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ABSTRACT 
Terahertz measurements were carried out to detect water trees grown in low-density 
polyethylene sheets. Water absorbs light at terahertz frequencies, fairly strongly at about 
5.0 THz and rather weakly from 0.1 to 1.0 THz. Using the absorption at these frequencies, 
observation of water trees was tried according to the following procedures. First, we 
made a model sample, consisting of a polyethylene sheet, a water layer, and a copper 
plate, and terahertz light was irradiated to this sample vertically. The waveform and 
intensity of electric field of the terahertz light reflected by the sample clearly pointed out 
the presence of water layer beneath the polyethylene sheet by the reflection peak 
appearance time and the phase of reflected electric field. Secondly, water trees were 
grown in a polyethylene sheet, and terahertz light was scanned over the sheet. As a result, 
the intensity distribution of terahertz light reflected by the sample was in good agreement 
with the shape of the water trees. Observation of terahertz image was also carried out 
using the same polyethylene sheet with water trees over which a polyvinyl chloride sheet 
or a carbon-loaded polyethylene sheet was put to simulate the structure of a real cable. 
An image of water trees was also successfully observed. These results indicate that the 
terahertz spectroscopy can be a new characterization tool to observe the presence of 
water trees in a test sample taken from an aged cable. 

   Index Terms  — Water tree, terahertz imaging, non-destructive analysis, insulation 
diagnosis. 

 
1   INTRODUCTION 

IN high and medium voltage power cables or insulated wires, 
water trees may occur and grow when they are used under the 
presence of electric field and water [1-5]. Since cables or 
insulated wires with no water-shielding layers are still being used 
widely, detection of water trees is of prime importance for 
maintenance of such cables and wires. Although much research 
has been done [6-10], no truly reliable non-destructive methods 
to detect water trees have been established. Furthermore, it is 

often performed to observe water trees in an insulation material 
taken from field aged or laboratory aged cables, in order to 
understand how the degradation process proceeds. Optical 
microscopy is mainly used for such an observation, however, as 
direct observation provides no sufficient contrast, the specimen is 
usually stained before observation. This staining process is time 
consuming. 

On the other hand, terahertz (THz) light with frequencies from 
about 0.1 to 10 THz have emerged as a new scientific tool. 
Thanks to recent advances in related science and technology, 
research applications of THz light have been expanded to much 
broader fields. For example, material analyses using THz Manuscript received on 17 February 2011, in final form 7 June 2011. 
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Figure 1. Views of sample T with water trees. A surface view taken by a
digital camera (a) and a cross-sectional view by a polarization microscope
(b). The frame shows the portion at which the imaging was carried out. 
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Figure 3. Differential FT-IR spectra of sample T obtained before and after a THz-TDS measurement by subtracting the spectrum of sample A. ▬▬: before the
THz-TDS measurement done in vacuum; ▬ ▬: after the THz-TDS measurement, ▬ · ▬: Absorbance of water reported in [19-21]. 
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Figure 2. Absorption spectra of PE samples; sample A: as-received, sample 
H: with pinholes formed in open air, sample W: with pinholes formed in a
NaCl solution, sample T: with water trees. 

spectroscopy have been carried out for many substances such as 
electrical insulating materials, biodegradable polymers, pigments 
in western paintings and so on [11-17]. This attractive technique 
may provide an excellent tool for observation of water trees 
without staining process. In addition, as it provides spectrum in 
both time and frequency domains, much more useful information 
may be extracted from the dataset.  In this paper, a fundamental 
study was conducted on the possibility of detection of water trees 
in polymeric electrical insulating materials using THz 
spectroscopy and imaging.  

2  EXPERIMENTAL 
The samples used are 1.0 mm thick low-density 

polyethylene (PE) sheets. While the as-received one is called 
sample A, the one with many pinholes having the average 
depth of ~300 m filled with open air, made with a tungsten-
carbide needle having a curvature-radius of 10 m, is called 

sample H. The one with many similar pinholes filled with a 
NaCl solution of 0.1 mol/l is called sample W. Furthermore, a 
sheet of sample W was immersed in a NaCl solution of 0.1 
mol/l, and an ac voltage (2 kHz, 3 kV) was applied for 168 
hours at room temperature. Here, the pinholes filled with the 
NaCl solution in the sheet worked as water needle electrodes, 
from which water trees grew. This sheet is called sample T. 

Furthermore, tests were conducted using layered samples 
consisting of one or two PE sheets, a water layer, and an 
aluminum or copper plate. More information such as the 
structure and the sheet and layer thicknesses will be 
mentioned when necessary. 

For the above-mentioned samples, THz spectra were 
obtained in a frequency range from 0.4 to 4.0 THz in vacuum 
using a THz time-domain spectrometer (TDS: Tochigi Nikon, 
Rayfact Spectera; FWMH beam diameter ~3 mm at 0.3 THz), 
while absorption spectra were measured in a frequency range 
from 4.5 to 30 THz by a Fourier-transform infrared (FT-IR) 
spectrometer (Jasco VIR-F; FWMH beam diameter ~5 mm at 
9 THz). Furthermore, reflective intensity distributions were 
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Figure 4. Electric field waveform of THz light reflected from the aluminum 
plate. 

obtained in a frequency range from 0.01 to 1.0 THz by a THz-
TDS image scanner (Picometrix, T-Ray4000, FWHM beam 
diameter ~0.7 mm). All the measurements were carried out at 
room temperature in ambient atmosphere or in vacuum.  
 

3  RESULTS AND DICUSSION 
 Figure 1 shows surface and cross-sectional views of sample 
T taken by a digital camera (a) and a polarization microscope 
(b), respectively. Water trees appear as white circles in the 
surface image (a) and as black shadows with the shape of a 
human hand in the cross-sectional image (b). The water tree 
length is about 500 m. 

 First, THz-TDS measurements to obtain frequency spectra 
were carried out for samples A, H, W, and T at frequencies from 
0.4 to 4.0 THz. Figure 2 shows the absorption spectra obtained 
by the measurements. A broad absorption band spreading over 
the whole measurement range with a peak at around 2.1 THz is 
observed in all the samples. While sample H with many open 
pinholes shows an absorption spectrum similar to that of sample 
A, two samples W and T containing water, namely W with 
water needles and T with water trees, show a clear absorption 
edge that increases its intensity with an increase in frequency 
toward 4.0 THz. This absorption edge seems to be due to 
resonance resulting from intermolecular vibration of water, 
which has been reported to have a peak at around 5.0 THz [18, 
19]. Therefore, it is clearly demonstrated that the presence of 
water can be confirmed by THz spectroscopy.  

 However, the above-mentioned THz-TDS measurements 
were carried out while the samples were kept in a vacuum of 
5.0×10-2 Pa. Therefore, a question may arise whether or not 
water actually remained inside the samples during the 
measurements. To examine this point, FT-IR spectra were 
observed. Namely, the IR measurement was conducted twice 
for sample T before and after the THz-TDS measurement, and 
the IR spectrum of sample A was subtracted from the two 
spectra of sample T in order to obtain differential absorption 
spectra that emphasize the absorption by water. In Figure 3, 
the differential absorption spectrum obtained before the THz-
TDS measurement is denoted by the solid curve, while the one 
obtained after the measurement is denoted by the broken 
curve. The absorbance spectrum of water reported in [18-20] 
is also shown in Figure 3. The shape and frequency of the 
hump appearing in the two spectra observed in the sample at 

about 4.5 to 6 THz and those of the peak at 19 THz are in 
agreement with those of the absorption spectra of water [19, 
20], if we ignore fine fluctuations or noises seen in almost the 
entire frequency range. Therefore, it was demonstrated that 
water remained in the sample after the THz-TDS 
measurements had been conducted in vacuum. Furthermore, it 
can be estimated from the value of differential absorbance that 
about 1.5×10-3 g/cm3 of water remained in the sample T. 

 Next, THz imaging was tried using layered samples 
consisting of different materials, aiming at showing the 
possibility of detecting the existence of water or water trees in 
polymeric insulation. Table 1 shows the absorption 
coefficients, refractive indices, and damping coefficients of 
the constituent materials measured at around 0.5 THz [18, 19, 
21]. The absorption of THz light is not so large except for 
water and carbon-loaded PE used as a semi-conductive layer 
and each material has a different refractive index and 
extinction coefficient. Therefore, it seems possible that THz 
light is reflected at the interface of different substances. This 
indicates that imaging is possible by the use of this reflection.  

 Figure 4 shows the electric field waveform of THz light 
reflected from the aluminum plate. The abscissa represents the 
sampling time or the time elapsed from the emission of the 
THz light pulse. Here, the time at which the reflection 
waveform returned from the aluminum plate was chosen as 
the base datum point. A large negative peak and a small 
positive peak appear at 0 and 1 ps, respectively. From here, all 
the waveforms observed by the experiments would be 
analyzed in reference to this waveform.  

 As a first trial, a model sample consisting of a PE sheet, a 
water layer, and a copper plate shown in Figure 5a, which 
simulates a polymeric insulating sheet with water trees grown 
inside was examined by scanning the power integrated over 
time. Figure 5b shows the time waveform of THz electric field 
reflected at points I, II, III, and IV on the sample. The 
reflection waveform observed at point I shows a large 
negative intensity with the phase opposite to that of the 
incident light. This means that the phase of electric field was 

Table 1. Values of absorption coefficient, refractive index, and extinction 
coefficient at about 0.5 THz measured for each material constituting the 
samples. 

 Absorption 
coefficient 

[cm–1] 

Refractive 
index 

Extinction 
coefficient 

Air –  1 –  
PE 0.5 1.5 ~0 

Polyvinylchloride 10 1.8 0.03 
Carbon-loaded PE ~60 2 ~0.3 

Water (18, 19) 150 2.25 0.75 
Copper (21) 

–  31.6* 120* 
Aluminum (21) –  60.7* 147* 

*values at 15 THz 
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reversed upon the reflection on a substance with a higher 
refractive index than air. By taking the sampling time into 
account, it is clear that this reflection peak is due to the copper 
plate. In the waveforms observed at point II, only one 
reflection peak with the negative intensity appeared at -15 ps. 
This reflection occurred on the surface of water, which makes 
the peak appearance time earlier than that of the reflection on 
the copper surface at point I. On the other hand, five and two 
reflection peaks are observed in the waveforms at points III 
and IV, respectively. From the sampling time and the phase of 
each peak, the peaks at -17, -7, and 2 ps seem to be caused 
due to the reflection at the PE sheet, the air layer (in the case 
of point III) or the water layer (point IV), and the copper 
plate, respectively. While the last two peaks near 11 and 20 ps 
in the waveform at point III are caused by multiple reflection 
inside the sam ple. Here, as for the peak near -7 ps, the phase 
of electric field at point IV is opposite to the one at point III. 
The reason for this is that the refractive index of PE is higher 
than that of air and lower than that of water. Namely, the 
responses of the incident THz light pulse at points III and IV 
can distinguish the presence of water and air beneath the PE 
sheet with a thickness of 1.0 mm and those at points II and IV 
can also clearly demonstrate the position of the water surface. 
Here, peaks due to the reflection on the copper plate 
disappeared at points II and IV. This indicates that the 
absorption by water was too large. Therefore, the possibility 

was confirmed that the image of water trees can be traced 
using this method by scanning the reflection intensity. 

 As a next step, reflection measurements were carried out for 
sample T. Figure 6a shows the two dimensional intensity 
distribution of the THz light reflected from the surface of the 
water-treed PE sheet shown in Figure 1a. Here, the reflection 
intensity is strongest where the color is white and it becomes 
weaker in the order of gray and black. The black portion 
denoted as (iv) corresponds to the edge of sample T and 
adhesive tapes used to paste the sample on an aluminum plate. 
While the region enclosed by this black frame corresponds to 
sample T, the points (i), (ii), and (iii) correspond to the 
aluminum plate, the portion of sample T with no water trees, 
and the one with water trees, respectively. As mentioned 
above, gray means that the reflected THz electric field 
intensity is weak compared with the surrounding white 
portion. Note that the positions of light gray dots are 
completely in good agreement with those of water trees in the 
sample shown in Figure 1a. Moreover, Figure 6b shows 
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Figure 6. THz imaging of sample T with water trees. (a) Imaging result 
obtained by scanning the light intensity of THz light pulses reflected from the 
surface of the water-treed PE sheet shown in Figure 1a. The frame 
corresponds to the one in Figure 1a. The light intensity is indicated by colors;
white, gray, and black. (b) Reflection waveforms of electric field obtained by 
shining the THz light beam at different points on the sample surface; ▬ ▬: at 
point (i) (aluminum plate), ▬▬: at point (ii) (PE with no water trees), 
▬ · ▬: at point (iii) (PE with water trees). 
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Figure 5. (a) Schematic of the model sample consisting of a PE sheet, a water
layer, and a copper plate, used to simulate a water-tree degraded cable with a
PE insulation. (b) Reflection waveforms of electric field obtained by shining
the THz light beam at different points on the sample surface; ▬ ▬: at point I
(copper plate), ••••••: II (water layer), ▬ · ▬: III (PE and air layer), ▬▬: IV 
(PE and water layer).  
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Figure 7. (a) THz imaging results obtained by scanning the light intensity of 
reflected THz light pulses over the surface of a PVC sheath, put on the surface 
of the water-treed PE sheet shown in Figure 1a. The frame corresponds to the 
one in Figure 1a. (b) Reflection waveforms of electric field obtained by
shining the THz light beam at different points on the sample surface; ▬ ▬: at 
point (i) (aluminum plate), ▬▬: at point (ii) (PE with no water trees), 
▬ · ▬: at point (iii) (PE with water trees).  

reflection waveforms of electric field observed at points (i), 
(ii), and (iii). Here, the time at which the reflection waveform 
returned at point (i) was chosen as the base datum point, and 
the electric field intensity is displayed as positive when it is 
with the same phase as the incident THz light pulse. In the 
reflection waveform (i), only one peak with a negative 
intensity is observed, which corresponds to the reflection on 
the aluminum plate. The waveforms (ii) and (iii) have three 
reflection peaks at -8, 3, and 13 ps. Based on the sampling 
time and the phase of each peak, they seem to be the reflection 
at the top surface of PE sheet, combination of reflection by air 
at the interface between the PE sheet and the aluminum plate 
(= the front low positive peak), reflection on the aluminum 
plate (= the next deep negative peak), and multiple reflection 
inside the sample, respectively. Note that the reflection by the 
aluminum plate appears later at points (ii) and (iii) than at (i) 
by the difference in refractive index between air and PE (or 
water). As for the combined positive and negative reflection at 
2 to 3 ps that passed through the PE layer and the positive 
reflection at 13 ps caused by multiple reflection, their peak 
intensities are weaker at point (iii) than at point (ii). This fact 
also indicates the presence of water that absorbs THz light 
more than PE at point (iii). As a summary of the findings that 
can be obtained from Figure 6, the imaging of water trees in 
the top sheet or those grown from the sample surface is 
possible using THz light at frequencies from 0.01 to 1.0 THz. 

 As mentioned above, water trees in PE are detectable by 
THz light. Since insulating polymers are usually the outermost 
components of insulating wires, this method would be 
applicable without so much trouble. However, in a power 
cable, polymeric insulation in which water trees may be 
grown is always inside the cable, and the insulation is usually 
covered by a polymeric sheath made of polyvinyl chloride 
(PVC) and the like. Here, eye observation cannot detect water 
trees since PVC is opaque to visible light. In some cases, a 
semi-conductive layer is laid between the sheath and the 
insulation. Namely, it is impossible to shine THz light directly 
to the insulation. Therefore, in order to examine the 
applicability of this method to an actual cable as a non-
destructive insulation diagnostic method, the detection of 
water trees was tried for samples covered by a sheath and a 
semi-conductive layer. First, the sample T was put on an 
aluminum plate and covered with a PVC sheath with a 
thickness of 312 m, and THz imaging was tried in a similar 
way as in the case of Figure 6. Figure 7a shows the intensity 
distribution of the THz light reflected from the surface of 
water treed PE sheet shown in Figure 1a. The meanings of 
white, gray, and black in Figure 7a are the same as those in 
Figure 6a. Distribution of many gray dots showing lower field 
intensity is in good agreement with that of water trees shown 
in Figure 1a. This fact indicates that PVC is transparent 
enough in the THz region and that THz imaging of water trees 
is possible in polymeric insulation covered with a PVC sheath.  

 Figure 7b shows reflection waveforms of THz electric field 
observed at points (i), (ii), and (iii) on the sample. In addition 
to the peaks due to multiple reflection in the sample that 
appear at 16 ps and later, three reflection peaks are seen in the 

waveforms measured at points II and III. Based on the sampling 
time and phase of each peak, the peaks at -12, -8 to -5, and 6 ps 
seem to be caused by the reflection at the top surface of the 
PVC sheath, combination of the reflection at the interface 
between the PVC sheath and the air layer (= the positive peak at 
-7 ps) and reflection at the top surface of the PE sheet (= the 
negative one at -6 to -4 ps), and the reflection on the aluminum 
plate, respectively. Since the reflection caused by the PE sheet at 
-6 to -4 ps appeared, it is clear that the THz light passed through 
PVC. Furthermore, the electric field of the THz light pulse 
reflected on the aluminum plate, or the depth of the negative 
peak at 6 ps, is weaker when it was observed at point (iii) than it 
was observed at point (ii). The reason of this is that the THz 
light pulse attenuated more due to the presence of water at point 
(iii). This fact also indicates the possibility of detecting water or 
water trees by the THz imaging. 

Similar measurements were repeated for sample T covered 
with a semi-conductive layer. Here, the semi-conductive layer 
was made by mixing carbon powder into PE, and its thickness 
was 84 m. As shown in Table 1, the absorption in the semi-
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Figure 8. THz imaging results obtained by scanning the light intensity of 

reflected THz light pulses over the surface of a semi-conductive layer, put on 
a non-degraded PE sheet (a) or on a water-treed PE sheet (b). (c) Reflection 
waveforms of electric field obtained by shining the THz light beam at
different points on the sample surface; ▬▬: at point (i) (PE with no water
trees), ▬ ▬: at point (ii) (PE with water trees). 

conductive layer is very strong. Therefore, subtle roughness or 
thickness dispersion of the layer exerts strong influence on the 
reflection waveform of THz light. For this reason, it was 
impossible to extract only the attenuation of the THz light due 

to water trees. The imaging experiment was also impossible to 
conduct. Therefore, a layered sample consisting of a non-
degraded PE sheet covered with the semi-conductive layer and 
a similar one consisting of a PE sheet with water trees covered 
with the same semi-conductive layer were prepared, and the 
reflected light intensity was compared between the two.  

Figure 8 shows the intensity distributions of the THz light 
reflected from the surface of water treed PE sheet shown in 
Figure 1a. The distributions for the non-degraded PE and water-
treed PE are shown in Figures 8a and 8b, respectively. The 
meanings of the white, gray, and black are the same as those of 
Figures 6 and 7, and the black square corresponds to the edge of 
the sample. Intensity of the reflected light is not at all uniform 
even in Figure 8a that shows the result for the non-degraded PE, 
which is due to the above-mentioned effect of the strong 
absorption by semi-conductive layer. Moreover, compared to 
Figure 6, the intensity of the reflected light is very weak in both 
Figures 8a and 8b, because of the strong absorption by the semi-
conductive layer. When we compare Figures 8a and 8b, the 
intensity is much weaker in Figure 8b. There is a high 
possibility that the absorption of THz light by water in water 
trees is responsible for this difference in intensity.  

 In order to confirm this assumption, reflection waveforms of 
electric field intensity were obtained at point (i) in Figure 8a and 
at point (ii) in Figure 8b that are the same position on the samples. 
In the waveforms shown in Figure 8c, three sets of reflection 
peak groups are seen. From the sampling time and the phase of 
each peak, the reflection that caused each peak can be estimated. 
The first peak group appearing at 0 to 4 ps seems to be caused by 
the reflection at the top surface of the semi-conductive layer (= 
the first negative peak), at its bottom surface (= the second 
positive one), and at the top surface of the PE sheet (= the third 
negative one). The peak groups at 12 to 15 ps and at 22 to 24 ps 
are due to the reflection on the aluminum plate and multiple 
reflection inside the sample, respectively. If we compare the 
intensity of the first peak group at points (i) and (ii), the 
intensities of the black solid curve representing the intensity at 
point (i) and the blue broken curve representing the intensity at 
point (ii) are approximately the same at around 0 to 4 ps. 
However, as for the second peak group at about 12 to 15 ps, the 
broken curve is smaller than the solid one. This means that the 
peak at point (ii) is weak compared with the one at point (i) at 
around 12 to 15 ps. This indicates that the THz light was damped 
by the water inside the water trees. This in turn indicates that 
imaging of water trees is possible even if the polymeric 
insulation is covered with a substance like semi-conductive 
polymer with a high absorption coefficient as long as the 
reflected THz light keeps its intensity strong enough to be 
measurable by a detector. 

In order to further confirm the above, the imaging was 
carried out by extracting only the light from ~22 to 23 ps 
shown in Figure 8c, or the light detected after the multiple 
reflection inside the PE sample with water trees. Figures 9a 
and 9b show the imaging results or the intensity distributions 
of the multi-reflected light obtained using the waveforms 
observed for the non-degraded sheet and water-treed sheet, 
respectively. As in the case of previous figures, the intensity is 
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Figure 9. THz imaging results obtained by scanning the intensity of multi-
reflected THz light in a time period from ~22 to 23 ps shown in Figure 8c
over the surface of the semi-conductive layer, put on the non-degraded PE 
sheet (a) or on the water-treed PE sheet (b). 

strongest where the color is white, and it becomes weaker in 
the order of gray and black. More black dots are seen in 
Figure 9b than in Figure 9a, and their positions agree with the 
positions of water trees. It seems that Figure 9 gives a clearer 
image than Figure 8, since the attenuation due to the presence 
of water is enhanced by the multiple reflections. 

All the results mentioned-above indicate that the present 
technique can provide a good tool to observe the presence of 
water trees in a test sample taken from a field-aged or 
laboratory-aged cable. However, it is true that much research 
must be done and some technological breakthroughs are 
definitely needed before this technique can be applied to a real 
cable with a metallic shield tape or wire. 

4  CONCLUSIONS 

Terahertz measurements were carried out to study the 
possibility of detection of water trees grown in polyethylene. 
As a result, the following findings were obtained. 

1. An absorption edge that increases its intensity with an 
increase in frequency toward 4.0 THz appears in a 
sample with water trees. This is attributable to the 
presence of water inside the sample. 

2. Distribution of water trees grown from the surface of a 
polymer or those present in an underneath polymer 
were successfully imaged using THz light at 
frequencies from 0.01 to 1.0 THz.  

3. Imaging of water trees is possible even if the 
polymeric insulation is covered with a substance like a 
polyvinyl chloride sheath or semi-conductive polymer 
with a high absorption coefficient as long as the 
reflected THz light keeps its intensity strong enough to 
be measurable by a detector. 
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