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Abstract

A combined study o3’ and « relaxations in poly(methyl methacrylate) (PMMA) by thermally stimulated depolarization currents and
thermal step methods has been made. The use of null width polarization windows to form the electrets allows us to igdlpakhdhe
charge distribution profiles allow us to assign a polar orientational mechanism @’ trelaxation and in the case of the peak a
background polar mechanism over which a temperature-dependent injection and a conduction processes are overlapped. The charge
distribution profiles observed by the thermal step method indicate that the increase of the conductivity observed in this material at
temperatures just below the glass transition is mainly due to the positive ca@i&899 Elsevier Science Ltd. All rights reserved.
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1. Introduction considered when a material is studied by TSDC: the origin
of the relaxations involved and their kinetic parameters. In
The study of the charge of an electret which is produced order to elucidate the origin of a peak in the TSDC spectrum
during the polarization process may be carried out from two various methods have been developed. They are mainly
points of view: the energy distribution of the polarization related to the behavior of the peak as a function of the
mechanisms involved and the spatial distribution of the polarization parameters [5] and the nature of the electrode
activated charge. A widely used technique to study the [6]. To resolve the structure of a distributed relaxation, the
distribution in energies is the thermally stimulated depolar- windowing polarization method (WP) can be applied. The
ization current (TSDC) method [1-3]. Despite the experi- WP method allows one to form electrets with an activated
mental simplicity of the TSDC technique, the interpretation charge that is associated with a temperature range deter-
of the resulting spectra is not easy mainly because of two mined by the polarization temperature and polarization
reasons. window width. This fact results in an easier interpretation
One reason is that the charge produced during the polar-of the TSDC peaks, as the relaxation processes are quasi
ization may be due to several microscopic processesnon-distributed [7-12]. The differences between the
(induced dipolar polarization, alignment of permanent conventional and the windowing polarization methods will
dipoles, migration of ions or ionic vacancies and subsequentbe described in the experimental section.
trapping, drift of electrons or holes and their trapping and  In order to study the spatial distribution of the charge
charge injection from electrodes) [4]. The other reason is produced, several techniques have been developed [13—
that the relaxation processes involved are not elementary asl8]. Among them, the thermal step method (TS) must be
they cannot be generally described by means of a uniquepointed out because of its experimental simplicity and the
relaxation time: in most polymers they have to be described measurement is non-destructive [15,19]. The charge distri-
in terms of a distribution of relaxation times or of activation bution profile is obtained by means of the following process.
energies. Owing to these reasons two aspects must beThe electret is short circuited through an ammeter and a
sudden temperature variation is applied to one of its elec-
trodes. The propagation of the thermal step through the
* Corresponding author. Tel:+ 34-3-739-81-39; fax:-34-3-739-81-01. sample induces a thermal volume variation which modifies
E-mail addressmudarra@fen.upc.es (M. Mudarra) the image charges on the electrodes and, consequently, a
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current is measured. This current is given by: B=rml 4
I(t) = —aC Jd E(x)ﬂdx D whererg is the pre-exponential factor in an Arrhenius type
0 ot relaxation time andP, is the total polarization achieved,

whereC is the sample capacitancejs the sample thick- which can.be expregsed in terms of the dipo.le nymber per
nessE(x) is the electric field in the sample, and= o, —«,, volume unitN, their dipolar moment., the applied fields,

with «, the linear dilatation coefficient of the material and @nd the polarization temperatufgby means of the Lange-
a, the temperature coefficient of permittivity. vin law with the approximationuE, < KT. In the case of

Recently most interest in the electrical properties of iONic charge relaxation these constants are:

poly(methyl methacrylate) (PMMA) has arisen because of 00Qo

the use of this material as host polymer in guest—host poly- A= Tgo ®)
meric systems in non-linear optics [20,21]. The TSDC spec-

trum of PMMA electrets show three relaxations at 0y

temperatures above room temperature [22,23]. Only two = — &eg’ ®)

of them which appear at higher temperature show well i i )

defined peaks. In the sense of increasing temperaturesVhereQo is the image charge induced on the sample elec-
they are nameg’, which has also been observed by a.c. trode,ao_ is the pre-exponential factor in an Arrhenius t_ype
measurements and by dilatometric measurements [24] andconductivity, andso and &, are the vacuum and relative
has been associated with the presence of heterotactid®@/mittivities respectively. _ _
sequences in conventional PMMA [23}; which is related Th_e aim of this article are to show _how the high resoll_mon
to the glass transition, and The mechanisms that cause the POssibilities of TSDC cotnblned with the WP technique
two lower temperature relaxations have been related to&/lows one to isolate th@' and « relaxations in order to
uniform mechanisms, and specifically therelaxation to study thellr kinetic parameters and in contrast, to show how
microscopic displacements of ions which are eventually the combined study by TSDC and TS methods can help to
trapped [22]. The mechanism of the peak is related to determine the origin of these tvyo reIaxatlons and to obtain a
space charge polarization [22,25—27]. The influence of the better knowledge of the electrical prppertles of PMMA at
tacticity of PMMA on TSDC spectra was studied by Sauer €mperatures below the glass transition.

and Kim [28]. They showed that atactic PMMA samples had

a higher glass transition temperature and that the presence 02 Experimental

isotactic sequences contributed to the broad glass transition,
extending almost € below the main glass transition, in - 5 1 Material

atactic PMMA. In a recent article [29] a combination of the

TSDC and the probe techniques has been used to determine pjeasurements were carried out on samples of commer-

the potential distribution below the glass transition. This 51 PMMA (Altuglas®), which were cut from sheets of
potential distribution is used to determine the current— 1 5 mm thickness. DSC measurements resulted in a glass
voltage characteristics, which results to show a sub-ohmic {3nsition temperatur&, ~ 120°C. It can be inferred from
character { = gV", wheren < 1 andg = constant). the relatively high glass transition temperature that the
In the temperature range considered in this article, the material used was atactic PMMA [24,28]. The samples
proposed relaxation mechanisms are uniform, and may beere provided with aluminum electrodes of 3 and 4 cm

due to dipole relaxation or to migration of ionic charge giameter on both sides by vaporization in vacuum.
carriers. If a non-distributed relaxation process is assumed,

both relaxation processes can be described by similar equa2 2. TSDC measurements

tions for the depolarization current density. The equation,

which was introduced by Bucci et al. [30,31] who called  The experimental set up is composed of a Heraeus air

their method ionic thermocurrent (ITC), is: forced oven, controlled by an Eurotherm model 818
_E _B (T _E temperature programmer. The current was measured by a

JT) = /.\exp( a)exp(_ J exp( ;’") dT’), ) Keithley 616 digital electrometer. Temperature and current
kT vV )T kT data were collected by an A/D converter card in a computer

whereE, is the activation energy, k the Boltzmann constant, and they were processed afterwards.

v the heating rate (which is supposed constafit)the The polarization of the samples was carried out by

absolute temperature arg the initial temperature of the ~ conventional polarization and windowing polarization

TSDC discharge. In the case of the dipole relaxation methods. The conventional method consists of applying

the constanté andB are: an electric fieldE, at a temperaturel, (polarization
5 temperature), for a timg, (isothermal polarization time),
A— Po _ NuEp A3) and the sample is then cooled down to a temperalyre

To 3KTp7o” while the electric field remains applied. The sample is stored
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15 , i , routines described by other authors [32]. As the formal
covariance matrix that comes out of y@ minimization

has meaning only if the measurement errors actually are
normally distributed [32], in our case no meaningful confi-
dence limits can be given for the model parameters esti-
mated. Owing to this, comparisons between calculated and
experimental data will be given as an indication of the fitting
accuracy.

J (pA/cm2 )

0.5 — 2.3. TS measurements

Previously to the thermally stimulated depolarization of
the samples, the charge distribution profile was determined
by the thermal step method. The experimental set up has
been previously described [15]. The thermal step applied
was —40°C. The current was amplified and recorded in a

T(0 C) computer as a function of time and the electric field was
obtained afterwards by deconvolution of the signal. The
Fig. 1. TSDC of a conventionally polarized PMMA electret. Polarization numerical treatment has been described in detail in a
parametersT, = 100°C, t, = 2 min, Vy = 2 kV. previous article [33]. Finally, the charge distribution profile
was obtained by taking the derivative of the calculated
electric field:

0.0
40 80 120

for a timety and then depolarized during heating while it is
short circuited through an ammeter, and the current is
recorded as a function of temperature. In the WP method dE(x)

the polarizing field is applied during the isothermal step and px) = 079k

at the beginning of cooling step. The temperature range

betweenT, and T, the temperature at which the polarizing

field is switched off, determines the polarization window 3. Results and discussion
width. In our case the polarization window width values

chosen were zero and 10, The TSDC spectrum for temperatures above room
The data collected was fitted to Eq. (2). The fitting temperature of a conventionally polarized PMMA electret

processes were performed by multidimensiopafunction can be seenin Fig. 1. The polarization conditions have been

minimization, withPy (or Q, for ionic peaks)q (or gg&/09 chosen so that only the relaxatioBsand« are evident, and

for ionic peaks), and, as variable parameters, using soft- both appear overlapped so tigdtdoes not show an apparent
ware developed in our laboratory, which is based on peak. This spectrum was resolved by windowing polariza-
tion using 10C width polarization windows and the result-

1.2 i I I ing spectra can be seen in Fig. 2 (continuous line). As these
polarization windows are regularly spaced, it can be noted
that there is a different behavior between those discharges
that correspond to the three lower polarization temperatures
and the ones that correspond to the higher polarization
temperatures.

Previous to the depolarization, the space charge distribu-
tion was studied by the TS method. The resulting charge
distribution profiles can be seen in Fig. 3. We see that the
resulting distributions are approximately symmetric for
polarization temperatures up to “€) but above this
temperature the asymmetry between the anodic and the
cathodic zones increases.

The activation energies of the WP formed electrets have
been determined by the initial slope method and by fitting
o the experimental curve to the Bucci and Fieschi equation. A

T(°C) comparison between the experimental and calculated curves
Fig. 2. TSDC of_windowing polarizec_i PMMA e_Iectrets_. Polarizatic_)n para- Ezre]nbglst?sg ;ns Zlgfur?ct;{)zeo?iﬂgasglgrir;irgz '[Ve arLupeeSrZirlﬁ:’/ee
meters:t, = 2 min, V, = 2 kV, T, as indicated in the figure, polarization . !
window width 10C. (Continuous lines: experimental curves; Symbols: iN Fig. 4. It can be seen that fdf, below 80C there is an
calculated values.) evident difference in value and in trend between the values

J (pA/cm 2)
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Fig. 3. Space charge distribution profiles of the electrets whose discharges are represented in Fig. 2. They were measured before the stiam#atahdepol
Polarization temperaturea: (60°C); @ (70°C; B (80°C); ® (90°C); < (10C°C).

calculated by these methods, but Tgrabove this tempera-  so that, if within the peak the response of different mechan-
ture they show a similar trend and eventually they result in isms are overlapped, the values obtained will be affected as
similar values for the highest polarization temperature used. they are fitted to a model which assumes an unique relaxa-
These results are compatible with the existence of two tion time, and therefore an unique relaxation mechanism. In
overlapped relaxations in the temperature range studied.this sense the behavior may be interpreted as follows: the
The differences in the calculated activation energies can activation energies obtained by the initial slope method for
be explained by the different methods used to determinethe lower polarization temperatures are more realistic as
them. In the case of the initial slope method, only the current they are less affected by the response of dheslaxation
that corresponds to the low temperature tail of the dischargein the high temperature portion of the peak. In the case of the
peak is taken into account, in which the contribution of the highest temperature window, the values obtained by both
B’ relaxation which appears at lower temperature is more methods are similar because only theelaxation mechan-
relevant. In the curve fitting method the whole peak is used ism is activated as the polarization temperature range is
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Fig. 4. Activation energies as a function of the polarization temperature. Fig. 5. TSDC of PMMA electrets polarized by a windowing method. Polar-

Calculation methoda initial slope; ® curve fitting to the Bucci—Fieschi ization parametersy, = 2 min, V, = 4kV, T, as indicated in the figure,
equation. polarization window width @C.
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40 I , 3 maximum for a given polarization mechanism. In our case
this temperature corresponds to the temperature at which the
mechanism that causgs is most evident. For higher polar-
ization temperatures, and if the windowing polarization
technique is applied, this mechanism is less activated during
the polarization and it eventually vanishes, while the contri-
bution of the mechanism that causeselaxation becomes
increasingly important.

To explain the origin of these relaxations, the intensities
of the maxima have been plotted as a function of the polar-
izing field for two polarization temperatures: 6D and
112C, which correspond to temperatures at which one
expects to activate mainly th8’ or the « mechanism,

0 ! I | 0 respectively (Fig. 6). In both plots a linear correlation is
0 2000 4000 observed so that the mechanisms that gives rise to each
Polarization voltage Vp(V) relaxation are uniform. Despite this similar behavior
observed in the TSDC study, they have to be different in
Fig. 6. Maximum current as a function of the applied voltage. Polarization nature because the charge profiles observed by the TS
parameterst, = 30 min; T, @ (60°C); A (112C). method in the temperature range of each relaxation are
quite different: symmetric profiles in the case@fmechan-
higher than the temperatures for which {Berelaxation is ism and an asymmetric one in the casexof
activated in WP electrets. This difference can be explained if one assumes that the

The effect of the polarization window width can be mechanism that causgs is due to orientation of the mole-
explained by comparing Fig. 2 and 5. These dischargescular dipoles, so that a symmetric charge distribution profile
correspond to electrets formed for°@and zero polariza-  is expected. In the case of therelaxation to a combined
tion window width, respectively. In the first case only a polar and free charge mechanism. For temperatures above
difference in global behavior is evidenced, as has been60°C, charge injection from both electrodes becomes
previously stated. When a zero window width is used, it increasingly important. This effect is simulated in Fig. 7
can be seen that the height of the maxima increases, it is an which we show idealized profiles of injected charge
maximum forT, = 60°C, then it decreases and finally it rises  distribution in the material with a larger charge injection
again, which corresponds to the emergence oélaxation. for increasing temperatures. In the case of the profile corr-
This means that there is an optimal polarization temperatureesponding to the higher temperature, we have assumed that
Tpo [5] for which the polarization induced in the sample is charge injection from the anode becomes much bigger than

cathodic injection and also that positive carriers diffuse

through the sample resulting in an excess of positive

60 * * * * * carriers. It can be seen in Fig. 8 that the addition of the

idealized injected charge distribution profiles added to a
polar symmetric profile results in a behavior that corre-
sponds to our measurements. The temperature at which
this effect takes place is approximately°@) which is in
good agreement with the resistivity of PMMA which exhi-
bits a noticeable decrease above this temperature [34]. Thus,
we can say that in PMMA the peak is due to a background
polar relaxation mechanism over which a free charge contri-
bution becomes increasingly important with temperature as
a result of the increasing injection from the electrodes and
increasing conductivity. Finally, it must be pointed out that
in the temperature range just below the glass transition of
this material, the increase of the conductivity is associated

20 —

Maximum current Im(pA)
Maximum curren Im(pA)

Injected charge distribution
profile (arbitrary units)

B —— S — with the positive carriers.
0 20 40 60 80 100 . . . . .
Distance from the anode The evidence of space charge in the charge distributions
(arbitrary units) profiles stands in contradiction to the linearity of the current

maxima with the polarization field which has been
Fig. 7. Idealized profiles of charge injected from electrode6T,); ® (T,); P

B(T) ®(T).T, < T, < T, < T, The profile corresponding @ shows previously stated. The current_ma_xmum is proportional to
a sharp increase of charge injection from the anode and positive carriersthe value of the initial pplanzatlorPo of the sample.
diffusion through the sample. However, the charge density measured by the thermal step
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Fig. 8. Profiles resulting from the addition of the idealized profiles of Fig. 7
to a polar symmetric profile (continuous line without symbols). The
symbols are as indicated in Fig. 7.

method is the total density (free plus bounded charge
density):

dP(x)
dx -

In the case of a sample with a great value of the polariza-
tion, but nearly homogeneous, a small quantity of free
charge may become comparable to the derivative of the
polarization, but its contribution to the total current should
be masked by the large contribution of dipoles to the depo-
larization current. Therefore, the aforementioned contradic-

p(X) = pr(¥) + Pp(X) = pr(X) — (7

M. Mudarra et al. / Polymer 40 (1999) 6977-6983

poling process was conventional, i.e. the voltage was
applied throughout the thermal transition periods. In our
case the windowing polarization method was used, i.e. the
electric field was applied during the isothermal polarization
step and a short thermal interval {0) at the beginning of

the cooling. After the field is removed the cooling process
follows up to room temperature. In our material also a net
negative charge has been observed in the case of a conven-
tional poling of the sample followed by a peak cleaning
process to avoid the dipolar response, but it was used a
higher polarization temperature (T8 [19].

4. Conclusions

The combined use of TSDC and TS in the study of elec-
trets results in complementary information on the electret
charge distribution: the energetic and spatial distribution of
charges. This combined study allows us to explain the
mechanism of the polarization in the material. The use of
zero width polarization windows enhances the sensitivity of
TSDC and enables us to resolve the structure of distributed
and overlapped relaxations.

In the case of PMMA these methods combined allow us
to assign a dipole orientation mechanism for gHeeak and
a background polar mechanism with a free charge contribu-
tion overlapped with it in the case of the peak. The
increase of the conductivity in PMMA at temperatures
just below the glass transition of this material is mainly
due to the positive carriers in the material.

Acknowledgements

tion can be explained if one assumes that the space charge We gratefully acknowledge the financial support of the

contribution to the total depolarization current is very small
compared to the dipole contribution, but the polarization in

the sample is very homogeneous (inhomogeneity may be

mainly due to differential cooling rates between zones
close to the surface and the bulk of the samples).
Measurements of time lags in the impulse voltage break-
down in a PMMA whosd is approximately the same as in
our case [35] show that there is change in the trend of the
field required to attain a 50% probability of breakdown in
the temperature range at which we observe a most signifi-
cant injection from anode. A significant reduction of the
breakdown field required is observed for temperatures
above 80C which is attributed to anodic injection [36].
Measurements of charge distribution profile in PMMA by
the electrically stimulated acoustic wave method [37] show
that also a net charge located in the vicinity of the poling

anode is observed in some cases, and it becomes most

significant at 90C. But in this case the charge observed is
negative. However, the poling conditions used by Bernstein
and Cooke differ from that of ours. In their case the anode

was grounded during the polarization whereas in our case
that cathode was the grounded electrode. Moreover, their

European Union to the ARPEGE network.

References

[1] Hilczer B, Malecki J. Electrets. Amsterdam: Elsevier/PWN-Polish
Scientific Pub, 1986.

[2] van Turnhout J. Thermally stimulated discharge of electrets. In: Sess-
ler GM, editor. Electrets. Berlin: Springer, 1980.

[3] Vanderschueren J, Gasiot J. Field induced thermally stimulated
currents. In: Branlich P, editor. Thermally stimulated relaxation in
solids. Berlin: Springer, 1979.

[4] Sessler GM. Physical principles of electrets. In: Sessler GM, editor.
Electrets. Berlin: Springer, 1980.

[5] Belana J, Mudarra M, Calaf J, Cadas JC, Metalez E. TSC study of
the polar and free charge peaks of amorphous polymers. IEEE Trans
Electr Insul 1993;28:287-293.

[6] Vanderschueren J. L'Effect therrmieetret et les pheomaes de
relaxation dans les polymes aétat solide. Thesis, Universitde
Liége, 1974. p. 100.

[7] Hino T. Measurement of dipolar relaxation times and dielectric
constants using thermally stimulated currents. J Appl Phys
1973;46:1956—1960.

[8] Zielinski M, Kryszewski M. Thermal sampling technique for the
thermally stimulated discharge in polymers. Phys Status Solidi A
1977;42:305-314.



M. Mudarra et al. / Polymer 40 (1999) 6977-6983

[9] Diaconu I, Dumitrescu SV. Dielectric relaxation in atactic polysty-

rene determined by thermally stimulated depolarization currents.
Europ Polym J 1978;14:971-975.

[10] Lacabanne C, Goyaud P, Boyer RF. Thermally stimulated current

study of theTy and T, transitions in anionic polystyrenes. J Polym
Sci, Polym Phys Ed 1980;18:277-284.

6983

Symposium on Electrets (ISE8). Piscataway, NJ: IEEE Service
Center, 1996. p. 462-467.

[22] Vanderschueren J, Analysis of thermal current spectra of poly(methyl

methacrylate) thermoelectrets. In: Perlman MM, editor. Electrets.
Charge storage and transport in dielectrics. NJ: Electrochemical
Soc, 1974. p. 155-166.

[11] Shrivastava SK, Ranade JD, Shrivastava AP. Thermally stimulated [23] Kryszewski M, Zielinski M, Sapieha S. Analysis of relaxation

discharge currents
1980;67:201-206.

in polystyrene films. Thin Solid Films

processes in methacrylate polymers by thermally stimulated
discharge. Polymer 1976;17:212-216.

[12] Gourari A, Bendaoud M, Lacabanne C, Boyer RF. Influence of the [24] Wittmann JG, Kovacs AJ. Influence de la stefgpiaritedes chanes

tacticity onTg, Ty andT; in polymethylmethacrylate by the method of
thermally stimulated current. J Polym Sci, Polym Phys Ed
1985;23:889-916.

[13] Collins RE. Analysis of spatial distribution of charges and dipoles in

electrets by a transient heating. J Appl Phys 1976;47:4804—4808.

[14] De Reggi AS, Guttmann CM, Mopsik Fl, Davis GT, Broadhurst MG.

[15]
[16]
[17]

(18]

[19]

[20]

[21]

Determination of charge or polarization distribution across polymer

sur les transitions du polyitieacrylate de mi@ayle. J Polym Sci C
1969;16:4443-4452.

[25] Solunov C, Vassilev T. Thermostimulated depolarization currents and

thermoelectret effects in poly(methyl methacrylate). J Polym Sci,
Polym Phys Ed 1974;12:1273-1282.

[26] Mudarra M, Belana J. Study of poly(methyl methacrylate) space

charge relaxation by TSDC. Polymer 1997;38:5815—-5821.

electrets by the thermal pulse method and fourier analysis. Phys Rev [27] Mudarra M, Belana J, Calas JC, Diego JA. Windowing polariza-

Lett 1978;40:413—-416.

Cherifi A, Abou Dakka M, Toureille A. The validation of the thermal
step method. IEEE Trans Electr Insul 1992;27:1152—-1158.

Lang SB, Das Gupta DK. Laser intensity modulation method. J Appl
Phys 1986;59:2151-2160.

Alquié C, Dreyfus G, Lewiner J. Stress wave probing of electric field
distributions in dielectrics. Phys Rev Lett 1981;47:1483-1487.

Le Gressus C, Valim F, Henriot M, Gautier M, Durand JP, Sudarsham
TS, Bommakanti RG, Blaise G. Flash over in wide gap high purity
insulator: methodology and mechanisms. J Appl Phys 1991,69:6325—
6333.

Vella N, Joumha A, Toureille A. Space charge measurement by the
thermal step method and TSDC in PMMA. In: Lewiner J, Morisseau
D, Alquié C, editors. Proceedings of the 8th International Symposium
on Electrets (ISE8). Piscataway, NJ: IEEE Service Center, 1994.
p. 230-235.

Bauer S, Ren W, Bauer-Gogonea S, Gerhard-Multhaupt R, Liang J,
Zyss J, Ahlheim M, Staelin M, Zysset B. Thermal stability of the

tion: Considerations to study the space charge relaxation in PMMA by
TSDC. Polymer 1999;40:2659.

Sauer BB, Kim YH. Structural heterogeneity in poly(methyl metha-
crylate) glasses of different tacticity studied by thermally stimulated
current  thermal  sampling techniques. = Macromolecules
1997;30:3323-3328.

Mazur K. More data about dielectric and electret properties of poly-
(methyl methacrylate). J Phys D: Appl Phys 1997;30:1383-1398.
Bucci C, Fieschi R. lonic thermoconductivity method for investiga-
tion of polarization in insulators. Phys Rev Lett 1964;12:16—19.
Bucci C, Fieschi R, Guidi G. lonic thermocurrents in dielectrics. Phys
Rev 1966;148:816—823.

Press WH, Flannery BP, Teukolsky SA, Vetterling WT. Numerical
recipes. The art of scientific computing. Cambridge: Cambridge
University Press, 1986. p. 498—546.

[33] Toureille A, Reboul JP, Merle P. Dermination des densiede

charges d’espace dans les isolants solides par taade de I'onde

thermique. J. Phys Il 1991;1:111-123.

dipole orientation in non-linear optical guest—host, side-chain and [34] van Turnhout J. Thermally stimulated discharge of polymer electrets.

cross-linked polymer electrets. In: Lewiner J, Morisseau D, Alquie

Thesis, Central Laboratorium TNO, Delft, 1975. pp. 28—-31.

C, editors. Proceedings of the 8th International Symposium on Elec- [35] Watson DB. Time lags in the impulse voltage breakdown of PMMA

trets (ISE8). Piscataway, NJ: IEEE Service Center, 1994. p. 800—805.
Zhang H, Xia Z, Zhou S, Ding H, Cao Y, Lin H, Zhu J. The electrical
and optical properties of the nonlinear optical polymer DR1/PMMA
films. In: Xia Z, Zhang H, editors. Proceedings of the 9th International

at high temperatures. J Phys D: Appl Phys 1996;29:3129—-3131.

[36] Watson DB. Private communication.
[37] Bernstein JB, Cooke CM. Electric poling behavior of poly(methyl

methacrylate). IEEE Trans Electr Insul 1991;26:1087—-1093.



