam profile, it takes 2 milliseconds to 

reach the substrate temperature of 550K and 5 milliseconds for 1000K. So, it can be concluded 

the Gaussian (TEM00) beam profile has a smaller stabilized time as compared to the Top-Hat 

beam profile for the same laser power intensity. 

 

3. From the results of transient (time-dependent analysis), it was observed that the stress distribution 

in the substrate laminate is higher with Gaussian (TEM00) beam profile than the Top-Hat beam 

profile. 
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