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 A simple optical sensor based on distal tip imaging of oil filled large mode area solid core photonic crystal fiber has been 
theoretically modeled and experimentally verified for semi
index changes during transition from pure to severe degradation of the oil are quantized experimentally. The FEM modeling of resulting 
mode profile changes in the photonic crystal fiber (PCF) as a function of oil contamination reveals that these changes are su
monitoring of the degradation level of silicone oil through fiber end
recording of the mode profiles at the distal tip.
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INTRODUCTION  
 
 Accurate and periodic monitoring of  
transformer oil  is an essential preventive measure  
to avoid high repair cost, long power downtimes and 
safety risks associated with transformer breakdown  
and ensure reliability of electric power transmission 
and distribution networks. As transformer oils are 
designed to provide electrical insulation under high 
electrical fields, any significant reduction i
dielectric strength may indicate that the oil is no 
longer capable of performing this vital function. 
Typical contaminants that degrade the performance 
of transformer oils are dissolved gases, which 
increases with temperature, moisture and solid 
contaminants which are mainly metal containing 
colloidal oxides [1, 2]. Silicone oil degradation is 
tested quantitatively using density measurements, 
titration techniques and gas chromatography apart 
from qualitative observation of optical colour. 
Optical methods involving tracking of change in 
resonant wavelengths using LPFBG’s have been 
proposed for in-situ monitoring [3]. These sensors 
offer all the benefits of small size, light weight and 
immunity from electromagnetic interference 
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ABSTRACT 

distal tip imaging of oil filled large mode area solid core photonic crystal fiber has been 
theoretically modeled and experimentally verified for semi-quantitative estimate of silicone oil degradation in transformers.  Refractive 

ition from pure to severe degradation of the oil are quantized experimentally. The FEM modeling of resulting 
mode profile changes in the photonic crystal fiber (PCF) as a function of oil contamination reveals that these changes are su

g of the degradation level of silicone oil through fiber end-face inspection.  This has been further ratified through experimental 
recording of the mode profiles at the distal tip. 

Special fibers, Silicone oil, Solid contaminants,  

Accurate and periodic monitoring of  
transformer oil  is an essential preventive measure  
to avoid high repair cost, long power downtimes and 
safety risks associated with transformer breakdown  
and ensure reliability of electric power transmission 

. As transformer oils are 
designed to provide electrical insulation under high 
electrical fields, any significant reduction in the 
dielectric strength may indicate that the oil is no 
longer capable of performing this vital function. 
Typical contaminants that degrade the performance 
of transformer oils are dissolved gases, which 
increases with temperature, moisture and solid 

aminants which are mainly metal containing 
colloidal oxides [1, 2]. Silicone oil degradation is 
tested quantitatively using density measurements, 
titration techniques and gas chromatography apart 
from qualitative observation of optical colour. 

ods involving tracking of change in 
resonant wavelengths using LPFBG’s have been 

situ monitoring [3]. These sensors 
offer all the benefits of small size, light weight and 
immunity from electromagnetic interference 

associated with optical fibers, but involve higher 
costs due to requirement of frequency tracking. If 
simple conventional evanescent field sensing is used 
to track contamination using etched single mode 
fibers, the drawback is that it can track only changes 
until the refractive index of contaminated oil 
approaches that of the fiber and therefore cannot be 
used if RI of oil is high. In this paper, we therefore 
propose a comparatively simpler in
technique which involves tracking the refractive 
index(RI)  change introduced by the contaminants 
through low cost CCD based imaging of the modal 
pattern changes in a oil infiltrated solid core 
photonic crystal fiber (PCF). This technique should 
be able to track changes even if the RI of the oil is 
higher than that of the solid core. 
sections present the principle of tracking the 
contamination illustrated using FEM simulations and 
the limitations of this technique, experimental 
studies of the actual RI change in contaminated 
samples, results of microwave absorptio
the contaminated sample for identification of the 
possible contamination source and finally the 
experimentally observed mode pattern changes 
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ition from pure to severe degradation of the oil are quantized experimentally. The FEM modeling of resulting 
mode profile changes in the photonic crystal fiber (PCF) as a function of oil contamination reveals that these changes are sufficient for 

face inspection.  This has been further ratified through experimental 

bers, but involve higher 
costs due to requirement of frequency tracking. If 
simple conventional evanescent field sensing is used 
to track contamination using etched single mode 
fibers, the drawback is that it can track only changes 

ex of contaminated oil 
approaches that of the fiber and therefore cannot be 

In this paper, we therefore 
propose a comparatively simpler in-situ monitoring 
technique which involves tracking the refractive 

ced by the contaminants 
through low cost CCD based imaging of the modal 
pattern changes in a oil infiltrated solid core 
photonic crystal fiber (PCF). This technique should 
be able to track changes even if the RI of the oil is 

core. The forthcoming 
sections present the principle of tracking the 
contamination illustrated using FEM simulations and 
the limitations of this technique, experimental 
studies of the actual RI change in contaminated 
samples, results of microwave absorption studies of 
the contaminated sample for identification of the 
possible contamination source and finally the 
experimentally observed mode pattern changes 
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demonstrating the feasibility of the monitoring 
technique. 
 
II .Principle of Contamination tracking using PCF: 
 In a solid core photonic crystal fiber (SCPCF), 
optical guidance occurs due to total internal 
reflection, because of the index difference between 
the solid silica core and the surrounding layer of 
lower effective index provided by micro structured 
air-filled holes. If the holes are filled with 
transformer oil and the RI of the pure 
uncontaminated oil is less than that of the solid silica 
core, optical guidance will still be index based, even 
though the contrast     ∆n = (ncore-nclad)  lowers. It can 
be expected that the evanescent field will be more in 
this case when compared to the former case of 
higher contrast offered by air-filled microstructure. 
As the RI of the oil increases due to contamination, 
the confinement in the core will decrease, and one 
can expect power confinement spreading more into 
the microstructured cladding and then a gradual shift 
to multiwaveguide mode pattern with each of the 
high index oil filled holes becoming a waveguide. 
When the RI of the oil increases further such that, ∆n 
is sufficiently high and negative, then, guidance 
should shift back to the core region due to photonic 
band gap guidance similar to that observed in holey 
fibers. Thus if the crucial RI change due to 
contamination occurs in and   around the effective 
core index of the SCPCF, then it can be tracked 
through distinct changes in the mode field patterns of 
the guided mode. In reality, temperature can also 
change the RI of both core region and the fluid 
filling the holes in the SCPCF. So a quantisation of 
the temperature induced change is also necessary to 
assess the extent to which it affects the mode pattern 
of the guided optical mode. In order to verify all this, 
FEM simulation was carried out for finding variation 

in effective index and mode profiles of the LMA 20 
PCF (procured from Thor Labs), with RI of the fluid 
infiltrated into the holes so that this fiber can then be 
used subsequently for experimental verification.  
 
2.1. Modelling using LMA-20 SCPCF: 
 Large mode area fiber LMA-20 which is used 
for the studies reported here has a core diameter 
about 20 μm, with six layers of air holes of diameter 
6.4µm arranged in a hexagonal pattern with pitch of 
13.2 μm. Fig 1 shows the optical image of LMA 20 
and the schematic of the cross-section used for 
simulation in the FEM software. PML boundary 
conditions are imposed and initially the effective 
index of the fundamental mode and mode profile of 
the PCF with air-holes is determined.  Subsequently 
the same simulation is carried out varying the RI of 
the fluid infiltrant (nfluid) in all the holes from 1.4 to 
1.7 at wavelengths of 532nm, 650nm and 1550nm. 
The dispersion characteristics of silica and silicone 
oil have been incorporated into the simulation model 
using sellemeir’s equations with appropriate values 
for the coefficients. The simulated variation in the 
effective index of the guided mode with nfluid is 
plotted in Fig 2 for the three different wavelengths. 
At all three wavelengths, one can see that the 
effective mode index is close to the sellemeir’s value 
of the silica core provided ∆n is high (e.g. for air-
filled holes). As RI of infiltrant increases, the 
contrast decreases and the mode becomes less 
confined leading to gradual increase in the effective 
index of the Gaussian mode sustained in the core. As 
nfluid approaches that of the silica core and slightly 
exceeds it, the trend in effective mode index changes 
and fluctuates depending on where the power 
confinement occurs, in the holes or in the 
surrounding silica region of the microstructured 
cladding. 

 

 
 
Fig. 1: Variation in effective index with RI of oils  in LMA-20 @532nm, 650nm &1550nm. 
 
 Fig 1 shows that the magnitude of the change in 
effective mode index with nfluid for the guided mode 
is more significant for longer wavelengths as core 
silica index is relatively lower due to dispersion. In 
order to capture the common traits irrespective of the 
wavelength used for interrogation, a new metric 

normalised to core index hereafter referred to as the 
fractional index change  δn/ncore where 

( )fluidcore nnn −=δ , can be used. 

 Fig 2 shows the variation of fractional index 
change with RI of infiltrant (nfluid) along with the 
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simulated mode pattern at specific regions.  For 
fractional index changes of +30% to +0.4% the 
mode pattern shows confinement in the core region, 
though the mode field spreads more into the silica 
region surrounding the central silica core for lower 
positive values. For fractional index changes 
between 0 to -2.0% the mode field pattern shows that 
the field spreads into the silica region and into the 
infiltrated holes in the microstructred cladding. 
When the fractional index change approaches -9 to -
10%, wave guiding occurs predominantly in the high 

index fluid filled microstructure.  For fractional 
changes around -20% wave guidance occurs only in 
very few of the fluid filled microstructures and for 
changes around -30%, photonic band gap based 
guidance occurs in the core region. Photonic band 
gap guidance appears at relatively lower fractional 
changes  for longer excitation wavelengths as the 
refractive index of the silica core is comparatively 
lower at longer wavelengths due to dispersion and  
δn is therefore higher. 

  

 
 
Fig. 2: Variation in fractional index change with RI of oils in LMA-20 @532nm, 650nm &1550nm. 
 
 This study reveals that if refractive index of pure 
transformer oil is such that the fractional index 
change at the wavelength used for study is slightly 
positive, then as contamination sets in and nfluid 

increases, the mode pattern will change 
conspicuously as field strength spreads into the silica 
region of the microstructured region and will serve 
as an early indication of onset of contamination. The 
different stages of contamination can be estimated 
from the field profile change to multiwaveguide 
regime and then the photonic band gap regimes. 
Thermo-optic coefficient of oils are negative (- 
4.5x10-4/°K) whereas that of silica is positive (8x10-

6/°K) [4].Therefore increase in temperature will only 
increase the contrast and estimates show that for an 
increase of 200K above room temperature, this will 

result in an increase in fractional index change of 
nearly 6% and could lead to underestimation of the 
degree of contamination at very high temperatures. 
 
III. Experimental Studies: 
3.1 RI measurement: 
 Samples of pure and contaminated transformer 
oil were obtained from the local electrical power 
station for the experimental studies and as a first step 
their refractive indices were measured using liquid 
prism at 650nm. Table 1 shows four samples of the 
transformer oil, S1-pure, S2-mildly contaminated, 
S3-contaminated and S4-severely contaminated and 
the RIs measured using this technique. 
  

 
Table 1: Transformer oil samples and their RI. 

Sample S1-Pure oil 
S2-  Mildly 

contaminated 
S3- Contaminated 

S4- Severely 
Contaminated 

Optical colour 

 

 

  
Measured RI 1.366 ± .003 1.440 ± .003 1.460  ± .003 1.469 ± .003 

 
3.2 Measurement of dielectric constants: 
 The complex permittivities of the samples were 
tested using vector network analyser and Agilent 
Technologies 85070E dielectric probe kit in the 
range of 0.1-1.8GHz range. Three-term calibration 
was performed using known standards of air, short-
circuit and deionised water before testing the 
silicone oil samples. The loss tangent tanδ andε’ 
were evaluated. Fig 4 gives the plot of loss tangent 

for the pure and contaminated oil samples. It can be 
seen that contaminant introduces an absorption peaks 
at 13.32GHz, 17.3GHz and 17.5GHz. For the sample 
S2, the peak at 13.32GHz was not observable. 
17GHz and 13.5GHz may be attributed to soluble 
colloidal metallorganic nanocomposites of 
Ni/AlN, Al 2O3 or Fe2O3 due to aging oil and solid 
insulations [5, 6]. 
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3.3 Experimental observation of mode field patterns
 Fig 4 shows a schematic of the experimental set
up used to record the mode-field pattern. The light 
output from a  650nm laser diode was coupled into 
the PCF  using  a 10X microscope objective (MO) 
and the output end was imaged onto a CCD camera 
 

 
Fig. 3:  Dielectric loss of silicone oil samples
 

 
Fig. 4:  Schematic diagram of experimental set
          
 Initially the PCF crosssection without 
power coupled was imaged on the CCD which 
showed the  microstructure with the core region. The 
recorded cross sectional image using white light 
source which is similar to SEM image taken from 
 

 
Fig. 5: (a).  SEM and Recorded images
       by experiment and FEM. 
 
 The mode field patterns observed from th
of the oil infiltrated samples of the PCF 
corresponding to the samples S1, S2, 
shown in the Fig 6. Form Fig 2 it can be seen that for 
infiltrant RI corresponding to samples S2 and S4, 
fractional index change is +1.1% and  
hence in S2 should show power confinement in the 
core region of PCF whereas that of S4 is in the range 
where the guided mode will have power spread out 
into the silica region of the microstructure too. The 
observed image patterns are also in accordance with 
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3.3 Experimental observation of mode field patterns: 
Fig 4 shows a schematic of the experimental set-

field pattern. The light 
output from a  650nm laser diode was coupled into 
the PCF  using  a 10X microscope objective (MO) 
and the output end was imaged onto a CCD camera 

using a combination of 20X  MO and an eyepiece 
with additional white light LED illumnation from the 
CCD end adopting the method as mentioned in [6]. 
In order to avoid bleaching of the CCD camera, a 
beam splitter attanuator was used before the 10X 
MO to reduce the input power.

 

Dielectric loss of silicone oil samples. 

 

Schematic diagram of experimental set-up.     

ion without any 
power coupled was imaged on the CCD which 
showed the  microstructure with the core region. The 
recorded cross sectional image using white light 
source which is similar to SEM image taken from 

literature is as shown in Fig.5 (a). Initially recorded 
micrograph of guided mode through core
in LMA-20 before infiltration 
results as shown in Fig 5(b).  

(a).  SEM and Recorded images of LMA-20   Figure.5 (b). End facet of air filled LMA

The mode field patterns observed from the ends 
of the oil infiltrated samples of the PCF 

S2, S3 and S4 are 
shown in the Fig 6. Form Fig 2 it can be seen that for 
infiltrant RI corresponding to samples S2 and S4, 
fractional index change is +1.1% and  - 0.9% and 

nce in S2 should show power confinement in the 
core region of PCF whereas that of S4 is in the range 
where the guided mode will have power spread out 
into the silica region of the microstructure too. The 
observed image patterns are also in accordance with 

this. In the test sample we have studied so far, shows 
that the mode pattern change that is discernible just 
by looking at image can only identify the severely 
contaminated oil with respect to the pure oil, 
intensity distribution in the images are also 
using image processing technique this could be an 
even more sensitive detection system since the 
spread in the evanescent field can also be used to 
indicate the onset of contamination as is the case in 
sample S2 in comparison to S1.
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literature is as shown in Fig.5 (a). Initially recorded 
ograph of guided mode through core at 650nm 

20 before infiltration matches with the FEM 

 

Figure.5 (b). End facet of air filled LMA-20@650nm                                                                                                                     

this. In the test sample we have studied so far, shows 
that the mode pattern change that is discernible just 
by looking at image can only identify the severely 
contaminated oil with respect to the pure oil, if 

distribution in the images are also tracked 
using image processing technique this could be an 
even more sensitive detection system since the 
spread in the evanescent field can also be used to 
indicate the onset of contamination as is the case in 
sample S2 in comparison to S1. 
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Fig. 6: Micrographs of the guided modes in infilt LMA-20 filled with oil samples @650nm. 
 
IV .Conclusion and future work: 
 A novel technique that can be used for in-situ 
monitoring of silicon oil contamination based on 
tracking RI induced mode profile changes of the fuel 
filled LMA fibers is studied. The sensing ability of 
the LMA probe originates from the mode profile 
response of the fluid-filled fiber. For actual insitu 
sensing, a portion of the PCF should be etched to 
facilitate infiltration of oil into it and this section 
should be immersed in the oil leaving the input and 
output ends free outside for input power coupling 
and output image monitoring. 
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