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This paper presents the advances made in electric field sensing using a slab-coupled
optical sensor (SCOS). We continue to enhance the use of optical fiber interrogation with
electro-optic materials as a method of field sensing. The fabrication materials are all
insulators and therefore allow for detection of fields without altering them. The sensors
are also much smaller than current metallic field sensors, allowing them fo be used in
locations in which bulkier sensors cannot be placed. This work uses D-shaped fiber to
achieve resonant coupling with electro-optic crystals and polymer. This study reports how
a SCOS sensor can perform accurate, low-loss, X-band field detection. We also show how
complex fields are analyzed by creating two-dimensional sensors. Each of these advances
proves that SCOS devices could be viable solutions for electric field sensing challenges in
the area of directed energy weapons.
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Nomenclature

m  slab waveguide mode number
Ny effective index of the fiber mode
n,  bulk index of the slab

reee electro-optic coefficient, pm/V

t slab waveguide thickness
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AN/E;,. figure of merit used in Table 1
& electrical permittivity
Am wavelength of resonant coupling from fiber to mth slab waveguide mode

1. Introduction

High-power microwave (HPM) weapons are designed to overload and destroy electronic
components. One way to protect against such an attack is through shielding. To test the
effectiveness of the shielding, one would need to have a compact sensor embedded inside
that shielding.

For a sensor to effectively measure the effects of a HPM weapon, it would be best if the
sensor itself were nonmetallic and therefore not susceptible to interference from the HPM
radiation. A sensor would also need to have high bandwidth for pulsed and high-frequency
detection. It would also need to be capable of measuring complex (multidimensional) fields.
Furthermore, a sensor in this application (within the shielding) would have to be small and
sufficiently sensitive and have optical fiber coupled remote signal processing electronics.

The slab-coupled optical fiber sensor (SCOS) device fulfills all these requirements.!
First, it consists of solely dielectric materials and is therefore free from the susceptibilities
electronics experience. The SCOS has accurately measured fields up to 6 GHz. Complex
field measurement is achievable by way of the orientation-specific sensitivity of our devices.
The device is also small (1 x 0.5 x 0.2 mm slab coupled onto an optical fiber) and has
sensitivity better than 400 mV/m-Hz!/2, and the processing electronics can be fiber coupled
a great distance away in shielded areas.

2. SCOS Design

The SCOS consists of an electro-optic slab waveguide coupled to an optical fiber. It
functions based on the Pockels effect. The Pockels effect is characterized by an induced
change in the birefringence in a material or, in other words, the extraordinary index of
refraction changes when an electric field is applied across a sensor. !

To get light into the slab waveguide, we rely on evanescent fields. The light launched
into the fiber is always vertically polarized, and D-fiber is polarization maintaining. If the
slab is close enough to the core of the fiber, a significant amount of light will couple from
the core into the slab if there is a mode in the slab waveguide that is phase-matched to the
mode in the optical fiber. Figure 1 shows a D-shaped optical fiber in which the optical fiber
core is close to the surface. This allows us to use hydrofluoric acid to etch the flat surface
so that it is within 500 nm of the fiber core, while still having a fiber width greater than
80 pm.

When the slab is close enough to the core and there is a match between the effective
index of the fiber mode and one of the slab modes, a substantial amount of the power will
leave the fiber and couple into the slab.! The wavelengths at which the slab waveguide
modes are resonant with the fiber mode, and therefore couple, are given by Ref. 2:

2t
Ay = —./nZ — N2,
" m 0 f

where m is the mode number, ¢ is the thickness of the slab, ng is the refractive index of
the slab, and N is the effective index of the fiber mode. Figure 2 shows that a broadband
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Fig. 1. Scanning electron microscope image of D-shaped optical fiber (125 um wide).
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Fig. 2. Characteristic spectrum of light through a SCOS device.

source of light transmitted through a SCOS device has a periodic spectrum where light is
lost from the core mode into the slab modes.

Because the resonant wavelength of the mth mode, A,,, is dependent on the refractive
index, the whole transmission spectrum will shift. This shift occurs as the applied electric
field causes a change in the index, g, of the slab. Figure 3 shows that a small shift in the res-
onant wavelength causes a large change in power at an operating wavelength at which there
is a large slope. When an electric field is applied, a change in power occurs whose relative
amplitude is dependent on the strength of the field and whose frequency equals that of the
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Fig. 3. The transmission spectrum of a SCOS device without (solid) and with (dashed) an
applied electric field.

electric field.! The signal power (or change in power) is given by the following equation:

AT [ AA
Ps=P (=)= )E
AL )\ E

The signal power is dependent on three factors: the input power (Py), the slope of the
resonance (A7 /AL), and the spectral shift (A)/E) due to the applied field E. The input
power is reduced by the fiber splices (especially with the unique D-shaped fiber), but the
benefits of D-fiber still make it the fiber of choice. The slope of the resonance (AT /AX)
depends on the fabrication and is typically measured. The spectral shift (AA / E) depends
on the materials used and is discussed in the next section.

3. EO Materials

We can enhance the measurement sensitivity by choosing a material that will exhibit a
large resonant slope (AT /AX) and a large spectral shift (AL/E). We have used several
inorganic crystal slabs and polymer films as the electro-optic (EO) slab. The sensitivity of
the SCOS increases with bulk index of refraction np; however, it is more sensitive to the
electro-optic coefficient re and the electrical permittivity &,. Table 1 summarizes these
important parameters for various materials amenable to the creation of SCOS devices. This
table also includes a figure of merit (AN /Ejyc) that takes into account all of these material
parameters. The material that has the highest figure of merit is the EO polymer because it
has a large electro-optic coefficient in combination with a low electrical permittivity. Even
though the EO polymer has the best theoretical figure of merit, it does not always make
the best SCOS because of the difficulty in maintaining a highly parallel slab. A highly
parallel slab is necessary because variations in the thickness change affect the slope of
the resonance (AT /AAX). The materials compared are lithium niobate (LiNbO3), lithium
tantalate (LiTaO3), potassium titanyl phosphate (KTP), potassium dihydrogen phosphate
(KDP), and an EO polymer.

4. Field Characterization

Figure 4 shows that our test setup uses a tunable laser set to the wavelength at which
the largest slope occurs. A known field is applied across our SCOS device, and an optical
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Table 1. Important properties of EO materials

Crystal Bulk index, n,  reg(pm/V) £, AN/E;
LiNbO3 2.18 11 30 7.9
LiTaO; 2.12 10 43 4.5
KTP 1.78 14 13 19
KDP 1.49 10.3 20 2.3
EO polymer 1.75 37 4.0 58
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Fig. 4. Signal measurement setup for a SCOS device.

60}

50

30t

FFT voltage (uV}

201

0 b FYISE TRV TTH NP AU ) 1 W UV RRPTRU AT AP Y I TS TRTY
98 9.9 10 10.1 10.2
Frequency (kHz)

Fig. 5. Spectrum analyzer output has a voltage relative to the field strength.

receiver converts the output signal into an electrical signal, which is input into the spectrum
analyzer.

Figure 5 shows a measurement collected by the spectrum analyzer; the large peak
corresponds to the frequency of the electric field applied to the SCOS. The voltage peak
can now be correlated to the specific known field strength (volts per meter). Once a SCOS
device is characterized at several field strengths in this manner, an unknown field can be
determined based on the spectrum analyzer output voltage.
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Fig. 6. SCOS device detecting a field inside a waveguide.

Two effects can limit the maximum detectable field: first, if the resonance shifts so much
that the laser no long resides on the edge of the transmission resonance. To attain this much
shift, the incident electric field would need to be 133 MV/m. The other limiting effect would
be damage to the dielectric materials. Based on the materials used, this would require the
incident electric field to be less than around 10 MV/m, which is less than the limitation
caused by spectral shift. The minimum detectable field is a much more significant limitation
and is based on both the electronic noise in the system and SCOS device characteristics.
The full characterization of the noise sources was not done for this effort. However, the
SCOS devices used in this work were measured to have sensitivity of 400 mV/m-Hz'/2.

5. Microwave Field Detection

A SCOS device can be threaded through HPM shielding with entry and exit holes as
small as the fiber itself (125 wm). The laser input and optical detector can then be connected
from far away with an optical cable. The sensor itself can easily fit inside the shielding as
it is generally a 1 x 0.5 x 0.2 mm slab coupled on a 125-p4m fiber,

For our SCOS device to sense HPM fields, it must have a high bandwidth. We have tested
in fields from 1 kHz to 6 GHz. It is anticipated that it should be able to sense fields much
higher, until the wavelength (A = ¢/f) approaches the slab length (1.2 mm). The frequency
at which this occurs is f = ¢/A = 3.0e8/1.2e-3 = 250 GHz. Our high-frequency test
(6 GHz) was set up by placing a SCOS inside a waveguide cavity. Figure 6 shows that the
test was accomplished by drilling a 1-mm hole through an x-band waveguide and threading
the SCOS device through it. By moving the device in small increments, we were able to
accurately characterize the field within the waveguide at 6 GHz.

In this test, we excited the TE{y mode. We compared the measured field against the
expected field (Fig. 7a). We measured with the field normal to the optical fiber (Fig. 7b) by
moving the SCOS horizontally through the waveguide at 1-mm increments and measuring
each point. We also measured with the field parallel to the optical fiber (Fig. 7¢) by moving
the SCOS vertically through the waveguide at 0.5-mm increments.
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a.

Fig. 7. (a) The TE10 mode of a waveguide. Testing a SCOS (b) perpendicular (c) parallel
to the field.
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Fig, 8. (a)-Horizontal waveguide characterization. (b)-Vertical waveguide characterization.
This measurement varies by up to 20% of the expected value. This is likely due to the holes
drilled for insertion of the sensor.

These measurements should work because the optical axis of the slab waveguide is normal
to the flat surface of the fiber. It should therefore be sensitive to a field perpendicular to it.
The field characterization test in normal orientation can be seen in Fig. 8a. As expected, the
SCOS device accurately characterized the TE;y mode while the field was perpendicular to
the top surface of the slab. The field characterization in parallel orientation (in Fig. 8b) has
a constant field distribution across the height of the waveguide as expected.

While in this setup, we also used the waveguide to estimate induced loss. The loss was
measured in a hollow core waveguide with nothing inserted, with an optical fiber, and
with three different wire widths (10, 50, and 70 jem). Although larger than the wires, the
fiber had little significant effect on waveguide transmission, as seen in Table 2. With the
waveguide tests mentioned above, we proved that SCOS devices are capable of measuring
up to 6-GHz fields, all while having only about a 1% perturbation in waveguide mode.

6. Multiaxis Detection

Owing to the orientation-specific sensitivity of the sensors, The SCOS sensors are able
to distinguish complex fields. Figure 9 shows how two dimensionality can be achieved by
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Table 2. Measurement of perturbation of fiberoptic cable
compared to copper wires

Material Diameter (p4m) Q Loss/pass (%)
Air 0 1,696 ~1
Fiber 125 1,651 ~1
Wire 10 297 7
Wire 50 131 15
Wire 70 75 27
Optic Axis -
D-Fiber
T Optic Axis
R
Epoxy Glass Trough

Fig. 9. Two-dimensional SCOS device.
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Fig. 10. SCOS rotation. Two sensors perpendicular have peak sensitivity 90 degrees
apart.

using two identical SCOS with electro-optic slabs that have optical axes perpendicular to
the propagation direction. The two sensors are then attached 90 deg from one another. This
method requires that two sources and two detectors be used.

A two-dimensional SCOS was fabricated and tested in a rotation stage. The graph in
Figure 10 shows the relative sensitivity of each SCOS as a function of rotation angle. Each
SCOS is directionally dependent. They are more sensitive to fields normal to the sensor.
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Fig. 11. Three-dimensional SCOS device.

A three-dimensional SCOS was also made using a third sensor whose optic axis is
parallel to the length of the fiber. Figure 11 shows how these three SCOS sensors are
aligned. Another proposed method of multidimensional sensing is to put multiple crystals
on a single fiber. This method will be discussed in future work, along with a more detailed
statistical analysis on crosstalk.

7. Conclusion

The SCOS device is a nonintrusive electric field measurement device because it is very
compact in size, uses all dielectric materials, and facilitates the separation of detection
equipment from the test site. The nonintrusive nature of the SCOS is demonstrated by
inserting it into a resonant waveguide and verifying that it does not perturb the waveguide
mode. The SCOS is also configured into a three-axis configuration for multidimensional
electric field testing.
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