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1. A b s t r a c t  

Propylene carbonate is used in Kerr electro-optic field mapping measurements because of 
its non-toxic chemical nature and very high Kerr constant. We describe the experimental 
design and chemical purification procedure that minimizes reactions with the electrodes and 
removes particles and moisture. We measure the optical characteristic parameters using the 
ac modulation method with point-plane electrodes that allows calculation of the electric field 
magnitude and direction at any point even though the electric field direction varies along the 
light path. The "onion peeling" method of radial discretization of concentric circles centered 
on the axisymmetric axis of the point electrode at various heights above the ground plane 
is used to recover from light intensity measurements the radial and axial components of the 
electric field which are compared to the theoretical space charge free solutions. 

2. I n t r o d u c t i o n  

The experimental accuracy of Kerr electro-optic measurements in most non-polar liquids is 
limited by their small Kerr constant B ,-~ 10 -15 m/V 2. Nitrobenzene has often been used in 
Kerr effect measurements because of its large Kerr constant B ~ 10 -12 m/V 2. However, ni- 
trobenzene is a toxic material making it difficult to use safely. In contrast, propylene carbonate 
is much safer and its Kerr constant is comparable to nitrobenzene. In this work, we follow the 
same experimental procedure of Kerr electro-optic field mapping in propylene carbonate using 
point-plane electrodes as we have previously reported using transformer oil [1-3]. Due to the 
larger Kerr constant, we can obtain much larger optical signals at lower applied voltages. To 
interpret our optical measurements we use the new Kerr electro-optic analysis valid even when 
the direction of electric field varies along the light path [1-4]. For an axisymmetric electrode 
geometry, measurement of two independent optical characteristic parameters is required from 
which the electric field magnitude and direction is determined from light intensity measure- 
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ments using the "onion-peeling" method of radial discretization of concentric circles centered 
on the axisymmetric axis of the point electrode at various heights above the ground plane. 

3. Electrochemical Properties of Propylene Carbonate 

Propylene carbonate is very polar (e~ ,-~ 68) and is a good solvent for most plastic materials 
[5-8]. We use Delrin as the supporting structure for the electrodes as we have found that it 
does not dissolve in propylene carbonate. Propylene carbonate is also very reactive with many 
metals, in particular with stainless steel, generating particle layers on the positive electrode. 
We use aluminum for our electrodes as we have found that it reacts much less than most 
other common metals [8]. Our most successful measurements were with negative voltage 
polarity on the point electrode, as the particle layer on the large positive ground plane was 
negligible. However, when the point electrode was positive, the particle layer on the point 
electrode was irregularly shaped, destroying the axisymmetry, and blocked the light path near 
the point electrode. When we applied high voltage between electrodes immersed in propylene 
carbonate, particle motion could induce irregular liquid flow causing the transmitted light 
intensity to fluctuate and making the detected signal unstable. According to our investigation, 
keeping the applied dc voltage below 800 V for a 5 mm gap gives a stable optical signal. The 
increase in conductivity due to moisture can be reduced by drying propylene carbonate with 
circulation through 3A molecular sieves. 

4.  E x p e r i m e n t a l  Setup 

The experimental setup is shown in Figure 1. The laser is moveable in the x-y plane, controlled 
by two linear stepper motors. The filtering polarizer is used to attenuate the light to prevent 
saturation of the photo-detector. The next polarizer's transmission axis is fixed at 0 ° to the 
vertical and the following quarter wave plate's slow axis is fixed at 45 ° . This arrangement 
converts the incident linearly polarized light to circularly polarized light. Inside the test cell 
is the axisymmetric point-plane electrodes within propylene carbonate. Electric field induced 
optical birefringence occurs when we apply high voltage between the point electrode and the 
ground plane. The applied electric field causes a small difference in the refractive indices 
for light polarized parallel and perpendicular to the applied electric field, proportional to the 
square of the electric field magnitude in the plane transverse to light propagation. The light 
exiting the Kerr cell is elliptically polarized. When it is passed through the analyzer and 
focused onto a light detector, the measured intensity gives information related to the electric 
field distribution between the electrodes. Because the Kerr effect change in refractive index 
is proportional to the square of the electric field in the plane perpendicular to the direction of 
light propagation, if the electric field has a dc component and an ac component at frequency 
f ,  the detected light intensity has components at dc, the fundamental frequency f and second 
harmonic frequency 2f.  For our experiments, the gap distance between the point and ground 
plane electrodes is 5.25 mm, the point has about 1 mm radius of curvature and the ac frequency 
is chosen as f = 90Hz. 
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Figure 1: Top and side view of the experimental apparatus arrangement. 

5. Electric Field-Characteristic Parameters Relations 

A stepper motor rotates the analyzer whose transmission axis position measures the first char- 
acteristic parameter c~, when the fundamental frequency or the second harmonic frequency 
component of the light intensity is minimum. By rotating the analyzer to c~ ± 45 °, we obtain 
the second characteristic parameter 7 by using the photo-detector to measure the transmitted 
light intensity decomposed into dc, fundamental and second harmonic frequency components 
by a lock-in amplifier. The two characteristic parameters have different values for the fun- 
damental component (O~h!t,Th~l) which is a hybrid quantity that depends on the product of dc 
and ac electric field amplitudes as given by Eqs.(8)-(10), and the double frequency component 
(c~c,7~) that depends on the square of the ac electric field amplitude as given by Eqs.(5)-(7). 

Neglecting the small anisotropy effects of the Kerr effect birefringence, the electric field is a 
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superposition of the ac electric f i e l d / ~  with corresponding ac electric scalar potential eg~, 
and de electric field /~& with corresponding dc electric scalar potential ~&. Furthermore, 
because of  the low charge mobility of  propylene carbonate, any space charge is unable to 
significantly oscillate at the ac field frequency, so the ac scalar potential satisfies Laplace's 
equation while the dc scalar potential obeys Poisson's equation, 

V2q)a~ = 0 (2) 

/ )~  = - V ~ &  (3) 
V2~& = -p /~  (4) 

where p is the dc space charge density, generally due to the injected charge and dissociation 
charge in the propylene carbonate, and e is the uniform permittivity of propylene carbonate in 
the absence of  applied electric field. Because of space charge effects, the ac and de electric 
field components are not collinear. 
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Figure 2: The measured and theoretical (space charge free) characteristic parameters c~ac and 
normalized (%~) U as a function of radial distance y from the point electrode centerline for 
various heights x above the ground plane and below the negative point electrode as measured 
by optical light intensity signals at frequency 2 f. 
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Figure 3: The measured and theoretical (space charge free) characteristic parameters txac 
and normalized ('Yo~)N as a function of radial distance g from the point electrode centerline 
for various heights x above the ground plane, above and to the side of the negative point 
electrode as measured by optical light intensity signals at frequency 2 f. 
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Figure 4: The measured and theoretical (space charge free) characteristic parameters ~hu 
and normalized (Thy) N as a function of radial distance y from the point electrode centerline 
for various heights x above the ground plane and below the negative point electrode. 
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The measured and theoretical (space charge free) characteristic parameters O~hy 
and normalized (~[hy)N as a function of radial distance y from the point electrode centerline 
for various heights x above the ground plane, above and to the side of the negative point 
electrode. 

The relationships among light intensity components  ( l&, ly ,  I2y), characteristic parameters 
(Olac, 'Tac, O~hy, "{by) and the ac and dc transverse electric field components  (FJroc, ETdc) in a 
medium of  Kerr constant B and analyzer angle 0 .  with light respectively entering and exiting 
the field stressed region at coordinates z~n and zout are [4] 

I2i/Id~ = %c sin(2aac - 20~) 

~ i  g°ut  7 ~  cos 2 o ~  = 7rB E~oo cos 2(dz 
n 

~ z o u t  

3'~ sin 2aac = 7rB E2Toc sin 2(dz 
i n  

(5) 

(6) 

(7) 
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I y / Idc = "/hy sin(2C~hy - -  20a) (8) 

~ zout 

7 h y  C O S  2 0 L h y  = 4wB ET~¢ ET& COS(( + ri)dz (9~ 
n 

Jz/ 
°ut 

7hy sin 2Cthy = 4 ~ r B  ETo~ETe~ sin(~ + rl)dz (10) 
n 

where F ~  and ET~ are the magnitude of transverse peak ac and dc electric fields in the plane 
perpendicular to the direction of light propagation, and ~ and rl are the direction of transverse 
ac and dc fields with respect to the vertical coordinate, all generally functions of z along the 
light path. The optical parameter pairs (c~c, %~) and (~hy, 7by) are respectively obtained from 
optical light intensity signals at frequencies 2 f  and f .  
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Figure 6: The measured and theoretical (space charge free) characteristic parameters aac 
and normalized (7o~)N as a function of radial distance y from the point electrode centerline 
for various heights x above the ground plane and below the positive point electrode. 
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Figure 7: The measured and theoretical (space charge free) characteristic parameters o~ac 
and normalized (3%c)u as a function of radial distance y from the point electrode centerline 
for various heights x above the ground plane, above and to the side of the positive point 
electrode. 
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6. Measurements of Characteristic Parameters with Negative Point 
Electrode 

In Figs. 2-5, we present the measured and theoretical (space charge free) characteristic param- 
eters (c~ and 7) as functions of y (radial distance from point electrode centerline) for various 
z (distance above ground plane). For all plots the characteristic parameters 7hu and 7ac are 
normalized as (7o~)N = 7o~/V~c and (%y)N = 7hy/(VacVd~), so that any differences in ac 
and dc electric field distributions can be easily seen. Note that V~c is the rms value of the 
applied AC voltage and that 7hy and "t'~ are also rms values of the characteristic retardation 
parameters. Vd~ is the applied dc voltage. For our experiments, Vd~ ~ 750 V, Va~ ~ 400 
Vrms, and by fitting the space charge free theory to the double frequency measurements, it 
was found that the Kerr constant of propylene carbonate is B ~ 1 × 10 -12 m/V 2. 
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Figure 8: The measured and theoretical (space charge free) characteristic parameters C~hy 
and normalized (Thy)N as a function of radial distance y from the point electrode centerline 
for various heights z above the ground plane and below the positive point electrode. 
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Figure 9: The measured and theoretical (space charge free) characteristic parameters ahy 
and normalized ("/hy)N as  a function of radial distance y from the point electrode centerline 
for various heights z above the ground plane, above and to the side of the positive point 
electrode. 
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7. Measurement of  Characteristic Parameters with Positive Point 
Electrode 

We also reversed the dc voltage polarity and repeated the experiment. Before taking data, we 
applied a high dc voltage for a few days until the particle coating was in equilibrium. From the 
side window of the test cell, we clearly observed that there was a rough and nonaxisymmetric 
coating on the point tip. Since the coating occupies a finite volume between point electrode 
and ground plane, we expected a voltage drop across the layer and a change in the electric 
field distribution in the liquid. From Figs. 6-9, the measured results are more erratic near 
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Figure 10: The radial and axial components o f  electric field obtained from negative point 
measurements o f  (C~o 7o~) ( - - - ) and space charge free theory ( ) below the point 
electrode as a function o f  radial distance y for  various heights :c. 
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Figure 11: The radial and axial components o f  electric field obtained from negative point 
measurements o f  (~o~, 7o~) ( - - - ) and space charge free theory ( - -  ) above and to the 
side o f  the point electrode as a function o f  radial distance y f o r  various heights x. 

the point electrode. This is probably caused by the rough coating surface, which has a large 
effect in its vicinity. In addition, the plots above and to the side of the point electrode show 
the measured results close to the point to deviate from space charge free analytic solutions 
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because of the distorted needle shape. Compared with the measured results from a negative 
point, a positive point has a slightly higher field due to the coating's higher conductance 
thereby decreasing the effective gap. The capacitive effects from the coating are negligible 
because the ac field frequency of 90 Hz is very low. 
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Figure 12: The radial  and  axial components o f  electric f ie ld  obtained f rom negative point  
measurements  (c~a~, %c) ( - - - ) and (shy, "/hy) ( - -- - ) be low the point  electrode as a function 
o f  radial  distance y f o r  various heights z.  
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Figure 13: The radial  and axial components of  electric f ie ld  obtained f rom negative point  
measurements  (aao 7 ~ )  ( - - - ) and (C~hu, 7hu) ( - - - ) above and to the side o f  the point  
electrode as a function of  radial  distance y f o r  various heights x. 

8. Recovered and Analytic  Electric Field Distributions 

With the "onion peeling" method of radial discretization, we can recover the electric field 
distributions from measured characteristic parameters. To stabilize the "onion peeling" method, 
we smooth the measured data by fitting curves and passing through a low pass filter. Then, 
we can recover the dc and ac radial and axial electric field components Er, Ex from measured 
data of (C~hy,"/hy) and (c~ac,Tac). Since the electric field distributions obtained from (aac,Tac) 
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represent the space charge free case, we compare the results with Laplacian theory in Figs. 
10 and 11. Because the effects of space charge distributions are included in (OLhy,~hy), w e  
distinguish their results from space charge free results in Figs. 12 and 13 to show the effect 
of space charge. 

We have only illustrated the recovered field plots of the data with negative point electrode. 
With a positive point electrode, the data was not axisymmetric, which is essential for the 
"onion peeling" method to be valid. 

9. Conclusions 

In this paper we present a set of Kerr electro-optic measurements using point-plane electrodes 
with propylene carbonate. To minimize chemical reaction effects, we use aluminum electrodes, 
set the point electrode negative, circulate the liquid through 3A molecular sieves for drying and 
filtering particles, and keep the applied dc voltage below 800 V. Above and to the side of the 
negative point electrode in Fig. 13, the ac and dc electric field components are the same within 
measurement precision indicating negligible space charge in this region. However, below 
the negative point electrode in Fig.12, there are significant differences between ac and dc 
electric fields indicating possible dc space charge effects, although our measurement precision 
is not good enough to reach firm conclusions. The ac results should agree with theoretical 
space charge free analysis and should be the same for any dielectric, while the dc results may 
vary between dielectrics due to different conduction properties and electrochemical reactions 
with the electrodes. Continuing work will try to improve measurement precision in order to 
determine if there are significant dc space charge effects. 

For a positive point electrode, the particle coating formation changes the radius of curvature 
of the point. Most importantly, the nonaxisymmetric coating destroys the system symmetry 
and makes the "onion peeling" method invalid near the point electrode. 
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