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Summary. Pressure transducer calibration is modeled in the regime where calculated thermo-

acoustic signal and experimental information about normal boiling temperature attainment due to 

nanosecond laser pulses irradiation are used. It is shown that the regime demonstrated recently for 

30 ns laser action is not straightforwardly applicable for shorter pulses due to strong thermo-

acoustic signal enhancement compared with vaporization signal near normal boiling point. For 

subnanosecond laser irradiation two pulses action is suggested where shorter and longer pulses are 

used simultaneously. 

1. INTRODUCTION.

In [1], a method for calibrating a pressure transducer using a change in the thermoacoustic

signal due to the appearance of evaporative pressure as a marker for reaching the target normal 

boiling point was proposed and implemented. Additional information about the actual temperature 

of the irradiated target with its known thermophysical parameters allows us to accurately calculate 

the value of thermoacoustic pressure and thereby calibrate the acoustic recording scheme used. 

The fact of simultaneous recording of thermoacoustic and evaporative signals has been 

recorded in irradiated dielectrics, metals and semiconductors for a long time [2-5]. However, the 

use of this fact for the calibration of piezoelectric sensors has not been reported until recently, 

although piezoelectric sensors have been used in the diagnosis of pulsed exposure for more than 

half a century [6]. 

A 7 mm thick piezoelectric sensor operating in the current source mode was calibrated in [1] 

under the influence of a laser pulse (25 ns, 1.06 μm) on the surface of a metal target made of 

liquid mercury, which was in contact with the sensor through a 3 mm thick glass layer. The value 

of thermoacoustic pressure at the time the boiling point was reached was comparable to 

atmospheric pressure, which facilitated its simultaneous observation with the evaporative signal. 

Since the value of the thermoacoustic signal at a fixed pulse intensity grows inversely with its 

duration, the question arises of how much this calibration technique can be used for shorter pulses 

when, against the background of increased thermoacoustic pressure, the evaporation signal in the 

temperature range close to normal boiling becomes relatively less noticeable. 

 In this paper, we analyze the possibility of extending this method to shorter laser pulses. 

2. THERMOACOUSTIC PRESSURE SIGNAL IN LINEAR APPROXIMATION.

The one-dimensional hydrodynamic problem for calculating the thermoacoustic pressure

pulse when the absorbing target is heated by a laser pulse is described by the following 

system of equations: 
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Here ρ, u, T, P - density, speed, temperature, pressure are space-time dependent functions 

(z, t). Cp, κ - heat capacity and thermal conductivity (known temperature functions). Q, α, Im, 

 p- source power density, absorption coefficient, peak laser intensity and duration of a laser 

pulse of a Gaussian shape. 

The heat equation (3) should be supplemented with initial and boundary conditions: 

                 
  

  
                              (6) 

The right-hand boundary condition (6) should be set at a distance L, where the temperature 

change can be considered negligible in comparison with the quantities of interest to us, which 

thereby virtually cease to depend on L. 

Let us now consider various approximate approaches to the solutions of these equations, 

supplemented by the equation of state ρ(T, P), which are used to determine pressure pulses 

excited in absorbing condensed media under the action of laser radiation. 

If we do not take into account the dependence of density on pressure P, which is true for 

fairly slow processes, then from (2) in the linear approximation we obtain the well-known 

expression for thermoacoustic pressure in terms of time derivatives of surface temperature 

and absorbed intensity [3]: 

     
     

  

 

 
    

 

  
 
  

   
   

  

  
 

  

     
      (7) 

It is seen from (7) that, in the case of a fixed  intensity maximum, the pressure increases 

inversely with the duration of the laser pulse. For small values of the absorption coefficient in 

(7), the second term related to the volume character of the absorption is dominant, and in the 

opposite limiting case, the main role is played by the mechanism of diffusion thermal heating 

of the target. Such an explicit mechanism separation is possible only in the linear 

approximation (7). 

These expressions are valid at distances exceeding the total heating length, but small in 

comparison with the length of the corresponding sound wave. Taking into account the 

dependence of density on pressure in a linear approximation for pressure, we obtain the well-

known wave equation with a source:  

 

  
   

   
 

   

   
 

  

  

   

   
                                                           (9) 

Formula (7) is obtained from (9) if the term with the square of the speed of sound in the 

denominator is neglected on the left side and the remaining term is  double integrated over the 

coordinate of the heating source on the right side. 

In the general case, consideration of the nonlinear response requires solving the complete 

system (1) - (3). When using the incompressible fluid approximation, an approach is possible 
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when the system of continuity and thermal conductivity equations is considered first, and then 

its solution is used to determine the pressure  from the Euler equation (2). 

To numerically solve the heat equation, which is necessary when determining the 

thermoacoustic pressure (7), you can use finite-difference schemes or the Green's function 

method with subsequent calculation of the corresponding integrals.  
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where χ is the thermal diffusivity.   

Formulas (10) and (11) give expressions for the behavior of the temperature profile in the 

case of bulk and surface absorption, respectively. In the latter case, the formula for surface 

temperature takes a simple form: 

          
 

      

 

  
                                                           (12) 

 The results and analysis of specific calculations of the behavior of P(t) are given in the 

next section for mercury using the known values of its thermophysical parameters [7–9]: 

T, K 
Cp, 10

-3
, 

J/(g∙К) 

κ, 10
-2

, 

W/(cm∙K) 
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bar 

ρ,  

g/cm
3
 

 

300 139 8 4.45 181 3.68∙10
-6

 13.521 

350 138 8.5 4.78 182 1.23∙10
-4

 13.4 

400 137 9.3 5.02 182 1.61∙10
-3

 13.279 

450 137 9.8 5.4 183 0.01178 13.16 

500 137 10.4 6 183 0.05758 13.04 

550 137 11.5 6.48 185 0.2993 12.921 

600 137 12.4 6.84 185 0.6146 12,8 

650 137 13 7.12 186 1.521 12.68 

700 137 13.5 7.41 186 33 12.56 

750 137 13.8 7.67 185 64.5 12.436 

800 136 14.2 7.95 185 11.58 12.31 

Table 1: Thermophysical parameters of mercury. 
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3 RESULTS AND DISCUSSION. 

3.1 The dependence of the thermoacoustic signal on the pulse duration. 

First, we consider the change in the thermoacoustic pressure  (7) with a decrease in the 

pulse duration in the target heating from the initial temperature To = 0.45Тb to a 

predetermined value corresponding to the normal boiling point of mercury Tb = 630 K. 

Because of this additional condition the pressure amplitude increases faster than the reciprocal 

of the pulse duration, since a shortening of the laser pulse requires an additional increase in its 

intensity. The considered problem for this reason becomes effectively nonlinear. A similar 

note also applies to the dependence of the pressure amplitude on the magnitude of the 

absorption coefficient. 

As thermophysical constants in calculating the temperature and pressure, we will use three 

sets of values from Table 1 corresponding to the target temperatures Т / Тb = 0.45, 1, and 1.1. 
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. Figures 1 and 2 show the behavior of the temperature of the irradiated surface and the 

thermoacoustic pressure signal in the linear approximation of heating from the initial 

temperature of 0.45Tb to Tb at various durations of the absorbed laser pulse with a decrease 

from 30 to 0.1 ns. The thermophysical parameters indicated in (13) - (15) were used at T0 / Tb 

= 0.45 and 1 and two absorption coefficients of 10
5
 cm

-1
 and 10

6
 cm

-1
. 

From a comparison of Figures 1 and 2, it can be seen that the transition from the use of 

data (13) to data (14) practically does not affect the shape of the pressure response, with the 

exception of the ratio between the amplitudes of the positive and negative pressure waves, the 

values of which approach unity with decreasing pulse duration and absorption coefficient. 

This behavior is associated with a relative change in the length of the thermal effect due to 

thermal conductivity and the radiation absorption length . 

However, the amplitude values of pressure and absorbed intensity change more 

significantly with a change in the pulse duration, as is also shown in Table 2, where these 

values are given for a set of constants (13) and (14) for two absorption coefficients of 10
5
 cm

-1
 

and 10
6
 cm

-1
. 
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Fig. 1 Temporal profile of intensity (I), relative temperature (T / Tb) and pressure (P) for different 

pulse durations (they are shown in the graphs) and α = 10
5
 cm

-1
 (solid lines), α = 10

6
 cm

-1
 (dashed 

lines). The values of maximum intensities for two absorbtion cooficients and difeerent pulse duration 

are: 30 ns - Im=1.2 MW/cm
2
 and Im=1.04 MW/cm

2
; 10 ns - Im=2.3 MW/cm

2
 and Im=1.8 MW/cm

2
; 3 ns 

- Im=5 MW/cm
2 
and Im=3.4 MW/cm

2
; 1 ns - Im=11 MW/cm

2 
and Im=6 MW/cm

2
; 0.3 ns - Im=29 

MW/cm
2 
and Im=12 MW/cm

2
; 0.1 ns - Im=74 MW/cm

2 
and Im=23.3 MW/cm

2
. 

  

30 ns 10 ns 3 ns 

1 ns 0.3 ns 0.1 ns 

30 ns 10 ns 3 ns 

1 ns 0.3 ns 0.1 ns 
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Fig. 2 Temporal profile of intensity (I), relative temperature (T / Tb) and pressure (P) for different 

pulse durations (they are shown in the graphs) and α = 10
5
 cm

-1
 (solid lines), α = 10

6
 cm

-1
 (dashed 

lines). The values of maximum intensities for two absorbtion cooficients and difeerent pulse duration 

are: 30 ns - Im=1 MW/cm
2
 and Im=0.7MW/cm

2
; 10 ns - Im=1.8 MW/cm

2
 and Im=1.3 MW/cm

2
; 3 ns - 

Im=4.2 MW/cm
2 
and Im=2.4 MW/cm

2
; 1 ns - Im=10 MW/cm

2 
and Im=4.5 MW/cm

2
; 0.3 ns - Im=28 

MW/cm
2 
and Im=12 MW/cm

2
; 0.1 ns - Im=74 MW/cm

2 
and Im=18 MW/cm

2
. 

30 ns 10 ns 3 ns 

1 ns 0.3 ns 0.1 ns 

30 ns 10 ns 3 ns 

1 ns 0.3 ns 0.1 ns 
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 α = 10
5 
сm

-1
 α = 10

6 
сm

-1
 

 p., 

ns 

Im1, 

MW/сm
2
 

Pm1,  

bar 

Im2, 

MW/сm
2
 

Pm2,  

bar 

Im1, 

MW/сm
2
 

Pm1, 

bar 

Im2, 

MW/сm
2
 

Pm2, 

bar 

0,1 74 140000 74 140000 18.2 600 23.3 1100 

0,3 27.5 1750 29.2 2000 9 150 11.9 300 

1 10 210 11.2 260 4.45 38 6.1 80 

3 4.24 33 5.07 50 2.43 12.5 3.4 27 

10 1.82 5.75 2.3 10 1.28 3.5 1.81 7.6 

30 0.9 1.45 1.2 3 0.73 1.15 1.04 2.6 

Table 2: The values of the maximum pressure and the corresponding radiation intensity 

depending on the duration of the absorbed laser pulse for two values of the absorption 

coefficient and heating to Tb. from initial temperature To = 0.45Tb. 

The ratio of the pressure amplitudes calculated for different sets of constants (13), (14) at  

various values of the absorption coefficient is shown in Fig. 3 (two upper curves) depending 

on the duration of the laser pulse. The solid curve (α = 10
5 

сm
-1 

) tends to unity for short  

pulses where  the  heat conduction effect is smaller than at α = 10
6 

сm
-1

. 
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Fig. 3 Ratio of maximum pressures at various thermophysical parameters for two values of the 

absorption coefficient depending on the pulse duration.  

The pressure in Fig. 1 and Fig. 2 for 30 ns is approximately consistent with the calculation 

result in [1]. It also follows from the figures and Table 2 that the amplitude of the 

thermoacoustic pressure signal grows much faster than ( p)
-1

  when  p diminishes. This 

difference, clearly demonstrated in Fig. 3, as mentioned above, is associated with an 

additional condition for reaching a given temperature To = Tb for each pulse duration. 

 Using simple estimates, it is easy to find that in this case, with the volume or surface 

nature of the absorption, the amplitude of the linear response with decreasing pulse duration 

will increase as ( p)
-2

 or ( p)
-3/2

. With a comparable effect from these two heating mechanisms, 

the exponent will lie in the range 1.5 - 2, as can be seen from Fig. 4. 

Due to such a rapid increase, the amplitude of the thermoacoustic signal exceeds the 

atmospheric pressure by more than an order of magnitude even with a duration of 3 ns. Such 

an excess, which increases with a further decrease in the pulse duration, greatly complicates 
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the direct application of the method used in [1] for calibrating a piezoelectric sensor in the 

case of short laser pulses. 
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Fig. 4 Change in pressure maximum depending on the pulse duration for two sets of thermophysical 

constants (13)-(14) (grey and black) with  initial temperature To = 0.45Tb and (14)-(15) (violet and red) 

 with  initial temperature To = Tb .  Triangles and squares  correspond to  two values of the absorption 

coefficient α= 10
6
 cm

-1
 and α= 10

5
 cm

-1
, respectively. 

3.2. Modification of the approach for short pulses. 

A decrease in pressure for short pulses can be achieved by preheating the target to a 

temperature close to the value of Tb with an additional longer laser pulse. The two-pulse 

technique, when the first pulse transfers the irradiated system to the desired state, and the 

second carries out its monitoring  is widely used in various situations (see, for example, [10]). 

In our case, the short pulse should be combined with the moment of reaching the temperature 

maximum from the first long pulse, when the thermoacoustic signal generated by it is close to 

its passage through zero. 

The action of a short laser pulse should provide heating of the target from Tb to values at 

which the saturated vapor pressure exceeds 3 bar. For mercury, in accordance with Table 1 

(saturation pressure versus temperature), this gives T value  about  1.1 Tb The ablation regime 

then approaches evaporation into vacuum with a recoil pressure of Pr   1 bar. However, a 

consistent quantitative analysis of the problem of the unsteady process of formation of a pulse 

of evaporative pressure under similar conditions, when the saturated vapor pressure as a result 

exceeds the external pressure by several times, as far as we know, has not yet been carried 

out. Note that in the conditions of interest to us, the evaporation and thermoacoustic signals 

are simply summed, since the cooling effect of evaporation on the temperature profile is 

small. 
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Figure 5 shows the temporal dependences of the thermoacoustic pressure upon heating 

the target from T0 = Tb to T = 1.1 Tb with laser pulses of various durations (3, 1, 0.3, and 0.1 

ns), and Table 3 shows the maximum achievable values of thermoacoustic pressure under 

such conditions. 

It can be seen that the magnitude of the thermoacoustic signal is much smaller than in 

Fig. 1 and Table 2; however, at 0.1 ns its amplitude nevertheless considerably exceeds 1 bar 

even for the absorption coefficient 10
6
 cm 

– 1
. The total thermoacoustic signal when exposed 

to two pulses with durations of 30 ns and 1 ns is shown in Fig. 6. 
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Fig.5. Temporal profile of thermoacoustic pressure depending on the laser pulse duration and α = 10
5
 

cm
-1

 (a), α = 10
6
 cm

-1
 (b) upon heating of the target from T = Tb to T = 1.11 Tb with the corresponding 

intensities. 
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 α = 10
5
 cm

-1
 α = 10

6
 cm

-1
 

 , нс Im1,  

MW/cm
2
 

Pm1, 

bar 

Im2,  

MW/cm
2
 

Pm2, 

bar 

Im1,  

MW/cm
2
 

Pm1, 

bar 

Im2, 

MW/cm
2
 

Pm2, 

bar 

0.1 15 2800 15 3000 4.63 220 4.73 230 

0.3 5.85 400 5.87 400 2.41 60 2.47 66 

1 2.25 55 2,27 56 1.23 17 1.25 18.3 

3 1.01 10 1.03 11 0.675 5.5 0.7 5.8 

Table 3: The values of the maximum pressure and the corresponding radiation intensity 

depending on the duration of the absorbed laser pulse for two values of the absorption 

coefficient and heating up to 1.11Tb, from the initial temperature To = Тb.. 
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Fig. 6. The temporal profile of temperature (a) and pressure (b) for a laser pulse with a duration of 30 

ns Im1 = 1.2 MW/cm
2 
followed by heating of the target from T = Tb. up to T = 1.11Tb. 1 ns pulse with 

Im2=3.2 MW/cm
2
; α = 10

5 
cm

-1
. 

Note that for α = 10
6
 cm 

– 1
 and a pulse duration of 0.3 ns, the maximum of the acoustic 

pressure is only slightly higher than the maximum for the duration of 1 ns, shown in Fig. 6 

This means that calibration in the case under consideration is possible for the subnanosecond 

mode if the absorption coefficient is large enough. 

The question of choosing the wavelength of laser radiation to ensure such a value of α is 

beyond the scope of this paper. At the same time, for mercury at higher temperatures 

approaching the critical point, there appears to be a sharp decrease in α, characteristic of the 

metal-insulator transition (see, for example, [11-14] and referencies therein). 

3.3. Applicability of the approximations used. 

The use of the equation of state in this work, which takes into account the dependence of 

the density of the liquid only on temperature, suggests, in particular, the slowness of the 

processes under consideration on a scale specified by the speed of sound cs. This means that 

the convective velocity υ associated with thermal expansion should be small compared to cs 

>> υ and the characteristic spatial size l of the processes considered over time t should be 

small relative to the mean free path of sound over the same time. This inequality holds in all 

of the exposure modes discussed. 
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The effect of the calculated pressure P on the density change can be approximately 

estimated using a simple relation that takes into account the proportionality of this change to 

the ratio P/cs
2
. This contribution is significant only for the shortest pulses during direct target 

heating from the initial room temperature to the boiling point. However, these cases are not of 

interest for calibration precisely because of the large magnitude of the resulting 

thermoacoustic pressure. 

The applicability of the linear approximation is evidenced by a comparison of the results 

obtained when two sets of constants corresponding to the initial and final values of the target 

temperature are used in the calculations. The results are shown in Fig. 3 and in Tables 2 and 3. 

For the heating interval T = (0.45 -1) Tb, the difference between the  sets  (13) and (14)  is not 

negligible due to a noticeable variation in thermal diffusivity in this range. However, this 

difference does not play a significant role, if we take into account the use of a two-pulse 

technique. At the same time, for short pulses with a heating interval T = (1 - 1.1) Tb, the 

applicability of the linear approximation is quite satisfactory, as can be seen from Fig. 3 (two 

lower   curves), table 3 and Fig. 4 where in   the case To = Tb  there is no visible  difference  

between the curves  with the sets (14) and (15)  for the same  α value. 

4. CONCLUSION. 

Thus, in the present work, as a result of numerical simulation of various modes of the 

method of calibrating pressure sensors, originally proposed and implemented [1] for a laser 

pulse duration of 30 ns, it is shown that the direct extension of this method to shorter 

durations is difficult. This is due to the rapid increase in thermoacoustic pressure with 

decreasing pulse duration, which turns out to be sharper than the inverse dependence 

characteristic of a linear response to a given laser intensity, due to the fixation of the 

temperature range in the calibration mode 

A natural way to overcome this difficulty is to use a double-pulse heating of the target, 

when the first long pulse brings the temperature of the target closer to the boiling point, and 

the second, shorter one, provides the appearance of an evaporative signal with a reduced 

(compared to single-pulse mode) value of the thermoacoustic signal. This approach allows us 

to extend the calibration method implemented in [1] to subnanosecond pulses, thereby 

expanding its range of applicability by almost two orders of magnitude in reducing the laser 

pulse duration. 
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