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High-resolution multidimensional space charge measurement using elastic wave methods
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In various fields of physics, materials can develop or exhibit a nonuniform space-charge distribution. During
the last 20 years various approaches have been proposed for the direct measurement of these distributions
involving optical, acoustical, or thermal processes. Most of them, however, lead only to one-dimensional
distributions. In this paper we describe two approaches to obtain, in isotropic condensed matter, multidimen-
sional space-charge distributions. They are based on the pressure-wave-propagation method and the electroa-
coustic method. In the case of the pressure-wave-propagation method, various independent measurements are
performed with plane waves at different angles of incidence. A tomographiclike algorithm is then applied to
retrieve the multidimensional space-charge distribution. In the case of the electroacoustic method, independent
measurements are provided from a set of piezoelectric transducers at various positions. An echographiclike
algorithm is then applied to retrieve the multidimensional space-charge distribution. A theoretical model is
proposed, and preliminary experimental and simulated results showing the validity of these techniques are
presented.
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I. INTRODUCTION fluid insulators, but can hardly be applied to diffusive or
nontransparent materials.

In various fields of physics, materials can develop or ex- In this paper we demonstrate that it is possible to obtain
hibit a nonuniform space-charge distribution. Such a situathe space-charge distribution, in isotropic media, in more
tion can be found, for instance, in dielectrics stressed by athan one dimension with an equivalent resolution in any di-
applied electric field. In this case, this may lead to dramatiadection by using either of the two different techniques.
effects and eventually to breakdown. In order to understand One technique relies on the pressure-wave-propagation
the phenomena involved and consequently to take the approaethod. An elastic wave propagating through the sample dis-
priate countermeasures, it has been sHottat a nonde- places the trapped charges, which induces a current in a low-
structive direct measurement of the space-charge distributiompedance-measuring circuit. This current is essentially pro-
in the material is of great help. Such measurements are caportional to the product of the charge amplitude and the
ried out with optical, acoustical, and thermal probes. Theydisplacement integrated over spatén the case of a pulse
are generally made with simple structures such as coaxial @haped plane wave, the signal is proportional to the space-
plane geometries. However, it has been noticed that mangharge amplitude integrated over the wave front. Since the
poorly understood phenomena take place in heterogeneosame space-charge distribution can be observed from various
regions. In these regions the electric field, the properties oAngles of incidence of the plane wave, a tomographiclike
the insulator, or both have a strong dependence on the posiheasurement of the charges can be performed. Utilizing a
tion. This is the case, for instance, when the electrodes hayaroper algorithm with the tomographiclike measurement
irregularities or when the material contains impurities, watermakes it possible to retrieve the multidimensional space-
trees, or some gradient of chemical structures or physicatharge distribution.
properties®® The second technique relies on the electroacoustic

Different approaches have been proposed in order to meanethod. A variation of the electric field in the insulator pro-
sure the space charge in such complex field distributions. Iduces a modification of the Coulombic force acting on each
a first approach, a unidimensional technique determines theharge, which in turn acts as the source of elastic waves.
charge distribution through the sample thickness at a giveRropagating waves proportional to the amplitude of each
position on the sample surface after which the position isharge are thus generated at their positibithe time for
changed and a new measurement is performed. When theach elastic wave to reach an observation point depends on
sample surface has been completely scanned, a threthe location of the initiating charge. The resulting wave am-
dimensional space-charge distribution can be reconsslitude measured at this point at each time is the superposi-
tructed®~1° Unfortunately, this technique is slow and due to tion of the waves radiated from all the sources. In the case of
diffraction the lateral resolution is poor as compared to thean electric field varying as a short pulse, the wave sources in
resolution in thickness. In another approach, the Kerr effecthe sample detected at a given time are those for which the
is used to measure the field distribution in tor threé?  traveling time requested to reach the observation point is the
dimensions. This technique gives good results in the case aglame. By detecting the waves at a range of observation
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points, an echographiclike measurement of the space-chargeéhich is defined as the field that would exist in the insulator
distribution can be made. Again utilizing a proper algorithm,if it were free of charge and if 1 V were applied to the
with the resulting amplitude measured at these differentlectrodes. This parameter characterizes the system com-
points, makes it possible to retrieve the multidimensionalposed of the insulator and of the electrodes. Some other gen-
space-charge distribution. eral parameters are also involved, such as the dielectric con-
It has been showr'*®and theoretically confirméd stante and the only nonzero coefficients; anda,, of the
that charges cannot be considered as the unique source of tekectrostrictive tensor. The last parameter of influence de-
signal when the electric field is diverging. Indeed electrospends on the method; for the pressure-wave-propagation
triction may have a contribution comparable in amplitude. Asmethod it is the material displacementwhereas for the
a consequence, the pressure-wave propagation or the eledectroacoustic method it is the extra voltagg).
troacoustic methods, applied to diverging-field situations, are In order to simplify equation writing, we introduce a lin-
not exclusively associated with the charge profile but withear tensoA;; and a quadratic tens@;; , both of them de-
the distribution of electrostatic force density. Thus electrostived from Maxwell’s tensor. In the case of isotropic solids
triction must be taken into account in such measurements. containing only space charges, one has
In the next section the expressions for the signals pro- .
duced by the pressure-wave-propagation method and by the Aij = 2(2e+ao—a) (Ei§j+Ej&) — (e+as) Exéydj
electroacoustic method are briefly reviewed. Section Il is
devoted to the technique that uses the pressure-wave- Bij=(2eta—a1) &g — (et+a1p) &b - @
propagation method. The signals produced by pressure

waves of different angles of incidence are analyzed in the .Here 9ij IS Kronepkers symbol, which is equal to 1 iif
=] and to O otherwise.

case of plane longitudinal elastic waves. Section IV de- in th f th i thod th
scribes the technique that uses the electroacoustic method. n Ine case of the pressure-wave-propagation metnod me

The elastic-wave amplitude at a given position is studie '?”agog‘AQ og_lmagz cggrgedon the elgctrgdefsr\c):afn 1b§ ob-
taking into account the radiation diagram of elastic sources ained by combining E25) and expressiof6) of Ref. 13.

Section V presents a special configuration where only twd?€neting’ as the volume of the insulator, one has
measurements are necessary to reconstruct simple two- m

dimensional charge distributions. Some preliminary results AQ=inj—'dv.

that validate the techniques are then shown in the following v X

section. . . . .
The measured curremf,(t), wheret is the time, is de-

duced from this expression by a time differentiation,

Il. SAMPLE AND SIGNALS p p
. U
We consider an insulating material containing the charges im(t)= EJ Aijﬁdv- 2
. Vv j
to be measured and a pair of electrodes. In the case of the
pressure-wave-propagation method the electrodes are usually | the case of the electroacoustic method, the force den-
connected through a low-impedance-measuring circuit and;yy ¢, which creates the sources of elastic waves, can be

the measured signal is the currep(t) flowing in that cir-  §erived from Eqs(43) and (47) and expressiof26) of Ref.
cuit. This signal is produced by a material displacem&nt 13 One has

which displaces the space charge and modifies locally the

dielectric constant. In the case of the electroacoustic method oA 148 ,

the electrodes are submitted to an extra volté@e in ad- fi=— V(O+ 5 —=VAD). 3

dition to an eventual applied voltage. This extra-voltage ! !

modifies the electrostatic force acting on each charge. The |t can be noticed that the tensay; is involved in both the
signal is measured with a transducer sensitive to the e|aSti§ressure_Wave_propagation and the electroacoustic methods.

waves created by this variation of force density. This emphasizes the great similarity of these two methods.
Hereafter, subscripts are used when required to make ex-

pressions clearer. Any term is understo_od to be summed over |, toMOGRAPHY WITH THE PRESSURE-WAVE-
all values of subscripts that appear twice. PROPAGATION METHOD

The relations between the variation of the image charges
on the electrodes and the material displacement for the The possibility of recovering a multidimensional space-
pressure-wave-propagation method, and between the elastibarge distribution with the pressure-wave-propagation
sources and the extra voltage for the electroacoustic methatethod is studied in this section. The principle is to carry out
have been extensively studied in Ref. 13 for the case o$uccessive measurements with elastic waves at different
multidimensional distributions. For isotropic solids the sig-angles of incidence as is usually performed in tomography.
nals depend on almost the same parameters whatever theln the following, we use longitudinal plane waves as is
method being used. The first parameter is the electric Eeld often the case in tomography and in the pressure-wave-
in the insulator, which is produced by the charges it containpropagation method. During the propagation, the material
and by the stress voltage applied to the electrodes. The sedisplacemenu has the same directiahas of the wave vec-
ond parameter is the voltage-normalized electric figld tor. Moreover, the displacement is identical on any plane
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perpendicular to the directioth (d is a unit vectoy. this space Fourier transform along a line in the reciprocal
We assume in this section that the medium in which thespace defined by a wave vector= wd/V, . Consequently
plane wave is traveling presents no attenuation and no dis;zAij 19x;9x; can be retrieved by the inverse transformation
persion so that the shapef the elastic wave is not deformed
during the propagation. However the functibnmust be

2 . 1
twice differentiable in order to fulfill the propagation equa- IA; = ! f m(K) ek XgKk3.
tion. DenotingV, as the speed of sound of longitudinal X IX; (2m)%V, f(k)
waves and as the coordinate of an arbitrary poitin the
insulator, the displacementcan be written as Since the unit vectod is completely defined by its angu-

u=f(t—d-x/V,)d. 4) Ir?éscoordmatessb and ¢ in a spherical coordinate system, one
We introduce the second-order derivativé”(z) _
=d?f(#)/d%? of the functionf(») where p=t—d-x/V, . sin( #)cos ¢)
Using the relationdf/ox;= —(d;/V_)df/dt and neglecting d=| sin(@)sin(¢) |, (11)
the variations of the linear tensdy;; during the measure- 9
ment, one obtains cog6)
and thus

1
im(t,d)=— —f Aiidid f"(t—d-x/V,)dv. (5)
Vi
&zAij 2m °°| (w 0, ¢)
As expected, the measured current is dependent on the PV 3 4f f f
directiond of the plane wave. The integration by parts of Eq. IXidX (2m)V f(w)
(5) can be simplified by extending the domain of integration 5 . KX
over the whole space. This can be done directly since the Xwsin($)e™ dw dode. (12
linear tensor is equal to zero outside voluhdue to the fact
that the electric field is equal to zero in the electrodes. No-
ticing that 9%/ dx; i0x;=d;d; f”/VL, Eq. (5) can be rewritten

It is also possible, using expressi) of the linear tensor
Aj; and denoting = d(€E;)/dx; as the space-charge density,
to obtain at any point in the volume of the insulator another

as expression foﬁzAij 19x;0%; . One has
. *f(t—d-x/V))
im(t,d)=-V I varvas U (6) PAj  2etag—ag d(pé)  apta, A(E§)
I ] = —
IX;9X; 2¢ Ix; 2 X}
A first integration by parts leads to (13
in(t,d)= _VLI Mdv +V, IR of _ ~ Thus using the vectorial operators divergence and Laplac-
IXi IXi X - ian, the above equation becomes
7
2
The first integral is equal to zero sinég; is zero at in- I°Aij _ 2etany all V(pé) — a1 alZVZ(E 8.
finity (i.e., in the electrodgsA second integration by parts XX 2e
on the remaining integral results in (14
)= d(faA;;19x;) q A fd It can be seen that this expression does not lead directly to
Im(t,d) =V, Ix; -Vi 9% 9X; v. (8) the charges but to the divergence of the electrostatic force

produced byé on these charges. The space-charge distribu-
For the same reason the first integral is equal to zero antion can be deduced from this expression by using any

one gets known method, for instance, a finite-element method. An ex-

ample will be shown in Sec. VIB. It can be noticed in Eqg.

im(tvd):_VLJ PAj F(t—d-x/V,)do. ©) 212) that the Fourier spectrum of the elasti.c-wlave shape
IX;IX; f(w) is needed to extract the charge density in absolute
R units. The calibration procedure usually used for the

Hence, the spectrum of the measured curnefiw,d),  pressure-wave-propagation method can be appfiethis
wherew denotes the circular frequency ane -1, is procedure allows for the connection between signal and

charge amplitudes by using any known charges, generally the
image charges on the electrodes. If attenuation and disper-
sion cannot be neglected, it is possible to generalize this
analysis by applying the above expressions to each compo-

The integral of Eq(10) is the space Fourier transform of nent of the spectrum taking into account the nature of the
&ZA”- 19x;dx; . It can be seen that,(w,d) is proportional to  material and the Fourier spectrum of the wave.

((1) d) —VLf(w)f 0'))( &X L(wd/VL)-de. (10)
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IV. ECHOGRAPHY WITH THE ELECTROACOUSTIC o S(t—t' —[MM "||[/V,)
METHOD g(M,M’, )= PPV TVIVE]

(19

The possibility of recovering a multidimensional space-
charge distribution with the electroacoustic method is studied Usually, transducers do not produce a signal proportional
in this section. The principle is to carry out a set of measureto the deformation in the medium, but a signal almost pro-
ments at different observation points and to use the travelingortional to the derivative of the material displacement over
times of the waves to determine the position of their sourceghe direction of the transducer thickness. Sifeediv(uy), it
as is usually performed in echography. can also be stated that

An elastic wave in a solid is the superposition of a longi-
tudinal wave and two transversal waves. In isotropic solids,
these waves are independent and their velocities do not de-
p_end on thg angle of incidence. The velocity of the Iongi_tu— _ if G(M,M’ t—t")div[f(M’,t")]dt’ dv".
dinal wave isV| =+/C4;/m, and that of transversal waves is m, JyvrJv
V:=(C;;— C1)/2m,, whereC,; andC,, are the only non- (20)
zero coefficients of the elastic stiffness tensor amdis the
mass density. Sinc¥| =v2V+, longitudinal waves always

reach a given position before transversal waves. Consé’yhose hdlverger?ci 'SJ(M";A ,tl—t't).t:mcte Iong|tud||nal
quently, it is possible to separate these different modes o/aves nave a higher sound velocity than transversal waves,

propagation by choosing an appropriate time window. This isand as long as transversal waves have not reached the point

: : : f observationM, the longitudinal displacement, can be
generally done by coupling a waveguide to the sample with &. . ;
length sufficient to introduce enough delay between transve directly replaced by the total displacementntroducing the

] ’ H [ H H
sal and longitudinal waves for their separation. Heaviside’s functiorH(t),G(M,M",t—t’) can be written in

The wave equation, which connects space and time varigt "Onlossy infinite medium as
tions of the displacement in isotropic solids stressed by a (t—t')MM’
force densityf is given by G(M,M’ t—t")=—

u (M,t)

Here the Green’'s functio(M,M’,t—t’) is a vector

Pu o , (21)
My 7 = 2(Cy1+Cypgrad(div u)+3(Cq1—C1p) V(U)
Equations(18) and (20) provide the deformation and the
+f. (15) longitudinal displacement at any arbitrary time and position.
In order to reconstruct the source distribution &, ev-
By splitting the material displacementinto two vectors, erywhere in a given volume, these integrals have to be in-
u_ andu; wherecurl(u,)=0 and div{u;) =0, Eq.(15) can verted. For this purpose it is necessary to meaSureu, on
be rewritten as a surface surrounding the sources to ensure the unigueness of

the solution. In this case the three-dimensional space coordi-

a%u, ) 2ur 1 ) nates of the sources are reconstructed from the two-
m,—z— CuVo(u) |+ My — 5= 5 (Cyy— C19) Vo(Uy) dimensional space coordinates of the surface, where the
transducers are positioned, and the one-dimensional time co-

=f. (16) ordinate derived from the measured traveling times.

As in the case of the pressure-wave-propagation method
Taking the divergence of this equation and introducing thehe inverse problem does not yield directly the charge distri-
deformationS=div(u,), it becomes bution but rather the divergence of the force density. How-
ever if the amplitude and the direction of the longitudinal
displacementi, can be measured, the direction of the force
density can also be extracted. As already mentioned in Sec.
Il the space-charge distribution can be deduced from the
As one can see, E¢17) is a standard form of the wave divergence of the force density by using any known method,
equation in a fluid having a velocity of souM] and includ- for instance, a finite-element method. The calibration proce-
ing the source distribution dif}/m, . Therefore the general dure usually used for the electroacoustic method can be ap-
solutiort’ of Sat a positionM is plied in order to obtain the space-charge density in absolute
units. This procedure allows for the connection between sig-
1 , . L, L nal and charge amplitudes by using any known charge, gen-
M= m_va’ft’g(M’M A-)diVI(ME)]dt dv”,  erally the image charges on the electrodes.
(18

7S L, 1 divt
P_VLV (S)—m—v iv(f). (17)

. V. ANAGLYPH IMAGES
where)’ represents the entire spad¢, € V', andt’ repre-

sents all times. The functiog(M,M’,t—t") is called the Before discussing some preliminary results, we consider
Green'’s function. In a nonlossy infinite mediupiM,M 't the particular case of simple two-dimensional distributions.
—1') is expressed using the Dirac’s functidfit) as These distributions can be easily recovered using only two
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A
:)A H—E—-H HV
@ Charges to be To wires im(t)
measured Sample
+1 degree tilted target ‘ *
Pressure wave - Pressure wave 5 o £
for the first — ~ =< for the second 24 g
measurement C- f+a measurement = Laser <
» Q beam \ =
A . z 2 “‘ ol
f————»| > e
~ a—-b ~ 160 pm
= £ X > Ar = — —1 degree tilted target
E « _ /Time 2sin{a)
%" L _a+b
Time vy= 2 cos(a) FIG. 2. Experimental setup for the pressure-wave-propagation
o
‘ R measurements.
FIG. 1. Determination of a two-dimensional space-charge distri- VI. RESULTS AND DISCUSSION

bution using two pressure-wave-propagation measurements. . . L .
In this section preliminary results are presented in order to

measurements taken at two angles of incidence for thgalidate the concept applied to the above two techniques.

pressure-wave-propagation method or at two positions fofl heir relative advantages and disadvantages are discussed.

the electroacoustic method. Indeed, if the two angles of in-

cidence or the two positions are relatively close to each A. Experimental results

other, the two measurements are very similar. However the . . .

signal produced by a given charge does not appear exactly at The measurements prese_ntt_ad in this section were made

the same time in the two measurements but is displaced by'4ith €poxy-resin samples delimited by two planar electrodes

small delay. This delay is directly proportional to the position@nd including one or two biased wires in order to create a

of the charge along the axis perpendicular to the mean diredwo-dimensional electric field and thus simulate a localized

tion of the two wavespressure-wave-propagation method SPace charge. ,

or of the two transducers used to carry out the measurements Figure 2 illustrates the experimental setup used for the

(electroacoustic methadThis is illustrated in Fig. 1 where t€chnique based on the pressure-wave-propagation method.

the position of negative charges relative to positive charges i& S@mple including two wires is coupled to an aluminum

determined. Thus if the delay between the signals corretarget. This target is separated in two parts hav_mg the. same

sponding to the same event can be estimated, a twdlack face. The front face however has two sides slightly

dimensional image of the charges can be retrieved. tilted with respect to the back face in two opposite directions
The brain currently performs this job in order to recon- with an angle oft1°. Due to Descartes-Snell’'s law, the pres-

struct a three-dimensional space from measuring the relativi-"® Pulse created by the impact of a laser pulse enters into
distance between the positions of the same object in the twi€ insulator with an angle of0.4° depending on which
images provided by each eye. Consequently the brain can [€ of the target the laser pulse impinges. The two measure-
used to reconstruct the space-charge distribution by providN€nts corresponding to these two angles of incidence are
ing two images each representing a measurement, the first ffeSented in Fig. 3. As expected, the delay between the
one eye and the second for the other. For instance, the fir§/€nts due to the wires is different in the two measurements.
image can be coded in red to represent the amplitudes of th!nce the two angles of incidence are not very different, the
first measurement and the other in blue to represent the anfI'St €vent in the two measurements is due to the same wire,
plitudes of the second measurement. The superposition dfat is to say, the one closer to the target electrode. For the

these two images is called an anaglyph image. By using vi-

sion spectacles having for each eye a different color filter, Event due to Event due to
X . . . A the first wire the second wire
one gets a three-dimensional image of the charges as in a
1 T entrance of the

“direct” vision of the charges at different positions. Of
course many other techniques are available to present an im-
age to one eye and another image to the other eye, for in-
stance, using diffraction gratings or polarizers.

Unfortunately the estimation of the delay becomes very
difficult as the charge distribution becomes more complex,
for instance, if at a given time in a measurement the signal is
produced by charges distributed at many positions. Since the
brain is more accustomed to treat opaque objects rather than
semitransparent ones, the reconstruction is not “naturally” FIG. 3. Pressure-wave-propagation signals produced by pressure
done by the brain in this particular case. pulses having two different angles of incidence.

pressure pulse
in the insulator

800 ¥ Time (ns)

Normalized Amplitude

~14L

104106-5



STEPHANE HOLEAND JACQUES LEWINER PHYSICAL REVIEW B64 104106

HV Extra-voltage Incidences

—— £ )
* * _* -*— -*\ } [ ;l::i:sx;ves

Sample To the wire ‘, -7 X ¥

Waveguide —\ * ‘/,’ ‘\K

b ’ Inner

. >/ electrode i\_ .

: » %, ; ‘_ ..........
~ 1 mm > im (t) ‘\

\
= ».
! Outer
* \/_ electrode Charges *

Piezoelectric transducers
scattered every 5 mm
O

oz =1 mm
x. oy = 1.5 mm

FIG. 4. Experimental setup for the electroacoustic measure-

ments. f’ f-*-* *k

same reason the second event in the two measurements iSFIG. 6. Configuration and parameters of the polyethylene co-
due to the other wire, the one further away from the targetxial sample used for the simulations.
electrode. The delay between the two events in the first mea-
surement is 66 nebout 165um) and 58 ngabout 145um) experimental delays of the event due to the wire and the
in the second. Using the expressions included in Fig. 1, oneorresponding theoretical delay. This theoretical delay has
finds a distance between the wires of 1.43 mm along théeen calculated with a 30 mm length waveguide and a wire
lateral direction and 15xm along the thickness. This result positioned at 1 mm from the sample surface. The amplitude
corresponds almost exactlgrror of 30um along the lateral of the signal depends also on the position of the wire. Indeed,
direction and 5um along the thickneggo the dimensions the transmission coefficient from the sample to the wave-
imposed by the mould used to prepare the sangde Fig. guide and the response of the transducers vary with the angle
2). This experiment validates the anaglyph technique andf incidence of the elastic waves. Figurébbpresents both
also the tomographic technique using the pressure-waveheoretical and experimental amplitudes of the event due to
propagation method. the wire. The theoretical points have been estimated with the
Figure 4 illustrates the setup used for the technique baseshrameters previously mentioned and the corresponding ratio
on the electroacoustic method. An epoxy-resin sample inef thickness over width for each transducer. Though the
cluding one wire is coupled to an aluminum waveguide ontransducers have the same thickness, their widths are slightly
which six transducers are distributed every 5 mm along alifferent making the ratio of thickness to width vary from
line. The events corresponding to the wire are more or lese.10 to 0.17. As one can see, the theoretical curves of Fig. 5
delayed in the measured signal depending on the position dit almost exactly the experimental results and thus validate
the wire relative to the transducers. Figui@5resents the the echographic technique using the electroacoustic method.
The error in the wire position obtained from these measure-
ments is less than 100m along the lateral direction and of

5.5 s Delay for each the order of 8um along the thickness. These errors are rela-
0 | transducer tively small owing to the dimension of each transdu(280
= ., Theoretical A um thick and~2x 2-mn? surface.
(a‘) & ".* de}a,y
o
- r B. Simulated results
5.0 g _ el . _
| : : % t ; — The signals presented in this section were obtained by a
0 5 10 15 20 25 simulation using a finite-element methéd®in order to vali-
Distance from the first transducer (mm) date the mathematical inverse expressip®) of the tech-
g Signal niqgue based on the pressure-wave-propagation method. A
RN ‘} """" i 4~ amplitude for polyethylene coaxial sample containing a localized Gaussian
’% T -, _each transducer space-charge distribution has been considered. The param-
b EoT 1 e eters of the sample and of the charge distribution are illus-
(b) — 1 .- . Theoretical = ™. ; -
g I amplitude 1 trated in Fig. 6. _ .
TEe T A series of 36 signals have been calculated, each deriving
£ 0 ! ? ‘ ’ f —> from a plane elastic wave propagating in directions located
S -30 -20 -10 0 10 20 30

every 10° around the sample. The shape of the plane waves

has been determined from a real measurement in which the
FIG. 5. Experimental and theoretical delas and amplitudes  pulse is broad enough to allow a simulation with a relatively

(b) of the event due to the wire in the electroacoustic measurementsmall number of finite elements. Figure 7 shows some of the

Angle from the waveguide axis (degree)
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A C. Discussion
1 . Outer electrode

g = The two techniques described in this article lead to the
5 Charges Inner . . . .

2 1 Toctrode same information: the divergence of the force density rather
g AN than the charge distribution. The charge can be deduced by
< 0 L/ :f_ : . applying, for instance, a finite-element method. However
E» “.10 5 10 Position (mm) some differences must be pointed out. Because it is based on
'é 1 == 0 degree the pressure-wave-propagation method, the tomographic
5 Image i 28 gegrees technique has a large signal-to-noise rafidhough this tech-
1 charges eBrees nique also takes advantage of the mathematical solution pro-

vided by Eq.(12) many angles of incidence are required,
FIG. 7. Examples of calculated Signals using a finite-elemenwhich may result in |ong measuring times. Thus it is particu_
method and an experimentally determined pressure shape. larly well fitted for systems having a slow evolution with
time. The echographic technique has a lower signal-to-noise
signals. The influence of space charges and also of imagatio due to two factors: the limited amplitude of the extra
charges on the electrodes can be seen. voltage and the necessary small size of the transducers that
The application of the mathematical inverse expressiomust be used. Of course this ratio can be improved by aver-
(12) to the 36 calculated signals leads to the divergence ofging successive measurements but such an averaging also
the force density created by the electric fieddon the results in longer times for the measurements. If no averaging
charges. The force densipg, and then the charge density, js required, high rate measurements can be performed since
can be determined solving, for instance, [diad(a)]=b  the signals from all the transducers can be measured at the
using a finite-element method. In this particular case ofsame time and thus rapid evolution of charges can be fol-
Gauss’s equatiorgrad(a) is the force density to be deter- |owed. Contrarily to the tomographic technique the inverse
mined andb is the result of expressiof12). Taking a square 5| tion involves complex algorithms. However if both the

. . , . X c!implitude and the direction of the displacement can be mea-
applying Dirichlets conditions on the boundary, we obtain sured, the amplitude and the direction of the force density

the charge .d'St.r'bu“On presented in Fig. 8. The_ reSUItIngcan be recovered. This allows the charges and the field in the
charge distribution, obtained from the force density a@hd . . .
insulator to be determined with more accuracy.

which depends only on the structure, is very similar to the . .
charge distribution assumed for the simulation and is shown. In the models presented, the effect of attenuation, disper-

in Fig. 6. We also observe the image charge on the electro(%on, and reflection on boundaries or impedance_ mismatches
(superimposed on the dashed line in Fig. Bor small am- ave not bgen taken into account in the {hgoretlpal dgvelqp-
plitude densities, deviations can be observed. This can b&ents. Their effects may lead to non-negligible distortions in
attributed to the rather broad profile of the elastic wave used1€ solution if too simple inverse algorithms are used. How-
in this case and to the relatively small number of angles ofVer, as already stated, attenuation and dispersion can be
incidence. However this validation of the mathematical in-taken into account by applying the proposed expressions to
verse expressiofl2) of the technique based on the pressure-€ach component of the spectrum.

wave-propagation method shows that it is not necessary to

have a large number of angles of incidence to lead to a rela-

tively good representation of the real situation. VII. CONCLUSION

_____ In this article, two techniques for the multidimensional
.- . ~ Dueto measurement of space charges have been introduced. The
’ >~ image charges preliminary results fit well the theoretical development pro-
posed. The first technique is based on the pressure-wave-
propagation method using elastic plane waves at different
angles of incidence. Its advantages are the large signal-to-
noise ratio and the simple mathematical inverse expression.
Unfortunately it requires a series of measurements taken suc-
cessively with elastic waves having different angles of inci-
dence and thus a global long time. The second technique is
based on the electroacoustic method using receiving trans-
ducers at different positions. Its advantage is that a measure-
ment is very fast. Unfortunately, the signal-to-noise ratio
- - space charges may be poor as the transducer surface is reduced. Moreover,
""" there is no simple mathematical inverse expression, which
FIG. 8. Charges determined by the tomographic technique. Inmakes the inverse problem more difficult to solve. For two-
ternal charges are shown with positive level curves whereas imagdimensional simple charge distributions, we have shown that
charges are shown with negative level curves. only two measurements are required. The set up is thus sim-

Inner

AN Outer
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plified and, by the construction of anaglyph images, for in-buildup in materials with complex field distributions and
stance, the human brain provides the inverse algorithm.  would lead to high-accuracy measurements. Further develop-

These techniques, which have been validated in simplenents must now be carried out in order to evaluate the limits
cases, have a large potential for the study of space-charge# these approaches.
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