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Spatially resolved and temporally integrated vacuum ultraviolet laser induced breakdown spectroscopy (VUV
LIBS) was used for contaminant analysis in thermally aged oil impregnated pressboard (OIP) insulation material
taken from high voltage transformers. The signature of copper sulphide contamination was obtained through
detection of copper and sulphur emission lines. The plasma emission also contained highly ionized oxygen and
carbon emission lines. In contrast to the UV-VIS spectral region, sulphur emission lines were found to be strong
in the VUV region. The concentration of sulphur was found to increase with the duration of ageing of the OIP
material.

1. Introduction
In electric power transmission systems transformers are vital components and their correct function is key to a reliable power supply. In a
transformer, the insulation system, such as oil impregnated pressboard
(OIP) and transformer oil plays a significant role in overcoming stresses
of various types, like electrical, thermal, mechanical and chemical.
However, due to undesirable ageing processes, points on the insulation
material become the most probable locations of faults and cause
transformer failure [1]. It has been identified recently that formation of
copper sulphide in oil and OIP insulation is the major reason for insulation ageing [2]. Copper sulphide forms due to the reaction between
Cu conductors and corrosive sulphur compounds, present in the tarnsformer oil [3]. Case studies by the CIGRE (International Council on
Large Electric Systems) tranformer research group A2.40 showed that
in most of the transformer failures, corrosion due to sulphur was
identified as the major cause [4,5]. The presence of conducting copper
sulphide contaminants on OIP insulation material aids the occurence of
electrical breakdown and reduces the insulation strength [6]. Localized
arcs and coronas can be generated which can lead to further permanent
failure of the transformer.
Hence it is very important that the condition of transformer insulation is regularly monitored to estimate the extent of ageing and
diffusion of contaminants, such as copper sulphide. Existing techniques,
such as electrical discharge tests and dissolved gas analysis require
sample preparation, and do not check for the contaminant diffusion but
⁎

only check bulk properties [7,8]. A covered conductor deposition test
(CCD) is used for rough estimation of contamination diffusion, by observing the colour change of the conductor surface, but is very qualitative. Chemical techniques such as inductively coupled plasma - optical emission spectroscopy (ICP-OES), atomic absorption spectroscopy
(AAS) and CHNSO analysis can be used for quantitative estimation of
the contaminant where the first two can detect copper and the last one
can detect sulphur content. However, they involve tedious chemical
treatment or acid digestion and the estimation takes time. Laser induced breakdown spectroscopy (LIBS), a non-contact, optical sensing
technique, can be considered for monitoring the condition of OIP insulation material in a transformer. LIBS does not require tedious sample
preparation and results can be obtained faster.
Ultraviolet-Visible (UV-VIS) LIBS was demonstrated for analysis of
copper contamination in aged OIP material, in previous works [9,10].
However, the presence of sulphur, as a contaminant, was not detected
using UV-VIS LIBS since strong lines of sulphur were not present in that
region although NIR lines near 920 nm have been used recently to
detect sulphur in rubber [11]. Estimation of sulphur and other trace
elements such as carbon in steel samples, using vacuum ultraviolet
(VUV) LIBS, has been studied in previous works [12,13]. Also, some
papers have reported results from LIBS based monitoring of outdoor
insulation materials, for salt contamination detection [14,15]. In the
work reported here, VUV LIBS, in range 50–90 nm, is used to detect
sulphur emission lines of diffused sulphur based contaminants in aged
OIP insulation material of a transformer. The suitability of various S IV
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Fig. 1. Preparation of aged OIP material by accelerated thermal ageing

2. Materials and methods
2.1. Sample preparation
Accelerated thermal ageing of insulating oil impregnated pressboard (OIP) material was carried out in simulated transformer conditions. A glass reaction chamber was filled with transformer oil and held
in a temperature controlled furnace. OIP samples, cut into 40 × 40 mm
pieces were stacked with Cu conductor material in alternate positions.
These stacks were submerged in oil, similar to a transformer.
Accelerated thermal ageing was achieved by increasing the temperature
to 140∘C and adding 1000 ppm of Dibenzyl Disulfide, to incorporate
corrosive sulphur into the transformer oil, leading to increased rates of
formation and diffusion of copper sulphide into the aged OIP insulation
material [2]. Fig. 1 shows various stages of the sample preparation. OIP
samples were removed at 200, 500, 600 and 900 h intervals during the
ageing process. Fig. 2 (a) and (b) show the images of virgin (un-aged)
and thermally aged OIP material. The collected OIP material was used
for LIBS experiments. The amount of S was estimated by a micro
CHNSO analyzer (LECO Truspec). A weighed microsample of aged OIP

Fig. 2. Photographs of (a) virgin, un-aged OIP material, (b) aged OIP material
(500 h).

and S V spectral lines for quantitative analysis of contaminant level on
aged OIP insulation, is studied. Laser ablation of cellulose based insulation materials, used in transformers, has not been extensively investigated in the past, but is addressed here
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Table 1
Experiment parameters used for VUV LIBS studies.
Parameters

Specifications

Laser

Q switched Nd3+:YAG
(Surelite III-10, Continuum)
1064 nm
6 ns (FWHM)
10 Hz
1. Virgin (un-aged) OIP material
2. Thermally aged OIP material
100 mJ
Focal length 100 mm
2D translational stage
with steel holding plates
Width of maximum 250μm
Width of 10 − 40μm
VM series - 521, Action
with 1200 grooves/mm grating
Wavelength range: 30–110 nm
VUV sensitive, Andor Technology,
1024 pixels

Wavelength of laser
Laser pulse duration
Laser repetition rate
Analyte
Laser energy
Focussing Lens
Sample holder
Fore-slit
Spectrometer slit
Spectrometer

Fig. 3. Schematic of the VUV experimental setup.

material was subjected to high temperature combustion which converts
S to SO2 and was measured by IR detection, along with C,H,N and O.
The accuracy of the measurement is 0.01 Wt %.

CCD detector
Resolution of
detection system, measured
Inert gas

2.2. Experimental setup

0.08 nm
Helium

2.3. Spatially resolved and temporally integrated emission

Fig. 3 shows the schematic of the vacuum ultraviolet laser induced
breakdown spectroscopy (VUV LIBS) experimental setup. A nanosecond, Q switched, Nd3+:YAG laser (Continuum Surelite, model III-10,
pulse width 6 ns, maximum output energy 800 mJ) at 1064 nm wavelength and 10 Hz pulse repetition rate, was used.
The laser was operated at an output energy of 100 mJ which could
be varied by changing the flashlamp-Q switch delay. Since VUV light is
absorbed by air, a VUV spectrometer (VM-521, Action Research
Corporation, 1 m normal incidence) with a diffraction grating of 1200
grooves/mm was coupled to the vacuum chamber. A quartz window
was provided to admit the laser pulses into the chamber and to view the
plasma location. A quartz, plano convex lens of 100 mm focal length
was used to focus the laser pulses onto the OIP specimen inside the
vacuum chamber. The target was mounted on a custom-designed
holder, and was connected to a X-Y-Z translation stage, with manual
control. A high vacuum of 10−6 mbar was used inside the chamber for
experiments, generated using a combination of a turbomolecular pump
and a rotary backing pump. A gas inlet was also used to leak helium gas
into the target chamber in a controlled fashion during laser ablation of
aged OIP. A fore-slit of 250 μm width, was placed inside the chamber.
The optical emission from the plasma was guided through the fore-slit
to the VUV spectrometer. A spectrometer entrance slit of 40 μm width,
was used. The combination of both slits helped select different spatial
slices of plasma, parallel to the sample surface, by adjustment of target
and foreslit positions. Detection in the wavelength range of 30–110 nm
was achieved by rotating the diffraction grating to different positions.
Spectra were recorded on a CCD camera (Andor Technology, DV420BN, 1024 × 256 pixels, cooled to −45∘C by internal and water cooling)
which was sensitive in the VUV region. The experimental parameters
are summarizd in the Table 1. The reciprocal linear dispersion was ca.
0.83 nm/mm and so the spectral range captured by the 1 in. long CCD
sensor was ca. 21 nm. Hence a single pixel corresponded to a wavelength interval of ca. 0.02 nm and the spectral resolution measured was
ca. 0.08 nm. Fresh surfaces of the aged OIP sample were exposed to
each laser shot, with the help of the translational stage. Experiments
were conducted in vacuum as well as in helium ambient. Parameters
such as target position, fore-slit position and laser pulse energy were
varied for optimization of the detected LIBS intensity. The spectrometer
was wavelength calibrated (pixel number to nm) using emission lines of
carbon and aluminium plasmas.

In the initial phase a laser produced plasma will emit strong continuum radiation, which tends to be short lived, followed by long-lived
characteristic line emission from the sample material. In time -resolved
LIBS, spectral detection is delayed with respect to the laser pulse so that
it does not see the initial continuum emission and starts recording only
the characteristic line emission. In the present experiment, spatially
resolved detection is used as illustrated in Fig. 4. The combination of
slits is placed perpendicular to the expanding plasma, through which a
slice of plasma is detected by the spectrometer. Since continuum
emission is short-lived and is nearer to the OIP sample surface, the
detected slice does not exhibit strong continuum emission. An optimal
observing position, not too far from the sample surface can be selected
such that strong line emission, well above any residual background
emission, can be observed and measured.
3. Results and discussion
3.1. LIBS plasma of OIP material in vacuum
A manual calibration of pixel number vs wavelength at different
positions of grating was required. VUV spectra in 30 to 110 nm spectral
range were recorded for virgin and aged pressboard material. It was
seen that emission lines of virgin and aged pressboard material were
abundant in the region 57 to 71 nm, suitable for further studies. Hence
the wavelength range extending from 55 nm to 75 nm was chosen for
study.
The experimental parameters such as position of fore-slit, target and

Fig. 4. Diagram indicating spatially resolved VUV LIBS of aged OIP material.
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Fig. 6. VUV LIBS spectra of aged OIP material (900 h) under He gas ambient at
different pressures.

The increase in intensity of S IV and S V emission lines might be a result
of resonant energy transfer between excited He atoms, which increased
with increasing gas pressure. Around 0.58 mbar of He, the ratio of S to
He atoms was found to be optimal, beyond which, energy transfer and
hence the emission line intensity appears to have diminished.
The signal intensity of S IV (66.14 nm) and S V (66.31 nm) emission
lines at different He ambient pressures and the LIBS intensity ratio of S
to C (C II, 65.12 nm) emission lines, were calculated as shown in Fig. 7
(a) and (b) respectively. For both S V and S IV emissions, the LIBS intensity ratio is a maximum at 0.25–0.75 mbar of He gas ambient. After
that, the intensity ratio was seen to decrease. The absolute signal intensity of S emission lines also decreases above a He ambient pressure
of 0.75 mbar. It was seen that a He gas pressure around 0.58 mbar was
suitable for observing clear and intense S IV and S V emission lines on
thermally aged pressboard insulation material. An emission line of S III
was also visible by using appropriate ambient pressure. In the case of
virgin pressboard material, over a range of pressures from 0.32 mbar to
0.68 mbar, the line intensities of C II and O II were quite good without
much variation.

Fig. 5. VUV LIBS spectra of virgin and aged pressboard material in the wavelength range (a) 57–65 nm (b) 65–71 nm.

lens were adjusted to obtain optimum VUV LIBS spectra of pressboard
insulation material. Figs. 5 (a) and (b) show the VUV LIBS spectra of
virgin and aged pressboard material (aged in air medium) in the wavelength range 57–65 nm and 65–71 nm respectively. Cu emission lines
were not clearly resolved in the case of aged pressboard insulation. On
the other hand, the S III and S IV emission lines were observed in the
LIBS spectra of aged OIP insulation material, unlike virgin pressboard.
This indicated that S is one of the major contaminants diffusing into the
pressboard insulation material due to thermal ageing. Several C II and C
III emission lines were observed in the case of virgin and aged pressboard insulation, representing the base cellulose material. A few O II
emission lines were also common to the VUV LIBS spectra of virgin and
aged insulation material. However, several O III lines were observed in
the case of aged pressboard insulation which were not present for virgin
pressboard. This indicated a possible oxidation of diffused contaminants happening during thermal ageing in air which led to the
abundance of oxygen emission lines. The emission line intensity from
low concentration analytes - Cu and S was significantly lower in the
vacuum ambient used for the generation of VUV LIBS plasma.
3.2. Confining the LIBS plasma using inert gas
It was seen that in vacuum ambient, the intensity of sulphur emission lines in the VUV was low. To confine the fast expanding plasma
and to improve the signal intensity, He gas was introduced into the
target chamber. The ambient gas molecules can reduce the speed of the
expanding plasma and the shock wave generated gives rise to an increase in the intensity of characteristic emission lines. Helium was
chosen as it is inert and also because it does not absorb VUV radiation at
the wavelengths of interest.
Fig. 6 shows the VUV LIBS emission spectra of thermally aged OIP
material (900 h of ageing), obtained at different pressures of He gas.
The pressure was varied from 0.009 to 2 mbar. All spectra were normalized internally with C II 65.12 nm emission line. Since the intensity
of all emission lines increased due to plasma confinement, it was necessary to carry out an internal referencing exercise and hence the C II
65.12 nm emission line was selected.
The intensity of several emission lines of S IV and S V increased due
to plasma confinement by the ambient gas as seen in Fig. 6. At pressures
above 0.58 mbar, the intensity of S V and S IV emission lines decreased.

Fig. 7. (a) Signal intensity of S IV and S V emission lines (b) S to C II intensity
ratio, for aged OIP material (900 h), under different pressures of He gas.
4
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3.3. Optimization of experimental parameters
3.3.1. Optimization of fore-slit position
Optimization of the fore-slit position for the detection of S in VUV
LIBS emission in aged pressboard material in the presence of He ambient was carried out. It was seen that the signal intensity was good at a
fore-slit position of 0.35 mm from the target surface. In the case of
vacuum ambient, the optimum slit position was found to be at 1 mm
from the target surface. In addition, a higher pressure of 1×10−3 mbar
was also used by employing only the rotary vane (backing) pump and
an optimal slit position of 0.75 mm from the target surface was obtained. These two results experimentally prove that a confinement of
LIBS plasma is achieved in an inert He gas ambient. A fore-slit position
of 0.40 mm was the optimum value in the case of virgin pressboard
material. Plasma confinement was observed in the case of virgin
pressboard material as well.
3.3.2. Optimization of laser power
Optimization of the laser power for detection of S in VUV LIBS
plasma of aged pressboard material was carried out. The laser power
was changed by adjusting the flashlamp - Q switch delay (FL-QS delay).
The energy was varied from 20 to 200 mJ. In the case of aged pressboard insulation and a laser output energy of about 100 mJ was found
to be optimum.

Fig. 8. Effect of variation of focus position on S emission intensity for (a) S V,
(b) S IV, (c) C II emission lines

3.3.3. Improvement of signal by averaging
Since the thermally aged OIP material has a surface layer where
contaminants are diffused, the analysis has to be conducted on the top
few layers of the material. Hence single shot measurements at several
points on the OIP material, were made in order to avoid VUV LIBS
sampling of bulk area without contaminants. Due to the single shot
measurement, the intensity was low. The detected emission line intensity was improved above the noise level by averaging spectra.
Several spectra were taken at fresh positions on the surface of aged
pressboard material. A reduction in noise level by averaging was observed for VUV LIBS spectra of aged pressboard material for N = 1,3
and 10, N being the number of single shot spectra averaged. An averaging of 10 spectra was used for subsequent experiments.
3.3.4. Optimal defocusing
For performing VUV LIBS, the laser pulse was focussed onto the
aged OIP surface using a lens. However, it was found that tight focusing
was not necessarily optimal for improving the signal. It has been observed that the study of defocusing above and below the target surface
is important for optimizing the VUV LIBS signal [16]. By varying the
distance from the lens to the OIP target surface while observing at a
constant position without the slit, the effect of defocusing was studied.
Fig. 8(a), (b) and (c) shows the variation of the normalized intensity of
S V, S IV and C II emission lines respectively, with the change in focusing position, above (−ve distances) and below (+ve distances) the
OIP target surface.
S emission lines represented the contaminant diffusion while the C
emission line represented the bulk cellulose matrix. Near the tight focusing region (focusing distance 0), the intensity of sulphur emission
lines was found to drop, compared to the defocused conditions while in
the case of C II emission line, around the tight focusing distances, the
intensity was similar. Further defocusing below the target, from the
zero focus position, caused an increase in emission line intensity for
positions from 0.5 to 1.5 mm. Further, a drop in intensity was observed
due to lower available laser fluence for ablation. Although the peak
intensity was less pronounced while defocusing above the OIP target, in
the case of S V and C II emission lines, S IV showed a larger peak intensity. In summary, it was seen that tight focusing had an effect on
trace element emission intensity such as S, but had a lesser effect on
matrix element emission, such as on carbon emission.

Fig. 9. Emission lines in VUV LIBS spectra in He ambient, for (a) virgin OIP
material (b) aged OIP material.

3.4. Enhancement of S emission lines by plasma confinement using He
ambient
Fig. 9 shows the enhancement of S emission line in a VUV LIBS
spectrum of thermally aged pressboard material in He ambient compared to vacuum ambient. A number of intense S V and S IV emission
lines were observed some of which were not observed under vacuum
conditions. The intensity of the Cu III emission lines at 57.43 nm and
58.54 nm was enhanced as well. These emission lines can be used for
further quantitative analysis of contaminants on thermally aged pressboard insulation. In the case of virgin pressboard material, the C II
emission lines were enhanced in He ambient compared to vacuum
ambient.
3.5. Variation of S emission line intensity with duration of ageing
The VUV LIBS experiment was performed for pressboard material,
aged for different durations to understand the variation of S emission
line intensity with ageing duration. The details of major S emission lines
5
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Table 2
Spectral line parameters of S lines of aged OIP used for VUV LIBS intensity
based analysis [17].
Line

λki(nm)

Ek(eV)

Ei(eV)

gk

Aki(s)

S IV
S IV
S IV
SV
SV
SV

65.55
65.73
66.14
65.98
66.31
69.66

27.85
18.86
18.86
29.13
29.13
33.56

8.94
0
0.12
10.34
6.19
15.76

8
4
6
5
7
5

1.1 × 1010
8.69 × 109
1.03 × 1010
4.77 × 109
6.28 × 109
1.2 × 1010

selected for intensity based analysis are shown in Table 2. For a spectral
transition between an upper energy level k and a lower energy level i,
λki is the wavelength of the transition line, Aki is the transition probability, gk is the degeneracy of the upper energy level k, Ek is the energy
of the upper energy level and Ei is the energy of the lower energy level.
For intensity calculations, each spectrum was internally referenced
using the C II line (65.12 nm). The LIBS intensity ratio was calculated as
the ratio of S IV or SV line intensity to the C II line intensity. The LIBS
intensity ratio for S emission lines was obtained for 10 different positions on the aged OIP material. This was done for pressboard material,
aged for different durations ranging from 200 to 900 h. Mean and
standard deviation values were calculated from LIBS intensities and
were plotted as shown in Fig. 10. With increase in the duration of
ageing, the emission line intensity corresponding to S increased. This
was true for S V and S IV emission lines. The results indicate that VUV
LIBS can be a suitable technique to analyse S contaminant in aged
pressboard material. Having shown that Cu contaminants can be detected in thermally aged pressboard material using UV-VIS LIBS, it is
possible to indicate the diffusion of contaminants such as copper sulphide using LIBS [10].

Fig. 11. Calibration curve of VUV LIBS intensity ratio with measured S concentration (a) S IV emission line (b) S V emission line; Aged OIP specimen of
ageing duration 0, 200, 600, 900 h were used.
Table 3
VUV LIBS Calibration parameters for different S emission lines.

3.6. Quantification of S contaminant in aged OIP material
Since there are no known standards available for OIP material for
LIBS measurement, the sulphur content of each aged OIP specimen was
estimated using a CHNSO analyzer in weight %. VUV LIBS measurements were performed on the selected aged OIP targets under identical
experimental conditions. Variation of LIBS intensity of S IV and S V
emission lines with measured sulfur concentration was plotted and a
calibration curve was obtained as shown in Figs. 11 (a) and (b) respectively. LIBS intensity error bars represent five measurements on
each aged OIP material, which was considered for calibration. The
calibration curve was plotted for different S emission lines. Limits of
detection (LOD), calculated by the relation LOD = 3σ/S where σ is the
standard deviation of the background, S is the slope of the calibration
curve and 3 is the margin above noise level considered. The corresponding goodness of fit parameters and LODs for each calibration

Line

λki(nm)

R2

LOD (% Wt)

Error

S IV
S IV
S IV
SV
SV

65.55
65.73
66.14
65.98
66.31

0.95
0.90
0.99
0.92
0.99

0.459
0.180
0.094
0.227
0.162

0.082
0.047
0.002
0.054
0.015

curve are given in Table 3. It can be seen from the table that S IV
(66.14 nm) and S V (66.31 nm) based calibration curves provide the
best goodness of fit and lowest detection limits. The calibration curves
were tested for VUV LIBS intensity ratio measurements of an aged OIP
sample (ageing duration, 500 h), which was not included in the calibration, as shown in Table 4. It was seen that the accuracy of VUV LIBS
based analysis was mostly 4–7%, however, there was a large error in
some cases (20%) which might be due to the non-uniformity of the
sulphur diffusion in the aged OIP sample under test, as indicated by
large standard deviation of measurement. For a graphical understanding of the uncertainty in the estimate, two 95 % confidence bands
Table 4
Calculated S concentration using calibration curves (Aged OIP of 500 h ageing
duration was used).

Fig. 10. Variation in LIBS intensity ratio of S IV and S V emission lines to the C
II 65.12 nm line intensity on thermally aged pressboard insulation of different
ageing durations.
6

Line

λki(nm)

Measured
S Wt %

Calculated
S Wt %

Error

S IV
SV
S IV
S IV
SV

66.14
66.31
65.55
65.73
65.98

0.72 ± 0.11
0.72 ± 0.11
0.72 ± 0.11
0.72 ± 0.11
0.72 ± 0.11

0.87
0.75
0.69
0.77
0.83

0.15
0.03
0.03
0.05
0.11
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impregnated pressboard (OIP) material. Analysis based on confidence
and prediction bands is particularly useful for LIBS analysis of such realworld processes where large variation in data is possible and measurement is made without the use of calibration standards.
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Fig. 12. Analysis indicating 95 % confidence bands and prediction bands for
VUV LIBS intensity ratio with measured S concentration (a) S IV emission line
(b) S V emission line; Aged OIP specimens of ageing duration 0, 200, 600, 900 h
were used

and two prediction bands were estimated and plotted for S IV and S V
emission lines, as indicated on Figs. 12 (a) and (b) respectively. The
best linear fit regression line has a 95 % chance of falling within the red
95 % confidence bands. The curved confidence bands include boundaries of all best linear fits for the data with a 95%certainity. The area
within the two blue lines of 95 % prediction bands indicate where 95 %
of the data points are expected to fall. The S V emission line showed a
tighter confidence band. Variation in the data is clear from the prediction bands. This kind of VUV LIBS technique with statistical analysis
is a feasible method for sulphur contaminant measurement in aged OIP
material.
4. Conclusion
VUV LIBS, in the spatially resolved and temporally integrated mode,
was found to be suitable for analyzing sulphur contaminant in aged OIP
insulation material of high voltage power transformers. Use of ambient
He gas confined the LIBS plasma and the intensity of S emission lines
increased. Parameters such as position of the foreslit, laser power and
laser defocusing was found to affect the S contaminant emission line
intensity. Tight focusing near the OIP target surface was not desirable
for improving the signal intensity while slight defocusing below the
target surface resulted in good intensity of S contaminant emission
lines. The intensities of sulphur contaminant emission lines were found
to increase with increase in the duration of ageing of the oil
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