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Calibration of the laser induced pressure pulse method when using a semiconducting electrode as the laser target

Introduction

The usage of polymeric insulation in HVDC power transmission has a bright future due to the great environmental and economic advantages, compared with the paper-oil insulation [START_REF] Sepulveda-Garcia | Electrical ageing markers for polyethylene insulation based on space charge accumulation and apparent mobility[END_REF]. However, the adverse effects of the accumulation of space charge under high direct current (dc) electric field, from electrical trees to partial discharges and breakdown [START_REF] Malec | Contribution to relationship between space charge injection and dielectric breakdown of low density polyethylene under a divergent field[END_REF][START_REF] Dissado | The role of trapped space charges in the electrical aging of insulating materials[END_REF][START_REF] Zhang | Evidence of strong correlation between space-charge buildup and breakdown in cable insulation[END_REF][START_REF] Chen | Electrodes and charge injection in low-density polyethylene[END_REF], restrict the application of the polymeric insulation. Various direct and non-destructive techniques including the thermal [START_REF] Collins | Analysis of spatial distribution of charges and dipoles in electrets by a transient heating technique[END_REF][START_REF] Lang | Laser-intensity-modulation method: A technique for determination of spatial distributions of polarization and space charge in polymer electrets[END_REF], pressure wave propagation (PWP) [START_REF] Alquié | Stress-wave probing of electric field distributions in dielectrics[END_REF][START_REF] Sessler | High-resolution laser-pulse method for measuring charge distributions in dielectrics[END_REF] and pulsed electroacoustic (PEA) [START_REF] Maeno | Measurement of spatial charge distribution in thick dielectrics using the pulsed electroacoustic method[END_REF][START_REF] Li | Pulsed electroacoustic method for measurement of accumulation in solid dielectrics[END_REF] methods have been developed to study the impact of space charge accumulation on the electrical properties of the insulation. With the advantage of being with non-physical contact and generating a short rise time and large amplitude pressure pulse, the impact of a short laser pulse on a target was usually used as the pressure wave source in PWP method (i.e. laser induced pressure pulse method, LIPP) [START_REF] Lewiner | Pressure wave propagation methods: A rich history and a bright future[END_REF].

The principle of LIPP method has been well described [START_REF] Holé | Non-destructive methods for space charge distribution measurements: What are the differences?[END_REF] and the relevant technical problems encountered with LIPP method have also been summarized [START_REF] Malec | Technical problems encountered with the laser induced pressure pulse method in studies of high voltage cable insulators[END_REF]. Theoretically, the space charge distributions can directly be qualitatively estimated from the measured signals in the LIPP experiments under short-circuit conditions. However, a calibration must be conducted if quantitative space charge distribution is needed. Usually, the calibration consists in measuring the signal amplitude for a known applied electric field, for instance the field in the sample free of charge [START_REF] Zhang | Evidence of strong correlation between space-charge buildup and breakdown in cable insulation[END_REF]. In that latter situation, the amount of charges on the sample electrodes is precisely determined. Therefore, the signal amplitude can be used as the calibration coefficient for the next measurements in the case of a perfect pressure pulse. However, the LIPP signal can be distorted by a non-perfect pressure pulse.

The pressure profile can indeed depend on the laser pulse energy, the target material and the physical conditions of the target [START_REF] Alquié | Analysis of laser induced acoustic pulse probing of distributions in dielectrics Journal de physique[END_REF]. A short depression following the pressure pulse was found when a 500 µm thick aluminum (Al) plate or a 150 µm thick quartz plate was used as the laser target in LIPP experiments [START_REF] Cals | Application of the pressure wave propagation method to the study of interfacial effects in e-irradiated polymer films[END_REF][START_REF] Sessler | Investigation of piezoelectricity distributions in poly(vinylidene fluoride) by means of quartz-or laser-generated pressure pulses[END_REF]. Signal tail or offset was also found with carbon loaded polymeric target thermally bonded to the sample, such as those used to approach a real high voltage cable structure [START_REF] An | Influence of oxygen impurity in fluorinating mixtures on charge blocking properties of fluorinated surface layer of polyethylene[END_REF]. In these cases, the distorted signals can be wrongly interpreted as charges. Therefore, a more complex calibration procedure has to be used [START_REF] Ditchi | Broadband determination of ultrasonic attenuation and phase velocity in insulating materials[END_REF], but it relies on difficult parameter adjustments and can add noise to the result.

In this paper, a novel procedure for charge density calibration with the LIPP method is described. This method is simple to implement and adds only little noise to the result. It is particularly well suited to measurements with polymeric target, such as carbon loaded ethylene-vinyl acetate copolymer, producing a long signal tail. After discussing the cause of the long signal tail, two methods are proposed to correct the measured signal. The results of both methods are compared in the last section before conclusion. The principle of the pressure wave propagation method is shown schematically in Figure 1. A short duration high power laser pulse is sent to the electrode which generates a pressure pulse by ablation [START_REF] O'keefe | Laser-induced stress-wave and impulse augmentation[END_REF]. The pressure pulse propagates at the velocity of sound through the sample. The material deformation produced by the propagation of the pressure pulse locally displaces the charges and changes the permittivity in the sample. Then a current i(t) is induced in the measurement circuit which is an image of the charge distribution in short-circuit measurement conditions. The induced current is given by the relation
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where C 0 is the sample capacitance at rest, d is the thickness of sample, E(x) is the electric field, p(x, t) is the pressure pulse, B depends on the characteristics of the sample. For homogeneous dielectric materials, parameter B does not depend on positon x and thus can be put outside the integral.

Integrating both sides of equation ( 1) over time and assuming that the extent of the pressure pulse is much shorter than the thickness of the sample, one has 0 00
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where (x) E is the mean electric field at the scale of the pressure pulse extent and v s is the sound velocity.

Because dielectrics exhibit sound loss and sound dispersion, the amplitude of p(x, t) decreases and the width of p(x, t) increases during the propagation in the sample. The main action on the signal is the sound dispersion.

Therefore, even if the profile of p(x, t) is changing during the propagation, its integral 0 ( , )

d p x t dx  remains almost constant.
Then, the electric field can be obtained by
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where E 0 is the reference electric field, i r is the reference signal obtained with E 0 , i m is any other measured signals with the same sample, for instance in the presence of space charges. The reference electric field E 0 corresponds to the field in the sample free of charges. This electric field has to be sufficiently low as to prevent charges to be injected during its application.

If the pressure pulse profile is ideal and τ is its width at the half amplitude, one has 

According to the Possion formula in one dimension, the charge density is [START_REF] Holé | Direct analysis of heterogeneous insulators with the PWP and the PEA methods 13th ISE[END_REF] 
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where ε 0 is the vacuum permittivity and ε r is the relative permittivity of the tested polymer insulator.

According to this calibration procedure, the space charge density can be obtained by simply multiplying the measured current by a constant. It needs to be pointed out that the measured current used in equation ( 5) must be an ideal signal. However, the practical measured current in the experiments always has various kinds of distortions.

For instance, when carbon loaded ethylene-vinyl acetate copolymer (CB+EVA) is used as the laser target with the LIPP method, the generated pressure pulse does not return directly to zero but instead presents a long decreasing process that induces a long tail in the signal. Therefore Equation ( 4) no longer applies and the distorted signal can be confused with charges. Because CB+EVA is used in many high voltage cable structures, it is very convenient to use it also as the laser target. Then some corrections on the measured signals must be carried out before they are used to calculate the space charge density from the calibration procedure.

Signal interpretation and correction

Because quantitative analysis is important for studying the behaviors of space charge in insulators, it is necessary to find ways to eliminate the distortions in the measured signals before applying the calibration procedure. In this section, the cause of the long signal tail is firstly discussed. Then two methods for correcting the signals are proposed.

Cause of the long signal tail

Two reasons can cause signal distortion: (1) the imperfect electrical impedance of the measuring circuit and (2) the undesirable pressure profile generated from the electrode. That latter reason is more physical, and then more complex to correct. We thus focus on that point in the following. If the electrical impedance of the setup is perfect, for a sample without space charge under the reference electric field, the signal presents two peaks proportional to the practical pressure pulse at the interfaces between the insulator and front and back electrodes [START_REF] Ditchi | Broadband determination of ultrasonic attenuation and phase velocity in insulating materials[END_REF]. These two peaks are separated by the transit time of the pressure through the sample. In other words, the measured electrode peaks directly reflect the pressure profile. Both the laser pulse and the target material have an impact on the pressure profile produced as formerly discussed.

In a first measurement, a 1.0 mm thick low density polyethylene (LDPE) plate with 0.5 mm thick CB+EVA plate thermally bonded on both sides was placed in the testing chamber and measured with two laser pulse energies: 290 mJ or 600 mJ. The sample was quickly measured under 5 kV dc voltage under which no detectable charges have accumulated in the sample. For better comparison, the signals were normalized by the amplitude of the first electrode peak. The results are shown in Figure 2. It shows that a long signal tail is present in both cases though its relative amplitude decreases a little when the laser energy increases from 290 mJ to 600 mJ.

In a second measurement, aluminum (Al) or CB+EVA plate was respectively taken as the laser target when using the same laser pulse energy: 450 mJ. Firstly, a sample consisting from left to right of a 3 mm thick Al plate, a 0.55 mm thick CB+EVA plate, a 1 mm thick LDPE plate and a 0.50 mm thick CB+EVA plate, was tested using the Al plate as the laser target. Secondly, the sample was tested using CB+EVA as the laser target by exchanging the positions of the 3 mm thick Al plate and 0.55 mm thick CB+EVA plate. In that way there is the same materials, thus the same electric impedance, in the measurement circuit. The sample structures successively used are shown schematically in Figure 3. The materials are acoustically coupled together using a sufficiently thin layer of silicone oil to ensure good electrical contacts. Figure 4 shows the normalized experimental results when Al or CB+EVA electrodes are used as the laser target. It can be seen that the long signal tail is observed only when CB+EVA is used as the laser target. This indicates that the long tail in the signal is due to the pressure profile and not to the measurement circuit. The long tail may result from the relaxation (also known as resiliency) of CB+EVA material when the laser pulse hits the target surface. It has to be pointed out that the first peak width of the trace 1 is larger than that of trace 2 in Figure 4. The pressure generated by the laser ablation depends on the target material as above mentioned. It is not unreasonable to have different pulse widths when Al or CB+EVA are separately used as the target. Though Al usually generates shorter pulses, a little alcohol was sputtered onto the surface to increase the pressure amplitude.

It is known that it broadens the pulse width. In addition, the coupling between Al and CB+EVA can also broaden the peak due to short duration standing wave in the coupling. 

Correction method

The practical pressure pulse generated by the laser on the surface of the target can be seen as a convolution product between an ideal pressure pulse and a relaxation function h(t). The practical pressure pulse induces the measured signal in short-circuit conditions. Likewise, the ideal pressure pulse would induce an ideal signal in the same conditions. Therefore, the measured signal can be also considered as a convolution product between an ideal signal and the relaxation function h(t). In mathematical terms, one has ( ) ( ) ( )

p i t h t i t  (6) 
where  represents the operation of convolution, i(t) is the signal from the ideal pressure pulse, h(t) is the relaxation effect of the target material and i p (t) is the measured signal from the sample.

If h(t) is known, the ideal current can be obtained through equation [START_REF] Collins | Analysis of spatial distribution of charges and dipoles in electrets by a transient heating technique[END_REF]. It is usual with the PEA method that the first peak of the reference signal is directly used as h(t) [START_REF] Li | Pulsed electroacoustic method for measurement of accumulation in solid dielectrics[END_REF][START_REF] Chen | Calibration of the pulsed electroacoustic technique in the presence of trapped charge[END_REF]. However, this method adds noise and, in presence of a long signal tail, h(t) must be truncated at least just before the second peak. This truncation deforms the spectrum of h(t) which requires the application of complex filters. On the contrary, we propose two correction methods which connect the measured signal to the ideal signal, all calculations being made in time domain without windowing. Moreover, the methods add only little noise.

Second order method

Geometrical characteristics of the reference signal for the second order method are shown in Figure 5. S m , T p and t r are respectively the amplitude of the maximum, Full-Width Half-Maximum (FWHM) and the 10% to 90% rise time of the peak. S 0 is the amplitude of the long signal tail at the end of the first peak in the signal. t l is the time duration of the peak and the left-hand and right-hand end-points of t l are taken respectively as the start of the first and second peaks. The geometrical characteristics are used to estimate the initial correction coefficients. An ideal current peak for the semiconducting CB+EVA electrode can be represented by the following empirical expression [ 

where g(t) is a Gaussian function of amplitude S g and standard deviation t g /1.2, a is a fitting coefficient which determines the falling portion of the ideal signal, and U(t) is the Heaviside function.

If the response of the target was perfect, the laser induced current would be an ideal peak for the sample free of charge. In terms of linear systems, one can say that the impulse response of the target would be a Dirac function: δ(t). Due to resiliency, the response of the target includes a slow decaying process. Therefore, in addition to the ideal pulse, one obtains a slow decay and eventually an offset which mimics a very slow process compared to the measurement duration. The relaxation effect can always be expressed by a combination of an exponential function and an offset which can be represented by,

- ( ) ( ( ) e ( )) ( ( ) ( )) bt h t t B U t t CU t      ( 8 
)
where B is the amplitude of the long signal tail, 1/b is its time constant and C is the offset amplitude.

According to equation [START_REF] Collins | Analysis of spatial distribution of charges and dipoles in electrets by a transient heating technique[END_REF], the relationship between the ideal and measured signal can be expressed as
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where i r (t) is the signal from the ideal pressure pulse and i rp (t) is the measured signal from the sample under the reference electric field.

In the Laplace space, one has
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Then the ideal signal can be expressed as
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The corresponding ideal signal in time domain is
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where
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The coefficients are adjusted by the Matlab fitting function fminunc according to Equation ( 7) and ( 9) with a classical quadratic optimization criterion. The optimization procedure is initialized by
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, gm SS  , gr tt  and 2.2 f at  (see Figure 5). The correction results are shown in Figure 6.

It can be noticed that the long signal tail has been successfully removed. The initial and the best fitted coefficients are listed in Table 1. The root mean square (RMS) error between the measured signal and fitted curve and the RMS of the measured signal noise can be compared to estimate the quality of the fit. It is found that the ratio between these two root mean squares is only 1.04. So it can be said that the difference between the measured signal and fitted curve is almost noise. 

First order method

Geometrical characteristics of the reference signal are shown in Figure 7. If A m and t m are respectively the amplitude and time position of the maximum of the peak, the long signal tail which is an exponential signal with a large time constant can be advantageously approximated by the linear function

  l r r m i A a t t    ( 13 
)
which amplitude is A r at time t=t m and which slope is -a r . In that way, the parameters of the exponential response due to resiliency can be more easily estimated. We note T p the width of the pulse at the amplitude A m /2+A r /4. This amplitude almost corresponds to half the amplitude of the peak when taking into account the effect of resiliency. The long signal tail can be approximately expressed by an exponential expression. In terms of linear systems, one can say that the practical impulse response of the target is the sum of a Dirac and an exponential function,
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where A is the amplitude of the resiliency effect, 1/a is its time constant and U(t) is the Heaviside function [START_REF] Holé | Effect of non-uniformly distributed talc fillers in polypropylene under high voltage ICSD[END_REF].

Equation ( 6) can be rewritten as
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In the time domain, one
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The coefficients are initialized by Figure 8 shows the uncorrected and corrected measured signals by using this method. The initial and adjusted coefficients are shown in Table 2. The correction is not very sensitive to coefficients a and A which have not to be precisely estimated. For example, a variation of 22% of coefficient A induces here only a variation of 1.8% of the estimated electric field. Because the fit is only carried out on the tail of the measured signal, the RMS of the error between the measured signal and fitted curve is calculated on the signal after the first peak. Here we take the beginning of that signal section at three half peak widths from the first peak maximum and the end at the appearance of the second peak. Then the ratio between the RMS error and noise RMS is 1.08. Here again the difference between the measured signal and fitted curve is almost noise. 
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Experimental results

Procedure

Experiments were carried out to test the validity of the calibration procedure and the correction methods. A LDPE plate with a thickness of 1.16 mm was used as the insulator and CB+EVA with a thickness of 0.6 mm was thermally bonded on both sides of the insulator.

Firstly, a signal under a dc voltage of 5.8 kV is quickly measured (e.g. within a few minutes). This signal is used as the reference signal. Then, further signals under a dc voltage of 46.4 kV are measured just after voltage on and 1.5 h after voltage on (e.g. 0 min, 1.5 h). The applied dc voltage is then quickly reduced to zero and a final signal is immediately measured. The raw results are shown in Figure 9. It can be measured from the first peak of trace 1 or trace 2 that the FWHM of the electrode peak is about 59 ns. There is an obvious discrepancy between the signals measured just before and just after voltage off (trace 3 and trace 4). One trace is shifted from the other between the peaks due to the long signal tail which results from the un-perfect pressure profile generated by laser ablation. Incorrect analyses may thus happen if the long signal tail is not considered. 

Corrected results

The corrected results obtained with the two methods proposed in section 3 are shown in Figure 10. It can be seen that both methods process successfully the corrections and add almost no noise to the results. The resolution is improved from 59 ns to 49 ns by both correction methods. The long signal tail has been removed and the discrepancy between the signals at "45.6kV 1.5h" and at "short-circuited" becomes negligible. 

Calibration results

Following the calibration procedure, the space charge distribution at 1.5 h under 46.4 kV has been calculated with the two correction methods (Figure 11). It shows that the calculated space charge distributions are almost the same whatever the correction method being used.

The electric field and potential distributions in the sample are also shown in Figure 12. The estimated voltage value across the sample (Figure 12) is respectively 46.2 kV and 45.6 kV for second order and first order methods.

The relative error of the potential for the two methods is respectively 0.4% and 1.5%. 

Conclusion

The laser induced pressure pulse method (LIPP) is an important method for measuring the space charge distributions in polymeric insulator.

When carbon loaded ethylene-vinyl acetate copolymer (CB+EVA) is used as the laser target, a long signal tail is observed in the signal which disturbs quantitative analysis. The undesirable pressure pulse profile was found to be responsible for the long signal tail. Two methods have been proposed to eliminate the long signal tail and both methods have successively been applied. The second order method completely describes the profile of the original signal whereas the first order method only describes the long signal tail. However, it is not always easy to find the best set of coefficients to succeed the second order method because of the number of parameters. The initial set of coefficients of the first order method is always good enough to conduct properly the correction.

Therefore, it is more convenient to use the first order method to implement the correction in practice.

Almost the same space charge distributions are obtained through the calibration procedure once the measured signals are corrected. The calculated electric potential through the sample confirms the validity of both correction methods and calibration procedure. It can be pointed out that similar procedures for signal correction can be applied to other measurement techniques since both correction methods are based on signal analysis and not exclusively on the LIPP method. This could prevent signal windowing that imposes complex treatments in Fourier spectrum when applying conventional procedures 
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Table 1

 1 Initial and best fitted coefficients used in the second order method.

	coefficients						
		S m (mA)	t r (ns)	a (1/ns)	B	b (1/ns)	C
	values						
	Initial	0.0156	22.4	1/13.6	0	1/1334	0.0010
	best fitted	0.0361	18.7	1/41.2	-0.0004	1/1334	0.0012

Table 2.

 2. Initial and best fitted coefficients used in the first order method. Reference signals before and after corrections by using the first order method.
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	values		
	initial	1/537	1/1452
	best fitted	1/688	1/1452
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