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Abstract

An express method for measuring the refractive index, which is one of the main optical parameters of transparent fibres,
is suggested. The method uses focusing properties of a cylindrical lens, which such a fibre is. The possibility to accurately
measure such characteristics of optical fibres as the shell and core diameters, numerical aperture, refractive index profile,
loss, and dispersion is equally important for fibre manufacturers and designers of optical communication systems who should
choose the fibre that meets their requirements best. Almost all measurement methods use the refraction of light rays at the
interface between the media. To do this, one should make samples of given shape and size, which are individual for each
measuring instrument. The suggested method takes into account the fact that when light strikes upon a refractive cylinder
(glass rod, fibreglass), the focusing occurs perpendicular to its axis with a focal region where light rays converge. Behind this
region, the rays diverge again. The position of the focal region is determined by the refractive index of the cylinder. It can be
inside the cylinder, outside it, or on the surface of the cylinder. During the observation of the fibre using a microscope, one
can see that the light, which has passed through the fibre, forms a bright band on its backside against a dark background.
The bandwidth depends on the refractive index of the fibre. The calculations using the methods of geometric optics were
carried out. These methods may be applied over a wide range of fibre diameters. Using strict formulas of diffraction theory,
the distribution of radiation energy in the fibre and its vicinity was calculated. A digital analysis of the resulting pattern
was carried out. The results of the analysis coincided with the results obtained using the methods of geometric optics.
An algorithm for determining the refractive index was worked out. The measurements of the refractive indices of artificial
and natural fibres like fibreglass, webs and human hair (blonde-haired person, brown-haired person, grey hair) were provided.
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Introduction

The refractive index is one of the main optical
parameters of a substance. The possibility to accurately
measure such characteristics of optical fibres as the
shell and core diameters, numerical aperture, refractive
index profile, loss, and dispersion is equally important
for fibre manufacturers and designers of optical com-
munication systems who should choose the fibre that
meets their requirements best. Many methods have been
suggested, and a large number of complex devices have
been developed for their implementation. Some of these
devices were designed to measure the characteristics of
fibres in the process of their manufacture; others were
designed to use fibres in communication systems.

For visible light, the most transparent media have
refractive indices between 1 and 2. Gases, due to their
low density at atmospheric pressure, have a refractive
index close to 1. Almost all solids and liquids have
a refractive index greater than 1.2, except aerogel, which
is a solid with a very low density, and its refractive
index is in the range from 1.002 to 1.3. Moissanite
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is at another end of the range. Its refractive index
reaches 2.65. Most plastics have refractive indices in
the range from 1.3 to 1.7, but their values of some
polymers reach up to 1.76.

In the infrared range, the refractive indices can be
much higher. Germanium is transparent in the wave-
length range from 2 to 14 microns and has a refractive
index of about 4. In the second half of the 2000s,
a new type of material was discovered, called topologi-
cal insulators, which has a very high refractive index
up to 6 in the near and middle infrared ranges. These
properties are potentially important for applications
in infrared optics.

Almost all measurement methods use the refrac-
tion of light rays at the interface between the media.
To do this, one should make samples of given shape
and size, which are individual for each measuring
instrument [1—3]. The measurement process is deter-
mined by standards and methods, for example [4, 5].
The measurement error of such methods is small. This
is usually the fourth to sixth decimal place.
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The disadvantage of the methods mentioned above
is that measurements are carried out on purpose-
made samples of raw material, but not on finished
products. They may not always be used if the object
has a specific shape, such as cylindrical or spherical.

There are methods for rapid control of the pro-
perties of optical products. In [6], a simple method
for determining the refractive index of liquids in thin-
walled cylindrical vessels or solid cylindrical bodies,
including fibreglass, is described. The method is based
on the phenomenon of light refraction in cylindrical
lenses. If some straight line forms an angle a with the
axis of the cylinder, then the pattern of the line is
rotated by this angle when the straight line is observed
through a transparent cylinder (Fig. 1).

Fig. 1. Image distortion by a cylindrical lens

The angle & depends on the angle o and the re-
fractive index of the cylinder n and does not depend
on the diameter of the cylinder:

n

o= arctg[ tgocj—a,

2—n
therefore
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In [7], to measure the refractive index of a fibre,
it was suggested to use a feature of the backscattering
indicatrix [8]. There is a region of the increased in-
tensity of scattered light bounded on both sides by its
maxima, which is called the “rainbow region” (Fig. 2).

The angular size of the “rainbow region” is deter-
mined by the formula

Laser —-

Fig. 2. Scattering indicatrix of a cylinder in the “rainbow region”:
1 — source of light, 2 — screen, 3 — cylinder
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It depends only on the refractive index and does not
depend on the diameter of thick cylinders (D>>)).

The accuracy of the described express methods is
not high, and it is approximately two decimal places.
Their advantages are simplicity and the possibility to
work with finished products made of fibreglass.

The method suggested here takes into account the
fact that when light strikes upon a refractive cylinder
(glass rod, fibreglass) perpendicular to its axis, the
focusing occurs with a focal region where light rays
converge. Behind this region, the rays diverge again.
The position of the focal region is determined by the
refractive index of the cylinder.

Fig. 3 shows the distribution of light intensity
inside a cylinder with a refractive index n = 1.5 and
in its vicinity calculated using strict formulas of dif-
fraction theory. One can see a converging beam of the
light inside the cylinder, a focal region near the rear
surface of the cylinder, and a region of high intensity
on the surface of the cylinder. Fig. 3b shows the
microphotograph of a fibreglass obtained in transmitted
light. In the middle of the cylinder there is a light
band, which is a region of high intensity of the light
focused by the cylinder.

1l

a b
Fig. 3. Focusing of the light by a cylinder: a — light intensity
distribution, » — microphotograph in transmitted light

This effect can be used to measure the refractive
index of the fibre material. The measurement process
consists of the fibre pattern processing, which is
obtained using a microscope. One cannot expect the
high accuracy of this method. However, its advantages
are the simplicity of measurements and processing of
results. In addition, one can measure the parameters
of the finished product, taking into account possible
changes in the material that occurred during the
manufacturing process.

Theoretical ratio

Let us consider the propagation of a thin beam
through a cylinder (Fig. 4).

A beam parallel to the x-axis strikes upon a cy-

linder with radius  to point B with coordinates
X, =—FrcosQ, y,=rsingQ,

where ¢ is an incident angle.
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Fig. 4. Beam propagation through a cylinder

Upon entering the cylinder, the beam is refracted h/D

according to the law

where y is the angle of refraction, n is the refractive
index.

Let us get the equation of the refracted beam y =
=kx + b. From geometric constructions, it follows that
the angular coefficient is a straight line

k=-tg(o-v), (1)

and the parameter that defines the intersection point
of the line with the y-axis is

b=r[sino—tg(¢—y)cose]. @

Let us get the intersection points of the straight
line y = kx + b with the circle x> + y? = r?, ie.
the coordinates of the points where the ray enters and
leaves the cylinder. The solution of the resulting sys-
tem of equations is

) —kb— [ —(k* +1)(6* - 1)

X, = FERR) , v, =kx, +b, "
—kb+ \[l20* — (K +1) (6 - 1)
X, = PERR] , ¥y, =kx, +b.

Parameters k£ and b are determined by (1) and (2).
The first pair of coordinates corresponds to the
entrant point of the beam into the cylinder,
X =Xoo V1=V
The second pair corresponds to the egress point
of the beam from the cylinder. The distance bet-
ween point C and the x-axis is half of the bright

band on the surface of the fibreglass observed
during measurements with a microscope (Fig. 3b).

Its width is determined by the refractive index of
the fibre.

The dependence of the width of the bright band
h on the refractive index n is shown in Fig. 5 by
line 1 (geometric optics) and line 2 (calculated using
strict formulas of diffraction theory). For low refractive
indices, the focal region is located outside the cylinder,
and the width of the light band # on its surface is large.
If the refractive index increases, the focusing of light
increases, the focal region gets closer to the surface
of the cylinder, and the width of the bright band on
its surface decreases. If the refractive index further
increases, the focal region shifts inside the cylinder,
a diverging light beam strikes upon its surface from
the inside, and the width of the bright band increa-
ses again.
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Fig. 5. Dependence of the width of the bright band on the cylinder
on the refractive index, 1 — geometric optics, 2 — strict formulas

This is also clearly seen in Fig. 6a, 7a, 8a,
which show the paths of rays in the cylinders with
the refractive indices of 1.2, 1.5 and 2.

Fig. 6b, 7b and 8b show the distribution of light
intensity inside the cylinder and around it calculated
by strict formulas describing light diffraction on the
cylinder [1]. One can see a good coincidence of the
pictures built on the laws of geometric optics with the
ones built on the formulas of light diffraction.

The thin lines in Fig. 5 show the dependencies
h(n) obtained by digital processing of the field distribu-
tion patterns similar to the ones in Fig. 6b, 7b, 8b. They
are built for the values of the parameter p=nD/A\.
from 10 to 100. This parameter characterizes the
ratio between the cylinder diameter and the radiation
wavelength. For the indicated values of p, the cylin-
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Fig. 6. The path of rays in the cylinder (n = 1.2)
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Fig. 7. The path of rays in the cylinder (n = 1.5)

-3 7561008402104
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Fig. 8. The path of rays in the cylinder (n = 2)

der is thick, and the laws of geometric optics can be
applied to such case.

For 1.1 < n < 1.8, the trend of all curves is almost
the same. After the minimum, the trend of curve 1
for the case of geometric optics and for the curves for
strict calculations are also qualitatively the same, i.e.
they increase. However, strict curves grow much more
slowly. The thicker curve 2 is the average value of the
thin curves. Jumps on it are not a consequence of
measurement errors during digitization. Fig. 9 clearly
shows regular alternating maxima and minima with
a period of 0.26 on smoothed curve 2. The focusing

of light is either greater or weaker in these resonances.
1
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Fig. 9. Dependence of the width of the bright band on the cylinder
on the refractive index, 1 — geometric optics, 2 — diffraction theory

The monotonically decreasing branch of the
dependence A(n) can be used to measure the re-
fractive index of fibreglass by performing required
measurements with a microscope. The accuracy of such
measurements is low. However, for a quick assessment
of the refractive index, this method is convenient.
There is no need to make samples of a certain shape,
as in the case with other methods, and no need to use
special liquids with a known refractive index.

Fig. 10 shows the section of a theoretical
curve for the refractive indices from 1.1 to 1.8 with
a thick dotted line on a larger scale. By measuring
the value of A/D using a microscope, this curve
can be used to determine the refractive index of
fibreglass. The curve is well described by the depen-
dence

n= + (4)
0466~ +0.578
D

1.8

AN
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Fig. 10. Graduation curve

E3 h/D 1

It is shown in Fig. 10 with a thin line.

Let us estimate the error of this method by
considering its two components:

1. The error of determining the value of A/D
during digitization of the field patterns in the cylinder.

2. The uncertainty caused by the variation of
values when using expression (4).

The patterns of the field in the cylinder have been
processed for several values of the parameter p=nD/A\.
The obtained values for the same refractive index were
averaged, and the standard deviation S was calcu-
lated. Its values were in the range from 0.03 to 0.07.
During estimating the error of the method, their
average value S = 0.05 was chosen.

A difference between the values of the refractive
index at the nodal points in Fig. 6 and the values
determined by the approximating curve does not
exceed 0.02.

Thus, the absolute error of determining the
refractive index using this method is several digits of
the second decimal place. It is comparable with the
errors of the express methods described in [6, 7].

This is a rather large error, but, given the simplicity
of the method and the convenience of its use, it can
be useful for online control of the properties of fibre-
glass and other transparent fibres.

Experiment

The refractive indices of several fibres was measu-
red. The measurement results are presented in Table 1.

Such measurement method is suitable for a wide
range of diameters, from 6 to 100 um.

The result of measurements of the refractive
index of fibreglass correlates well with the values of
the refractive indices of the glasses used in fibre optics.
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Measurement results

Ne Fibre type Diameter, pm n An

1 fibreglass 30 1.54 0.020
2 blonde hair 1 75 1.12 0.016
3 blonde hair 2 104 1.23 0.018
4 brown hair 46 1.09 0.010
5 grey hair 50 1.28 0.020
6 spider’s web 6 1.41 0.017

There is a lack of information about the refractive
indices of the human hair in the literature. In [9—12],
its values were taken in the range from 1.47 to 1.55
as approximate. The values of this parameter obtained
here are therefore of interest since they differ from
those available in the literature.

This also applies to the refractive index of the
web, the values of which could not be found in the
available literature.

Conclusions

1. An express method for measuring the refrac-
tive index of transparent fibres is suggested, which is
based on measuring the light flux in a cylinder as in
a focusing lens.

2. The method can be applied over a wide range
of fibre diameters.

3. Experimental tests of the method using
artificial and natural fibres were carried out.
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AHoTauis

3anponoHOBaHO E€KCITPeC-METON BUMIPIOBAaHHSI MOKAa3HMKA 3aJIOMJIEHHSI, SKUH € OZHUM 3 OCHOBHUX ONTUYHUX
MapaMeTpiB PeYOBUHU, MPO30OPUX BOJOKOH. MeTOoa BUKOPUCTOBYE (POKYCYIOUi BJIACTUBOCTI LMUJIIHAPUYHOI JIiH3U, SIKOIO
€ Take BOJIOKHO. MOXKJIMBICTb TOYHO BMMIpIOBATM XapaKTEPUCTUKMU ONTUYHOTO BOJOKHA, TaKi SIK JiaMeTpu OOOJOHKU
i CeplieBUHU, UYWCJIOBY amnepTrypy, Mpodiib MOKa3HWKA 3aJIOMJIEHHS, BTPAaTH i AMCIEpCilo, OMHAKOBO BaXJIMBa SIK [UIS
BUPOOHUKIB BOJIOKHA, TaK i IJig PO3POOHMKIB ONTUYHMX CHUCTEM 3B’SI3KY, SIKMM CJIiJi OOMpaTH BOJOKHO, 10 HalOiiblIe
BiIMOBiNa€e moctaBieHUM BuMoraMm. [IpakTUyHO BCi METOAM BUMipIOBaHb BUKOPUCTOBYIOTh 3AJIOMJIEHHSI CBITJIOBUX ITPOMEHIB
Ha MexXi rofiny cepenoBuill. JIIsi 1IbOro BUTOTOBIISIIOTHCS 3pa3KM 3ajaHoi (hOpMM Ta pO3MIpiB BiAIOBIIHO KOHKPETHOIO
BUMIipIOBaJIbHOTO TIpUJIaay. Y 3alpolOHOBAHOMY aBTOpPaMM METOIi BUKOPUCTOBYETHCSI TOM (pakT, 11O TMpU MadiHHI CBiT/Ia
Ha 3aJJOMJIIOIOYMI LUJIiHAP (CKIASIHUM CTPUXKEHb, CKJIOBOJIOKHO) MEPIEeHAUKYJISIPHO MOro oci BigOyBa€eThCsl (hOKYCYBaHHSI.
YT1BOproeThbes (hoKaabHa 00JIACTh, MO SIKOI CXOMSTHCS CBITJIOBI MpOMeHi. 3a IIi€lo 00JIacTIO TIPOMEHi 3HOBY PO3XOISITHCS.
[TonoxeHHs GhokaibHOI 00JaCcTi BU3HAYAETHCS MOKA3HUKOM 3aJOMJICHHS LWIiHApa. BoHa MoxXe 3HaXOAUTHCS BCEpenvHi
HWJIiHApa, 1mo3a HUM abo Ha moBepxHi muiiHapa. Ilin yac cnocTepexeHHs 3a BOJOKHOM ITiJl MiKPOCKOIIOM CBITJIO, IO
MPOXOAUTh Yepe3 BOJIOKHO, YTBOPIOE Ha 3alHbOMY OOIli CBiTIy cMmyry Ha TemMHomy Tjii. LllupuHa niHii 3ayiexurtb Bin
MOKa3HUKA 3JIOMJIEHHST BOJOKHA.

VY wiit poGOTi MpoBeIEHO PO3pPaXyHKHU 3a NOMOMOIOI0 METOIiB reOMETPUYHOI ONTUKU. MEeTom MOXe 3aCTOCOBYBAaTHUCHh
y BEJIMKOMY Jlialta30Hi 3Ha4eHb JiaMeTPiB BOJOKOH. 3a TOUHUMHU (DopMyJiaMu Teopii aAudpakiiii po3paxoBaHO pO3MOIiJ eHepril
BUIIPOMIHIOBaHHS y BOJIOKHI Ta iioro okonuui. I[IpoBeneHo uudpoBuil aHai3 oTpUMaHOI KapTUHU. Pe3ynbraTu aHaiisy
30iraucst 3 pesyJibTaTaMy, OTPMMaHUMU Ha OCHOBI F€OMETPUYHOI ONTUKU. PO3p0o0aeHO aJiropuT™M BU3HAYEHHSI MOKAa3HUKa
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3ajiomsieHHs. [IpoBeneHO BMMIpIOBaHHSI MOKAa3HWKIB 3aJOMJICHHS INITYYHMX Ta TPUPOIHUX BOJIOKOH — CKJIOBOJIOKHA,
MaByTMHU Ta BoJiOCCs JIOOMHM (OJOHAMHA, 1IaTeHa, OproHeTa, CUBUHU).

KiouoBi clioBa: MOKa3HUK 3aJIOMJIEHHS; MPO30pe BOJIOKHO; BUMiplOBaHHS; (DOKYCYBaHHS; LMJIiHAPUYHA JIiH3a.
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AHHOTaIMSA

[MpennoxeH skcrnpecc-MeTo[ U3MEPEHUsl MoKazaressl MpPeIOMJIEHUsI MPO3pauHbIX BOJOKOH. BO3MOXHOCTh TOYHO
U3MepATh TaKue XapaKTePUCTUKU ONTUYECKOTO BOJIOKHA, KaK JUaMeTpbl 0OOJIOUYKM U CEpALIEBUHBI, YUCIOBYIO amepTypy,
npodbnITh TTOKa3aTess MPeJIOMIICHUS, TIOTEPU U TUCIIEPCUI0, OMMHAKOBO BaxKHA Kak JIJIS M3TOTOBUTENE BOJIOKHA, TaK U IS
pa3paboTUMKOB ONTUYECKUX CUCTEM CBSI3U, KOTOPBIM CJIEyeT BbIOMPATh BOJOKHO, MaKCHMAJIbHO OTBEYAlOIIEe MOCTABIEHHBIM
TpeGoBaHUsIM. [IpakTHUecKu Bce METONbI M3MEPEeHMIl WCIIONB3YIOT TMPeIOMJIEHNE CBETOBBIX JIydell Ha TpaHUIIEe pasaena
cpen. B mpemasoxxeHHOM aBTOpaMu METOJE UCIMONb3YeTCsl TOT (akT, YTO MpU MAJEHUM CBETa Ha MPEeJOMIISIOIIMIA LIWIMHID
(CTEKJISTHHBIN CTepKeHb, CTEKJIOBOJIOKHO) TMEPIEeHANKYISIPHO er0 OCH MPOUCXOAnuT GhoKycupoBKa. Bo BpeMst HaGmoneHus
3a BOJIOKHOM IOJ, MUKPOCKOIOM CBET, MPOXOISLINII Yepe3 BOJOKHO, 00Opa3yeT Ha ero 3alHeil CTOPOHE CBETIYIO IMOJIOCY
Ha TeMHOM ¢oHe. [llupuHa mojoCh 3aBUCUT OT MOKazaTelsl MPeOMJICHUsT BOJIOKHA.

[IpoBeneHbl pacyeTbl ¢ MOMOILBIO METOAOB reoMmerpuyeckoit ontuku. 1o crporum dopmynam teopuu Audpakiiviu
paccurTaHoO pacrpeieieHre SHePTUM U3MYYeHNUsT B BOJIOKHE U ero okpecTHOCTU. [IpoBeneH 1mdpoBoit aHaIU3 MOTyduBIIeiics
KapTuHbI. Pe3ysbpTaThl aHanM3a COBNAIM C pe3ybTaTaMU, MOJYYeHHbBIMU HAa OCHOBE T€OMETpUYecKoil onTuku. PaspaboraH
aJTOPUTM OMpeAesieHusl mokasatelisi mpejaoMiaeHusi. [IpoBeneHbl M3MepeHUs MoKasaTesneil MpeJoMIIeHUs CTEKJIOBOJIOKHA,
MayTUHBI U BOJIOC 4YejoBeKa (OJIOHAMHA, IlIaTeHa, OpIOHETa, CEIMHBbI).

KimoueBble ciioBa: 1okasaresib TIPCJIOMJICHM,; TPO3PAYHOC BOJIOKHO, HN3MEPCHUE, (I)OKYCI/IpOBKa; HUJIMHAPpUYECKasA
JIMH3a.

References 7. Lazarev L.P., Mirovitskaya S.D. Kontrol geo-
1. Shishlovsky S.P. Prikladnaya fizicheskaya optika metricheskikh i opticheskikh parametrov volokon
[Applied physical optics]. Moscow, Fizmatgiz [Control of geometric and optical parameters of
Publ., 1961. 564 p. (in Russian). the fibre]. Moscow, Radio i svyaz Publ., 1988.

2. Gower J. Opticheskie linii svyazi [Optical lines of 280 p. (in Russian).
communication]. Moscow, Radio i svyaz Publ., 8. Kerker M. The Scattering of Light and Other
1989. 504 p. (in Russian). Electromagnetic Radiation. New York, Academic

3. Godzhaev N.M. Optika [Optics]. Moscow, Press, 1969. 666 p.

Vyisshaya shkola Publ., 1977. 432 p. (in Russian). 9. Khungurn P., Marschner S. Azimutal Scattering

4. GOST 32540-2013. Glass and glass products. from Elliptical Hair Fibres. ACM Transaction on
Methods for determining the optical characteristics. Graphics, 2017, vol. 36, issue 2, pp. 1-23. doi:
Determination of the refractive index. 2013. https://doi.org/10.1145/2998578

5. GOST 28869-90. Optical materials. Methods of 10. Zinke A. Photo-Realistic Rendering of Fibre As-
measurements of reflective index. 1990. 19 p. (in semblies. Dissertation. Bonn University, 2008.
Russian). 192p.

6. Mussil V.V., Pilipenko V.V., Lemeshevskaya E.T., 11. Tuchin V.V. Optical Clearing of Tissues and Blood.
Keremzhanov K.D. Ekspress-metod opredeleniya Bellingham, SPIE Press, 2005, vol. PM154. 256 p.
pokazatelya prelomleniya zhidkostey [Express 12. Chan D., Schulz B., Riibhausen M., Wessel S.,
method for determining the refractive index of Wepf R. Structural investigations of human hairs
liquids]. Instruments and Experimental Techniques, by spectrally resolved ellipsometry. J. Biomed. Opt.,
2011, no 3. pp. 113—115 (in Russian). 2006, vol. 11(1):014029. doi: 10.1117/1.2162848

48 Ukrainian Metrological Journal, 2022, No 3, 43-48



