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Executive Summary

High voltage pulse measurements have been performed using systems based on

the electro-optic Kerr effect for a number of years. In certain applications,

these systems permit state-of-the-art measurements (uncertainties - ±1%).

Because the precision of the measurement can be significantly better than the

accuracy, an investigation of techniques to improve the calibration of the

system--and, thus, to advance the state of the art in pulse measurement--was

I

undertaken.
I

The investigation focused on two areas. One was the experimental

determination of correction factors which would account for differences in

environmental factors between the calibration of the system and its use. These

measurements yielded accurate corrections for variations in temperature and

quantitative evidence of the magnitude of the wavelength dependence of a Kerr

system's response.

The second was further study into the feasibility of calibrating the Kerr

system at a number of discrete frequencies and using this calibration for pulse

measurement. Thi s -approach was not completely successful, but did suggest

more feasible alternatives. It was concluded that electrohydrodynamic effects

in nitrobenzene introduce errors which are sufficiently large that no significant

increase in accuracy is possible. Preliminary investigations into another fluid,

however, suggest that the problems may be minimized by a judicious choice of the

electro-optic material. It should also be emphasized that electrohydrodynamic

phenomena are only evident under the application of a steady-state voltage. They,

therefore, introduce errors during single frequency calibration but do not degrade

the performance of the system under pulsed voltage.
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I. INTRODUCTION

High voltage pulse measurements with uncertainties of order 1% have become

routine using the electro-optic Kerr effect. Because the precision of the

measurements is more than an order of magnitude greater than the accuracy, it

should be possible to improve the accuracy of the measurement.

This report discusses the limitations on calibration techniques and

Kerr cell operation, both of which contribute to the measurement uncertainty.

It is anticipated that the fundamental limitations are sufficiently well defined

by this report that it provides guidance in the selection of specific research

and development activities to improve the accuracy of pulse voltage measurement

using the Kerr effect.

To accomplish a calibration of high-voltage pulse measuring systems, two

techniques are recognized J One is a comparison technique while the other

||

requires a more fundamental analysis of error sources. The comparison technique

is not suitable for this application. The primary reason is that there is no

I

known (standard) system which has better accuracy than a Kerr system. For

example, consider the most common measuring system, a voltage divider-oscilloscope

combination. The calibration of this system could consist of

-- determination of scale factors of oscilloscope;

-- determination of the positional dependence of oscilloscope

scale factors;

-- measurement of system's step (frequency) response;

-- low voltage determination of divider ratio;

-- test for a voltage coefficient of the divider.

Uncertainties in these determinations limit the best high voltage measurement

systems to uncertainties of about 1% (with much larger uncertainties being common).

As a consequence, Kerr system accuracy cannot be improved by comparison with a
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pulse divider system. It is, therefore, necessary to perform a more fundamental

calibration. l

To identify the factors which influence the accuracy of Kerr system a

measurements, it is helpful to note that the uncertainty in voltage measurement {Hi

can be expressed as

AV
AV
m A<j>

V_ -
2<*»

( 1 )

m

In this equation, V
m

is the cell constant and cp is the optical phase shift. The

remainder of this report is an analysis and a quantification of these error terms, a'

In Section II, the definition of the cell constant and errors in its determination

are discussed. The errors associated with phase shift measurements are discussed

in Section III.

II. FACTORS WHICH INFLUENCE THE CELL CONSTANT

The phase shift, <t>, between two orthogonally polarized components of a

linearly polarized light beam, upon passage through the Kerr system, is given by

the expression

2tt / BE a£ .

o
( 2 )

In Eq. 2, B is the Kerr coefficient of the optically active material, E is

the applied electric field, and z is a spatial coordinate in the direction of light

beam propagation. For voltage measurement it is assumed that Eq. 2 can be

rewri tten

= TT (V/V )'

m
( 3 )

where the cell constant, V , is defined as
m



( 4 )V = d (2B£
1 )~

l
*

m

In Eq. 4, the assumption is made that the Kerr cell is a paral lei -pi ate structure

with d being the spacing between the plates. In addition, it is assumed that

any electric field non-uniformity can be accounted for by the effective plate

length £
'

.

Calibration of a Kerr cell consists of a determination of V . The values
m

of d, B, and £' are not independently known with sufficient accuracy to permit

V
m

to be calculated using Eq. 4. The technique which is used is to apply a known

voltage to a Kerr cell, measure the phase shift, and using Eq. 3, calculate V .

This value of V
m

is then used to measure unknown voltages. As pointed out above,

if pulsed voltages are used in the determination of V , no improvement in

accuracy is possible. Attempts have been made, therefore, to calibrate the

cell at a number of discrete frequencies--where improved accuracy is possible--and

to apply this calibration to the extent permitted by the frequency response

of the Kerr system.

The technique is valid to the extent that differences between experimental

conditions during calibration and during measurement do not change the value of

V . The remainder of this section will be devoted to a discussion of those
m

factors which could modify the value of the cell constant, V . As suggested

by Eq. 4, these factors will be considered in terms of their impact on the

plate spacing, the Kerr coefficient, and the effective length of the parallel

plates.

1 1. A FACTORS WHICH INFLUENCE THE PLATE SPACING

II. A. 1 TEMPERATURE

In evaluating the effects of temperature on plate spacing, it is convenient

to take the partial derivative of Eq. 4, with respect to temperature. This
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yields

1 m _ 1 3d 1 3B 1 3£‘
( 5 )

V 3T d 3T 2B 3T 2fc' 3T
m

The term containing the spacing, d, is in the form of a coefficient of

linear expansion. Because the Kerr cell is constructed of glass and metal,

it would be expected that

Because the cells are used near room temperature, and because an inaccuracy

of 0.1% in the determination of V
m

is acceptable, the variation of the plate

spacing with temperature is negligible. The second term in Eq. 5 is discussed

in Section II. B. 3 and the third in Section II. C. 2.

No other reasonable, non-catastrophic variation in experimental conditions

has been identified which could yield a significant variation in the plate

spacing.

II.B FACTORS WHICH INFLUENCE THE KERR COEFFICIENT

II.B.l GENERAL

It is widely recognized that the understanding of liquid structure is not

sufficiently advanced to permit the calculation of the Kerr coefficient in

nitrobenzene with the necessary accuracy to be useful in pulse measurement. The

classical expression for the Kerr coefficient of a polar fluid is valuable in that

it provides a means of identifying those parameters which may cause a variation

3
in the Kerr coefficient. This expression is of the form

( 6 )

B = np
o

(n^ + 2)^ (e + 2)^ (0-j + 0
2

) / 2 7 nA (7)
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where p is the number density of the molecules, n is the index of refraction

of the light beam at a wavelength A, e is the dielectric constant of the

material, and and represent expressions involving the temperature of

the fluid, the static and optical polarizabilities and the dipole moment of

the molecules.

The variations which have been investigated are the dependence of the

Kerr coefficient on the wavelength of the incident light, on the frequency of

the applied voltage, and upon the temperature of the material. These will be

discussed in detail in the following sections.

II.B.2 WAVELENGTH

From Eq. 7, it can be seen that the Kerr coefficient, and thus the cell

constant, has an explicit dependence on the wavelength. As shown in Fig. 1,

measurements of the wavelength dependence have been made at a number of

laboratories, including NBS. The data exhibit approximately a A variation.

In addition, more careful examination of the NBS data indicates dispersion

in the index of refraction may also be significant. Fig. 2 shows a plot of the

product Ba vs a. This drawing reflects the fact that BA may change by as much

as 11 over the wavelength range from about 475 - 625 nm.

4
Elementary analysis indicates that some variation should occur. There is

5
strong absorption in nitrobenzene for wavelengths shorter than about 400 nm.

From Kramers-Kronig relationships, a wavelength dependent absorption should

lead to a wavelength dependence in the index of refraction. From Eq. 7,

therefore, it is reasonable to expect a wavelength dependence of Ba.

The significance of this variation on Kerr system calibration is twofold.

From Fig. 2, it can be inferred that over visible wavelengths

1 3 ( BA

)

(BTT 3 X

^ -5 x 10 /nm . ( 8 )
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If the light source used for Kerr effect measurement is a laser, the linewidth is

sufficiently narrow that dispersion effects are negligible. If, however, the

cell constant is determined at one wavelength, there is no way to accurately

calculate the cell constant at a significantly different wavelength. This is

to say, reliable data concerning the dispersion of the Kerr effect over a wide

range of wavelengths are not available. This is not generally a problem as the

use of a variety of lasers is not common practice.

II.B.3 TEMPERATURE

The temperature dependence of the Kerr coefficient of nitrobenzene has been

redetermined during this contract period. Previous measurements have indicated

that over the range of normal room temperatures

Hr* 10
'
2/k • (9)

For a nitrobenzene-filled Kerr cell, therefore, the term (Eq. 5) containing the

Kerr coefficient is the only significant contribution to the temperature dependence

of the cell constant. This is a fortunate situation because this variation is

a fundamental property of the nitrobenzene and not an "accidental" property

which is unique to each Kerr cell. As a practical matter, this means that given

the temperature dependence of the Kerr coefficient of nitrobenzene, the cell

constant of any nitrobenzene-filled Kerr cell can be corrected for temperature

changes. From Eqs. 4 and 5, this simple relationship between the values of the

cell constants at two temperatures T-j and T^ is

W * [B{T
2
)/B< T

i)]
V
m
(T

2
) ( 10 )
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The temperature dependence of B is determined by measuring the cell constant

-2
of a given cell as a function of temperature and noting that V is proportional

-2
to B; a plot of V

m
versus temperature indicates the relative change in B with

temperature. The absolute variation in B(T) can be obtained by normalizing

the data at a specific temperature to a previously measured value of B. This

approach has been employed previously
6

and is used in the present set of

measurements

.

It should be noted in Eq. 10 that the only dependence on the Kerr coefficient

is its ratio at two different temperatures. Therefore, any errors introduced by

the normalization do not affect the accuracy of the correction of the value of

the cell constant.

The glass cell used to determine the temperature dependence of B was

cylindrical, approximately 7 cm long and 2 cm in diameter. The parallel-plate

electrodes were about 5.8 cm long, 1.3 cm wide, and spaced about 0.3 cm apart.

A calibrated copper-constantan thermocouple was inserted into a hollow electrode

support to measure the nitrobenzene temperature. The cell with its electrical

connections was totally immersed in an oil bath which could be cooled or heated

over a temperature range of approximately 280 K to 340 K. Temperature

measurements in the oil bath immediately adjacent to the cell, using a second

thermocouple (chromel -alumel ) , revealed no temperature gradients in excess of

0.1 K between the interior of the cell and any of the selected points shown in

Fig. 3. The nitrobenzene temperature measurements are believed to be accurate

to within ±0.1 K; this represents a substantial improvement over previous

work
6 ’ 7

(±0.5% of the measured value).

At elevated temperatures, measurements of V
m

were made by first heating the

oil bath; cell constant data were then obtained as the bath cooled. An analogous

procedure was followed to obtain results below room temperature. Data were
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Fig. 3 Apparatus used in the determination of the temperature dependence of the

Kerr coefficient of nitrobenzene. To insure that the thermocouple in the

grounded electrode was measuring the temperature of the interelectrode

nitrobenzene, the Kerr coefficient was not measured until temperature

measurements at 1, 2, 3, and 4 agreed with measurements inside the grounded
electrode to within 0.1 K.

I
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col lected from 285 K to 337 K.

Redundant systems of voltage measurement were used to determine the cell

constant V . The peak value of the applied high voltage pulses measured with

a standard Kerr cell at room temperature and a calibrated resistor divider were

averaged to determine a single value. Differences between the two measurements

were typically near 0.5%. A helium-neon laser (632.8 nm) was used as the light

source

.

6 8 9
Experimental evidence 5

as well as a theoretical model using a classical

statistical mechanical approach suggest that the temperature dependence of the

electro-optic Kerr coefficient has the functional form

B (T) = + a-j/T + o^/T
2

, (11)

where the a's are constants. This relationship has been adequate to describe the

behavior of B for nitrobenzene in earlier NBS studies and is employed again in

the present work.

Fig. 4 shows the experimental results normalized to the previously measured

value, B = 3.26 x 10~ 12
± 6% mV"

2
, at 295.6 K and 632.8 nm. The curve in Fig. 4

is a least squares fit to the data. This fit yields the following values for

the constants in Eq. 11:

a = 6.556 x 10" 12
mV

-2

o

a-,
= -5.610 x 10' 9

K mV"
2

(12)

a
?

= 1.379 x 10' 6
K
2

mV'
2

.

f . . -15
The residual standard deviation for the fit is 9.423 x 10

Although the above values are different by factors of 2.3 to 4 from earlier

results over a more limited temperature range, the calculated values of B over a

coronon temperature interval agree to within 2.8%. Because of improvement in

experimental technique, the more recent values are considered to be more reliable.



KERR

COEFFICIENT

B(

X
lo'

2

m/

V*)

TEMPERATURE (K)
Pi q 4 Plot of the temperature dependence of the Kerr coefficient of nitrobenzene.

The solid circles represent data points. The measurement imprecision

is of order the dot size. The magnitude of the Kerr coefficient was

determined by normalization to previous data 5 at one point. The reference

data had an uncertainty of ± 6 %.
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As has been noted previously, the above constants are appropriate for

interpolating over the temperature range of the data (285 K to 337 K);

extrapolation beyond this range may introduce substantial error.

II. B. 4 FREQUENCY

From Eq. 7, it can be inferred that any dependence of the Kerr coefficient

on the frequency of the applied voltage is due to the frequency dependence of

the dielectric constant, e. Measurement of the frequency dependence^ of c

9
shows a flat response for frequencies below about 10 Hz, Fig. 5. This frequency

i ndependence served as one of the early justifications for the development of Kerr

systems for the measurement of high voltage pulses. It permits calibration of

a system at one or a number of discrete frequencies and subsequent use of this

calibration for pulse measurements. This is appealing because, in general,

single frequency, high voltage measurements are more accurate than high voltage

pulse measurements by one or more orders of magnitude.

A direct method to verify that the cell constant is indeed frequency independent

is to apply high voltages over the frequency range of interest and measure the cell

2
constant. An attempt was previously made to perform such a measurement and the

results are summarized in Fig. 6.

These results are promising but not definitive because of the limited number

of frequencies over which data were taken. The fundamental limitation to the

extension of these data is the electrohydrodynamic phenomena for a certain range

of low frequencies which result from the presence of space charge in nitrobenzene.

These phenomena are discussed in more detail in Section II.C.3.b.

The present status, therefore, is that frequency independence cannot be fully

verified because electrohydrodynamic effects at low frequencies prevent measurement

of the cell constant. These effects, however, only complicate calibration; they

have not caused an identified error in the measurement of microsecond duration.

high voltage pulses.
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II.C FACTORS WHICH INFLUENCE THE EFFECTIVE LENGTH

II.C.l GENERAL
I

i

Care must be taken to distinguish between two different phenomena which

influence the value of the effective length. Recall from Eqs. 1-3, the effective

length, £'
, is defined

4> = 2tt / BE
2
d£ = 2ttB£' (V/d)

2
. (13)

o

The first phenomenon is geometrical in nature.^ The Kerr cells used in this

study are parall el -pi ate capacitors. The light beam passes between the plates,

not only through the uniform field area but also through the fringing fields at

the ends of the plates. The effect of this is shown in Fig. 7. It should be

noted that in Fig. 7 the experimentally derived electric field distribution is

asymmetric about the midplane. This is attributed to the perturbing effects

of nearby grounded objects.

The second phenomenon which influences a' can be more significant and is

more difficult to discuss rigorously. To understand this effect, it should be

noted that in Eq. 13, the electric field has been replaced by the voltage divided

by the spacing. If space charge exists, the field distribution is not uniform.

So the effective length must also account for the field non-uniformity caused by

space charge. An example of such distortion is shown in Fig. 8.

So the value of the effective length is a function of position with the

positional dependence influenced both by cell geometry and space charge. For

pulse measurements, space charge is negligible and compensation for variations

due to geometry is made by confining the light beam to a single path.

However, these effects become troublesome when uncertainties less than 1 % are

requi red.
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I.OO-

0.96

0.92 -

0.88

0 . 84 -

0.25 0.50 0.75

x/d

g. 7 Effect of fringing field. This plot shows calculated (dashed lines) and

measured (solid dots) values of = 0 . 5/
^

'

x / d ’ where x is a variable

along a central path between the electrodes and d is the plate spacing. It

can be seen that the effective length for a parallel plate system is shortest

for a point one half way (x/d = 0.5) between the electrodes. The calculated

curve is symmetrical about the center while the measured points are

assymmetrical due to nearby grounded objects.
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FIELD
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(E/E

2.8 §- V= 77,280 volts

it*- (E m d) = 45,330 volts

DISTANCE FROM ANODE (
x
/d)

Fig. 8 Effect of space charge. Under direct voltage the effect of fringing
fields is dominated by the effect of space charge. The quantity Ed
is Vm as defined in Eq. 4.
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II.C.2 TEMPERATURE

The effect of temperature on the geometric contribution to the effective

length is negligible. For square-ended electrodes of thickness y, spacing d and

1

2

length i and for a central path,

£' = £ + ( d/7T ) [1 + y/d In (1 + d/y ) ] . (14)

It should be noted that recent work by Thacher has extended this type of

analysis to include non-central paths and has found the same general dependence

on spacing and length.

Because i' is only a function of geometry,

JT = 10~ 5
/K . (15)

From Eq. 5, it can be seen that this term does not make a significant contribution

to the variation in the cell constant.

In addition to the direct effect on geometric length, temperature variations

can also change the value of the effective length by changing the space charge

distribution. The effect of a temperature change is to modify the mobility of

the charge carriers in the fluid. Theoretical consideration of simplified physical

models indicates that the electric field distribution does depend on the mobility.

Experimental confirmation has been obtained using a mixture of pentachlorobi phenyl

and trichlorobenzene. As the temperature of the mixture was increased from 0 °C

to 60 °C, the central field strength, under direct voltage, decreased by more than

20%. Of course, the applied voltage remained constant.

In nitrobenzene-filled Kerr cells, space charge has been found to be

negligible if the voltage is applied for times shorter than about 100 ys.

Under pulse conditions, therefore, no space charge distortion exists. Under

steady-state condi tions--for example, during a single frequency cal ibrati on--space
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charge distortion does exist. Because of the finite resistivity of the

nitrobenzene, there can be significant self-heating during steady-state voltage

application. This can lead to the temperature dependent change in the field

distortion discussed above. In extreme cases, electrical breakdown could result.

II. C. 3 FREQUENCY

1 1 . C . 3 . a GENERAL

From Eq. 14, it would be expected that the geometric contribution to the

effective length would be frequency independent. Data such as that shown in

Fig. 6 confirm this expectation.

The effect of frequency on the space charge distribution, however, is

significant. Three main sources of space charge production have long been

recognized. These are molecular-level processes in the bulk (e.g., dissociation,

chemical interactions, etc.), molecular-level processes at the interface between

the liquid and the electrode and suspended particles in the fluid. Once the

charge carriers have been produced, their trajectory depends on the applied voltage

and presumably on the coupling to the neutral fluid. This electrohydrodynamic

phenomenon is in turn dependent on the geometry of the cell. In the present

state of understanding, space charge dynamics cannot be calculated with precision.

An experimental measurement of the space charge distortion is, therefore, necessary.

These measurements have been performed in a variety of liquids under direct and

selected low frequency alternating voltages. This report will focus on results

obtained in nitrobenzene, but measurements taken using a chlorinated biphenyl

will also be discussed to emphasize the role of the fluid in space charge distortion

1 1 . C. 3. b MEASUREMENTS IN NITROBENZENE

The basic behavior of nitrobenzene is summarized in Figs. 9, 10, and 11. The

first point, which is emphasized by Fig. 9, is that the electric field distribution
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or, equivalently, the space charge distribution, does, indeed, depend on the

frequency of the applied voltage. Under pulsed voltage the field between the

1

3

plates is calculable from electrostatics. The absence of interelectrode fringes

in the central region indicates a uniform field. The other two photos at dc

and 60 Hz indicate interelectrode fringes with very different distributions.

This implies that the space charge distribution is frequency dependent. This

dependence is shown more quantitatively in Fig. 10. In this figure, it can

14
be seen that for the voltage levels and geometry used in this study, the

space charge density has a broad maximum in the frequency range between 60 and

90 Hz. The reduction in the space charge density as the frequency is increased

above 60 Hz suggests that the effect of space charge may be minimized at somewhat

higher frequencies. At higher frequencies, however, a different phenomenon

2
dominates as is shown in Fig. 11. From these photographs, it is apparent that

the optical transmission of the cell is profoundly affected by high voltage in

the audio frequency range. Within the purification limits attainable with the

MBS nitrobenzene purification system (resistivity % 10 ft • m) this behavior

could not be substantially modified by cell purification.

For this reason, further related studies on the time evolution of space

1

5

charge were undertaken using a chlorinated biphenyl as the Kerr fluid. This

liquid was selected because it has a relatively large Kerr coefficient, was

commercially available, and because of its widespread use as a high voltage

insulating liquid. Since the study was initiated, polychlorinated biphenyls

were identified as being environmentally harmful and further Kerr work was

terminated at NBS. The completed study does, however, provide further information

concerning space charge dynamics in a fluid other than nitrobenzene.

II.C.3.C MEASUREMENTS IN CHLORINATED BIPHENYLS

The measurements of space charge dynamics in a chlorinated biphenyl were
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OPT I CAL TRANSMITTANCE OF KERR CELL AT SELECTED FREQUENCIES

60 Hz 200 Hz

770 Hz 912 Hz

Fig. 11 Optical transmittance of a Kerr cell at selected frequencies,

frequencies above a few hundred hertz, the optical distortion

sufficiently severe that no Kerr measurements are possible.

At
is
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made using a "pulsed" 60 Hz voltage source. Specifically, the power source was

capable of providing a preselected, integral number of half-cycles of a 60 Hz

waveform at high voltage. These measurements are summarized in Fig. 12.

The filtration of the fluid was accomplished in the same way that nitrobenzene

is filtered. Specifically, the liquid was drawn under vacuum through an

approximately 28-cm-long column of activated alumina and micrometer-sized filters

with a mechanical pump. The double filtration referred to in Fig. 12 consisted

of drawing the same sample of fluid through the same column twice. Measurements

were made in a tetrafl uoroethyl ene cell having Rogowski profile electrodes.

From Fig. 12, it can be inferred that the space charge is due to contaminants

which can be removed by filtration. The upper photographs also show the temporal

evolution of the space charge and thus the electric field distribution. It can be

seen that the field is uniform until about the fifth half-cycle; the distortion

comes to equilibrium during the interval from about the fifth to eleventh half-cycle

and remains stable after about the eleventh half-cycle.

It is interesting to compare this temporal behavior with related experimental

1
c

studies. Dakin, Studniarz, and Hummert have investigated the breakdown

strength of transformer oil as a function of the number of cycles of 60 Hz voltage

which was applied. They found the breakdown strength to be higher and less

variable if fewer cycles are applied. They observed that there was a definite

relationship between the duration of voltage application and breakdown strength

and postulated that this relationship was due to space charge. The present study

{

demonstrates the analogous temporal dependence for the space charge distortion.

In addition, previous work in nitrobenzene^ had shown that at 60 Hz the

space charge did not respond to the instantaneous value of the applied voltage.

In this study, it is also apparent that the time necessary for the space charge

to respond to a change in the applied voltage is long compared to a cycle of

a 60 Hz waveform.
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With a second filtration, the net space charge density in the chlorinated

biphenyl becomes negligibly small. This indicates, of course, that the space

charge is not an intrinsic property of the fluid.

These preliminary results suggest that in a fluid other than nitrobenzene

single frequency measurements may be possible. Because of the preliminary

success in this fluid coupled with the lack of success in reducing the space

charge density to an acceptable level in nitrobenzene, investigation of

alternative fluids to nitrobenzene appears to be a reasonable goal for future

research

.

It should be acknowledged, however, that the gradients in the index of

refraction which yield the transmittance shown in Fig. 11 may not result solely

from the space charge density. The volume force can be expressed as the sum

of two termsj'
7

F
v

= pE + pm
V (eZ

$T ] ’ (16)

m

where p is the charge density, p
m

the mass density, E the electric field, e
Q

permittivity of vacuum, and k the relative permittivity of the fluid. The

second term takes into account the interaction between the field and liquid

structure. It has not been demonstrated that this second term is negligible.

III. PHASE SHIFT MEASUREMENT

The second fundamental contribution to error in the measurement of voltage

is the error in phase shift measurement. In most previous work the Kerr system

was designed so that this error was sufficiently small to be negligible.

Minimization of this error source has been possible because of the nonlinearity

of the Kerr response. The conventional detection scheme uses a polarizer to

convert the phase shift (Eq. 3) between the components of the light beam to a
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variation in transmitted intensity. If the incident light is polarized at an

angle of 45° to the field direction and the second polarizer is oriented so that

its transmission axis is orthogonal to that of the first, the phase shift is

related to the transmittance by the expression

In Eq. 17, I is the optical transmittance of the system. Combining Eqs. 17 and 2

yields

An analysis of this equation shows that for V £ 5 V
m , a 1% change in the applied

voltage will cause nearly a 100% change in the transmittance of the cell.

As a consequence, accurate voltage measurements can be performed with very

modest requirements on the measurement of the relative transmittance, I/I .

Typical systems have resolution of 0. 1-0.2 I/I . So in a well designed system,

1 g
the voltage resolution is typically of order 0.1% of the applied voltage.

The possible change from nitrobenzene as the Kerr fluid and the general

need to perform measurements in a variety of materials with smaller Kerr

coefficients have generated the desire to perform accurate measurements in the

voltage range V < 5 V . This requires a more accurate determination of the

relative transmittance of the system, or, more fundamentally, of the optical

phase shift.

A technique which has been recommended as a way to attain better accuracy

than is obtainable using crossed polarizers has been discussed in the literature.

This approach replaces the second polarizer with an interferometer as shown in

Fig. 13. The operational principles have been discussed previously. For this

I = I sin
2
U/2) .

m
(17)

I = I sin
2
0/2 (V/V)

2
] .

m m
(18)
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device, the transmitted intensity is given by the relationship
20

( 19 )

where <f>, I, and I have the same meanings as above and 6, the phase shift

introduced by the interferometer, is given by

The angle 0 is defined in Fig. 13.

Eq. 19 predicts that in the absence of an electric field (<}> = 0), a

conventional i nterferometric fringe pattern results. For
<f>

=(= 0, the fringes

are shifted or, equivalently, the intensity at single point on the detector is

changed

.

It should be emphasized that interferometric detection offers no inherent

increase in sensitivity when compared to a crossed polarizer detection scheme.

This point can be demonstrated by considering the variation of the intensity at

one point on the detection plane as the electric field is varied. It is assumed

that the point is on a dark fringe when the electric field is equal to zero.

This implies

6 = ~~ cos 0 .

A
( 20 )

6 = (2n + 1) tt , n = 0,1,2,.... ( 21 )

Combining Eqs . 19 and 21 yields

1 = I

m
sin

2
4/2) ( 22 )
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which is identical to Eq. 17 which describes the transmittance of a crossed

polarizer system.

So an interferometric detection scheme can be conceived as a crossed

polarizer detector with the initial (E = 0) transmittance a function of position.

The approach does offer advantages in the situation where V £ V . In this case,

the background or interference fringe pattern makes the determination of I

convenient whereas it is impossible with a crossed polarizer detector.

21
There are additional detection techniques applicable to the measurement

of very small phase shifts that may be valuable in applications for which

V < 0.5 V . The conclusions of this discussion are summarized in Table 1.
m

Table 1. Range Of Voltages For Which Various Detection Schemes May Have Value

Relative Voltage, V/V
m

Detection Method

> 5 Crossed Polarizers

0.5 ^ 5 Crossed Polarizers
Interferometer

<0.5 Interferometer
Small Phase Shift
Techniques

It should be emphasized that factors of cost and convenience, as well as the

possibility of accepting reduced accuracy can provide justification for using a

less than ideal detection method.
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