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Abstract 

The open-cell photoacoustic signal measured in the transmission configuration for aluminum 

thin plates with thicknesses of 280 μm, 197 μm, and 112 μm is experimentally and 

theoretically analyzed, in the 20 Hz – 7 kHz modulation frequency range. It is shown that the 

observed differences between the predictions of the standard thermoelastic model and the 

experiment data of both the amplitude and phase of the photoacoustic signal can be overcome 

by considering the aluminum samples coated with a thin layer of black paint as volume-

absorber materials. This new approach provides a quite good agreement with the obtained 

experimental data, in the whole frequency range, and yields an effective absorption 

coefficient of (16±2) mm–1, for a 280 μm-thick sample. The introduction of the finite 

absorption coefficient led to the correct ratio between the thermal diffusion and thermoelastic 

components of the photoacoustic signal. Furthermore, it is found that the “volume-absorber” 

approach accurately describes the behavior of the amplitude, but not that of the phase 

recorded for a 112 μm-thick sample, due to its relatively strong thermoeleastic bending, 

which is not considered by this theory. Within the approximation of the small bending, the 

proposed “volume-absorber” model provides a reliable description of the photoacoustic 

signal for Al samples thicker than 112 μm, and extends the applicability of the classical 

"opaque" approach.  
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I. INTRODUCTION 

The photoacoustic technique is one of the most useful and reliable photothermal techniques 

for performing the thermal and optical characterization of a wide variety of materials, 

because of its high sensitivity and versatility in the nondestructive evaluations of gases, 

liquids, and solids.1-10 The working principle of this spectroscopic technique is based on the 

photoacoustic effect discovered by Alexander Graham Bell,11 who found that an acoustic 

signal is produced when a sample in an enclosed cell is heated up with light having a 

periodically varying intensity. Theoretical models to describe this acoustic signal in terms of 

pressure fluctuations due to thermal expansion and contraction (thermal diffusion TD signal) 

of a gas layer have been developed by Rosencwaig and Gersho12 and by McDonald and 

Wetsel.13 The predictions of these models have been validated with a lot of experimental data 

reported in the literature for solid and liquids samples.1,2,5,14-18 When the solid sample 

undergoes strong temperature gradient, it also bends and an additional periodic pressure wave 

(thermoelastic TE signal) shows up in the photoacoustic cell. Furthermore, in 

semiconductors, the sample mechanical stress induced by the presence of free carrier, 

generates a third pressure fluctuation named plasma elastic (PE).14-16,19-21 The individual 

contribution of these three components to the total photoacoustic (PA) signal depends on the 

type of sample material, its thickness, and the modulation frequency. 

In many experiments, well-known theoretical models do not describe accurately the 

individual PA signal components, because of the unsuitable assumptions, approximations 

and/or experimental conditions. By solving the thermoelastic equations, for a membrane with 

free borders, Rousset et al.22 calculated analytically the contribution of the thermoelastic 

bending on the photoacoustic signal and used their results to measure the thermal diffusivity 

of metallic samples. This theoretical approach has shown to be highly useful for materials in 

which the thermoelastic-induced vibrations can be considered very small.2,4,17,23 However, 

this model22 breaks down for flexible materials, with strong thermoelastic bending, as is the 

case of Al and semi-transparent materials like glasses.24,25,26 Recently, Sommer et al.27 found 

sizeable differences between Rousset et al.22 theory and their experimental data obtained for 

Al samples with thicknesses between 300 μm and 890 μm. This drawback of the theoretical 

model was overcome with the introduction of an empirical power law to correlate the TD and 

TE components of the PA signal. Even though this method,27 based on the measurement of 

the thermoelastic bending parameter (fitting parameter) as a function of the sample thickness, 
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yields reliable results for the Al thermal diffusivity, it may not retrieve the correct units of 

each PA signal. 

The aim of this paper is to show how the correct ratio between the TD and TE components of 

the open-cell PA signal can be obtained by treating aluminum plates coated with a relatively 

thin layer of black paint as a “volume-absorber” material with a given absorption coefficient. 

This is achieved by matching both the amplitude and phase of the experimental PA signal to 

the theoretical expression for the pressure fluctuation due to both the TD and TE 

contributions within the PA cell. The experiments have been performed in the 20 Hz – 7 kHz 

modulation frequency range, for three Al samples with thicknesses of 280 μm, 197 μm, and 

112 μm. By considering that the samples are opaque, clear discrepancies between the Rousset 

et al.22 model and our experimental data are observed for modulation frequencies higher than 

1 kHz.  

 

II. THEORETICAL MODEL 

Let us consider a circular and homogeneous plate of thickness L  and radius Rs
, such that 

l << Rs
 (thin plate), as shown in Fig.1. When the plate is heated up with a laser beam of 

modulated intensity )jωexp(0 tII  , where j  is the imaginary unit, f2πω  , f  is the 

modulation frequency, and t is the time; it undergoes thermal diffusion, thermal dilatation, 

and thermoelastic bending. This latter effect is mainly due to the temperature gradient within 

the plate.22 Considering that the laser illuminates uniformly the surface x = 0  (azimuthal 

symmetry), and that its spot (with a radius 5 mm) is greater than the plate radius Rs = 4 mm; 

the heat flux mostly propagates along the x-axis, mainly (1D process).28,29  

 

FIG. 1. Scheme of the photoacoustic system under consideration. 
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The total PA signal  ωtotalp  detected by the microphone can be obtained as the sum of two 

independent components, known as the thermal diffusion  ωδ TDp  and the thermoelastic 

 ωδ TEp  ones:12,13,23,27,30 

 

       total TD TEp p p H           ,                                       (1) 

where  H   is the response function of the system. For small deflections and 1D heat 

propagation along the x-axis, both  TDp   and  TEp   components are given by:29 
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where 0T  and 0p  are the ambient temperature and pressure, respectively; cl  is the cell 

length, gγ  is the ratio of heat capacities at constant pressure and constant volume of the gas 

(air) within the cell, gD  is its thermal diffusivity,   is the coefficient of linear expansion of 

the sample, and  xTs  is the temperature field at the position x  within the sample (Fig. 1). 

Based on the absorption coefficient   of the sample and its thickness L, we can define it as 

optically opaque ( L  ) or as optically semi-transparent ( 0L  ). Semi-transparency 

means that light is absorbed and heat is generated within the sample volume. In this regard, 

semi-transparent samples can be considered as volume-absorbers. By solving the Fourier’s 

law of heat conduction, the temperature field  xTs  can be straightforwardly calculated for 

both cases (see appendix A), and the final results are: 

 Opaque sample ( L  ): 

 
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where 0I  is the laser intensity,   11 -

s sj    is the complex wave vector of heat diffusion, 

 / πs sD f   is the thermal diffusion length, and Ds
 is the thermal diffusivity of the 

sample. After inserting Eq. (3) into Eqs. (2a) and (2b), one obtains 
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Equations (4) and (5) show that the thermal diffusion and thermoelastic components of the 

PA signal are both determined by the ratio 
sL   and they agree with previous results.23 For a 

thermally thin sample ( 1sL   ), Eqs. (4a) and (4b) reduce to 
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which indicate that, in this regime, the thermoelastic component becomes independent of the 

modulation frequency f , while the thermal diffusion one exhibits the dependence 3 2f  . On 

the other hand, for a thermally thick sample ( 1sL   ), Eqs. (4a) and (4b) take the form 
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It is therefore clear that at high frequency, such that ( 1sL   ), the thermoelastic 

contribution is dominant and varies inversely proportional to the frequency. 

 Volume-absorber sample  0L  : 
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The combination of Eq. (2) and (8) yields 
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where J1
 is given in Eq. (5) and  

 2 2 2 LJ L L e       .                                                  (10) 

In deriving Eq. (8), we have assumed that when the plate is illuminated at the surface x = 0 , 

the photonic energy of the laser beam is totally converted into heat within the sample, such 

that its intensity is well described by the Beer-Lambert law,12 which has an exponential decay 

nature. Note that for thermally thick samples ( sL  , case of high frequency), the 

thermoelastic component decays as 2

TE ( )sp L  ; but is higher than the thermal diffusion 

one, which tends to zero (
TD 0p  ). On the other hand, the PA signal of thermally thin 

samples ( sL  , case of low frequency) is predominantly generated by the thermal 

diffusion component 
TD sp L  , while the thermoelastic one 

TEp  keeps smaller and 

independent of the frequency. Therefore, even though the bending of the sample is always 

present for low and high frequencies, its relative contribution is minimal for thermally thin 

samples, which is consistent with our previous results.29 Furthermore, for an optically thick 

sample ( 1L  ), Eqs. (8), (9a), and (9b) reduce respectively to Eqs. (3), (4a), and (4b); as 

expected. By contrast, for an optically thin sample ( 1L  ), Eqs. (9a) and (9b) become 
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For a sample thermally thick ( 1sL   ) and optically thin ( 1L  ), the two signals in 

Eqs. (11a) and (11b) become independent of the sample thickness L and they reduce to 
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which explicitly show that the effects of the absorption coefficient are weighted by the 

modulation frequency, through the product 
s . On the other hand, for a thermally 

( 1sL   ) and optically ( 1L  ) thin sample, Eqs. (11a) and (11b) take the form 
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In this case, Eq. (13b) shows that the effect of the absorption coefficient   on the 

thermoelastic component is weighted not only by the diffusion length 
s , as is the case of the 

thermal diffusion one in Eq. (13a), but also by the sample thickness  L . 

 

III. EXPERIMENTAL SETUP 

The experimental setup of the open photoacoustic cell used in the transmission configuration 

to measure the PA signal is shown in Fig. 2 and explained in detail somewhere else.28,29 The 

sample, held by a rubber O-ring with a 5 mm outer radius, is directly mounted on an electret 

microphone front (ECM 30B, Jin In Electronic Co., Ltd) and fixed with vacuum grease to 

prevent air leaking from the PA chamber. The sample is then illuminated with a red laser 

diode (660 nm) whose intensity is modulated with the homemade current modulator within 

the 20 Hz – 7 kHz frequency range. Within this frequency range, the effect of roughness of 

the illuminated surface is expected to be weak29,31 and therefore it is not going to be 

considered in this work. The average laser power is 15mW and the laser spot with a 5 mm 

radius is big enough to homogeneously illuminate the samples and minimize the 3D effects. 

This laser intensity is low enough to neglect the nonlinear effects of the electret microphone, 

within the full range of modulation frequencies under consideration.1,29 The corresponding Al 

absorption coefficient at this wavelength of the laser is 3 -1145 10  mmx  .32-34 The resulting 

amplitude and phase of the PA signal are measured as a function of the modulation frequency 

by means of a PC sound card (Intel 82801 Ib/ir/ih hd audio controller) instead of a lock-in 

amplifier. This card is a low-cost and portable instrument that is able to record a 

photoacoustic signal as accurate as the one provided by a lock-in amplifier, as we showed 

previously,28 for the whole range of modulation frequencies analyzed in the present work. All 

measurements are performed at room temperature (about 20°C). 
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FIG. 2. Scheme of the open-cell photoacoustic setup used in our experiments. 

PA measurements have been conducted for three Al plates, which have been cut with a radius 

Rs = 4 mm, and thicknesses L = 280 μm, 197 μm, and 112 μm (with a relative error of about 

1%), from a commercial aluminum billet. The bulk thermal conductivity, thermal diffusivity, 

density, specific heat capacity, and coefficient of linear expansion of the samples are:27,32-34 

11 mK W210  sk , 125 sm 106.8  sD , 3mkg 2700ρ  , 11 KkgJ 900  c , and 

15 K 101.23  , respectively. Furthermore, to reduce the high reflectivity and improve the 

optical absorption of the Al samples,35 their illuminated surface has been coated with a layer 

of black pigment, whose uniform thickness is within the micrometer resolution of  4 mm, 

which is quite small in comparison to the one of the samples. This value stands for the 

average coating thickness measured with a micrometer at the center and edges of the samples. 

This black paint enhances significantly the rate of light-to-heat conversion within the painting 

and the first atomic layers underneath the illuminated surface of Al, which act as heat 

sources. This is why the (paint+Al) samples are going to be considered as one-layer volume-

absorber materials with an effective absorption coefficient eff , which accounts for the 

efficiency of light-to-heat conversion within the samples, and therefore it depends on their 

optical properties. In view of the high reflectivity of Al ( R2 > 0.9) and high absorbance of the 

black paint ( 1 1 1l  ), the effective absorption coefficient is expected to be smaller than the 

one of the Al plate ( 2eff  ), as demonstrated in appendix II. Taking into account the long 
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thickness and high Young’s modulus of the Al plate with respect to the corresponding values 

of the black paint, the thermoelastic bending of the (Al+paint) sample is expected to be 

determined by the Al plate mainly, and it can therefore be considered as a single layer with an 

effective absorption coefficient. Furthermore, in this limit of relatively long Al thickness, the 

presence of the black paint does not modify significantly the heat diffusion through the Al 

layer, as shown by Mansanares et al.4 

 

IV. RESULTS AND DISCUSSION 

The amplitude A( f ) and phase ( )f  of the experimental ( expp ) and theoretical 

( total, a total, b total, b; ; 'p p p   ) PA signals determined for the Al plate with thickness L1 = 280 μm 

are shown in Figs. 3(a) and 3(b), respectively; as a function of modulation frequency f. The 

curves corresponding to total, ap  and total, bp  have been determined by fitting the theoretical 

models for the totally opaque (Eq. (3a)) and volume-absorber (Eq. (3b)) samples, 

respectively; to the experimental data associated with expp . Note that for modulation 

frequencies higher than 200 Hz, both A( f ) and ( )f  of expp  differ from their 

corresponding theoretical predictions obtained for opaque samples ( total, ap ). This 

discrepancy was also found for Al samples thinner than 1 mm, by other authors,27 who 

figured it out by replacing the theoretically predicted 3L  term in Eq.(2b) by the empirical 8.2L  

power law in the TE component. On the other hand, the quite good agreement between the 

proposed volume-absorber model ( total, bp ) with the experimental values of both A( f ) and 

( )f , within the whole range of frequencies, indicates that the introduction of empirical 

power laws is not required, provided that the (paint+Al plate) sample is treated as a volume-

absorber material with an effective absorption coefficient -1

eff (16 2) mm   . This effective 

parameter has been determined by a fitting procedure and is smaller than the one of pure 

aluminum, as expected. According to Figs. 3(a) and 3(b), this single value of the absorption 

coefficient permits the correct description of both the amplitude and phase, which shows that 

the volume-absorber approach is consistent. Note that the inverse of the effective absorption 

coefficient 1 63 meff    is smaller than the total thickness  284 mm  of the (paint+Al) sample, 

which indicates that all the photonic energy of the laser is converted into heat within the 

sample, as assumed to develop our theoretical model. This reasonable treatment allows us 

extending the application of Rousset et al.22 model for the thermoelastic TE component of the 

PA signal, to this type of materials. The amplitude and phase of the corrected PA signal 

total, ' bp  shown in Figs. 3(a) and 3(b) are obtained by removing all the effects of the response 

function ( H ) of our measurement system28 and they are derived from 

     total, TD, TE, ' ' 'b b bp p p       ,                                         (14) 
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which represents the sample PA characteristics, in absence of particular features of our 

experimental setup. The signal total, ' bp  has been determined dividing the experimental PA 

signal by H, which was calculated by using a Si thin plate, as detailed in our previous work.29 

At low frequencies f < 200 Hz( ) , the deviations of total, ' bp  with respect to total, bp  are 

attributed to an impedance mismatch between the microphone and the sound card used 

instead of a lock-in amplifier, for processing the PA signal. By contrast, at high frequency 

 Hz 1000f , the detected differences are mainly due to the particular characteristics of the 

electro-acoustic detector. The good agreement between the amplitude and phase of total, ' bp  

total, bp  at intermediate frequencies indicates that our measurement system has a good 

response in this frequency range. 

 

FIG. 3. a) Amplitude A( f ) and b) phase ( )f  of the PA signal, as a function of modulation 

frequency f and for the Al sample thickness L1 = 280 μm. Experimental data δpexp (asterisks), 

are comparatively shown with the total "opaque" δptotal, a and "volume-absorber" δptotal,b 

fitting curves along with the corrected δp'total, b = δptotal,b/H signal determined without the 

instrumental response function H of the measuring system. Levels of corrections are 

indicated with arrow lines. 
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Figures 4 and 5 show the comparison of the experimental and theoretical PA signals obtained 

for the Al samples of thicknesses μm 1972 L  and μm 1123 L , respectively. The fitting of 

the δptotal,b PA signal to the experimental data has yielded the following effective absorption 

coefficients     1

eff 2 17 2 mmL    and     1

eff 3 20 2 mmL   , which are slightly higher 

than the previous one determined for the sample thickness 
1 280 mL  . These variations of 

 eff L  could be due to the slightly distinct amount (thickness) of black paint on the Al 

samples, and the possible presence of tiny air voids within this black coating. As in the case 

of Fig. 3, the complete agreement between theory and experiment is achieved in both the 

amplitude A(f) and phase φ(f), for the Al sample of thickness μm 1972 L  (Fig. 4). For 

μm 1123 L , this concordance still holds in the amplitude but not in the phase. The 

predictions of the volume-absorber model with the  eff 3  L  correction do not follow the 

experimental phase and it behaves similarly to the uncorrected one obtained with the 

“opaque” model. Taking into account that the proposed model is valid for small thermoelastic 

bending only, its breakdown for thin and strongly bent samples is expected. The present 

results indicate that this failure occurs for Al plates with thicknesses equal to or smaller than 

112 m . Therefore, the description of the PA signal for thinner Al samples requires the 

generalization of the thermoeleastic model for strong bendings.  

 

FIG. 4. The same than in Fig. 3, for L2 = 197 μm.  
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FIG. 5. The same than in Fig. (3), for L3 = 112 μm. 

 

Based on the results shown in Figs. (3)-(5), it is clear that the introduction of 
eff  in the 

thermoeleastic model allows us to overcome the differences between the experimental PA 

signal and the predictions of the “opaque” theory, by accurately describing the behavior of 

this signal. The effect of the effective absorption coefficient eff  on the TE amplitude (TD 

phase) is to decrease (increase) its values, in the whole range of modulation frequencies, as 

shown in Figs. (6) and (7) for the Al samples with thicknesses L1 = 280 μm and L2 = 197 μm, 

respectively. Note that the “volume-absorber” model does not change appreciably the 

frequency dependence of the TE amplitude but rather it displaces it to values lower than those 

predicted by the “opaque” model. The phase differences predicted by these two models are 

comparatively smaller than the ones exhibited by the amplitude, and they are present at high 

frequency (f > 1000 Hz), mainly. The discrepancy between the theoretical predictions of the 

total, b'p  and total, a'p  PA signals is hence due to the miscalculation of both the TD, ' ap  and 

TE, ' ap  components of the “opaque” model. It is therefore clear that the proposed “volume-

absorber” model extends the application of the "opaque" one, for samples with small 

thermoelastic bending. 
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FIG. 6. a) Amplitudes A( f ) and b) phases ( )f  of the corrected PA signals without the 

instrumental response of the measuring system, as a function of modulation frequency f, for 

the Al sample thickness L1 = 280 μm. The “volume-absorber" δp'total, b (continuous lines) and 

"opaque" δp'total,a (dashed lines) curves are shown along with their corresponding thermal 

diffusion (TD) and thermoelastic (TE) components. 

 

FIG. 7. The same than in Fig. (6), for L2 = 197 μm. 
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V. CONCLUSIONS 

The contributions of the thermal diffusion and thermoelastic bending of Al plates, on the 

open-cell photoacoustic signal have been experimentally and theoretically analyzed. This has 

been done by measuring the amplitude and phase of the photoacoustic signal, for modulation 

frequencies within the interval 20 Hz - 7 kHz and three Al samples with thicknesses of 280 

μm, 197 μm, and 112 μm. The application of the standard thermoelastic theory for opaque 

materials has been extended to volume-absorber samples, with an effective absorption 

coefficient. Based on the comparison of the experimental data and these theoretical models, it 

has been shown that: 1) the “opaque” approach is not able to accurately describe the 

frequency dependence of the amplitude and phase of the photoacoustic signal. The observed 

deviations are strongly present for modulations frequencies higher than 200 Hz, and they are 

larger in the amplitude than in the phase. 2) A quite good agreement between the volume-

absorber model and the experimental data for both the amplitude and phase is obtained in the 

whole frequency range, for the 280 μm and 197 μm thick samples. 3) For the 112 μm thick 

plate, the new approach exhibits a slight deviation from the measured phase, due to its strong 

thermoeleastic bending, which is not taking into account in the theory. Within the 

approximation of the small bending, the proposed “volume-absorber” model extend the 

applicability of the classical "opaque" one, by providing an accurate description of the 

photoacoustic signal for Al samples thicker than 112 μm. 
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Appendix I. Volume-absorber Approximation18,19 

By considering the Al sample (Figure 1) as a volume-absorber material with an absorption 

coefficient  , the temperature distribution within the sample  xTs  (Fig. 1) can be calculated 

by solving the heat diffusion equation 

 
2

0

2

1
exp ( 2)

s s

IT T
x L j t

x D t k


 

 
     

 
,           (A1) 

whose general solution has the form  ( , ) exp( )sT x t T x j t  and is given by 

      ( 2)

1 2 3sinh ( 2 ) cosh ( 2 ) x L

s s sT x A L x A L x A e          ,           (A2) 

where s sj D  and the constant A3 is given by 

 
0

3 2 2

s s

I
A

k



 



.           (A3) 

The constants A1 and A2 are obtained from the continuity of the heat flux at the boundaries 

2;  2x L L  . Taking into account that the thermal effusivity ( e1
) of the Al sample is 

much greater than the one ( 2 ) of the surrounding air ( 1 2  ), these boundary conditions 

read 

2

0
x L

T

x 





,                                    (A4) 

2

0
x L

T

x 





.                  (A5) 

The combination of Eqs. (A2)-(A5) yields 

3
1

L

s

A
A e 


 ,                             (A6) 

 
 

3
2

1 cosh

sinh

L

s

s s

e LA
A

L

 

 


 .               (A7) 

Finally, by inserting Eqs. (A3), (A6), and (A7) into Eq. (A2), one obtains 

 
   

 
 2

3

cosh 2 cosh 2

sinh

L

s s L x

s

s s

L x e L x
T x A e

L




 

 



 
            
  

.     (A8) 
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Appendix II. Effective absorption coefficient 

The intensity I(x) of the laser at the position x inside a material is determined by the beer-

lambert law,12,36 which establishes that 

  0( ) 1 xI x I R e   ,                                             (B1) 

where I 0
 is the incident intensity on the surface x = 0 , R is its reflectivity, and   is the 

absorption coefficient of the material. This layer intensity represents an inner heat source 

( ) ( )S x I x . Applying Eq. (B1) to our (paint+Al) sample, which is a two-layer system, we 

obtain that the laser intensity I 2
 inside the Al layer is given by 

   1 1 2

2 0 1 2( ) 1 1l xI x I R e R e       ,                             (B2) 

 

where the subscripts 1 and 2 stand for the properties of the first (paint) and second (Al) layer, 

respectively. The rate of light-to-heat conversion inside the Al layer is then determined by the 

heat source 2 2 2( ) ( )S x I x , which by comparison with the heat source of a single layer, 

indicates that the effective absorption coefficient eff  of our (paint+Al) sample can be written 

as 

   1 1

2 1 21 1 l

eff R R e      .                                               (B3) 

Taking into account the high reflectivity of Al ( R2 > 0.9) and high absorbance of the black 

paint ( 1 1 1l  ), it is clear that effective absorption coefficient is smaller than the one of the 

Al plate ( 2eff  ). 
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