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Abstract: The acoustic emission signal of laser plasma shock wave, which comes into being when 
femtosecond laser ablates pure Cu, Fe, and Al target material, has been detected by using the fiber 
Fabry-Perot (F-P) acoustic emission sensing probe. The spectrum characters of the acoustic emission 
signals for three kinds of materials have been analyzed and studied by using Fourier transform. The 
results show that the frequencies of the acoustic emission signals detected from the three kinds of 
materials are different. Meanwhile, the frequencies are almost identical for the same materials under 
different ablation energies and detection ranges. Certainly, the amplitudes of the spectral character of 
the three materials show a fixed pattern. The experimental results and methods suggest a potential 
application of the plasma shock wave on-line measurement based on the femtosecond laser ablating 
target by using the fiber F-P acoustic emission sensor probe.  
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1. Introduction 

In recent years, the material detection methods 

consist of chemical composition analysis, photo 

acoustic spectrum analysis, performance test, and so 

on. Among them, photo acoustic spectroscopy (PAS) 

is comparatively a new material testing technology. 

It has made great progress since the 1970s [1]. 

Rosencwaig and Gersho [2] published 

one-dimensional photo-acoustic theory for 

condensed matter in 1976, which is known as the 

R-G theory. Based on the R-G theory, when using a 

gas microphone detecting photo-acoustic signal [3], 

the signal depends on the pressure of gas samples 

perturbing and disturbing on the interface accepted 

by the microphone.  

The complexity of the Jackson-Ainer theory 

limits its practical application, and then Blonskij et 

al. [4] simplified the computing method of 

piezoelectric photo-acoustic signal. The photo 

acoustic spectrum detection technology has the 

advantages of high sensitivity, wide range of 

detectable spectrum, and non-contact character [5, 

6]. It has been applied widely to the detection and 

analysis for materials. However, the photo acoustic 

spectrum technology usually adopts radiation light 

sources including ultraviolet, visible, and infrared  

laser [7–9], which can produce light saturation 

phenomenon easily, and it will led to a decrease in 

the signal-to-noise ratio and influence the effect of 

detection. The microphone and photo acoustic 

spectrum test system usually adopts the piezoelectric 

element (PZT) or uses microphone (MIC) [10]. PZT 

has the problem of electric charge [11], which would 
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affect the sensitivity of system testing. The 

frequency range for the MIC is quite limited and is 

affected easily by noise, as we all know that the PAS 

technology has heating effect.  

However, femtosecond laser has the advantage 

of feeble heating effect which is better in the 

detecting technology. Therefore, the photo acoustic 

spectroscopy detection theory remains to be further 

improved. Based on this, this paper uses optical 

fiber Fabry-Perot (F-P) acoustic emission sensor 

probe instead of PZT, which belongs to the fiber 

external cavity type sensor, and it is suitable for 

small amplitude signals’ detection because of its 

high sensitivity, with advantages of the 

anti-interference and sensing probe’s smaller type at 

the same time. It is better than the micro-plasma 

measurement. Considering the shortcoming of 

general radiation sources, femtosecond laser has 

been used as the light source [12–14] in this paper to 

analyze the change rules of plasma shock wave 

acoustic emission signal produced by femtosecond 

laser ablating pure Cu, Fe, and Al, thus providing a 

new method for testing materials. 

2. Experiment 

2.1 Characteristics of the F-P sensor 

(1) The light beam in the F-P sensor is actually 

located at the center of the quartz diaphragm, and 

the size of the light spot is far smaller than that of 

diaphragm. The quartz diaphragm would de 

deformed under the air pressure P, and the 

maximum deflection is defined as y max. The 

deflection ymax at the center of a quartz membrane 

could be considered as the effective deflection, i.e. 

the amount of actual cavity length change Δd=ymax. 

When the signal is detected by the sensor, the 

diaphragm would oscillate at a very high speed, 

leading to the quick change in the cavity length. So 

the interference signal strength IR varies with the 

cavity length d very fast. 
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where h stands for the thickness of the diaphragm, a 

is the effective radius of the diaphragm, E is the 

Young modulus, and  is the Poisson ratio of the 

diaphragm. The pressure sensitivity of quartz 

diaphragm at the center can be defined as 
2 4

max
max 3

3(1 )
.

16

y a
s

P E h


           (2) 

(2) The modulation method of the optical fiber 

F-P sensor in the experiment is based on the double 

beam interference. When the wavelength of the 

tunable diode laser remains the same, the relation 

between the reflection intensity IR and the cavity 

length is a cosine function as 
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where R stands for the surface reflectance, I0 is the 
incident light intensity, and they are all constants. 
  is the phase between two adjacent refracted 
beams. 

(3) The free spectral range (FSR) of the F-P 
sensor reflects dense degree of the interference 
fringes. It could be calculated as follows: 

1 2FSR .m m              (4) 

The relation between the length of cavity and 

FSR could be estimated as 
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The length of cavity could be calculated when 

knowing λm1 and λm2. From this, we know that the 

longer the length is, the smaller the FSR is, and the 

fringes would be more dense. 

2.2 Principles of the detecting method 

The optic signal generated by tunable 
semiconductor laser would pass into the circulator 
through the fiber and then into the sensors. The 
signal would be modulated when the sensor receives 
the acoustic signal of the plasma shock wave 
produced by femetosecond ablation targets. Then the 
modulated signal would be reflected back to the 
circulator. In this way, the signal owning sensing 
information is detected by the photoelectric 
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conversion and analyzed by the data acquisition 
system. The modulated information wave could be 
timely observed in the computer finally. The 
experimental apparatus is shown in Fig. 1. The 
experimental femtosecond laser is a kind of 
femtosecond laser micro-processing system from 
Japanese Cyber Laser Company, of which the type is 
titanium gem LS-IF-FW-C-401. The related 
technology parameters are as follows: the 
wavelength is 780 nm, the pulse width is 180 fs, the 
average output power is 1.1 W, the pulse frequency 
is 1 kHz, the pulse energy is 1.1 mJ, the pulse 
stability is 1.5% rms, the three-dimensional work 
bench moving range (x, y, z) is ±100 mm         
±100 mm  ±25 mm, and the workbench mobile 
precision (x, y, z) is 1.0 m1.0 m0.5 m. Laser 
light source is a tunable semiconductor laser light 
source produced by Santec, of which the model is 
tunable semiconductor laser TSL-510, with high 
stability. The wavelength () of tunable 
semiconductor laser light source is 1545 nm, and the 
power (P) is 0.2 mW in this experiment. Data 
acquisition module is a kind of multi-channel data 
acquisition card made by NI company, with voltage 
range approximately 0.56 V–0.87 V, f=600 kHz, 
which ensures the signal without distortion. The 
photoelectric conversion module is developed 
independently by our laboratory, composed of 
photoelectric conversion circuit, signal amplification 
circuit, and filter circuit. The photoelectric 
conversion module is a kind of high sensitivity 
photoelectric signal processor to achieve 
photoelectric conversion.  

Isolator 

Splitter 
Coupler Femtosecond lasers

photo- 
acoutic cell

Data acquisition Photoelectric 
conversion 

Sensing probes

Computer 

Laser source 

 
Fig. 1 Experimental device diagram. 

In experiments, tunable semiconductor laser 

has been used as the light source in the measurement 

process. Femtosecond laser produces femtosecond 

laser beam with high power density and short pulse, 

then the beam irradiates pure Cu, Fe, and Al   

target to produce high voltage laser plasma shock 

wave, using the way of space division  

multiplexing in a sealed space. The detected signal 

passes through the coupler and the branching device 

into the photoelectric signal processing module, then 

data acquisition module. Finally, we analyze and 

research the collected signal by computer 

processing.  

As shown in Fig. 2, the sensor has a structure of 

all-fiber with F-P acoustic emission sensor probe 

owning an adhesive microstructure. It has 

characteristics of resistance electromagnetic 

interference and a wide frequency band. As for the 

structure of the sensor probe, the capillary glass 

tube’s outside diameter size is identical with the 

optical fiber. The capillary glass tube is spliced with 

the optical fiber. The thickness of the capillary glass 

tube is 50 m, and the thin quartz crystal diaphragm 

is stuck in the surface of capillary glass tube. The 

quartz crystal diaphragm determines the sensibility 

of the sensor probe. The diameter of the sensor 

probe is only 125 m. It has high sensitivity and 

accuracy, and can detect the time distribution and 

intensity space distribution of femtosecond laser 

plasma shock wave in the process of formation, 

development, and attenuation. It realizes accurate 

measurement of laser plasma shock wave with 

superiorities such as non-contact, high precision, 

high response speed, and high sensitivity, which can 

help us analyze the action mechanism between the 

femtosecond laser plasma shock wave and different 

materials.  

Figure 3 shows the time domain diagram of the 

typical femtosecond laser plasma shock wave 

acoustic emission signal. 
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Fig. 2 Optical fiber F-P sensor probe and spectrum. 
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Fig. 3 Acoustic emission signal. 

3. Results and discussion 

To measure and analyze the characteristics of 

femtosecond laser plasma shock wave acoustic 

emission signals, we use different laser pulse 

energies including 300 mW, 400 mW, 500 mW,    

600 mW, 700 mW, and 800 mW with different 

detection ranges including 1500 m, 2000 m,  

3000 m, 5000 m, 6000 m, and 8000 m. What’s 

more, the purity of Cu, Fe, and Al is 99.99%. 

Femtosecond laser ablates the pure Cu, Fe, and Al to 

produce plasma shock wave in a sealed space. 

Considering that the signal detected by F-P acoustic 

emission sensor has vibration attenuation which is 

mainly due to the forced vibration attenuation rules 

of the sensor piezoelectric membrane, the first peak 

of the signal frequency can be identified as the laser 

plasma shock wave acoustic emission signal. We 

take the first peak as the frequency of acoustic 

emission signal of the plasma shock wave. The 

experimental results in Fig. 4 show the change rules 

of the plasma shock wave acoustic emission signal 

frequency peak value of pure Cu, Fe, and Al under 

different energies and detection ranges.  

 
Fig. 4 Frequency change diagrams of pure Cu, Fe, and Al 

plasma shock wave acoustic emission signal with the change 
pulse energies and detection distances. 

From the measurement results of the 

femtosecond laser ablating the pure Cu, Fe, and Al 

to produce plasma shock wave under changed 

femtosecond laser pulse energies and detection 

ranges in the sealed space, we get that the plasma 

shock wave acoustic emission signal frequency has a 

certain change rule. In Fig. 4, for the same target 

material, the plasma shock wave acoustic emission 

signal frequency remains the same with changed 

pulse energies and detection ranges. The acoustic 

emission signal frequency of the femtosecond laser 

ablating pure Cu is mainly concentrated in the 

frequency of 61.5 kHz, and the acoustic emission 

signal frequency of the femtosecond laser ablating 

pure Fe and Al are concentrated in the frequencies of 

59.37 kHz and 62.5 kHz. Obviously, the acoustic 

emission signal frequency of the femtosecond laser 

ablating the pure Fe is lower than that of the pure Cu 

and Al in the sealed space, what’s more it almost 

remains unchanged. Maede et al. [15] calculated the 

molten pool’s natural oscillation frequency of the 

V
ol

ta
ge

 (
V

) 



Dong ZHONG et al.: Material Measurement Method Based on Femtosecond Laser Plasma Shock Wave 

 

5

laser irradiation target, which was below 10 kHz. It 

is visible that the acoustic emission signal of the 

femtosecond laser plasma shock wave measured in 

this experiment has a high frequency. In the process 

of femtosecond laser ablating target material, the 

strong sound and light signals are similar with 

lightning. The low frequency features of thunder are 

related with air expansion rate, for this, we conclude 

that the detected frequency of the acoustic spectrum 

is related with the environment gas properties in the 

sealed space. Furthermore, in the process of 

interaction between laser and different materials, 

ionization properties and thermal properties are 

different. The differences of the doped metal ions 

and gas vibration intensity of electrons are mainly 

reflected on the diversities of sound pressures 

corresponding to different materials under the same 

experimental condition.  

When the femtosecond laser radiation metal 

target is to meet or exceed the optical breakdown 

threshold, producing photo-acoustic signal could be 

expressed as 

rE                  (6) 

where rE  is the sound energy of the initial micro 

plasma,  is the threshold energy of laser ablating, 

and  is the photo-acoustic conversion efficiency of 

pure metal materials. The value of  and  are 

constant for the same metal material. The acoustic 

energy of the initial micro plasma for some kind of 

metal materials is constant. Therefore, the acoustic 

signal frequency of the initial plasma for the metal 

material is also constant. With the expansion of laser 

micro plasma, the micro plasma acoustic emission 

signal frequency for the same material should be 

certain after micro plasma energy attenuation in the 

same detection distance. These are in good 

agreement with the results from the experiment.  

At the same time, there is the energy coupling of 

laser and metal in the process of laser acting on 

metal materials. Under the same laser conditions, the 

absorbing laser energy is different for the metals of 

different electrical conductivities. The absorption 

coefficient (in power) [16] could be expressed as 
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where p is the electron plasma frequency,  is the 
frequency of the laser light, 0 is the free space 

permittivity, and  is the electrical conductivity of 
the metallic target. 

For 1 and p/>1, where  is the incident 

angle. As everyone knows, the numerical 

relationship of the electrical conductivity among 

these metal materials is Fe Cu Al    . It can 

derive the numerical relationship of the absorbed 

laser energy for Al, Cu, and Fe that EAl﹥ECu﹥EFe. 

In addition, the target ablation is related to the first 

materials ionization. The lower the first ionization 

energy of target materials becomes, the easier the 

ablation is, which leads to a bigger micro plasma 

density. The first ionization energies (EL) for the Al, 

Cu, and Fe are different [EL(Al)=5.97 eV, 

EL(Cu)=7.72 eV, EL(Fe) =7.83 eV]. Considering the 

influence of this comprehensive action of the 

absorbed laser energy and the first ionization energy 

influence on the target ablation, it could be inferred 

that the numerical relationship of the micro plasma 

density for Al, Cu, and Fe is Al>Cu>Fe. As a result 

of the expansion and friction with background gas of 

the different density micro plasma, it would lead to 

different acoustic emission frequency signals at the 

same range. Figure 2 shows that the frequency 

constants for Al, Cu, and Fe target are 62.5 kHz, 

61.5 kHz, and 59.37 kHz, respectively. It indicates 

that the greater the micro plasma density is, the 

higher the frequency of the acoustic emission signal 

is. It could be inferred that the acoustic emission 

frequency signal is related to the micro plasma 

density.  

Our further study found that, through the 
analysis of the spectrum amplitude of plasma shock 
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wave acoustic emission signal, Fe and Al can be 
separated. In Fig. 5, the spectrum amplitude of the 
acoustic emission signal has a variation trend when 
the femtosecond laser ablates the pure Fe and Al 

under different incident laser pulse energies and 
different distances. 
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Fig. 5 Spectrum amplitude of the acoustic emission signal 

for Fe and Al at different energies: (a) energy 300 mW, (b) energy 
400 mW, and (c) energy 500 mW. 

From Fig. 5, we draw the conclusion that under 

the same incident laser pulse energy, the spectrum 

amplitude of the plasma shock wave acoustic 

emission signal produced by femtosecond laser 

ablating the pure Al has a gradually decreasing trend 

with the change in operating distance. But the 

spectrum amplitude has a certain fluctuation when 

ablating the pure Fe. Under different laser pulse 

energies, we can see that the spectrum amplitude of 

the pure Al is higher than that of pure Fe in the 

distances of 1500 m and 8000 m. So, we can 

distinguish two kinds of target material of Fe and Al 

according to the ablating characteristics and rules. 

Through additional experiments, we find that Cu 

and Al have the similar characteristics with Fe and 

Al. 

From the above analysis, we can use this 

designed detection system, with an optical fiber F-P 

acoustic emission sensor probe, and a femtosecond 

laser as a radiation source to detect the frequency 

and the spectrum amplitude of the plasma shock 

wave acoustic emission signal produced by ablating 

pure Cu, Fe, and Al, thus determining the 

composition of the materials. This detection system 

and method can be applied to the detection of 

different materials’ compositions and characteristics, 

which provides a new thought for the material test. 

In order to further validate test results, the 

time-frequency signal processing methods have been 

explored, and the micro plasma shock wave 

transmit’s frequency and energy trace information 

have been researched in this article. By researching 

the time-frequency distribution of the micro plasma 

shock, we can reveal the frequency, energy, and time 

of duration information. It will be of great 

importance to explore the femtosecond laser erosion 

crystalline material dynamics features.  

Usually, the micro plasma shock wave acoustic 

emission signal meets the relation: x(t)L2(R), in 

which the x(t) is limited energy. Meanwhile, we use 

the tradition Fourier transform method and combine 

with Parseval, then we can know the signal x(t) in 
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the time of total energy and total energy in 

frequency domain is equal. 

     
2 22 1

j
2xE x t x t dt X d 


 

 
              

(9) 

where X(j) is the fast Fourier transform (FFT) of 

x(t). FFT cannot determine different time of the 

frequency of the details, which can only obtain some 

basic information of energy distribution in the whole 

frequency range. It’s hard to get the corresponding 

relation between energy and time. We also know that 

FFT don’t have the ability to automatically adjust 

the time domain and frequency domain resolution. 

In order to break through the limitations of the 

traditional analysis method, for non-stationary micro 

plasma shock wave in the acoustic emission signal 

processing, we put the window function g() add to 

short time Fourier transform (STFT). Therefore, the 

time-frequency analysis can reflect the 

time-frequency local characteristics. 
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From STFT, it could be comprehended that x() 
can be separated by the relevant translation function 

of g() on the time axis. We can get the 

two-dimensional function STFT x(t, ) by Fourier 

transform of these separated signals. In the time 

domain and frequency domain, the primary function 

  j tg t e    has the feature of limited support, so 

we can accomplish to achieve the position 

information of the time domain by inner product 

operation for (11). According to the window 

function  g   when we choose the narrow width 

  and bandwidth  , the time-frequency 

localization can be achieved. Based on the basic 

theory of the uncertainty principle, the minimum 

values of   and   cannot be achieved at the 

same time. Therefore, we can consider the influence 

of the factors on the signal processing according to 

the actual signal analysis. Since the signal  x t  

uses spectra, the time domain can be expressed as 

the amount type: 

   

   

2

2
* j

, STFT ,

            .           (12)

x xS t t
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Hamming: 

   0.54 0.46cos 2 / 1g n n N        (13) 

where N is the number of frequency points, and n is 

the window function points. We want to get time 

domain energy distribution of acoustic emission 

signal by using (11), (12), and (13). 

According to this method, we get much 

information through femtosecond laser ablation of 

copper alloy (90:10), aluminum, and iron copper 

alloy (93:2:5) in the process of experiment. The 

typical crystal materials produce the groups of micro 

plasma shock wave acoustic emission signal as a 

typical signal. Based on STFT, the time-frequency 

analysis technology of femtosecond laser ablation 

crystal material micro plasma shock wave produced 

by the acoustic emission signal is analyzed and 

studied. 
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Fig. 6 Typical micro plasma shock wave acoustic emission 

signal by femtosecond laser ablation of aluminium copper alloy 
(90:10). 

In order to further explore the femtosecond laser 

ablation characteristics of different crystal materials, 
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under the same experimental conditions, the 

femtosecond laser ablation of aluminum copper 

alloy micro plasma shock wave produced by the 

characteristics of acoustic emission signals is 

studied. Femtosecond laser ablation of aluminum 

copper alloy (90:10) produced by the micro plasma 

acoustic emission signal is shown in Fig. 6. 

In the same way, the femtosecond laser ablation 

of aluminum copper alloy (90:10) produced by 

acoustic emission signal time-frequency distribution 

is shown in Fig. 7. The study finds that the 

aluminum copper alloy (90:10) micro plasma shock 

wave acoustic emission signals and pure aluminium 

micro plasma shock wave acoustic emission signal 

have a similar change rule. But the micro plasma 

shock wave acoustic emission signal is only one 

obvious stage, which is in 0 kHz-4 kHz and       

40 kHz-60 kHz range. We can see that the micro 

plasma shock wave acoustic emission signal 

frequency range of aluminum-copper alloy (90:10) 

is narrower than that of pure aluminum, meanwhile, 

the two kinds of acoustic emission signals have 

different energy densities. 

 

(a) 

 

(b) 

 
(c) 

 
(d) 

Fig. 7 Micro plasma shock wave acoustic emission signal 
time-frequency distribution by femtosecond laser ablation of 
aluminium copper alloy (90:10): (a) graphic model, (b) plan 
view (x-y), (c) front view (x-z), and (d) side view (y-z). 

In order to explore the characteristics of a wider 

variety of crystal materials, we have researched the 

feature of the micro plasma shock acoustic emission 

signal by femtosecond laser ablating aluminum iron 

copper alloy (93:2:5) under the same experimental 

conditions, and the results have been shown in  

Figs. 8 and 9. 
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Fig. 8 Typical micro plasma shock wave acoustic emission 

signal by femtosecond laser ablation of aluminium iron copper 
alloy (93:2:5). 

After the same method of micro plasma shock 

wave acoustic emission signal processing, the result 
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has been shown in Fig. 9. Aluminum iron copper 

alloy micro plasma shock wave acoustic emission 

signals in 0 kHz - 4 kHz frequency composition is 

rich, but the frequency range is relatively fuzzy, and 

we can’t get the precise frequency range from 

picture that the signal distributes the whole area. 

 
(a) (b) 

 
           (c)                        (d) 

Fig. 9 Micro plasma shock wave acoustic emission signal 
time-frequency distribution by femtosecond laser ablation of 
aluminium iron copper alloy (93:2:5): (a) graphic model, (b) 
plan view (x-y), (c) front view (x-z), and (d) side view (y-z). 

 

Through time-frequency analysis based on STFT 

for the femtosecond laser ablating different 

crystalline materials, we can get the similar 

characteristics. For example, the spectrum 

distribution of micro plasma shock wave acoustic 

emission signal is similar, these signals have close 

frequency ranges and certain frequency peaks. The 

different crystal materials have different peak 

frequencies. We also can conclude that the energy of 

micro plasma shock wave acoustic emission signal 

is concentrated in the initial stage. The energy of 

high frequency component is higher than that of the 

low frequency component. 

 From Figs.7 and 9, we can get the STFT 

time-frequency distribution formula (11), (12), and 

(13) of the micro plasma shock wave acoustic 

emission signal x(t)
 

.We can research the 

characteristics of the micro plasma shock acoustic 

emission signal, which is produced by the 

femtosecond laser ablation crystal materials. The 

time-frequency analysis techniques have been used 

to study micro plasma shock wave acoustic emission 

signal in the paper, which can provide a new 

research method for the interaction between the 

femtosecond laser and material. It will play a 

guiding role for understanding the interaction 

mechanism between the femtosecond laser and 

matter. 

4. Conclusions 

In conclusion, the designed system and the 

detection method can provide a significant guide for 

the material testing. For the reason that the 

interaction mechanism of femtosecond laser and 

materials is not clear, it needs further research. Ideas 

and methods of this paper can also provide a further 

research direction for the interaction between the 

femtosecond laser and materials. 

The research finds that femtosecond laser 

ablating different crystal materials micro plasma 

shock wave produced by the acoustic emission 

signal frequency spectrum distribution of the overall 

trend is similar. For each kind of crystal materials, 

under the irradiation of a femtosecond laser energy, 

producing micro plasma shock wave spectrum 

distribution of acoustic emission signals remains the 

same, each kind of materials remains the same, the 

characteristic frequency of peak signal strength 

decreases gradually along with an increase in the 

detection range, the signal intensity increases with 

an increase in energy, and signal intensity varies for 

the different crystalline materials.  
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