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Observation of Cavity Interface and Mechanical
Stress in Opaque Material by THz Wave

Tsuguhiro Takahashi
Central Research Institute of Electric Power Industry

Japan

1. Introduction

One of the recent topics of optical measurement techniques is the generation and utilization
of the “Terahertz wave (THz wave)”. In the long history of the research on electromagnetic
waves, it remains as the last unrevealed area because its generation and detection
techniques have not been sufficiently developed. In recent years, some useful and
convenient devices have become commercially available, and much related research is being
carried out. One important feature of THz wave is the high transmission probability
through some opaque materials, many of which are dielectric materials through which a
visible light beam cannot pass. Solid insulating materials are usually opaque dielectric
materials, and it is difficult to measure their interior by conventional optical measurement
techniques. If THz wave can pass through an insulating material sufficiently, the same
measurement technique as with a visible light beam, already developed and practically
applied, such as the technique of utilizing polarization, will become applicable. In this
chapter, the research work on the introduction of THz wave techniques to the internal
measurement of solid insulating materials is reviewed [1,2].

2. Applicability of THz wave to internal measurement of solid insulating
materials

The dielectric strength of insulating materials generally increases in the order of gas < liquid
< solid, but from the viewpoints of the selfrecovery of insulation after discharge, the cooling
method and so on, SF6 gas and insulating oil are generally adopted in high voltage electric
power equipment. On the other hand, polyethylene is successfully utilized in high voltage
XLPE cables with well controlled manufacturing techniques. In the research work on the
“All Solid Insulated Substation” [3], high voltage moulded transformer, compact connector
and bus system are being developed. Such equipment is expected to show high insulation
performance, if there is no fault in the manufacturing process and it is operated with the
monitoring of aging. Cost reduction will be realized by compactification and long time use,
if solid insulating materials can be sufficiently utilized. Practical problems of solid insulating
materials are, internal cavities (voids) occurrence, electrical and mechanical distortions and
so on. In order to utilize solid insulating materials effectively, these faults should be
monitored during production and operation, but there is no established non-destructive
measurement method for opaque insulating materials.
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384 Behaviour of Electromagnetic Waves in Different Media and Structures

In order to obtain internal information from the outside, the detecting “probe” must be
inserted. For a solid material, it is not possible to insert some objects, but sonic or
electromagnetic waves can be utilized. These waves should have high transmission
probability and sufficient interaction with the target to detect physical quantities. An
example of the classifications of an electromagnetic waves is shown in Fig. 1.

THz wave
—n
107" 107" 10" 10" 107 10° 10°
| _ | | | | wave length [m]
y-ray ultraviolet  infrared Emicrowave
: i
= = < o>
X-ray visible rays millimeter wave

«—>
submillimeter wave
= radio wave

Fig. 1. Names and wave lengths of electromagnetic waves

“THz wave” means an electromagnetic wave with a “terahertz” frequency band. Generally,
research work on electromagnetic waves of severall00 GHz - several1l0 THz in frequency is
being carried out recently. This frequency band has remained an “unrevealed area”, but
because of the recent development of several related techniques, such as the femtosecond
laser, the generation and detection techniques of THz wave have been developed (Table 1
and Table 2), and several related applications are being examined. THz wave techniques are
expected to be applied in a wide range of areas in the future.

2.1 Transmission probability of THz wave for solid insulating materials

Most solid insulating materials are opaque dielectric materials. “Opaque” means, visible
light of about 400 nm - 750 nm in wavelength and electro magnetic waves of around this
band cannot be sufficiently transmitted. It is said that electromagnetic waves of longer
wavelengths (far red) can be transmitted, and it is known that microwaves and millimeter
waves, which have much longer wave lengths, can also be transmitted. In order to utilize
THz waves for transmission measurement of solid insulating materials, it should be
clarified, which frequency is suitable for target materials. But there is not yet a systematic
database of such data.

Examples of measurement results of transmission probability for PE (polyethylene), Epoxy,
silicone rubber, and EPDM (ethylene propylene diene Monomer) rubber, which are typical
insulating materials, are shown in Fig. 2, 3, 4 and 5. Except for PE, there are large and almost
flat absorptions for the indicated frequency range.

Other transmission probability measurements for several kinds of solid materials have been
made, as shown in Fig. 6 as an examplel. It was obtained with the BWO?2 spectroscope (Fig.
7), which is commercially available. In Fig. 6, adjacent points have been averaged, but there

1 These characteristics are those of author’s samples. There is a possibility the same material with other
filler and manufacturing process will show other characteristics.

2 Back-ward Wave Oscillator Tube; it generates single frequency electromagnetic waves, which can be
adjusted in the range of millimeter wave to sub-millimeter waves by changing the applied voltage. The
changeable range depends on the model number of the tube.
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still remains oscillation, which is called the “etalon effect”, which is decided by the thickness
of samples (5mm) and frequency. According to this data, the transmission probability of
THz waves is not high for many solid materials. From the next section, actual measurement
made for polyethylene, through which THz waves can transmit well, are described, but the
same measurement can be applied for other materials with lower frequency waves (, in such
a case, the spatial resolution of measurement should be worse).

field [19]

Method frequency power source material
~-3THz igﬁf?cvv) GaAs
optical mixing [4,5] 1.5--7THz 1TmW(PW) organic DAST crystal
1—10THz 0.1uW(PW) InGaP/InGaAs/GaAs
. o LiNbO3
Parametric oscillation [6,7] 0.65--2.6THz |200mW (PW) LiTaOs
photo conduction switch [8] | --3THz 1pW(PW) GaAs
super conductive optical B
switch [9,10] 2THz 0.5pW(PW) | YBCO
semiconductor
w  (by surface electric field) --37THz (PW) InP, GaAs
=
= [11,12]
£ semiconductor 4THz (PW) Te, PbTe, CdTe
§ + (by coherent phonon) [13] ’ ’
(92}
2 semiconductor in high
§ magnetic field [14] --2THz 100mW((PW) |InAs, GaAs
GaAs/
. Alp3Gag7As
single quantum well [13,15] |1.4—2.6THz |(PW) (quantum well
structure)
double quantum well
[13, 1 6] 1.5THz (PW) Alo.zGao,sAS
gas laser 0.3--7THz 50mW(CW) | CH3OH, CH,F, CH3Cl
" GaAs/AlGaAs,
quantum cascade laser [17] 1.5--THz H10mW (PW) InGaAs,/ InAlAs
millimeter wave + frequency .
multiplier [18] 2.7THz (CW) GaAs schottky diode
backward wave oscillation from
electron beam in high magnetic --1.4THz —several backward wave
& N ' mW(CW) oscillator tube

Table 1. Generation methods of THz wave (CW: continuous wave, PW: pulsed wave)
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method

notes

[13,16]

photo conduction switch

The same switch as in the generation method is utilized.
Frequency spectrum is obtained from a waveform in the time
domain by Fourier transform.

thermal absorbtion

Temperature change of materials (gas cell) absorbing THz
wave is detected (, applicable for wide frequency range).

EO sampling [13,16]

THz wave intensity is converted to visible light beam
intensity by the Pockels effect. Imaging with a CCD camera is
realized.

photon counting [

20]

Single electron transistor of quantum dot structure is utilized.
Intensity is measured directly as numbers of photons.

Superconductive

junction device [21]

tunnel

Photon-assisted tunneling effect is detected. There is the
possibility of being arrayed.

Table 2. Detection methods of THz wave
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Fig. 2. Transmission probability measurement for PE (thickness: 2.7mm; dot colours
represent measurement ID numbers)
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Frequency [THz]
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Fig. 3. Transmission probability measurement for Epoxy (thickness: 1.5mm)
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Fig. 4. Transmission probability measurement for silicone rubber (thickness: Imm)
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Fig. 5. Transmission probability measurement for EPDM rubber (thickness: 3mm)
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1 "4 9 10
sample stage 84
1: BWO tube {movable stage;
2.6.?._9: lens 2-dimentional
3: optical chopper scanning available)

4: neutral density filter

5: wire grid polarizer

8: wire grid analyzer

10:Golay cell (detector; energy absorption type)

Fig. 7. Schematic of BWO experimental setup

2.2 Possibility of internal physical quantity measurement of solid insulating materials
<Cavity> For an internal cavity of solid materials, such as a void or a crack, all transmittable
electromagnetic waves can be applied3. The key point is spatial resolution, which is decided
by the wave length. By considering both its spatial resolution and transmission probability,
a suitable wave length should be selected. Other than electromagnetic waves, ultra sonic
waves are also applicable for elastic interfaces. It is said that the spatial resolution of ultra
sonic methods reaches about 10 um.

<Electric field> When electric field is applied to a material, an electron cloud of the
constituent atoms is deformed, and as a consequence, its polarization, that is, dielectric
constant (, or refractive index), changes. Among such phenomenon, the electro-optical Kerr
effect (quadratic electro-optical effect) exists in all materials (, its quantity depends on the
material)%. Therefore, there is a possibility that the applied electric field can be detected
through a change in the refractive index. Moreover, Maxwell stress is expected to occur with
the application of electric field, and the refractive index also changes through the
photoelastic effect. If a light beam is transmitted to the material, such a change of the
refractive index is converted to a detectable polarization change of the incident light beam.
The electric field in a solid material is expected to be detected by utilizing the polarized light
beam (electromagnetic wave) as the detecting “probe”. Its wave length (frequency) should
be selected considering its transmission probability.

<Mechanical stress> When mechanical stress is applied to a material, its dielectric constant
(refractive index) changes owing to the photoelastic effect. Therefore, similarly to the electric
field, it is expected to be detected by utilizing a polarized light beam (electro magnetic
wave). Such measurement is already practically utilized for transparent plastic material,
such as poly methyl methacrylate, using a visible laser beam.

<Thermal strain> When there is thermal strain in a material, such as an abnormal localized
temperature rise in a solid insulating material, the distribution of the dielectric constant

3 Electromagnetic waves of very short wave length (high energy), such as X-rays, should be handled
with care as they may influence the target materials.

4 Pockels effect (linear electro-optical effect) exists in only crystalline materials without centrosymmetry.
Generally, cubic and higher electro-optical effects are said to be very small.
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changes because of the photoelastic effect, similarly to mechanical stress above mentioned.
Therefore, a polarized light beam (electro magnetic wave) is expected to function as a
detecting “probe”, as for electric field and mechanical stress.

From the viewpoints of transmission probability and the possibility of an internal physical
quantity in solid materials, as described, THz wave is expected to be a suitable detecting
“probe” for insulating materials, when a suitable frequency is selected. The internal
measurement technique using a visible light beam has already been utilized for transparent
materials. This technique tends to be regarded for only transparent materials, but here,
“transparent” means the “probe” light beam can be transmitted with sufficient probability.
Therefore, by selecting a suitable frequency, the applicable areas of the internal
measurement technique can be widely expanded.

3. Study of internal measurement for a solid insulating material

By utilizing the measurement system in Fig. 7, internal measurement for polyethylene has
been examined.

3.1 Detection of cavity interface

One of the most frequent abnormal features is a cavity, such as a void or a crack. It is
expected that the transmission intensity of the “probe” light beam differs between the
normal part and the cavity, but there is a possibility the difference is insufficient from the
viewpoint of the S/N ratio. On the other hand, if there is a cavity, there must be an
interface at which refraction occurs and light beam intensity changes. As a simple
example, a polyethylene plate (5 mm thick) with holes (10 mm and 8 mm in diameter) has
been measured (2-dimensional scanning) with THz wave (1.3 THz). The results are shown
in Fig. 8. The light beam intensity at the hole is the highest, and a decrease in the light
beam intensity is also prominent. This decrease is caused by refraction at the interface>.
This result suggests that even if the transmission probability difference is not sufficiently
large between the solid material and the cavity (normally, air), its interface should be
clearly distinguishable. Another measurement example with a smaller hole (1.5 mm) is
shown in Fig. 9. There is an area of light beam intensity decrease, which should depend
on the thickness of the sample; therefore there is no area of light intensity increase in this
case.

In these results, detected shapes of the cavity interface are deformed. This means that the
measurement does not have high spatial resolution. From the viewpoint of cavity (void and
crack) detection in a solid insulating material (detection of abnormal condition), there
should be sufficient worth in establishing its existence or nonexistence, without an accurate
shape measurement.

3.2 Detection of mechanical stress
In order to examine the measurement technique for mechanical stress in a solid material, a
polyethylene sample (5 mm thick) pinched by a metal clamp has been measured using a 1.0

5 The light beam is condensed by lens. The refraction occurs according to relation between cavity
interface angle and light beam direction. It is supposed, decreases of the light beam intensity at right
and left side of holes in Fig. 4 differs according to the this relation.
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THz light beam. One measurement example is shown in Fig. 10. Fig. 10(a) is a simple
scanned image of the transmission light beam intensity, and Fig. 10(b) was obtained with
a polarizer and an analyzer placed form a cross-Nicol system. Fig. 10(a) shows the
difference in the transmission probabilities of each part. In Fig. 10(b), the incident THz
wave is linearly polarized by a polarizer with a tilted angle 45 degrees to the vertical
direction, and the output THz wave transmitted from the sample is passed through an
analyzer with a transmission direction tilted at an angle of 90 degrees to the polarizer.
Therefore, Fig. 10(b) shows the polarization change of the transmitting THz wave in the
sample. At the region of air and the polyethylene part with no mechanical stress, there is
no polarization change and the detected signal intensity is very low. On the other hand, at
the mechanically stressed polyethylene part, there occurs anisotropy of the dielectric
constant because of the photoelastic effect, and the polarization of the transmitting THz
wave changes from linear to elliptic. The elliptically polarized THz wave can be partially
transmitted through the analyzer. Therefore, only the mechanically stressed polyethylene
part is detected®.

-
| mm “ b Hmm

PE(Smm thickness)
. r

:(b) sample

=

= lower than

% " "

2 average PE level ,
] ak)
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e o o g
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':_:uq _____ (TR, PR [ e Sk, T R
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:"':;‘ IR“. ,"ﬁ 'r\\, /; z
{5 hole edge hnlle edge
Il i 1
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(¢) scan result along X-axis
on dotted line in Fig (b)

Fig. 8. Result of scanning perforated PE panel
(scanning step: 0.54mm, scanning area: 37.3x28.2mm)

6 With this cross-Nicol configuration, mechanical stress along horizontal direction in Fig.6(b) is detected.
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Fig. 9. Scanning image of PE panel with 1.5mm hole
(scanning step: 0.54mm, scanning area: 22.1x21.1mm)

When two orthogonally crossed coordinates and their normal stresses 61 and 62 are
considered, the photoelestic effect is expressed by phase difference & between two electric
field components of the incident light beam along those coordinates as

Q:M-C(Gl—az) (1)

where A is the wave length of the incident light beam, & is the thickness of the sample, C is
the photoelastic constant. A phase difference such as that in Eq. (1) appears in materials with
dielectric anisotropy. It can be detected by the “probe” light beam, as shown in Fig. 11. The
dielectric anisotropy (refractive index anisotropy) affects the linearly polarized incident light
beam, and the polarization of the output light beam becomes elliptical, the ellipticity of
which is governed by the phase difference 6. Generally a polarizer is utilized to make the
polarization of the incident light beam linear, and an analyzer (, which is the same optical
parts as a polarizer) is utilized to detect the ellipticity of the output light beam. As in the
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experiment corresponding to Fig. 10, when a mechanically stressed sample is set in a cross-
Nicol system and the direction of normal stresses are set to the angle of 45 degrees to the
transmitting direction of the polarizer and analyzer, the output light beam intensity from
the analyzer I is expressed as

1 :%0{1+cos(A(9+90)} (2)
where Iy is the incident light intensity, and & is the phase difference cased by the natural

birefringence (, birefringence when ¢61=62). The relationship between I and 8 is shown in
Fig.12.

(a) without polarizer/analyzer (b)polarizer L analyzer

RSN

027 287 SET BIXYWN0138016.50 18.20 21

PEjJ

stressed pagt

clamp PE analizer makes right
- a4 angle with polarizer
lineary polarised beam,
polarizr

Fig. 10. Scanning result of stressed PE panel
(detected stress direction: horizontal, scanning step: 0.54mm, scanning area: 23.2x33.1mm)

In order to confirm the positive relationship between applied mechanical stress and the
difference in the refractive index, and to estimate the photoelastic constant of PE in the
THz frequency range, the output THz wave strength from the analyzer has been
measured by changing the applied mechanical stress. The stress was applied with a
hydraulic jack, which was replaced with the sample stage in Fig. 7. The transmitted THz
wave was 1.0 THz in frequency, and the dimensions of the measured PE sample block
were 70.4 mm in width, 30.5 mm in thickness (direction of mechanical stress application)
and 30.9 mm in length (direction of THz wave transmission). The area of applying
mechanical stress with the hydraulic jack was 70.4mm x 30.9mm. Under these conditions,
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the relationship between the applied mechanical stress and the phase difference 6 in Eq.
(1) was obtained, as shown in Fig. 13. In this measurement, very large stress was applied
to the PE sample; therefore, some distortion was observed’. By measuring the sample size
during this experiment, the relationship between applied mechanical stress and distortion
was obtained, as shown in Fig. 14. The range in which mechanical stress is almost
proportional to distortion can be regarded as the elastic region, and when stress is larger
than the compressive yield strength of PE, it can be said to be the plastic region and the
distortion increases rapidly8. In Fig. 13, a linear approximation was made in the elastic
region, and the photoelastic constant under these experimental conditions was
estimated.

C=4x10™" 3)

The estimation of the photoelastic constant in this frequency range seems to be unique.

difference

,output light beam
(elliptically polarized)
light beam

\
o v material with dielectric anisotropy
incident light beam (between along x- and y-axis)
(linearly polarized)

W o

w i

Fig. 11. Polarization change of “probe” light beam in material with dielectric anisotropy

7 The distortion of PE changed gradually after mechanical stress was applied. In this experiment, values
of applied mechanical stress were recorded after the change was almost saturated (, about 30 - 60
minutes after), from the stress value indicator of the hydraulic jack.

8 In this experiment, the compressive yield strength was obtained to be about 18 - 23 MPa, which is in
agreement with some references (e.g., The Society of Polymer Science Japan, “Polymer Data Handbook”
(1986)).
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Fig. 13. Relationship between phase difference #and applied mechanical stress
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distortion (%)
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Fig. 14. Relationship between distortion of PE sample block and applied mechanical stress

4. Conclusion

THz wave technology is outstanding in recent optical engineering. Much development
and application research is being carried out. In this chapter, one such research, the study
of its application in the internal measurement of insulating materials, has been reviewed.
Some measurements have been carried out with polyethylene, in which THz waves show
high transmission probability, and the internal cavity interface and mechanical stress
were detected. The applicability of such internal measurement in polyethylene was
presented. A calibration (and estimation) method should be investigated for it.

Other internal problems, such as locally high electric field and temperature rise, are also
expected to be detected by the same transmitting measurement of THz wave in the future.
Moreover, surface (and near surface) conditions of materials are expected to be detected by
the measurement of reflected THz wave.
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