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1 Introduction

The role of experimental studies of pre-
breakdown processes in liquid insulation, especially 
non-contact and non-invasive ones, cannot be over-
estimated. The study of fast processes, which previ-
ously manifested themselves significantly in liquids, 
became possible due to the development of high-
speed optical methods that make it possible to reveal 
various processes using schlieren- and shadow pho-
tographs [1-4] , spectroscopic [5-8] and electro-
optical methods [9-12]. Numerous experimental 
studies of pre-breakdown processes in dielectric liq-
uids have shown that the nature of these processes 
differs significantly depending on the nature of the 
liquid, the length and configuration of the discharge 
gap, as well as the duration, polarity, amplitude of 
the applied voltage pulses, etc. 

Of all the optical methods, the Kerr effect is the 
only one that provides a direct connection between 
the optical and electrical parameters of the object of 
study. However, the interpretation and interpretation 
of electro-optical measurements in optically active 
liquids is not only rather laborious but also must 
take into account various factors that arise and are 

not taken into account earlier. Any liquid makes an 
additional contribution to the modulation of the light 
beam associated with the configuration of the elec-
tric field and the value of the Kerr constant. As a 
result, the data obtained during the processing of 
experimental kerrograms do not always satisfy re-
searchers.

The Kerr constant depends not only on the type 
of liquid [13] and on the wavelength of the probing 
radiation [14] but also on the liquid temperature 
[15]. Therefore, when studying with a laser and in-
terpreting the results obtained, it is necessary, at 
least, to know the temperature distribution over the 
diagnosed zone and the reasons for its change. 
When using low-power lasers in uniform tempera-
ture and electric fields, no questions arise. The elec-
tro-optical method is indeed non-invasive, the Kerr 
constant justifies its name, and the research tool 
does not affect the object of study.

However, this is not always the case.

2 Methodology

The works [16] and [17] describe a series of 
electro-optical studies of the pre-breakdown stage of 
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the electrical breakdown of nitrobenzene. Due to the 
high labor intensity of the process of processing ex-
perimental data and the lack of adequate physical 
and mathematical models of the processes occurring 
in the near-electrode zone, a complete analysis has 
not been carried out. All data extracted from ker-
rograms in these works were obtained under the as-
sumption that the method is invasive and the Kerr 
constant is unchanged.

To verify this statement, we took one of the ex-
periments presented in [17] and [18] (see Fig. 1).

The kerrogram (see Fig. 1) was obtained at the 
pre-breakdown stage of nitrobenzene breakdown. 
The measuring cell was a quartz glass tube, into 
which specially prepared nitrobenzene was 
poured. The inner diameter of the tube is 15 mm. 
The electrode system consisted of a point with a 
radius of curvature of 0.3 mm and a plane with a 
diameter of 14 mm, made according to the 
Rogowski profile. The distance from the point to 
the plane is 30 mm. Stainless steel electrodes. 
Voltage 120 kV.

Figure 1 – Distribution of Kerr bands near the tip-anode (a)
and the phase shift distribution restored from it (b) along the axisymmetric electrode system;

z/r0 = 1+z/r0 is the relative distance from the tip along the axis of symmetrical
(r0 is the radius curvature of the tip)

When studying pre-breakdown fields in polar 
liquids of the electro-optical Kerr effect, after the 
passage of a light beam through a polar dielectric in 
an electric field, the state of polarization of the prob-
ing radiation changes. The change in polarization
can be converted into a change in the intensity of the 
transmitted light, for example, using an analyzer. In 
the case of crossed polarizer and analyzer oriented 
at an angle of 45° to the direction of the external 
field, the relative intensity of radiation after passing 
through the object is determined by the expression:

( ) ( )222

0
2sin2sin EBI

I ⋅⋅⋅=∆Φ= π (1)

Here I0 and I are the intensity of the probing 
beam at the input and output from the Kerr cell, re-
spectively, ΔΦ is the phase shift; B is the Kerr con-

stant; ℓ is the path length of the probing beam 
through the Kerr cell; E is the electric field strength.

The Kerr constant does not change, and the field 
strength E is assumed to be the same throughout the 
beam path, which is true only for rare cases.

The phase shift ΔΦ is determined directly from 
the kerrogram, which is a picture of lines of the 
equal phase difference between the ordinary and 
extraordinary rays. Extracting information from ex-
perimental kerrograms is a rather ambiguous task. 
The fact is, the direction of the phase shift during 
decoding must be known a priori. In this way, a ker-
rogram is very similar to an interferogram when 
tuned to an infinitely wide band [18]. There is no 
such information in the kerrogram itself. Therefore, 
first of all, it is necessary to determine the reference 
band, for which the phase shift is known and close 
to zero, and then from it, calculate the phase shifts 
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for the remaining bands. Usually, the reference band 
is chosen in the region where there are no disturb-
ances or they are very small. For a point-plane sys-
tem, for example, this is a strip located far from the 
point. For other electrode systems, the situation is 
more ambiguous. If the reference band is deter-
mined incorrectly, then the results are not accurate, 
especially when the dimensions of the experimental 
kerrogram are insufficient.

The development of IT technologies and com-
puter modeling methods has made it possible to take 
a new approach to the problem of restoring the 
physical properties of an object by analyzing exper-
imentally obtained kerrograms.

Obtaining information about the electrical pa-
rameters of a liquid dielectric from the Kerr pattern 
is a rather complicated problem. Therefore, we have 
developed a method for deciphering kerrograms 
based on the most complete reproduction in a com-
puter model of the geometric, physical, optical, and 
electrical conditions of a real experiment [19]. The 
criterion for the correctness of the computer model 
is the coincidence of the visualized results of the 
calculation with the real kerrogram.

The calculations were carried out by the finite 
element method in a 3D model of the measuring 
cell. The Z axis (Fig. 2) coincides with the direction 
of the electric field applied to the measuring cell.

Figure 2 – Scheme of sounding during simulation

The electric field strength E was now deter-
mined as a function of the distance traveled by the 
beam through the measuring cell:

( ) ( )( )∫⋅⋅= dyyEBI
zxI

z
22

0
sin, π , (2)

where Ez is the projection of the electric field 
strength vector onto the Z axis.

Reproducing the experimental conditions from 
[16] as fully as possible, we obtained a calculated 

kerrogram, which we compared with the experi-
mental one.

Fig. 3 shows the calculated and experimental 
kerrograms.

It can be seen that the kerrograms from Fig. 3 
match only qualitatively. The simulation technique 
used by us made it possible to obtain the phase shift 
distribution ΔΦ/π, which made it possible to quan-
titatively compare our calculations with the results 
obtained after manual processing of the experi-
mental kerrogram.
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Figure 3 – Calculated (a) and experimental (b) kerrograms [7]

Figure 4 – Here 1 is an experimental (see fig 2) digitized curve (ΔΦ/πmin ~ 5.10exp.), 
2 is the calculated one (ΔΦ/πmin = 5.06calc.), z/r0 is the relative distance from the tip. Voltage 120 kV

Both curves are plotted for a constant В = 3×10–-

12 m/V2. Since 22 EB ⋅⋅⋅=∆Φ
π

, then a simple 

increase in the constant B will not bring the theoreti-
cal curve to the experimental one.

In our model

( ) ( ) ( )∫⋅=
∆Φ dyzyEzBzy

z ,2, 2

π
(3)

or

( ) ( )
( )∫⋅

∆Φ
=

dyzyE
zyzB

z ,2
,

2π
.               (4)

Digitization of the experimental curve and re-
gression analysis gave the dependence

( )
3286521,2

0 )/(
7645699,24,
rz

zy =∆Φ
π .           (5)
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The integral ( )∫ dyzyEz ,2 doesn't depend on B,
therefore, from the joint solution of equations (4) 
and (5) by the numerical method for U = 120 kV, 
the dependence of B on z/r0 was obtained:

( )
( )∫⋅

=
dyzyErz

zB
z

kV ,2)/(
7645699,24

23286521,2
0

120
.        (6)

The calculation of ΔΦ/π = f(z/r0) by the formula 
( ) ( ) ( )∫⋅=

∆Φ dyzyEzBzy
zkV ,2, 2

120π
gave a com-

plete coincidence of the obtained curve with the ex-
periment (see Fig. 2, curve 1). Thus, within the 
framework of our model, in order for the calculated 
results to coincide with the experimental data, it is 
necessary to admit the possible inconstancy of B.

Figure 5 – Variation of the Kerr constant along the axis of symmetry

Therefore, it was necessary to look for the rea-
son for such behavior of the Kerr constant.

But first, it was logical to see how the view of 
the calculated kerrogram changes, provided that B ≠ 

const. Following the algorithm proposed in [19], we 
obtained a new calculated kerrogram and compared 
it with the existing ones. The results of the compari-
son are shown in Fig. 6.

Figure 6 – Kerrograms: a) calculated, B = 3.0×10–12 m/V2 [6]; b) experimental [4]; 
c) calculated, B is determined by formula (3) [8], p. 757]
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If the left picture (Fig. 6a) at a constant Kerr 
constant practically does not coincide with the ex-
perimental one, then the right one (Fig. 6c), where 
В = f (z/r0), coincided quite well with the central 
one. Differences only in the upper part, starting 
from about 0.2 mm from the tip.

On the left kerrogram, the calculations were car-
ried out with a step of 5 µm. The resulting picture 
has 50 calculated layers from the tip, that is, the 
height of the kerrogram is about 50×0.005 = 0.25 
mm or z/r0 = 1.83 from the tip.

All kerrograms are shown on the same scale. 
The calculation step on the right picture (Fig. 4 c)
was 2 times larger — 10 µm, so the spatial resolu-
tion is somewhat worse there. However, it can be 
seen that the best match is observed up to about 0.2 
mm (z/r0 = 1.65) from the tip.

Of course, the question arises that as you move 
away from the tip up to z = 0.075 mm (z/r0 = 1.25), 
the constant B increases (see Fig. 3), and then be-
gins to decrease. The change is small and, perhaps, 
the whole point is in the numerical methods for ob-
taining functional dependencies. Maybe the reason 
is something else. But the very fact of the coinci-
dence of the calculated kerrogram (Fig. 6b) with the 
variable B = f (z, r0) and the experimental one (Fig. 
6c) gives hope that everything will become clear 
with time.

A good match of the images in the apical zone, 
if the variable B is used in the calculations, made us 
think about the reasons for this. This behavior of the 
Kerr constant is really strange and does not fit into 
the established ideas, but it happens, and in any 
case, one should at least try to explain the results. 
We have made this attempt.

3 Results and discussion

As the temperature T increases, the constant B
decreases [15]. So, it was necessary to try to consid-
er the possible reasons for the heating of nitroben-
zene in the apical region.

3.1 Influence of laser radiation, conduction 
currents, and dielectric losses on the heating of 
nitrobenzene

Let us estimate the contribution of various pro-
cesses (absorption of the energy of probing laser 
radiation; heating by conduction currents; dielectric 
losses), which can lead to a possible increase in 
temperature.

In the experiment [16], a ruby laser with a rod 
120 mm long and 12 mm in diameter was used. The 

illuminator included two IFP-2000 flash lamps. The 
laser was switched to a quasi-continuous regime by 
selecting the resonator configuration and the power 
supply mode of the flash lamps of the pumping sys-
tem with pulse duration of the almost constant in-
tensity of ~300 μs. The Q-switching of the laser was 
passively using a KS-18 light filter. The duration of 
individual giant pulses was at the level of 50-80 ns 
with an interval of 1 to 40 μs between them.

The absorption of radiant energy can be estimat-
ed using the information on the absorption coeffi-
cient of nitrobenzene given in [18], the energy val-
ues in the laser pulse, and the geometry of the exper-
iment.

At a ruby laser wavelength λRb = 694.3 nm, the 
thermal absorption coefficient αT is ~ 8% [21].
Then, at an energy of ~ 1.2 J in the laser pulse, WRb
~ 100.0 mJ is absorbed in the measuring cell at a 
distance of 15 mm. With a laser beam diameter of 3 
mm, this corresponds to ≈ 0.95 mJ/mm3 or 0.95 
J/cm3 for the entire time the light pulse passes 
through nitrobenzene.

During the measurements, an SFR-2M ultra-
high-speed photo recorder was first spun up, which 
launched the laser. After the laser reached the quasi-
continuous mode, a command was given through the 
delay lines to start the GIN-400 generator, and 
frame-by-frame shooting was performed.

The moment of the first enlightenment of the 
passive shutter on the KS-18 depends on the energy 
and stability of the laser. In addition, due to the par-
tial burnout of the dye of the light filter after each 
clarification of the KS-18, the interval until the next 
clarification can also vary within fairly large limits.

Since there is no data on the synchronization ac-
curacy of the beginning of generation and the mo-
ment of frame registration, for estimation it can be 
set equal to half the lifetime of laser radiation.

This means that we can assume that nitroben-
zene in the cell will absorb energy equal to 0.48 
J/cm3.

Joule heat due to conduction currents [17] and 
dielectric losses [22] are estimated at ~ 1 J/cm3. In 
total, we get ~ 1.5 J/cm3.

Therefore, the temperature of nitrobenzene in 
the near-point zone due to radiative absorption and 
heating due to conduction currents and dielectric 
losses can rise, and B can change.

Let's evaluate this possibility:
Specific heat c = 1.43 kJ/(kg·K) =1.43·103

J/(kg·K)
Density ρ = 1.2 g/cm3 = 1.2·103 kg/m3.
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Then if Q = 1.5 J, then 1 cm3 of nitrobenzene 
will heat up to:

ΔT(Q = 1,48 J) = Q/[c·ρ·V)] =
= 1.5/[(1.43·103)×(1.2·103)×1·106] K = 0.87 K.

In [15], the temperature dependence of the Kerr 
constant was obtained:

B(Т) = a0 + a1/T + a2/T2,          (7)

where a0 = 6.556×10–12 m/V2, a1 = – 5.610×10–9

m/V2. and a2 = 1.379×10–6 m/V2.

The joint solution of equations (6) and (7) made 
it possible to determine the functional dependence 
of temperature in our discharge gap on the distance 
to the tip:

T(z/r0) = b0 + b1×(z/r0) + b2×(z/r0)2 +
+ b3×(z/r0)3 + b4×(z/r0)4 + b5×(z/r0)5. (8)

Here b0 = 839.5458731 К: b1 = –1813.0400453 
К; b2 = 2381.7153097 К: b3 = 1553.9419213 К: b4

= 504.7691571 К: b5 = – 65.0502323 К
The dependence obtained for the radius of cur-

vature of the tip r0 = 0.3 mm is shown in Fig. 7.

Figure 7 – Dependence of temperature on the coordinate T = f(z/r0)

Graph from Fig. 7 correlates well with the graph 
in Fig. 5. The points at which B = fB(z/r0) and Т = 
fT(z/r0) change are almost at the same distance from 
the tip with a radius of curvature of 0.3 mm (z/r0 =
1.25 or z = 0.075 mm). Starting from this distance, 
the temperature rises approximately by ΔTQ ~ 1.1 K 
as it approaches the tip, which also does not differ 
much from the value obtained above ΔTE ~ 0.87 K

So, estimates show that the temperature can in-
deed increase by ΔT ≈ 0.87 K. According to the 
formula taken from [15], this gives a decrease in the 
Kerr constant by ΔBT ~ 0.085×10–12 m/V2.

According to the schedule from Fig. 5, it turns 
out that ΔBT ~ 0.096×10–12 m/V2. That is, the num-
bers correlate not only in order of magnitude. The 
discrepancy is due to the fact that the estimates of 
the absorbed energy were very approximate.

Therefore, an increase in temperature and a de-
crease in the Kerr constant in the near-point zone is, 
in principle, quite probable.

But rising temperatures are only one possible 
reason. Another reason is related to the behavior of 
a polar dielectric in a strong external field.

3.2 Influence of a strong electric field on the 
saturation of the polarization of nitrobenzene

In the point-plane system, the electric field, es-
pecially near the tip, is strongly inhomogeneous. In 
this case, the field strength values can reach such 
values that the probability of effects that are impos-
sible or weakly manifested at lower fields increases. 
In particular, this concerns dipole saturation in polar 
liquids. Its essence lies in the predominant orienta-
tion of molecules along the field. As a result, after 
reaching certain field strength, with a further in-



33

V.B. Yassinskiy, Yu.A. Kuznetsova                                                       Phys. Sci. Technol., Vol. 10 (No. 1-2), 2023: 26-34

 

crease in which the dipole moment per unit volume 
can no longer increase.

When an external electric field is applied in a 
polar dielectric, an optical axis is induced, which 
coincides in direction with the electric field strength 
vector. In this case, light propagates in the medium 
in the form of two waves: ordinary and extraordi-
nary. The plane of polarization of the extraordinary 
wave coincides with the main plane, i.e. with a 
plane passing through the direction of propagation 
of the beam and the field vector, and the plane of 
polarization of an ordinary wave is perpendicular to
it. In nitrobenzene, the refractive indices of ordinary 
no and extraordinary rays ne depend on the magni-
tude of the external field:

2

3
1 EBnno ⋅⋅−= λ

and
2

3
2 EBnne ⋅⋅+= λ ,                    (9)

where n is the refractive index in the absence of a 
field; λ is the wavelength of light; B is the Kerr con-
stant, and E is the strength of the external field.

Expressions (9) are approximate and are ob-
tained by expanding the dependence of the refrac-
tive index on the field ( ) 42 EEnEn ⋅+⋅+= βα
into a series, taking into account the terms contain-
ing E2, and are valid when the following condition is 
met:

nEB <<⋅⋅ 2λ .

It was suggested in [22] that the Kerr constant in 
nitrobenzene may also be affected by the occurrence 
of a state of saturation of the dipole polarization at E
≥ 1 MV/cm. The related possible decrease in the 
Kerr constant ( )BnE ⋅<< λ may well be present 
in the described experiments. On the other hand, in 
experiments [20] in the “blade-plane” and “point-
plane” systems, it was proved that at intensities up 
to E = 1 MV/cm, the Kerr constant can be taken as a 
constant. Under the conditions of the experiment 

under consideration (see Fig. 2), the estimate of the 
field strength near the tip gives the value

E = 2U / [r0 ln (4d/ r0)] = 1,34 MV/cm.

Here U and d are the voltage and the gap be-
tween the electrodes, and r0 is the radius of curva-
ture of the tip.

Consequently, according to this criterion, the 
condition for the occurrence of dipole saturation is 
satisfied. This leads to an increase in the field 
strength and a decrease in the Kerr constant near the 
tip.

4 Conclusions

Both considered mechanisms explaining the de-
crease in the Kerr constant near the tip in the tip-
plane system are conjectural and require verifica-
tion. But as versions, they have the right to exist.

In electro-optical studies, the experimental con-
ditions can affect the value of the Kerr constant. If 
the laser is low power, the absorption of its energy 
can be ignored. If the fields are weak, the role of 
electrodynamics causes is negligible. That is, there 
will be neither heating nor saturation of polarization,
and the Kerr constant remains unchanged.

Under the conditions considered by us, it turned 
out that it was in the point-plane system at the pre-
breakdown stages of the development of nitroben-
zene breakdown that the experimental and calculat-
ed kerrograms did not coincide. It was possible to 
bring them to coincidence only by allowing a 
change in the value of the Kerr constant.

Based on the analysis performed, it can be con-
cluded that the electro-optical method of research 
using the Kerr effect cannot always be considered 
non-invasive. In certain situations, the measuring 
tool itself can change the conditions in the diag-
nosed object. Involuntarily, an analogy with the mi-
croworld arises when a measuring tool changes the 
conditions for the existence of the object of study. It 
turns out that under certain conditions, this possibil-
ity must be taken into account in the macrocosm as 
well.
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