JI.H. I'ymusieB arbiHgarbl Eypasust yaTThIK YHUBEPCHTETIHIH xabapiibicbl. Pusnka. AcTpoHOMUS
cepusicol, 2021, Tom 136, Ne3, 35-44 6errep
http://bulphysast.enu.kz, E-mail: vest phys@enu.kz

IRSTI: 29.31.15

V.B. Yassinskiy !, Yu.A. Kuznetsova 2

Karaganda Technical University, Karaganda, Kazakhstan
(B-mail: yas@inboz.ru' , yulia_ ksenia@mail.ru? )

About Kerr’s fringes formation

Abstract: the Kerr effect is widely used to study the characteristics of transparent media and the
processes occurring in them, along with a variety of optical methods of experimental investigation,
in which an isotropic substance placed in an electric field acquires the property of a uniaxial crystal
with an optical axis directed along the applied field. As a result, birefringence occurs and a fringe
pattern is formed at the exit from the Kerr cell, which is very similar to the interference pattern.

These stripes are lines of the equal phase shift between ordinary and extraordinary rays. However,
another explanation of the reason for their occurrence is possible. The article considers two options
for explaining the formation of Kerr bands such as from the point of view of polarization and
interference. The conditions for the occurrence of both types of bands are considered. It is shown that
kerrograms can be converted into interferograms in bands of infinite width by simply inverting the
resulting pattern. The article considers features of the implementation of experimental methods of
classical and holographic interferometry. From a practical point of view, they are quite complex and
costly. Therefore, it is concluded that for optically active media, in several cases, the experimental
methods for obtaining interferograms can be replaced by a simpler electro-optical method, and
well-developed methods for processing interferograms can be used for processing kerrograms.

Keywords: polarization, interference, holography, optical path difference, Kerr effect, kerro-
grams, phase shift.
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Introduction. Methods of classical and holographic interferometry stand out among the most
widespread methods of visualizing transparent phase objects.

However, if the medium in question is nonlinear and optically active, electro-optics based on the
Kerr effect can be of great help.

Each of these methods has its pros, cons, and its field of application.

Interferometric methods [1, 2| are realized by creating at least two interfering beams, one of
which passes through the object, the other through free space. The resulting interference pattern is
determined by the phase profile of the A® field after the investigated inhomogeneity and can serve
to determine the required parameters. These methods have several disadvantages — they require
alignment of the optical paths of light beams and many optical elements of very good quality. Because
here the wavefronts of beams that have passed along different paths at the same time interfere, all
additional phase distortions reduce the measurement accuracy.

Interferometry, which was discovered back in the 19th century, and now occupies a worthy place
in the arsenal of experimental research methods. Figure 1 shows a setup designed to study laser
breakdown of liquids in the nanosecond range |2, 3]. The advent of lasers and computer technology
greatly facilitated the work of experimenters, but the shortcomings inherent in the method did not
go away. This is the need for very high-quality, and therefore very expensive, optics and a high
degree of vibration protection of research facilities.
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Figure 2 shows the fragments of the interferograms obtained on the installation.

Ficure 1 — Experimental setup with a Mach-Zehnder interferometer [2]
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Ficure 2 — Fragments of interferograms measured at different time delays, illustrating the dynamics of a warmed channel
in ethanol. The output of the laser pulse was 65 mJ. The radiation goes from right to left. The arrows indicate the planes
where the radial distributions of the refraction index were calculated

Holographic interferometry [4-8| lacks some classical disadvantages. Requirements for the quality
of optics are significantly lower since during registration in real-time and by the method of two
exposures, the wave fronts of beams that have passed along the same path at different times interfere.
All distortions that exist in the optical paths at both exposures are mutually compensated, and only
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the appeared difference in the phase distribution is recorded. But the number of optical elements is
quite large in this case. In addition, it is necessary to ensure the high mechanical stability of the
circuit during the entire measurement process.

Holographic interferometers sometimes require even more optical elements than classical ones
(Figure 3).
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F1GUurE 4 — Plasma torch interferograms obtained on the experimental setup with Fig.3

The electro-optical method based on the Kerr effect [9-11] is distinguished by the simplicity of
the optical scheme (Figure 5) and does not require vibration protection and high-quality optics.
In addition, since the Kerr effect manifests itself under the action of an external electric field (the
optical axis is induced in the medium), it becomes possible to relate the optical characteristics of
the resulting pattern with the electrical parameters in the investigated region of the object.
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Ficure 5 — Optical scheme of obtaining Kerr bands
Moreover, the fringe patterns (kerrograms) obtained in this case are very similar to the interference
patterns (Figure 6).
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Ficure 6 — Kerrograms — bands of equal phase shift A® between ordinary and extraordinary rays

The commonly obtained Kerr band diagrams are explained in terms of polarization. However,
the generality of the form of kerrograms and interferograms suggests a connection in this case
between polarization and interference phenomena. In addition, the simplicity of the optical design
is captivating. For these reasons, it makes sense to try to understand when and how interference
methods can be replaced by electro-optical ones.

The main results.

Kerr effect. If nitrobenzene is placed in an electric field, it will become a nonlinear uniaxial
medium with an induced optical axis oriented in the direction of the field.

When a plane-polarized light beam hits perpendicular to the optical axis, it is divided into two
beams (ordinary and extraordinary), which move at different speeds and are polarized orthogonally
to each other. As light passes through the induced optical axis nitrobenzene, its initial state of
polarization undergoes a series of changes.

Depending on the angle at which the plane of polarization of the normally incident light is oriented
to the optical axis, the ratio of the intensities of the o- and e-rays is different. If this angle is 45°,
then the intensities of both rays are the same. A decrease in the angle (towards 0°) leads to a
decrease in the intensity of the e-beam, and an increase in the angle (towards 90°) leads to a
decrease in the intensity of the o-beam.

If the velocities of the o- and e-rays are different, the refractive indices will also be different, which
depends on the strength of the electric field.

2 1
Ne = n + gABE2 and no=n— gABEQ, (1)

where n. is the refractive index of the extraordinary ray; n is the refractive index of an ordinary
ray; n is the refractive index in the absence of a field; A is the wavelength of light; B is Kerr
constant, E is electric field strength.

Due to their different velocities (v, = ¢/n., and vy = ¢/n, ), a phase shift A® arises between
the ordinary and extraordinary rays, which after passing the distance [ in the medium is equal to

_271'

Ad
A

(ne —no) - 1. (2)
Taking into account expressions (1), we obtain for the phase shift

A® =21 -B-1-E> (3)
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The light beam (most often it is a laser) at the entrance to the Kerr cell (Fig. 5) is converted
by polarizer P; into a linearly polarized one with a polarization plane oriented at an angle of 45 °
to the direction of the induced optical axis. When passing through the Kerr cell, initially linearly
polarized light propagates in the form of elliptically polarized light, which is a superposition of two
orthogonally polarized waves with a phase shift (3).

As it propagates through the Kerr cell, the form of beam polarization undergoes changes (Figure
7) — linear, elliptical, circular, elliptical, again linear, and so on. As a result, this leads to the fact
that the intensity of the light passing through the analyzer P, of the Kerr cell crossed with the
polarizer P, changes.

FIGUurE 7 — Transformation of the type of polarization of light, depending on the phase incursion when it passes through
nitrobenzene in the Kerr cell. E is the direction of the electric field strength vector

The result obtained at the exit from the Kerr cell will be considered from two positions: polar-
ization and interference.

Polarization. Depending on the ratio of E, and FE., the angle o between the resulting vector F
and the transmission plane of the output polarizer P> changes the intensity of the light transmitted
through it [9].

I=1Iy-sin*(a) =1Iy-sin® (L) = Iy - sin®*(7 - B-1- B?).

As a result, we get a picture of Kerr bands, which are lines of equal phase shift. The maximum
will be if:

(k)
sin? (A2) =1 = A%mes =7 4= (2m+1)7
or
ADE) = 2m+r  (light fringe).

The minimum will be if:
. A
sin? (42) =0 & A% _ e
or

AW —omp (light fringe).

min
Herem =0,1,2, 3, ...
Figure 8 shows the kerrograms obtained near the tip of the tip-plane system at the pre-breakdown
stage of the electrical breakdown of nitrobenzene [13].
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Ficure 8 — Kerrograms — bands of equal phase shift A® between ordinary and extraordinary rays

Interference. Two conditions must be met for the interference of polarized rays.They must be
coherent, and their polarization planes must coincide. Coherence is achieved by the fact that o-
and e-rays are formed from one plane-polarized ray when it enters a nonlinear medium. And the
condition of parallelism of the polarization planes is given by the analyzer P, (Fig. 5), passing from
both beams only those components that coincide with its transmission plane (item 5 in § 79 [14]).

Thus, after passing through the polarizer Ps, the oscillation planes of the vectorsof the E o- and
e-rays coincide and there is an optical path difference between them

As =22y (4)
2w

therefore, they can interfere. In this case, the maxima will be observed if an even number of
half-waves fits on this path difference

ASpmazr = %—f)\ = Qm% or A@%ﬁx =2mn  (light fringe),
and the minima, if — an odd number of half-waves:

ASpin = 52X = (2m+1)5 or ADU™) (2m+ )7 (dark streak).

min

Comparison of interferograms and kerrograms. Comparison of the conditions for the max-
ima and minima of interferograms and Kerr band patterns shows that they are reciprocal.

Table 1 - Conditions of minimums and maximums

Interferograms Kerrograms
A@%Z& = 2mm A@,(szw =2m+ )7
AD™ — (2m + )7 AD") = o

Both classical and holographic interferograms are of two typessuch as in bands of finite and infinite
width. Let’s consider both types of customization.

Tuning to strips of finite width. When registering interferograms in bands of finite width,
the circuit is first tuned to an infinitely wide strip (uniformly illuminated or darkened registration
field), and then one of the beams is shifted (introducing an additional phase incursion in a known
direction) to obtain a reference system of stripes. In this case, the inhomogeneities in the object
appear in the form of curvature of the support system of stripes. A priori information is not needed
to decipher such an interference pattern. The sign of the change in the phase incursion, that is,
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the direction of counting the bands, is set by the direction of the shift of the optical elements of
the circuit when creating a system of these bands. In this case, the resulting phase incursion is
considered simply as the shift of the band from the reference in fractions of the stripe pitch of the
reference picture.

Ficure 9 — Holographic and classical interferograms when tuned to finite width bands: a — holographic interferogram of a
plasma bunch output from the electric breakdown channel of a solid dielectric [15]; b — classical candle flame interferogram
[16]

Tuning to strips of finite width. In case of interference of identical wavefronts propagating
in the same direction and having a phase incursion constant at all points, the resulting interference
pattern is one single strip — dark or light, depending on the phase ratio of the interfering waves. With
this method of tuning, the changes made by the object will appear in the form of closed interference
fringes, both outlining the inhomogeneity and located inside it. However, such an interference
pattern can be deciphered only by a priori knowing the sign of the change in the phase incursion
when passing from one band to another. This information is missing in the resulting picture.

Ficure 10 — Holographic and classical interferograms when tuned to an infinitely wide band: a — holographic interfero-
gram of a plasma bunch output from the electric breakdown channel of a solid dielectric [15]; b — classical candle flame
interferogram [16]

Conclusion. Thus, both kerrograms and interferograms, when tuned to an infinitely wide band,
register the distribution of optical inhomogeneities in the observation area. But, if the interference
fringes are lines of equal optical path difference is of the interfering waves, then the kerrogram is the
lines of equal phase shift S between the ordinary and extraordinary beams that emerged from the
Kerr cell.

The conditions for maxima and minima for interferograms and kerrograms are reciprocal (Table
1). Therefore, if we invert the kerrogram, we get an interferogram. In the process of registering
a kerrogram, a picture of reference bands is not created, and when decoding kerrograms, a priori
information about the sign (direction) of the phase shift change is also needed. Therefore, the
resulting interferogram will correspond to an infinitely wide bandwidth setting.
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)

b))

Kerrograms — lines of an equal The inverting of  Interferograms — lines of equal
phase shift direction optical path difference

Ficurge 11 — Inverted kerrograms as an analogue of interferograms when tuned to an infinitely wide band

Thus, the obtained kerrograms after inversion can be decoded using any of the currently de-
veloped methods for processing interferograms in bands of infinite width. Although the problem
of determining the direction of the phase shift does not disappear.In addition, for optically active
media the difficult experimental methods of obtaining interferograms can be replaced by a simpler
electro-optical method.
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Kepp >koJ1aFbIHbIH, NIaiiga 60oJIybl Ty paJibl

Ansoraumsi. Mesgip oprajapiblH, CAIATTAMAJIAPBIH YKOHE OJIap/a OOJAThIH MPONECTEPAl 3€PTTEy YIIIH SKCIIEPUMEHTTIK
3epTTeyY/IiH KOITereH ONTUKAJBIK d/1icrepiMen Kartap Kepp addekTici KeH KoJIIaHbLIa Ibl, OH/IA JIEKTD OPiCiHe OPHAJIACTBIPHLIFAH
M30TPOITHI 32T ONTHUKA KOMeriMeH Oip OChTi KPUCTAJIbIH KacueTiH ajajbl. KoJigaHbuiaTblH epic 60ibIMEeH 6arbITTAJFaH OCh
HOTUXKECIHJIe eKi ChIHy maiiga Oouibin, Kepp ySIIbIFbIHAH IIBIKKAH Ke3Je *KHEeK ChI30achl KaJIbIITacaibl, Oyl nHTEepdEpPEHIns
yJricine ere ykcac.

Byn xomakrap KapamafibIM >KoHE Ke3€KTEH TBHIC COyJIeslep apachbIHIArbl (pa3asblk, albIPMAIIBUIBIKTEIH, TEH CHI3BIKTAPHL.
CounbiMeH KaTap, oJapblH Haiima 60y cebebin Gacka oiicnen Tycinaipyre Gomansl. By xxymbicra 6i3 Kepp KonakTapbIHbIH,
naiiia OOyBbIH TYCIHIIPY/IH €Ki HYCKACBIH KapacTbIPpaMbI3: MOJISIPU3AIUs MeH WHTepdepeHus TyprbicbiHaH. 2KoJsiakrap/biy
ekl TypiHiH me naiiza 6osy maprTapbl KapacThIpbLiaigbl. Kepceriirenzeil, kepporpaMmaJiap/ibl MIEKCi3 eHi 6ap Jauana3oHarsl
nHTepdeporpaMmmanapra TypJeHaipyre 6osagel. KiraccuKasbIk, KoHE roJIorpadUsiIbK HHTEPAEPOMETPHSHBIH, 9KCIEPHIMEHTTIK
o/icTepiH eHri3y epekInesiKTepi KapacThIpbLiabl. [IpakTUKaJbIK TYPFBIJAH ajJFaHa, ojap eTe Kypesi koHe KbpiMoaT. [lemexk,
OINTUKAJIBIK, AKTUBTI TachbIMaJIIaylIbliap YIIiH 6ipkaTap Karmaiiap/ia nHTepdeporpaMMaHbl ATy IbIH SKCIEPUMEHTTIK 9/IiCTepiH
KapanaiibIM 3JIEKTPO-OITHUKAJIBIK OJICIIeH aJMacTbIpyFa 00Jalibl, ajl KeporpaMMmaJjapibl ©HAEY YIIIH HHTepdeporpaMMaHbl
OHJIEYIH YKAKChI 931pJIeHreH 9JIiCTePiH KOJaHyFa 60J1adbl JereH KOPBhITBIHIbI YKaCaIa Ibl.

Tyiin cesnep: mnoJssipusanusi, UHTepdEpPeHlus, rojorpadus, OINTUKAJIBIK >KOJ alblpMalbLIbirbl, Kepp 3sddexrici,
KepporpamMmmasiap, asablK BIFBICY.

B.B. fcuncknii, FO.A. Ky3HenoBa
Kapazanduncrkutl mexrnuveckuts yrusepcumem, Kapazanda, Kazaxcman

O dopmupoBannu nosioc Keppa

Anvoranus. Jlas ucciegoBaHusI XapaKTEPUCTHK IPO3PAYHBIX CPEJl U IPOMCXOISAIIMX B HHUX IIPOIECCOB HapsiIy C
MHOKECTBOM OIITHYECKUX METOJOB dKCIEPUMEHTAJIHLHOIO HCCJIEJOBAHUS IIHPOKO HCHONb3yeTcs 3ddexkt Keppa, mpu koropom
M30TPOITHOE BEIIECTBO, IIOMEIIEHHOE B SJIEKTPUYECKOE TI0JIe, IIPHOOPETAET CBOMCTBO OJHOOCHOIO KPHUCTAJIIa C OITUYECKON OChIO,
HAaIIPABJICHHON BAOJIb IPUIOXKEHHOIO I0JIsA. B pe3ysbrare BO3HUKAET ABOMHOE JIyIelpesIOMIICHNE U Ha BbIxoAe u3 sueiiku Keppa
dopMupyeTCst KapTHHA I0JIOC, OYEHb [I0XOXKasi Ha NHTeP(EPEHIMOHHYO.

OTH HOJIOCH NIPEACTABIIAIOT COOOH JIMHUU PaBHOHU pa3HOCTH (a3 MeXKAy OOBLIKHOBEHHLIMU U HEOOLIKHOBEHHBIME JLyTIaMM.
OpiHaKO BO3MOXKHO U Apyroe OObsICHEHHE NMPUYMHBI MX BO3HUKHOBEHHs. B naHHOI paboTe pacCMaTPHBAIOTCS [1Ba BApUAHTA
obbsacuenuss dopmuposanust monoc Keppa: ¢ Toukm 3peHust monspusanuu u uHTepdepeHnuu.  PaccMOTpPEHBI yCIOBHUsT
BO3HUKHOBEHUsI OOOMX THIIOB IIOJIOC. ITokasaHo, YTO KepporpaMMbl MOXKHO IIpeoOpa30oBaTh B HHTep(EpPOrpaMMbl B
oI0cax GECKOHEYHOH IMHPHUHBI IPOCTHIM HHBEPTUPOBAHHUEM IIOJIy<IE€HHON KapTHUHBI. PacCMOTPEHBI OCOOEHHOCTH PEAIM3AIINH
SKCIIEPUMEHTAIBHBIX METOJIOB KJIACCHYeCKOil u rosiorpadudeckoil narepdepomerpun. C IPaKTUYECKOW TOYKU 3PEHUs] OHHU
JOCTATOYHO CJIOXKHBI U TPEOYIOT 3HAUUTEJNbHBIX 3aTpaTl. llosToMmy menaercst BBIBOJL, UTO [JjIsi OINTHYECKU AKTHUBHBIX CPEX B
psijie Clly4aeB SKCIIEpUMEHTAJIbHbIE METOJbI IOJIy4YeHUsI MHTeP(EPOrpaMM MOXKHO 3aMEHSITh 0OoJiee IPOCTHIM B HCIOJHEHUH
JIEKTPOONTUIECKIM METOIOM, a [t OOpabOTKH KepPOrpaMM HCIOIb30BATH XOPOIIO pPa3paboTaHHBIE MeTOALI 00paboTKU
nHTepdeporpamm.

KiroueBbie cJiioBa: rnosisipusaniusi, wuHTepdepeHnus, rojorpadus, ONTHYECKas PpPas3HOCTb xoda, 3ddexr Keppa,

KepporpaMMbl, »a30BBIil CIBUT.
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