I*I Innovation, Sciences et Innovation, Science and CA 3084063 A1 2019/06/20
Développement économique Canada Economic Development Canada
en 3 084 063

Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office

t2 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
(13 A1

(86) Date de dépo6t PCT/PCT Filing Date: 2018/12/11 (51) ClLiInt./Int.Cl. GOTR 1/07(2006.01),
(87) Date publication PCT/PCT Publication Date: 2019/06/20 GO1D 5/353(2006.01)
< - - . (71) Demandeur/Applicant:
(85) Entrée phase nationale/National Entry: 2020/05/29 MICATU INC. US
(86) N° demande PCT/PCT Application No.: US 2018/064864
o o (72) Inventeurs/Inventors:
(87) N° publication PCT/PCT Publication No.: 2019/118404 KENNEDY, JAMES, US;

(30) Priorité/Priority: 2017/12/11 (US62/597,186) PRADHAN, ATUL, US;
OSHETSKI, MICHAEL, US;

LARATTA, WILLIAM, FR
(74) Agent: GOWLING WLG (CANADA) LLP

(54) Titre : DISPOSITIF DE DETECTION DE CHAMP ELECTRIQUE ET PROCEDES D'UTILISATION ASSOCIES
(54) Title: AN ELECTRIC FIELD DETECTION DEVICE AND METHODS OF USE THEREOF

sensor
computing
device 18
12
Fig. 1
(57) Abrégé/Abstract:

One aspect of the present technology relates to an optical electric field sensor device. The device includes a non-conductive
housing configured to be located proximate to an electric field. A voltage sensor assembly is positioned within the housing and
includes a crystal material positioned to receive an input light beam from a first light source through a first optical fiber. The crystal
material is configured to exhibit a Pockels effect when an electric field is applied when the housing is located proximate to the
electric field to provide an output light beam to a detector through a second optical fiber. An optical cable is coupled to the housing
and configured to house at least a portion of the first optical fiber and the second optical fiber. The first light source and the detector
are located remotely from the housing. A method of detecting an electric field is also disclosed.

50 rue Victoria ¢ Place du Portage 1 ® Gatineau, (Québec) KI1AOC9 e www.opic.ic.gc.ca i+l

50 Victoria Street e Place du Portage 1 e Gatineau, Quebec KIAO0C9 e www.cipo.ic.gc.ca ( Eal lada



w0 20197118404 A1 |0 00000 00000 0 D 0 00

CA 03084063 2020-05-29

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
20 June 2019 (20.06.2019)

(10) International Publication Number

WO 2019/118404 Al

WIPO I PCT

(51) International Patent Classification:
GOIR 1/07 (2006.01) GO1D 5/353 (2006.01)

(21) International Application Number:
PCT/US2018/064864

(22) International Filing Date:

11 December 2018 (11.12.2018)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
62/597,186 11 December 2017 (11.12.2017) US

(71) Applicant: MICATU INC. [US/US]; 202 Ist Centet, 315
Daniel Zenker Drive, Horseheads, NY 14845 (US).

(72) Inventors: KENNEDY, James; 2824 Northwood Circle,
Corning, NY 14830 (US). PRADHAN, Atul; 3 Post Side

(74)

@81)

Lane, Pittsford, NY 14534 (US). OSHETSKI, Michael; 19
Robert Drive, Horseheads, NY 14845 (US). LARATTA,
William; 39 Rue Poliveau, 75005 Paris (FR).

Agent: SMITH, Bryan, C. et al., Leclairryan PLLC, 70
Linden Oaks, Suite 210, Rochester, NY 14625 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(54) Title: AN ELECTRIC FIELD DETECTION DEVICE AND METHODS OF USE THEREOF

sensor
computing
device 18

12

Fig. 1

(57) Abstract: One aspect of the present technology relates to an optical electric field sensor device. The device includes a non-
conductive housing configured to be located proximate to an electric field. A voltage sensor assembly is positioned within the housing
and includes a crystal material positioned to receive an input light beam from a first light source through a first optical fiber. The
crystal material is configured to exhibit a Pockels effect when an electric field is applied when the housing is located proximate to the
electric field to provide an output light beam to a detector through a second optical fiber. An optical cable is coupled to the housing
and configured to house at least a portion of the first optical fiber and the second optical fiber. The first light source and the detector
are located remotely from the housing. A method of detecting an electric field is also disclosed.

[Continued on next page]



CA 03084063 2020-05-29

WO 2019/118404 A1 | [N} 00P 00 0000000 0 00

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))



10

15

20

25

CA 03084063 2020-05-29

WO 2019/118404 PCT/US2018/064864

-1-

AN ELECTRIC FIELD DETECTION DEVICE AND METHODS OF USE THEREOF

[0001] This application claims the benefit of U.S. Provisional Patent Application Serial
No. 62/597,186, filed December 11, 2017, which is hereby incorporated by reference in its

entirety.

FIELD
[0002] The present technology pertains to the field of optical sensors, and more

specically optical sensors for detecting electric fields using a Pockels crystal.
BACKGROUND

[0003] The ability to detect electric fields is important in a number of industries. For
example, in the utility industry, detection of electric fields is necessary to measure electrical
propertiers such as voltage potential and current. In addition to the measurement of electrical
properties, detection of electric fields is important in industrial situations where ensuring that
systems are de-energized is critical for safety. In these situations, it is not important that absolute

values of electric field (e.g., voltage) be measured, only that their presence is detected.

[0004] Electric field detection is of primary importance in the electrical utility industry,
where voltages and currents must be monitored at a generation source, on transmission grids, on
distribution grids, and at final electrical circuits. Detecting and measuring electric fields at these
location is paramount to ensuring that electricity is transmitted through the grid to end users at

the correct voltage.

[0005] In addition to measuring electric fields for the delivery of electricity, there is a
need within the utility industry to detect electric fields during maintainence situations. For
example, electrical cables are often de-engerized during maintainence to allow for safer handling
of electrical components. However, there is often no means available for individuals working at

electrical substations or on powerlines to verify that systems are de-energized.

[0006] Simiarly, there may be situations after storms, where electrical cables are broken
and on the ground. Often, utility workers or emergency response personnel will encounter such
broken cables on the ground. In those situations it is of paramount importance for these workers

to be able to quickly determine whether these cables are electrically alive.
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[0007] Other industries, such as the rail industry, have an acute need to detect electric
fields. Often, during maintainence, portions of the electricity feeding rail lines or subways must
be shut down. While care is taken to ensure the proper section of rail is de-energized, mistakes
are always possible. Thus, there is a need for the ability to quickly determine whether an electric
field is present for those working on rails to confirm the section being worked on has been de-

energized.

[0008] Similarly, there are risks in manufacturing environments. Typically, lock-out and
tag-out procedures are used to ensure a system in not energized when working on industrial
machinery. This procedure is not only used to prevent electric shock, but also to ensure that
machinery does not become operational during maintainence. However, even when lock-
out/tag-out procedures are in place, it is important to confirm that there is no electrical energy
present at the equipment being worked on as industrial equipment often contains multiple

energy sources.

[0009] A number of technologies have been proposed for detecting electric fields that
require the use of devices comprising antennas. For example, an antenna based device has been
disclosed for sensing electric fields from compromised power cables in aircraft. Similarly,
another disclosure provides an electric field sensor comprising an electric field sensor head for
varying an intensity of a propagating light beam from a light source in response to

an electric field intensity of an input signal received by a reception antenna. A photo-

electric converter is used to convert the propagating light beam into an output signal. A
correcting device compares the output signal with a reference signal to produce and supply a
control signal to the photo-electric converter. Additionally, another disclosure provides an
electric filed detection device comprising a Wheatsone bridge circuit wherein MOSFETs are
connected in parallel to various resistor elements. Antennas are connected to the gates of the
MOSFETs, and the ntennas are disposed within an electric field. An output correlating to the
electric field is generated due to the potential difference between antenna connected gates.

These devices requiring antennas are often complicated and expensive to produce.

[0010] Other devices for detecting electric fields include an electric field detection
device comprising a current amplifier, a power supply in an insulated chamber, a pair of
electrodes and a display device. In the presence of static or active electric fields, a current is

induced in the device and amplified for detection. Another device utilizes a rotating electric-
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field sensor comprising a compact instrument capable of measuring two-dimensional electric-
field vectors, ranging from DC to an arbitrary upper AC frequency. The sensor uses a
combination of quadrature modulation and phase-sensitive quadrature demodulation digital
signal processing in a generic rotating electric-field sensor. Ground isolated versions of the
instrument can be used singly or in arrays when precise measurements of the electric fields are

necessary. These devices are similarly complicated and expesnive to produce.

[0011] A number of device detecting electric fields have been proposed that employ
Pockels crystals. For example, one device uses an electric field Pockels effect sensor that
incorporates at least one measurement channel consisting of a monochromatic light source
emitting an incident beam, a means of polarizing the incident beam along a first crystallographic
direction of the crystal, a means for introducing the polarized incident beam into the crystal
along a second crystallographic direction, a system for analyzing the light beam emerging from

the crystal, and a detector of the analyzed light signal.

[0012] Another optical device provides an electric field meter using the Pockels effect
wherein light is passed through a polarizer then through an optical fiber to be incident to

a Pockels element. The light passed through the Pockels element is divided into two light beams
by a beam splitter; one light beam is incident to a photodetector and the output thereof is input to
a divide circuit through an A/D converter and the other light is incident to a second photodetector
and the output thereof is inputted to the circuit through an A/D converter. The output of the
converter is divided by the circuit to obtain an electric field intensity signal from which noise is
removed. This meter is fairly complicated requiring beam splitters, multiple photodetectors, and

A/D converters.

[0013] Another device provides an electric field voltage detector having a coupling
structure of a Pockels element. In this device, an optical fiber delivers diffused light to the
Pockels element that has a lens function. By precise placement of the optical fiber with respect

to the lens of the Pockels element the light is focused and enters the element as parallel light.

[0014] Yet another disclosure provides an optical electric field measuring instrument to
measure the intensity of an electric field with high sensitivity by attaching a dielectric, having a
specific inductive capacity higher than that of an electro-optic crystal, to the side face of the
electro-optic crystal in an electric field impressing direction. This instrument includes a light

source, an optical fiber, a lens, a polarizer, a wave plate, a crystal, an analyzer, a second lens and
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optical fiber and a photoreceptor. The dielectric can be a rutile crystal, which has an inductive
capacity higher than the optical crystal. The need for the dielectric crystal makes this device

unnecessarily complex.

[0015] Another device provides an electric field detector that comprises means for
generating a linearly polarized light, a polarizing element including a Pockels cell made from a
Z-cutting quartz that transmits the polarized light toward a Z-direction and changes the phase
difference of two light components of a crystal in response to the magnitude of the electric

field strength.

[0016] A number of limitation exist in the area electric field sensors as detailed above.
These limitations include the need for the sensors employed to have antennas, or in the case of
optical sensors, split beams, dielectrics, or complex circuitry. All of these factors make the
current electric field detecting technologies expensive, cumbersome to use, and otherwise

impractical for the detection of electric fields in utility, transport, and industrial settings, by way

of example.
[0017] The present invention is directed to overcoming these and other deficiencies in
the art.
SUMMARY
[0018] One aspect of the present technology relates to an optical electric field sensor

device. The optical electric field sensor device includes a non-conductive housing configured to
be located proximate to an electric field. A voltage sensor assembly is positioned within the
housing and includes a crystal material positioned to receive an input light beam from a first light
source through a first optical fiber. The crystal material is configured to exhibit a Pockels effect
when the electric field is applied through the crystal material when the housing is located
proximate to the electric field to provide an output light beam to a detector through a second
optical fiber. An optical cable is coupled to the housing and configured to house at least a
portion of the first optical fiber and the second optical fiber. The first light source and the

detector are located remotely from the housing.

[0019] Another aspect of the present technology relates to a method for detecting an
electric field. The method includes providing the optical electric field sensor device of the

present technology. The housing of the optical electric field sensor device is located proximate
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the electric field. Locating the housing proximate the electric field subjects the crystal material
of the voltage sensor assembly to the applied electric field. The electric field is detected by

measuring an optical phase change for the light input from the first light source.

[0020] The present technology advantageously provides an electric field sensor based on
an optical Pockels sensor. The device utilizes a light source, an input optical fiber, a collimater,
a polarizer, a Pockels crystal, an analyzer, an output optical fiber, a photodiode, and a processor
system that provides a single continuous optical beam path from the light source to the
photodiode through the apparatus components. Advantages of the present technology include
providing a simple, light weight, low cost way of detecting electric fields. The device of the
present technology can be handheld and easily deployed in many industrial and utility situations.
The present technology may be employed to enhance safety in many work environments where
there is a risk of electrocution if energized cables and systems are not identified. The present
technology provides for a device and method for either detecting or measuring electric fields

depending on the need.
BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 is a partial schematic and partial block diagram of an exemplary system

including an exemplary optical electric field sensor assembly of the present technology.

[0022] FIG. 2 is a perspective view of an exemplary collimator with a polarizer in front
of its clear aperture that may be employed with the optical electric field sensor assembly

illustrated in FIG. 1.

[0023] FIG. 3 is a side perspective view of an exemplary glass collimator block with
cylindrical bore holes for insertion of the collimators that may be employed with the optical

electric field sensor assembly illustrated in FIG. 1.

[0024] FIG. 4 is an exemplary crystal for use with the present technology with the
indicated direction of propagation of light along the b-axis, the plane of polarization of light

being defined by the a- and c-axes, and an applied electric field along the c-axis.

[0025] FIG. 5 is the reduced, contracted matrix of electro-optic Pockels coefficients and

elements for symmetry reduced Lithium Niobate (point group symmetry 3m).
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[0026] FIG. 6 is a block diagram of an exemplary sensor computing device for use in the
system illustrated in FIG. 1.
[0027] FIG. 7 is another exemplary optical electric fied sensor assembly including an

embedded fiber optic temperature sensor probe inserted into one of the holes of the collimator

block of the optical electric field sensor assembly shown in FIG. 1.

[0028] FIG. 8 is an exemplary electric field sensing device of the present technology.
[0029] FIG. 9 is an exploded view of the electric field sensing device shown in FIG. 8.
[0030] FIG. 10 is another exploded view of the electric field sensing device shown in

FIG. 8, wherein the fiber management ring is separated from the receptacle tray.

[0031] FIG. 11 is a view of the fiber management ring shown in FIG. 10 with fiber optic

cables wrapped around the ring.

[0032] FIG. 12 shows the exemplary electric field sensing device of the present

technology in the presence of an electric field.
DETAILED DESCRIPTION

[0033] One aspect of the present technology relates to an optical electric field sensor
device. The optical electric field sensor device includes a non-conductive housing configured to
be located proximate to an electric field. A voltage sensor assembly is positioned within the
housing and includes a crystal material positioned to receive an input light beam from a first light
source through a first optical fiber. The crystal material is configured to exhibit a Pockels effect
when the electric field is applied through the crystal material when the housing is located
proximate to the electric field to provide an output light beam to a detector through a second
optical fiber. An optical cable is coupled to the housing and configured to house at least a
portion of the first optical fiber and the second optical fiber. The first light source and the

detector are located remotely from the housing.

[0034] FIG. 1 is a partial schematic and partial block diagram of an exemplary system 10
including an exemplary optical electric field sensor assembly 12 of the present technology. The
system 10 includes the optical electric field sensor assembly 12 coupled to a light source 14, a

detector 16, and a sensor computing device 18. The system 10 may also include other types and
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numbers of elements, components, or devices in other configurations, including additional
optics, such as lenses, prisms, or filters, or electronics, such as additional amplifiers, AC to DC
converters, or transducers, by way of example only. Additional optics may be utilized, by way
of example, to redirect, focus, collimate, or filter the wavelength of light with the system.
Additional electronics may be utilized, by way of example, to condition the signal from the
detector 16 to facilitate further processing. The technology described advantageously provides
an all-optical sensor for detecting and measuring electric fields. By measuring the modulation of

the light, the electric field across the crystal can be deduced.

[0035] The optical electric field sensor assembly 12 includes an input collimator 20, a
collimator block housing 22, a spacer block 24, a crystal material 26, and a retro-prism sub-
assembly 28, although the optical electric field sensor assembly 12 may include other types
and/or numbers of additional components or elements in other configurations, such as a
temperature sensor or probe as described below. The optical electric field sensor assembly 12
provides a single continuous beam path between the light source 14, through the crystal material

26, and to the detector 16.

[0036] The optical electric field sensor assembly 12 provides an electro-optic voltage
sensor utilizing the Pockels effect in the crystal material 26 within an applied electric field or
across which there is a voltage drop. The Pockels effect is observed as an intensity modulation
of light due to the relative optical phase of polarized light between projections along principal
axes of the index ellipsoid of the Pockels active crystal material 26. A differential phase shift is
imprinted on the polarized light propagating through the crystal material 26 that is linearly
proportional to the magnitude of the electric field applied or the voltage drop across the crystal
material 26. The optical phase is detected as only a direct intensity modulation of polarized light
exiting the non-linear optical crystal material 26 through an analyzing polarizer. The intensity
modulation of light is generated using a compact, robust, temperature and environmentally stable
arrangement of a polarizer and analyzer system within the optical electric field sensor assembly

12.

[0037] The input collimator 20 of the optical electric field sensor assembly 12 is coupled
to the light source 14, such that the light source 14 provides an incoherent, coherent, or partially
coherent light beam to the input collimator 20 as described below. In one example, the input

collimator 20 is coupled to the light source through a fiber optic cable that allows the light source
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14 to be located remotely from the optical components of the optical electric field sensor
assembly 12. An input polarizer or analyzer may be embedded within, bonded to, or attached to
the input collimator 20. By way of example, FIG. 2 shows an exemplary input collimator 20
with a polarizer 32 in front of its clear aperture that may be employed with the optical electric
field sensor assembly 12. In one example, the polarizer 32 is a linear polarizer having a
thickness of less than about 1.0 mm, although other polarizers of other dimensions may be

employed.

[0038] The input linear polarizer 32 is embedded and bonded, contacted, adhered,
epoxied, glued, attached, or otherwise integrated in the input collimator 20, although the input
linear polarizer 32 may also be located in the collimator block housing 22 in the same manner.
In one example, the input linear polarizer 32 is positioned and configured so that the linearly
polarized light output from the input linear polarizer 32 propagates along one of the principal
axes of an index ellipsoid of the crystal material 26 or along a linear combination of the principal
axes of the index ellipsoid of the crystal material 26, by way of example. The input linear
polarizer 32 may further be positioned and configured so that the linearly polarized light output
from the input linear polarizer 32 has a polarization vector of light having a non-zero projection.
By way of example, the polarization vector of light may be between about 22.5 degrees and
about 67.5 degrees, with at least two principal axes of the modified index ellipsoid of the crystal
material 26 in the presence of an external applied electric field, such that the difference in the
indices of the two principal axes is non-zero and contains a Pockels optical phase term that is

proportional to the applied electric field or voltage drop across the crystal material.

[0039] The integration of the polarizer 32 into the input collimator 20 and incorporation
of the light polarization and analyzing components into an integrated solution with surface to
surface attachment of all elements provides a robust and stable assembly over temperature. The
assembly is also impervious to humidity or moisture and other degrading environmental
conditions. Alternatively, the polarizer 32 may be incorporated into the collimator block housing

22.

[0040] The collimator block housing 22 is configured to provide a housing for insertion
of the input collimator 20 and the output collimator 30, although the collimator block housing 22
may house other elements, such as a polarizing element by way of example. As illustrated in

FIG. 3, a glass or ceramic block may be used for the collimator block housing 22 to hold the
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input collimator 20 and the output collimator 30. The collimator block housing 22 includes bore
holes 33 for securely receiving the input collimator 20 and the output collimator 30 therein. In
one example, the input collimator 20 and the output collimator 30 are inserted and embedded,

bonded, adhered, contacted, or attached in, or to the collimator block housing 22.

[0041] In one example, the collimator block housing 22 provides a thermal expansion
coefficient similar to the glass material of the input collimator 20 and the output collimator 30
and any associated polarizers, such as the polarizer 32 shown in FIG. 2 by way of example only.
This provides for pointing stability for the light beam delivered from the light source 14 in its
path traversing the optical electric field sensor assembly 12 and through the crystal material 26,

thereby reducing phase variations that can distort the modulated light intensity.

[0042] The collimator block housing 22 provides precise and stable opto-mechanical
placement of the input collimator 20 and the output collimator 30, so as to ensure beam pointing
stability and accuracy. The input collimator 20 and the output collimator 30 are embedded into
the collimator block housing 22, which is subsequently attached or bonded to the spacer block 24
of the optical electric field sensor assembly 12, to attain successful beam propagation and fiber
coupling from the input collimator 20 to the output collimator 30. The present technology
provides for such a robust placement by inserting and bonding the input collimator 20 and the
output collimator 30 into the collimator block housing 22 that is then bonded to the spacer block

24 of the optical electric field sensor assembly 12.

[0043] The spacer block 24 is coupled to the collimator block housing by way of
example through an optical adhesive bonding, although other attachment mechanisms may be
employed. In one example, the spacer block 24 is constructed of glass and located between the
collimator block housing 22 and the Pockels crystal material 26 provides for a uniform and
homogeneous optical interface, reducing thermal mismatch between the crystal material 26 and
the glass materials. The surfaces of the glass spacer block 24 are flat with minimal curvature and
low surface roughness in order to provide optimal surfaces for bonding the collimator block
housing 22 assembly with the crystal material 26 through the spacer block 24, thereby
integrating the optical electric field sensor assembly 12. Bonding the components to the glass
spacer block 24 minimizes fluctuations due to thermal variation of intrinsic birefringence in the

optical electric field sensor assembly 12.
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[0044] The crystal material 26 is coupled to the spacer block 24 by way of example
through an optical adhesive bonding. The crystal material 26 provides a Pockels crystal cell that
exhibits strong optical phase modulation under electric field excitation, which requires careful
design and fabrication. The requirements for the Pockels cell crystal material 26 are high
electro-optic coefficients (pm/V) and a geometrical configuration such that the optical phase
accumulates as a linear function of the optical path length. This would suggest a transverse
modulator configuration for the Pockels cell crystal material 26 as opposed to a longitudinal
configuration that is independent of length. This requires that the Pockels cell crystal material 26
be non-centrosymmetric. The crystal material 26 may be selected from one of crystal point

group symmetry 3m, 42m, 43m, m3m, 4mm, 2mm, 23, or .

[0045] A number of materials may be used for the crystal cell material 26, including but
not limited to C6HSO2N, Pb0.814La0.124(Ti0.6Zr0.4)O3 (PLZT), (J-Zns, ZnSe, ZnTe,
Bi12Si1020, Ba0.25Sr0.75Nb206 , KTa0.35Sr0.75Nb0.6503 , CsH2As04, NH4H2PO4,
NH4D2P0O4, KD2P0O4, KH2PO4 ,Lithium Niobate (LiNbO3), LiTaO3, BaTiO3 SrTiO3 ,
Ag3AsS3, KNbO3, electro-optic polymers and other materials. In one example, crystalline
lithium niobate (LiNbO3) is the choice Pockels crystal material 26 due to its low conductivity
and the fact that under an electric field, charge carriers migrate to the crystal boundaries. The
Pockels effect response could therefore also be enhanced with metallic coatings. FIG. 4
illustrates an exemplary Lithium Niobate crystal, by way of example, that may be utilized for the
crystal material 26. The propagation of light from the light source 14 is along the b-axis, the
plane of polarization being defined by the a and ¢ axes, and the applied electric field along the c-
axis. Designated surfaces 34 can be metallized in order to enhance and make uniform the

electric field across the crystal material 26.

[0046] As is well known to those skilled in the art, the Pockel’s effect is the first order
response of the impermeability (the inverse of the relative permittivity) of a material to an
electric field. The Pockels effect is generally described as a tensor that satisfies symmetry
conditions and is non-vanishing only for non-centrosymmetric crystals. The Pockels effect
tensor coefficients can be represented in a reduced contracted form as a 6x3=18 matrix set of
values. In the presence of an applied electric field E, the index ellipsoid, in a Pockels effect

material, is by definition:
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Where #; s the refractive index along coordinate axis x; at zero electric field, 7y, is the contracted

=5

Pockels coefficient and £; is the component of electric field along the x; axis. Therefore, in the
presence of an external applied electric field, the index ellipsoid will in general be modified,
distorted, and rotated from that of the original index ellipsoid of the material in absence of the
electric field as denoted by the first three terms of equation (1). Under a suitable principal-axis

coordinate transformation, the index ellipsoid can be transformed to the standard form:

xLz'1+xL2'2+ﬁ: 1 (2)

n?,i n%,z n§’3
Where, now, the transformed indices (subscript 7) are general functions of the standard indices in
the absence of an electric field, the Pockels coefficients 7y, and the electric field components,

that is
Mo =y gy (3)

Light traveling through the crystal material 26 will accumulate optical phase, in a complex
manner, according to the projection of the polarization vector along the principal axes of the

index ellipsoid after application of the electric field.

[0047] A non-limiting example configuration that may be used for the crystal material
26, which is readily available, is the Z-cut form which is of trigonal 3m (C3v) crystal symmetry,
according to Hermann-Manguin crystal notation, and which like all Pockels effect crystals is
non-centrosymmetrc (lacking a center of inversion symmetry). For congruent Lithium Niobate,
the principal axis symmetry reduced electro-optic Pockels tensor elements has eight non-
vanishing components with only four unique values. For a transverse modulator configuration,
with light propagating along the c-axis, and E-field along the b-axis, only two of the five non-
zero Pockels tensor elements are relevant in the transformed principal axis index ellipsoid,
namely, ri3and r33. The index ellipsoid relation, characterized by the ordinary (#,) and

extraordinary (n,) refractive indices, is distorted by the Pockels terms as:

1 - ¢’ . . -

R I S Sy PPty L RN v
A / 2 13 33

n; i

; (4)
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[0048] In this case, the optical phase of a polarized plane wave (b-axis) due to an
integrated E-field or equivalent voltage drop across the width (d) of the crystal material 26 and
propagation through the crystal material 26 (1) is given as:

Where A is the wavelength of light, ne is the refractive index of the e-ray, n,is the refractive
index of the o-ray, r3; and r;; are the electro-optic Pockels coefficients, L is the length of the
crystal material 26 along the direction of propagation of light, d is the width of the crystal
material 26 across which the voltage drop V(t) due to the external electric field applied. Note
that we will refer to the first term due to pure birefringence (®g) and the second term as the
Pockels term (®p). The Voltage drop V(t) is time dependent, for example, but not limited to
Alternating Current (AC) voltage on power lines, so that a change or oscillation induces a
modulation of the phase that is crucial to the methods and algorithms for determination of V(t)
using the optical light. For a transverse modulator, the axes for the e-ray and o-ray are
perpendicular to the optical propagation direction of light, so that the half wave voltage is given

as:

(6)

and is determined by the crystal design. In this technology, it was convenient to choose d = 4
mm, L. = 6 mm, although other values may be selected. Based on typical values of the electro-
optic coefficients the calculated value of V' is approximately 1250 volts in single pass (2500

Volts in double pass with L=12 mm).

[0049] A simple expression for the optical transmission through the optical electric field

sensor assembly 12 and the crystal material 26 due to the Pockels phase can be represented as:

1(t) =2 V(t)
—=sin“ [k—+ P
I e g
[0050] Here V(t) = Vi sin(ot + ¢ac) is in this example, but not generally limited to, an

AC voltage across the crystal , ® = 2wdac 1s the angular frequency associated with 60Hz AC line
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frequency. ¢ac is the AC line phase shift, and @ is a total track length optical phase factor
associated with the optical electric field sensor assembly 12 which can contain all the non-
Pockels dependent phase factors. These include natural birefringence, pyroelectric, space charge

effects, and thermal expansion of the crystal material 26.

[0051] Noting that the overall optical phase factor in equation 7 is temperature
dependent and can be taken to be calibration factor ('(7), and assuming V" ,is reasonably large
compared to the voltage across the crystal material 26. The voltage can be solved for,

generically from eqn. (7) as:

Vo(T) |Pac(tT Vp(T) |[Pac(t,
V(t,T) = _1: ) /—“Ifgc ) _Cc(MV(,T) = _1: ) /—“If;‘c” — (1) (8)

where the temperature dependence of the term is explicitly indicated, and the optical beam
intensities (P, P,) are reinterpreted as optical AC modulated power on the photodiode and its
DC component. The explicit inverse trigonometric term expression can be included in equation

(8) to increase accuracy of the voltage drop calculation for larger values of V), .

[0052] The retro-prism assembly 28 is coupled to the crystal material 26. The retro-
prism assembly 28 is configured to receive light propagated through the crystal material 26 and
reflect the propagated light beam twice back into the crystal material 26, although other
configurations may be utilized. The retro-prism assembly 28 may have any configuration and
made be constructed of any materials suitable to reflect the light beam twice back into the crystal

material 26.

[0053] The output collimator 30 is positioned in the collimator block housing 22 to
receive light directed by the retro-prism assembly back through the crystal material 26, the
spacer block 24 and the collimator block housing 22. In one example, the output collimator 30 is
coupled to the detector through a fiber optic cable that allows the detector 16 to be located
remotely from the optical components of the optical electric field sensor assembly 12. The
output collimator 30 is coupled to the detector 16 to provide the polarized light from the crystal
material 26 based on the Pockels effect to the detector 16. An output polarizer or analyzer
(similar to the input polarizer 32 shown in FIG. 2) can be embedded, bonded, or attached to the
output collimator 30, through which the light is fiber-optically coupled as it exits the optical

electric field sensor assembly 12. Alternatively, an output polarizer or analyzer can also be
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attached to other portions or components of the optical electric field sensor assembly 12 through
which light passes after exiting the crystal material 26, such as the collimator block housing 22.
In one example, the output linear polarizer is oriented with its polarizing axis along the direction
of the light polarization vector that has non-zero projections on at least two principal axes of the
index ellipsoid of the Pockels active crystal material 26 to induce a phase difference in the light

field amplitude such that the exit light intensity is modulated or varies periodically.

[0054] Light source 14, in one example, may be any suitable laser diode that produces a
temporally or spatially coherent, or partially coherent, light beam, such as a He Ne gas laser
operating at a wavelength of approximately 632 nm. Alternatively, other laser diodes, operating
at other wavelengths, such as 1310 or 1550 lasers, may be utilized. In another example, light
source 14 may be a non-coherent source, such as a light emitting diode or superluminescent
diode by way of example only, coupled with optics or filters to spectrally narrow the linewidth or

spatially filter the emitted light beam.

[0055] The detector 16 is positioned to receive light beams reflected back through the
crystal material 26 by the retro-prism assembly 28 through the output collimator 30. The
detector 16 is configured to measure the optical phase of the product light beams from which the
voltage of the applied field can be determined as described above. The detector 16 may be any
suitable detector configured to measure the optical phase of the received light beam. The
detector 16 may be coupled to additional electronics, such as an amplifier by way of example
only, to prepare the signal from the detector 16, i.e., the measured optical phase of the product
light beams, for further processing, although other electronics may be utilized to adjust the

output signal.

[0056] The detector 16 is coupled to sensor computing device 18. Referring now more
specifically to FIG. 6, sensor computing device 18 is configured to determine a voltage based on
the optical phase of the light as measured by the detector 16 in accordance with the methods
described herein. The sensor computing device 18 includes processor 38, memory 40,
communication interface 42, input device 44, and display device 46, which are coupled together
by bus 48 or other communication link, although other numbers and types of systems, devices,

components, and elements in other configurations and locations can be used.

[0057] The processor 38 executes a program of instructions stored in the memory 40 for

one or more aspects of the present technology. Other numbers and types of systems, devices,
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components, and elements in other configurations and locations can be used to execute the

program of instructions stored in the memory 40.

[0058] The memory 40 stores these programmed instructions for one or more aspects of
the present technology, although some or all of the programmed instructions could be stored
and/or executed elsewhere. A variety of different types of memory storage devices, such as a
random access memory (RAM), read only memory (ROM), hard disk, CD ROM, DVD ROM, or
other computer readable medium which is read from and written to by a magnetic, optical, or
other reading and writing system that is coupled to the processor 38, can be used for the memory

40.

[0059] The communication interface 42 is used to operatively couple and communicate
between the sensor computing device 18 and one or more other computing devices via a
communications network. Other types and numbers of communication networks or systems with
other types and numbers of connections and configurations can be used for communication
between the sensor computing device 18 and one or more other computing devices. By way of
example only, the communications network could use TCP/IP over Ethernet and industry-
standard protocols, including NFS, CIFS, SOAP, XML, LDAP, and SNMP. Other types and
numbers of communication networks, such as a direct connection, a local area network, a wide
area network, modems and phone lines, e-mail, and wireless communication technology, each

having their own communications protocols, can be used by the communication networks.

[0060] The input device 44 and the display device 46 of the sensor computing device 18
enable a user to interact with the sensor computing device 18, such as to input and/or view data
and/or to configure, program, and/or operate the sensor computing device 18, by way of example
only. The input device 44 may include a keyboard, computer mouse, and/or touch screen, and
the display device 46 may include a computer monitor. Other types and numbers of input

devices and/or display devices could also be used in other examples.

[0061] FIG. 7 is a perspective view of the exemplary optical electric field sensor
assembly 12 illustrated in FIG. 1 with an embedded temperature sensor 50 or probe. The
structure and operation of the optical electric field sensor assembly 12 in this example is the

same as discussed with respect to FIG. 1 except as described below.
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[0062] It is noted that light traversing through the crystal material 26 with a responsive
Pockels effect experiences a phase modulation in the presence of an electric field or voltage
difference across the dimensions of the crystal material 26. For the Pockels effect optical electric
field sensor assembly 12, the magnitude and intensity of the phase modulation is affected by the
temperature of the material through the dependence of the refractive indices and electro-optic
Pockels tensor coefficients on temperature. In addition, the Pockels effect may be combined or
masked by the effects of temperature on birefringence that also affects the phase of the light
beam. In order to determine the strength of an externally applied electric field or voltage, these
temperature effects must be considered and measured, and a calibration and/or compensation
procedure that corrects for temperature variation must be formulated and applied for the Pockels
effect optical electric field sensor assembly 12. This issue is not adequately addressed by the
current state of the art and can be problematic for achieving accurate and repeatable
determinations of voltage measurements using Pockels effect sensors, such as optical electric

field sensor assembly 12.

[0063] Referring now to Fig. 7, in one example, the optical electric field sensor assembly
12 includes a temperature sensor 50. The temperature sensor 50 can be attached, embedded, or
otherwise coupled to the Pockels effect crystal material 26. Alternatively, the temperature sensor
50 can be attached, embedded, or otherwise coupled to an optical assembly housing the Pockels
effect crystal material 26. In yet another example, the temperature sensor 50 is located in
proximity to, or within the ambient environment of, the Pockels effect optical electric field

sensor assembly 12.

[0064] By way of example only, the temperature sensor 50, or probe, can be an
electrical, optical, or mechanical temperature sensor. Without loss of generality, examples of
temperature sensors or probes that may be utilized with the present technology include optical
temperature sensors, such as by way of example only a GaAs bandgap fiber-optic temperature
sensor, fluorescence fiber-optic temperature sensors, electrical temperature sensors such as
thermocouples or thermistors, or temperature dependent driven mechanical flexures or MEMs
temperature sensors, although other types of temperature sensors that could be used with Pockels
effect optical electric field sensor assembly 12 for the purposes of temperature compensation or
calibration. The temperature sensor 50 may be communicatively coupled to the sensor
computing device 18 to provide temperature readings that may be used to provide temperature

based calibration of the voltage measurements determined in the methods described above.
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[0065] FIG. 8 is an exemplary electric field sensing device 60 of the present technology,
including an optical voltage sensor assembly as described herein. A key concern in the electric
utility industry occurs when substation circuits, transmission lines, transformers, and similar
power distribution components are energized or de-engergized. Typically, for safety, induction
lamps are used to detect the presence of stray electromagnetic fields. Such lamps, which are
made of glass and contain gases, illuminate in the presence of electric or magnetic fields.
However, they are expensive, fragile, and their illumination is typically very weak. The present
technology overcomes these challenges, in that it is rugged, highly sensitive, and produces a

strong visual safety and warning signal in the presence of electric fields.

[0066] The electric field sensing device 60 comprises a housing that includes a
receptacle tray 61 and a cover 62. In one example, the housing has a compact size that
advantageously allows the electric field sensor device 60 to be employed in applications where
there is limited space to locate the electric field sensing device proximate to the electric field to
be sensed. In one example, the housing has length, width, and height dimensions less that
80x70x30 mm, altough other dimensions may be employed for the housing. In one example, the
housing is formed of a non-metal material such as a plastic, epoxy, ceramic, or glass. In one

example, a strain relief element couples the fiber optic cable to the housing.

[0067] The receptacle tray 61 and cover 62 of the housing are formed of non-metal
materials such as plastics, epoxies, ceramics or glass. The housing may further include a
mechanism to provide a visual, tactile, or audible indication of the detected presence of an
electric field near the electric field sensing device 60. In this example, a status window 63, is
located on the housing of the electric field sensing device 60. The status window 63 is shown on
the cover 62 of the device 60 in FIG. 8, however, the status window 63 can be located on the
receptacle tray 61, or on any surface of the electric field sensing device. In this example, the
status window 63 includes an optical fiber or a light guide. The optical fiber or light guide is
connected to a remotely located light source, such as a light emitting diode (LED). The remote
light source or LED is activated via a remote electrical circuit coupled to the detector that is
triggered to turn on the light source or LED upon detection of an electric field by the voltage
sensor assembly. The status window 63 on the sensor is therefore illuminated to visually
indicate or signal the presence of an electric field, although notification techniques may be
employed to signal the presence of an electric field, such as audible or tactile mechanisms, by

way of example only.
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[0068] While the image shown in FIG. 8 is one example of the electric field sensing
apparatus, it should be clear to those skilled in the art that the apparatus can be configured in
many different ways with respect to apparatus dimensions and shape, and that FIG. 8 does not

limit the scope of the invention.

[0069] FIG. 9 shows an exploded view of the electric field sensing apparatus 60 as
shown in FIG. 8. The electric field sensing apparatus is formed of only non-metalic materials.

In this example, four screws 65 are used to secure the cover 62 to the receptacle tray 61, although
other types and numbers of attachment mechanisms may be employed. The screws 65 are
formed of a non-metalic material, such as a plastic or a nylon material, by way of example only.
The receptacle tray 61 includes a fiber management ring 66 and the optical Pockels sensor 67,
such as the optical Pockels sensor described above. Optical fiber cables are located within an

optical cable and enter the receptacle tray 61 through a strain relief 68.

[0070] FIG. 10 shows an exploded view of the electric field sensing apparatus with the
fiber management ring 66 separated from the receptacle tray 61. The fiber management ring 66 if
formed from a non-metal materials such as plastics, epoxies, ceramics or glass. In this non-
limiting example, the optical Pockels sensor 67 is attached to the fiber management ring 66. In
alternative examples, the optical Pockels 67 sensor may attach to the receptacle tray 61, the
cover 62, or any other suitable portion of the sensor device. The operation of the optical Pockels

sensor 67 is described in detail above.

[0071] FIG. 11 shows the fiber management ring 66 with optical fiber cables 68 wrapped
around it. The optical fiber cables 68 enter the sensing device, wrap about the fiber management
ring 66, and then attach to the optical Pockels sensor 67. The fiber management ring ensures that
the bend radius of the optical fibers entering the electric field sensing device 60 is greater than a
minimum radius of in a range of 16 mm to 32 mm. Ensuring an optical fiber radius of greater
than in a range of 16 mm to 32 mm reduces loss and flucations in optical power or intensity
emanating from the fiber. Additionally, maintaining a minimum bend radius of greater than in a
range of 16 mm to 32 mm maintains tensile strength of optical fiber, reduces micro-cracking of
the fiber, reducing the risk of catasropic failure. The bend radius also maintains the Failure in

Time (FIT) over long durations consistent with reliability that must be warranted up to 30 years.

[0072] FIG. 12 show the electric field sensing device 60 in an electric field 71. In this

figure, the electric field is generated by a current carrying cable 70. The electric field sensing
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device 60 can be utilized to detect multiple sources of electric fields, including voltage

potentials, and capacitive and inductive phenoma, among others.

[0073] An exemplary operation of the system including the optical electric field sensor
assembly 12 will now be described. Light from an incoherent, coherent, or partially coherent
light source 14 is delivered by the input fiber collimator 12, which is inserted into the collimator
block housing 22. In one example, referring to FIG. 2, the light travels through the polarizer 32
before being introduced into the spacer block 24 and into the crystal material 26. The beam of
light is thus linearly polarized before entering the crystal material 26 along the direction of the
crystal optic axis (b-axis) as shown in FIG. 4. The polarization state has a non-zero projection
with the a-axis and c-axis, and ideally for the case of Lithium Niobate is at 45 degrees with

respect to the these axes.

[0074] The polarized light beam is reflected twice by the specially designed retro-prism
assembly 28, and re-enters the crystal material 26 again. Based on the Pockels effect, with an
electrical field applied to the crystal material 26, an optical phase is imparted to the light, which
is then, in general, elliptically polarized. Upon exiting the crystal material 26, the light with
imparted optical phase is incident on the output polarizer, or analyzer, which may be located in

the output collimator 30 or within the collimator block housing 22.

[0075] The orientation of the analyzer ideally is coincident with the polarization vector
of the light producing maximum modulation of light associated with the time dependent electric
field applied across the crystal material 26. For Lithium Niobate in a transverse modulator
configuration (equation 8, supra), this corresponds to the semi-major axis of the outgoing
elliptically polarized light. The detector 16 measures the imparted optical phase. The sensor
computing device 18 then computes a voltage based on the optical phase measured by the
detector. The sensor computing device 18 may then output the computed voltage. Alternatively,
the sensor computing device 18 may simply provide a notification of the presence of the

electrical field, such as through a visual signal.

[0076] Accordingly, the electric field sensor of the present technology has many
applications in the utility, transport, and industrial settings. Non-limiting examples can include
ensuring cables and equipment are deenergized in the electricity transmission, electricity
distribution, and electricity generation environments. Likewise, it can be used to confirm that

overhead power lines and third rails are deenergized in the rail industry, and that manufacturing
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equipment is deenergized in industrial settings. Applications for the present technology are
extremely broad and may include all situations where an electric field may be present, including
applications on land, in the sea, or in outerspace. The present technology allows utility workers
to confirm when electric fields are, and are not, present by using a more rugged and reliable
electric field detection system that provides a signal, such as a bright visual signal, for the

purposes of safety and warning.

[0077] Similar problems are encountered in rail transport, where sections of a rail line
are de-energized before maintenance commences. As in the utility industry, it is critical to
confirm that sections being worked on are de-engerized, and the present technology provides a

reliable, sensitive system for doing so.

[0078] It should be understood that the description and specific examples presented here,
while indicating preferred embodiments of the invention, are given by way of illustration only,
since various changes and modifications within the spirit and scope of the invention will become

apparent to those skilled in the art from this detailed description.

[0079] Having thus described the basic concept of the invention, it will be rather
apparent to those skilled in the art that the foregoing detailed disclosure is intended to be
presented by way of example only, and is not limiting. Various alterations, improvements, and
modifications will occur and are intended to those skilled in the art, though not expressly stated
herein. These alterations, improvements, and modifications are intended to be suggested hereby,
and are within the spirit and scope of the invention. Additionally, the recited order of processing
elements or sequences, or the use of numbers, letters, or other designations therefore, is not
intended to limit the claimed processes to any order except as may be specified in the claims.

Accordingly, the invention is limited only by the following claims and equivalents thereto.
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CLAIMS
What is claimed is:
1. An optical electric field sensor device comprising:

a non-conductive housing configured to be located proximate to an electric
field,;

a voltage sensor assembly positioned within the housing, the voltage
sensor assembly comprising a crystal material positioned to receive an input light beam from a
first light source through a first optical fiber, wherein the crystal material is configured to exhibit
a Pockels effect when the electric field is applied through the crystal material when the housing
is located proximate to the electric field to provide an output light beam to a detector through a
second optical fiber; and

an optical cable coupled to the housing and configured to house at least a
portion of the first optical fiber and the second optical fiber, wherein the first light source and the

detector are located remotely from the housing.

2. The optical electric field sensor device of claim 1, wherein the voltage
sensor assembly provides a single continuous beam path between the light source, through the

crystal material, and to the detector.

3. The optical electric field sensor device of claim 1, wherein the housing is

formed of plastic, epoxy, ceramic, or glass.

4. The optical electric field sensor device of claim 1 further comprising;
a second light source coupled to the detector and configured to be
activated when the detector detects a presence of the electric field; and
a third optical fiber coupled to the second light source and delivered to the
housing through the optical cable, wherein the housing further comprises a window to display
the third optical fiber therein to provide a visual indication of the presence of the electric field at

the window of the housing.

5. The optical electric field sensor device of claim 1 further comprising a

strain relief element coupling the optical cable to the housing.
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6. The optical electric field sensor device of claim 1, wherein the housing
further comprises a fiber management ring configured to hold at least the first optical fiber and
the second optical fiber, wherein the fiber management delivers the first optical fiber and the

second optical fiber to the voltage sensor assembly at a bend radius.

7. The optical electric field sensor device of claim 1, wherein the fiber
management ring delivers the first optical fiber and the second optical fiber to the voltage sensor

assembly at a bend radius of between 16 mm to 32 mm.

8. The optical electric field sensor device of claim 1, wherein the crystal
material is a non-centrosymmetric crystal material of crystal point group symmetry 3m, 42m,

43m, m3m, 4mm, 2mm, 23, or oo.

0. The optical electric field sensor device of claim 1, wherein the crystal
material is selected from the group consisting of C¢HsO;N, Pbgg14L.ag 124(Tig6Z104)O5 (PLZT), -
Zns, ZnSe, ZnTe, Bi;3S10,0, Bag 25810 7sNb2O¢ , KTag 35510 75Nbo 6503 , CsHyAsO4, NH,H;PO,,
NH4D,PO,4, KD,PO4, KH,PO, Lithium Niobate (LiNbO3), LiTaOs, BaTiO3 SrTiO3 AgzAsSs,
KNbO;3, and electro-optic polymers.

10.  The optical electric field sensor device of claim 1, wherein the voltage

sensor assembly further comprises:

an input collimator positioned and configured to collimate the input light
beam from the first light source through the first optical fiber;

an output collimator positioned to receive the output light beam from the
crystal material and configured to focus the output light beam from the crystal onto the detector
through the second optical fiber; and

a retro-prism device coupled to the crystal material and positioned to
receive light directed from the input collimator through the crystal material, wherein the retro-
prism device is configured to redirect the light received through the crystal material back through

the crystal material to the output collimator.

11.  The optical electric field sensor device of claim 1, wherein the voltage

sensor assembly further comprises:
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an input linear polarizer positioned and configured to polarize the input
light beam from the first light source; and

an output linear polarizer positioned and configured to polarize the output
light beam from the crystal material, wherein the input linear polarizer and the output linear

polarizer have a thickness of less than about 1.0 mm.

12. A method for detecting an electric field comprising:
providing the optical electric field sensor device of claim 1;
locating the housing of the optical electric field sensor device proximate
the electric field, wherein locating the housing proximate the electric field subjects the crystal
material of the voltage sensor assembly to the applied electric field; and
detecting the electric field by measuring an optical phase change for the

light input from the first light source.

13. The method of claim 12, wherein the voltage sensor assembly provides a
single continuous beam path between the light source, through the crystal material, and to the

detector.

14.  The method of claim 12, wherein the housing is formed of plastic, epoxy,

ceramic, or glass.

15. The method of claim 12 further comprising:
providing a second light source coupled to the detector and configured to
be activated when the detector detects a presence of the electric field; and
providing a third optical fiber coupled to the second light source and
delivered to the housing through the optical cable, wherein the housing further comprises a
window to display the third optical fiber therein to provide a visual indication of the presence of

the electric field at the window of the housing.

16. The method of claim 12 further comprising providing a strain relief

element coupling the optical cable to the housing.
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17. The method of claim 12, wherein the housing further comprises a fiber
management ring configured to hold at least the first optical fiber and the second optical fiber,
wherein the fiber management delivers the first optical fiber and the second optical fiber to the

voltage sensor assembly at a bend radius.

18. The method of claim 12, wherein the fiber management ring delivers the
first optical fiber and the second optical fiber to the voltage sensor assembly at a bend radius of

between 16 mm to 32 mm.

19.  The method of claim 12, wherein the crystal material is a non-
centrosymmetric crystal material of crystal point group symmetry 3m, 42m, 43m, m3m, 4mm,

2mm, 23, or .

20. The method of claim 12, wherein the crystal material is selected from the
group consisting of CcHsO, N, Pbggi4Lag 124(Tig6Z10.4)03 (PLZT), B-Zns, ZnSe, ZnTe, Bi;,S10;,
Bag 15S1075Nb2Og , KTag 35519 75sNbg 6503 , CsH,AsO4, NH;H,PO,4, NH4D,PO,, KD,POy,
KH,PO, Lithium Niobate (LiNbOs3), LiTaOs3, BaTiO3; SrTiOs AgzAsS;, KNbO3, and electro-

optic polymers.

21. The method of claim 12, wherein the voltage sensor assembly further

comprises:

an input collimator positioned and configured to collimate the input light
beam from the first light source through the first optical fiber; and

an output collimator positioned to receive the output light beam from the
crystal material and configured to focus the output light beam from the crystal onto the detector
through the second optical fiber; and

a retro-prism device coupled to the crystal material and positioned to
receive light directed from the input collimator through the crystal material, wherein the retro-
prism device is configured to redirect the light received through the crystal material back through

the crystal material to the output collimator.

22. The method of claim 12, wherein the voltage sensor assembly further

comprises:
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an input linear polarizer positioned and configured to polarize the input
light beam from the first light source; and

an output linear polarizer positioned and configured to polarize the output
light beam from the crystal material, wherein the input linear polarizer and the output linear

polarizer have a thickness of less than about 1.0 mm.
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