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A Pockels sensor for the direct measurement of electric fields has been studied. It is
based on the utilization of an optical method and has many advantages as an electric field
sensor. For example, it negligibly affects observed space. There is a demand to miniatur-
ize sensors from the viewpoint of spatial resolution and the disturbance of the observed
space, and the optical waveguide technique has been successfully introduced in the Pockels
sensor. This paper presents the development of optical waveguide Pockels sensors. They
utilize the Ti diffused LiNbO; optical waveguide whose width and depth are on the
micrometer order. Their output signals show good linearity to applied AC and impulse
electric fields. As one example of their application, electric fields with corona discharges
are measured. The sensor shows signals according to discharge phenomena.

1. Introduction

In order to design and develop a power apparatus it is important to analyze electrical
discharges, and the measurement of an electric field is extremely helpful in this regard.
There are various methods for measuring the electric field.

The Pockels sensor is based on the utilization of an optical method and has the
following advantages:® 1) It needs no metallic probe and negligibly affects the discharge
space observed. 2) Information on the electric field is communicated in the form of light
and thus the method is robust under electro-magnetic disturbances. 3) It has a broad
frequency response in the range of DC to GHz.

The Pockels effect is a change in the refractive index of a crystal in proportion to an
applied electric field.>® A light beam in a Pockels crystal propagates with a refractive
index depending on the electric field. Therefore, the electric field can be identified from
the measurement of its phase shift.
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There is a demand to miniaturize sensors from the viewpoint of spatial resolution.
Some Pockels sensors using a bulk crystal whose dimensions are several mm to several cm
have already been developed, but it seems that these dimensions are limited because of
machining techniques. An optical waveguide technique has been introduced in the
fabrication of Pockels sensors to achieve the spatial resolution of micrometers.

Previously, a z-cut x-propagation LiNbO; waveguide such as that which is convention-
ally used in optical communication devices has been utilized but it results in low sensitivity
to the applied electric field and instability owing to thermal or mechanical disturbances.®
A better configuration of the sensor has been proposed and realized.G®

2. Measurement Principle

It is difficult to measure a phase shift of a light beam directly, so the interference
between two kinds of light beams has beenutilized in the Pockelssensor. In the case of the
optical waveguide Pockels sensor in this study, a y-cut z-propagation (the light beam
propagates along the z-axis) LiNbO; waveguide is used and two propagation modes, the
TE mode and TM mode (shown in Fig. 1, strictly speaking, E¥,; mode and E¥,; mode, or
TE-like mode and TM-like mode), detect the refractive index change through their
interference.

These polarizations at the outlet of the waveguide can be given by

e = Asin @t ¢))
erm = Asin(ax +I7), ()

where A is amplitude, is angular frequency and I is the phase difference between ez and
erm. They interfere with each other and the output light beam is detected with a photo
diode. The output light power P, is finally expressed by

P =5 (+cosT)- B, G)
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Fig. 1. Propagation modes in the waveguide.
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where P;, is the input light power which is divided equally into the two modes. Equation
(3) is illustrated in Fig. 2.

Due to the Pockels effect, the refractive indices in the waveguide for the two modes
change in proportion to the applied electric field but they have different proportional
constants. The phase difference I'is expressed as a function of the applied field.

I'=I; + aF, “

where I is the phase difference in the case of no external electric field, ¢ is a constant and
E is the applied electric field along the y-axis, as shown in Fig. 1. The value of E can be
determined by measuring P, Because the output signal changes around Iy its value is one
of the most important factors with respect to sensor sensitivity.

3. Transmission Light E-Field Sensor

A schematic diagram of a transmission light E-field sensor is shown in Fig. 3.69 An
electric field along the y-axis is measured using it. The light source is a semiconductor
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Fig. 3. Schematic diagram of transmission light E-field sensor.
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laser whose wavelength is 1.31 um. A single mode condition in the waveguide is satisfied
for the laser. The light is led through a polarization maintaining fiber (P.M.F.) and its
polarization is precisely adjusted to be linear using a thin membrane polarizer. A linearly
polarized beam whose polarization direction is tilted at the angle of 45 degrees to the x-axis
of the LiNbOs is led to a waveguide with a P.M.F. Then the TE and TM modes mentioned
in the previous section are realized and propagate in the waveguide.

In this sensor the phase difference I is adjusted to 90 degrees by cutting the waveguide
to a length of 4.39 mm. The refractive index of the waveguide for the TE mode is slightly
different from that for the TM mode in the case of no applied electric field. Using the
difference in the refractive indices An, Iy is given by

r,):%EAn.L, ®)

where 4 is the wavelength of the light beam and L is the length of the waveguide. From
some experimental data the value of L of 4.39 mm was chosen in order to adjust I, to 90
degrees.

At the outlet of the waveguide a polarization of the output light beam whose direction
is tilted at the angle of 45 degrees to the x-axis is selectively transmitted by using a P.M.F.
and a membrane polarizer.

Electrodes are attached to the waveguide in order to apply an electric field. Its outputs
when AC and impulse voltages are applied are shown in Figs. 4 and 5. The rise time and
halfwidth of the impulse voltage used are 0.2 us and 8000 us, respectively. The sensitivity
to the applied AC electric field is shown in Fig. 6. and linearity between the output and the
applied electric field is confirmed. The values of applied electric fields are computed by

T 2000

©
a

e
no

sensor output (V)
(=)
[<)

applied voltage (V)

applied voltage

/

sensor output
0 1‘0 E ——552000

time (ms)

Fig. 4. Output signal of transmission light E-field sensor for applied AC voltage.
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Fig. 5. Output signal of transmission light E-field sensor for applied impulse voltage.
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Fig. 6. Relationship between peak output value of transmission light E-field sensor and peak value
of applied AC electric field.

using the charge simulation technique under experimental conditions. In this experiment,
the minimum measured electric field is about 100 V/cm (intemal value in the crystal). This
value is determined by a signal to noise (S/N) ratio, so it depends on the stability of the light
source and the photo detector circuit.

In Fig. 5, there is a slight delay. The rise time of the sensor output is about 300 ns for
a step voltage with a rise time of about 200 ns. This must be caused not by the
characteristics of the Pockels effect but by the time constant of the photo detector circuit.
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In order to confirm this, an additional step response experiment with a high-frequency
photo detector unit has been carried out. Its result is shown in Fig. 7. The photo detector
unit has a frequency band of 1 GHz and relatively low sensitivity. The waveform of the
applied voltage includes oscillating noise from the impulse generator, so after the rising
phase it seems to be slightly different from that of the sensor output. However, there is no
delay for rising phases of less than 10 ns. The frequency characteristic of the sensor
sensitivity is shown in Fig. 8. The applied electric fields are controlled by a function
generator and the output amplitude is normalized by the amplitude in the case of 50 Hz. A
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Fig. 7. Output signal of transmission light E-field sensor for applied impulse voltage with high-
speed photo detector unit.
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Fig. 8. Frequency characteristic of transmission light E-field sensor.
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lowering of the sensor sensitivity in the high-frequency range is also caused by the
frequency characteristic of the photo detector circuit. The time constant of the photo
detector circuit must be determined by considering the frequency range of fields.

4 Improvement of E-Field Microsensor

Using the optical waveguide technique propagation light beams can be integrated in a
narrow area. In order to confirm this advantage, Pockels sensors with shorter waveguides
and two waveguides which are close to each other have been developed.

4.1 Reflection light E-field sensors

As mentioned in section 3, the value of I is determined by the length of the waveguide
L and the sensitivity of the sensor is decreased by reducing L. However, L also determines
the spatial resolution and sensor head size, so it is desirable to utilize shorter waveguides in
Pockels sensors for discharge measurement, and sensitivity should be secured by improv-
ing the S/N ratio (for example, by reducing the noise from the light source or the photo
detector circuit). First, the value of L was adjusted to 1 mm and the configuration of the
sensor is almost the same as that of the transmission light E-field sensor.®® This sensor
shows good linearity to applied electric fields, similar to the transmission light E-field
Sensor.

From the viewpoint of measurement convenience, a sensor having only one optical
fiber on one side of the waveguide is more desirable than a sensor having a fiber on either
side of the waveguide as mentioned above. Such a sensor has been developed using a
dielectric mirror at the outlet face of the waveguide.®

A schematic diagram of this reflection light E-field sensor is shown in Fig. 9. A light
beam is led to the waveguide through an optical coupler and a membrane polarizer. All
fibers in this sensor system are P.M.F. The incident light beam has a linear polarization
which is tilted at an angle of 45 degrees in the same way as the sensor mentioned in section
3. The light beam propagates in the waveguide and is reflected at the end face of the
waveguide by a dielectric mirror. After propagating in the waveguide again, the reflected
light beam passes out of the waveguide. The output light beam is divided into two beams
by the optical coupler and one beam is led to a photo diode. An example of the reflection
light E-field sensor is shown in Fig. 10. :

All previously developed waveguide sensors need base boards made of glass (or.other
materials) to fix the waveguides and fibers. The sensor head size is determined not by the
waveguide itself or the waveguide chip but by the base board. An extra small sensor that
does not use a base board has been developed™ and it is shown in Fig. 11. Its configuration
is slightly different from that in Fig. 9. To improve the signal/noise ratio, a polarization
splitter is utilized instead of a membrane polarizer, as shown in Fig. 12. It shows good
linearity to applied electric fields, similar to the transmission light E-field sensor. This is
the smallest class in the world of electric field sensors for free space. It is expected to be
applied to point measurements in high-field areas such as the discharge space.
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Fig. 9. Schematic diagram of reflection light E-field sensor.

Fig. 10. Image of reflection light E-field sensor (L=1 mm, W=3 mm, D=0.5 mm in Fig .9).
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4.2 Double light beam close E-field sensor

With the optical waveguide technique it is possible to fabricate many sensors in close
proximity on one waveguide chip. Waveguides themselves can be formed at intervals of at
least several hundred (m and each one can function as a sensor when connected with
optical fibers. These sensors can make measurements at many points in a narrow region
simultaneously.

Two sensors with an interval of 500 m have been developed.” A schematic diagram
and an image of these sensors are shown in Figs. 13 and 14, respectively. The configura-
tion of each sensor is almost the same as that of the transmission light E-field sensor
mentioned above. The sensitivity of these sensors is also simliar.

There are two waveguides whose widths are 7 ftm and 6.8 ptm on the LiNbO; chip with
an interval of 500 um. In these sensors the phase difference I'y mentioned above is adjusted
to about 90 degrees by cutting the waveguide to a length of 4.66 mm as in the transmission
light E-field sensor. With these sensors, electric fields at two points with an interval of 500
pm can be measured simultaneously.

The AC electric fields of needle and plain electrodes have been measured with these
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Fig. 13. Schematic diagram of double light beam close E-field sensor.

Fig. 14. Image of double light beam close E-field sensor.
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sensors. The sensors are set on the plain electrode and the needle electrode is brought as
close to the waveguide chip as possible without touching. The electric field distribution
around the needle electrode is measured by moving it along the x direction as shown in Fig.
13. Theresultis shownin Fig. 15. These distributions measured with two sensors have the
same form and there is SO0 pum between their peak positions. Simultaneous two point
measurement with an interval of 500 um is confirmed by these results. By using more
waveguides, applications to field distribution measurement are expected.

5  E-Field Measurement under Corona Discharge

As one example of measurement in discharge space, the surface electric fields of a high-
voltage electrode from which corona discharge occurs are measured using the optical
waveguide Pockels sensor.®

5.1 Experimental setup

The high-voltage electrode is cylindrical and the sensor is set up on the surface of the
electrode. The waveguide and the fibers are fixed on a brass bed plate and installed in a
short section of the cylindrical electrode as shown in Fig. 16. The cylinder has a narrow
window, and the sensor is inserted there and fixed near the cylinder surface. There is a
sensing window on the surface of the electrode.

The cylindrical electrode, whose length is 2 m and diameter is 38 mm, consists of the
sensing section shown in Fig. 16, and two cylinders whose length is approximately 1 m.
These cylinders are connected to either end of the sensing section. The electrode is fixed at
a height of 1 m above a plane electrode earthed by two plastic rods as shown in Fig. 17. To
the electrode, high AC voltages (~400 kV) are applied. The sensing window points
downward. Opticalfibers connected to the sensor are led out of both ends of the cylindrical

sensor output (normalized)

7000 5000
position (£ m)

Fig. 15. Electric field distribution measured by double light beam close E-field sensor.
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Fig. 17. Electrode system for measurement of corona discharge.

electrode. Their lengths are 10 m and 20 m, and a light source (a semiconductor laser
whose wavelength is 1.31 um) and a photo detector are set up in a safe area.

5.2 Calibration

In this case the measurement environment around the sensor is fixed, so calibration of
the sensor output is carried out under the configuration shown in Fig. 17. With a certain
applied voltage, a surface electric field can be calculated by a numerical method such as the
charge simulation method. In this experiment the calibration factor is determined from
sensor output and a calculation result with an AC voltage of 70 kV.

5.3 Results

Before corona discharge inception, the sensor output is proportional to an applied
voltage. After corona discharge occurs, the waveform of the surface electric field is
distorted and its peak value is restricted to about 30 kV/cm. This must be due to space
charges around the electrode. The relationship between the peak values of applied voltages
and surface electric fields is shown in Fig. 18. The surface electric fields of the cylindrical
electrode were measured by a flux meter built into the cylinder.® The value of the
restricted electric field differs because the diameter and gap length of the cylindrical
electrode are different, but the same trend is observed. Because the flux meter in the
cylindrical electrode must be rotated, its frequency characteristics are determined by the
rotation speed. On the other hand, the Pockels sensor has a broad frequency response in the
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Fig. 18. Relationship between surface electric field and applied voltage.

range of DC to GHz. An example of sensor output during the corona discharge is shown in
Fig. 19. The timing and strength of discharge can be observed in Fig. 19.

At more than 400 kV applied AC voltage there appears not only the corona discharge
from the entire under electrode surface but also a partial discharge from the sensing
window edge. An example is shown in Fig. 20. Figure 19 shows a relatively large partial
discharge and charges attached to the surface of the waveguide chip. At a positive period
of applied voltage a positive partial discharge occurs towards the earthed electrode and
many electrons generated during this discharge ionization are attracted towards the cylin-
drical elecwode. Atthe momentsome of them attach to the surface of the waveguide chip,
the sensor output suddenly increases to a large value. The reason there are two peaks is that
there occurs a relaxation of the charges with a discharge between the sensing window edge
and the waveguide chip surface.

During the next negative period, at first, because of negative charges on the waveguide
chip, the sensor output remains positive. Then with almost the same phenomenon
involving negative discharge and positive ions, the sensor output becomes negative. The
mobility of positive ions is much smaller than that of electrons, and its change is slower.
Because of this positive charge, at first during the positive period, the sensor output
remains negative.

6. Conclusion

New optical waveguide Pockels sensors for measuring electric fields have been devel-
oped. These are based on a single waveguide on a y-cut LiNbOj crystal whose width is on
the micrometer order (for example, 7 um). They have the advantages of a simple
configuration and a small size.
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Fig. 20. Waveform of sensor output 2.

The transmission light E-field sensor has a waveguide of 4.39 mm in length together
with an optical fiber at each end of the waveguide. In the small reflection light E-field
sensors, only one fiber is connected to the 1 mm or 0.5 mm waveguide by means of a
dielectric mirror at the outlet of the waveguide. Both AC and impulse electric fields are
applied to all sensors and their response characteristics are examined. A good linearity
between the output of the sensor and the applied field is confirmed for all sensors.
Improvement of the minimum sensitivity is being investigated.

The double light beam close E-field sensor is fabricated on one waveguide chip with an
interval of 500 gm. It can measure electric fields at two points in a narrow area
simultaneously. The AC electric field distributions of needle and plain electrodes have
been measured using this sensor.
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As an example of sensor applications, corona discharges from a cylindrical electrode
are measured using the optical waveguide Pockels sensor. They show output signals
according to discharge space. As another application, measurement of surface discharges
on PMMA plate is being carried out.19
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