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Correction procedures of the immersion mismatching
in interferometric determination of refractive index
profile. Part IV. Correction of the interference orders
for the transversal shearing case*
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In the method presented the orders of interference are subject to direct correction procedure which
renders possibility of immediate usage of the algorithm employed for the case of perfect
immersion-to-coat matching. The errors of the correction method have been analysed. The method
of mismatching measurement for the refractive indices of the immersion liquid and the coat,
respectively, has been proposed and accuracy of this measurement determined.

i. Introduction

This work is the fourth paper of the cycle [1]-[3] devoted to the problem of the
accuracy with which the refractive index distribution in both the preforms and light
waveguide may be determined in the case when the refractive indices in the
immersion liquid and the coat of the measured object (preform, light waveguide) are
mutually mismatched.

In the mathematical models used for wavefront reconstructions and calculations
of refractive index distribution in the core of the measured object, it is usually
assumed that: the wavefront is a continuous function, the object examined and the
distribution of the refractive index inside the object are of cylindric symmetry and the
refractive indices of both immersion liquid and the coat are usually equal to each
other [4]. The deviations from those assumptions are the source of errors (sometimes
very high).

In the present paper, the case will be considered when the refractive indices of the
immersion liquid and the coat differ from each other.
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2. Transversal shearing interferogram (np” W).
Correction of the interference orders

The plane wavefront passing through the examined object perpendicularly to its
symmetry axis suffers from the deformation within the regions of the core, the coat
and the immersion liquid in which the object is suspended. The generated wavefronts

Fig. 1L Wavefronts after having passed through the object under test (<& # 0): a - object, b - wavefront,
¢ - wavefront referred to the immersion, d - wavefront referred to the clad

(Fig. 1) referred to either the wavefront of the coat (Fig. Id) or the immersion
wavefront (Fig. Ic) gave the respective relative wavefronts:
— in the core region 0< |x| <)

<BGX) = 8g(x) + BHK(x),  5G(x) = Sg(x) + SGk(x); @
— in the coat region (r ™ x| * R)

8gp{x) = 23n{ly/R2- x2- JR 2- r2], Zgp{x) = 2%nij R 2-x 2\ @
— in the immersion liquid region (x| * R)

8g9-(x)= -28niyyR 2-r2, "j(x) =0; ©))

where <5(x) and <GX(x) are correcting wavefronts:
HXK(X) = 2Sni[s/R 2-x 2- JR 2-r 2\,  5Gk(X) = 25niy/R 2- x 2. 4

The difference in the refractive indices of the coat npand the immersion liquid n{has
been denoted by Sn{

¢ni= onp-ni. (5)
dg(x) denotes the wavefront (referred to the coat) emerging from the core of the
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object in the case when n{—np

bg(x) = 2 i bn(x)dz ©
where Sn(x) is the refractive index distribution in the object core (referred to the coat)
on(x) = n(x)-np, (6a)
and
(6b)

All the above wavefronts (in the distinguished three regions), after having passed
through the transverse shearing element, interfere with the same respective wave-
fronts shifted transversally by the value s with respect to the first ones [5].
Differences in optical paths between these wavefronts are recorded on the interfero-
gram in form of interference fringes. The subject to the further analysis are the
interference fringes produced by the wavefronts emerging from the region of the
object core because of the information about the wavefront Sg(x) which is recorded
there and necessary for calculation of the refractive index distribution Sn{x) in the
object core.

In the region —+ s~ x ~r (Fig. 2) either the wavefronts <S(x) and <B2(X)
(described in the coordinate system, as seen in Fig. Id) or the wavefronts *G1(x) and
$G2(x) (described in the coordinate system, as seen in Fig. Ic) interfere mutually. The
optical path differences between those wavefronts amount, respectively, to:

bZ = OG(x-5)-OG{x), Sz = SGx—s)—IG(X). )
a z
6gjW
S r R
X

Fig. 2. Interfering wavefronts (a) and interfero-
gram (b)
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Taking account of the formula (1) and the relation betwen the optical path difference
and the order of interference, it may be easily shown that the latter are described by
the following expressions:

SMK) = ST+ BVKX),  &VF(X) = 5m(x) + $Mk(X) ®)

where <Gmx) and 5m(x) are the interference orders of the fringes recorded on the
interferogram in the case when np= n{

Sm(x) = (I/X)(3g(x-5)-Sg{x)),  5m{x) = (\V')("g(x-s)-"g(x)), ©

while <G\VK(x) is a correcting factor for the interference order of the fringes 3M(x) and
<BM(X) on the interferogram in the case when np” n{ This correcting factor is
identical in both the coordinate systems (Figs, Ic, d)

BVK(X) = {21X)5nX jR 2- (x- 8)2- J r2- x7]. (10)

Since the correcting factor <GVKk(x) for an interference order is proportional to both
<& and R, therefore its course in Fig. 3 is given in the normed form SM”xy”Sn-*) for

jil-Q05

Fig. 3. Run of the function correcting the
interference order SMK(x)

different values of the parameter s/R (s - transversal shift of the wavefronts,
R - radius core).

In order to find the correcting factor for the interference orders (10), it is
necessary to know the value of mismatching $h{of the refractive indices. The latter is
usually found on the base of an additional measurement, the corresponding
difference operator being denoted by £ to distinguish it from the basic measurement.
The additional measurement may be made in the same measuring system which was
used for the basic one. In particular, 5n{ may be determined from the same
interferogram which was exploited in order to calculate Sn(x). The methods of the
measurement of <n as well as the measuring setups are quite arbitrary. However, the
most convenient way is to use the same setup for measuring <5 and <tn(X).
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3. Calculation of the difference Sni between the refractive index
of the immersion liquid and that of the phase object core,
based on the additional interference measurement

Below, we will present the method of the measurement of Sn, performed in the setup
used for the measurement of refractive index distribution in the object core Sn(x), i.e.,
in the transversal shearing interferometer [6]. In this measurement, the immersion
liquid has been accepted as a reference level (and not the measured object coat as it
was the case for basic measurement). In order to calculate Snif the information
recorded on the transversal shearing interferometer has been exploited in the phase
object core region. The optical path difference between the interfering wavefronts in
this region (r+s” x ~ R) amounts to

Zzp(x) = tpl(x)-$gp2(x), (11)
analogically as in Fig. 2a. By taking account of (11), the definition of the transversal

shearing, as well as the relation between the optical path difference and the
interference order, the following expression has been obtained:

A Sm ,(x)

_ e 12
2[R 2-(*-5)2- VIR2-X 7' (+9

<H
The changes of the interference order ?Mp(x) have been measured by estimating the
deviation of the fringes from rectilinearity

ZMIx) = 13)

where yfis the interfringe spacing in the region of the immersion liquid, and yx is the
deviation of the fringe from the rectilinearity in the region of the object coat (Fig. 2a).
In order the relative error of Sn{be minimal, the measurement is performed at the
point where the deformation yx of the fringe in the region of the object coat takes the
maximum values, i.e.,, for x = R (Fig. 2):

* K | — VRV
IJs{ZR-Ns SMp{R) = yRY! 9

4. Accuracy of the 5iii measurement

Since the accuracy of the measurement of the mismatching of the refractive indices of
the immersion liquid and the measured object core 5n{ influences the correction
accuracy for both the wavefront 5g{x) [1], and the orders of interference Sm(x) it is
important to analyse the factors affecting this accuracy. The absolute and relative
errors of &{ are defined as follows:

_A A_$_MQR)_+9 AR + (R-s)As

M= IRy =& s(2R-s) (15)
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ASn{ AJEMPR) 1 asAR+{R-s)As
_ 2% (2K -s)Ni+  5(2R-S)
where J*Mp(R), JR, ds are the respective accuracies of the measurements of the

fringe interference order at the point x = R, radius of the coat R, and the transversal
shift s of the interfering wavefronts. The purpose of the accuracy analysis carried out

Fig. 4. Absolute and relative measurements errors for the refractive index difference 5nxfor an established
accuracy of the coat diameter measurement AR/R = 1.67%. Case of the preform R = 6x 10“3m
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below, is to determine such measured parameters for which the measurement error is
still within the admissible limits. The absolute errors increase nonlinearly, while the
relative errors Abnjbn{ diminish nonlinearly with the increase of the measured
mismatching <&\ For the established errors of the object geometry AR/R, the
influence of the transversal shift s on the above errors is slight while there exists
a distinct influence of the relative error As/s (Fig. 4). The greatest influence on the

Fig. 5. Absolute and relative measurement errors for the refractive index difference Sn, for different
accuracies of the coat diameter measurement AR/R and different values of the transversal shearing
parameter As/s. Case of the preform /? = 6x 10-3 m
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measurement errors is due to the measurement errors of the examined geometry
AR/R (it has been assumed that AR/R = As/s). The higher is the value AR/R the
higher nonlinearity of the dependence of the error Adn.t on <1? being the greater the
higher the value R (Figs. 5-7). From the given relations, it is possible to determine
the conditions which must be fulfilled to attain the required accuracies. In the
relations presented in Figs. 4-7, the errors introduced by the application of the
zero-order approximation were not taken into account.

Fig. 6. Absolute and relative measurement errors of the refractive index difference 5ny for different
accuracies of both the coat diameter measurement AR/R and the transversal shearing parameter As/s.
Case of the thick-core waveguide /2 = 6x10-4m



Correction procedures of the immersion mismatching ... 1V 53

Fig. 7. Absolute and relative measurement errors of the refractive index difference 5nt for different
accuracies of both the coat diameter measurement AR/R and the transversal shearing parameter As/s.
Case of the light waveguide R = 6x10-Sm

5. Correction accuracy for the interference orders

The relative error of the correcting factor SMk{x) is defined as follows:

AOMK(X) . 7 et 17
5MK(X) oii A + A’AR+ B'Ax an
where:
R r 1 1 1

nfr2-(*-s)2- v/iR2-* 2kv/IR2-(x- s)2 v/R2-x 2Jr
1 [ X -S X 1
VR2-(x-5)2-V «2-X 2ILVR2-(x- s)2 VR2- x21
r X -S 1
J R2-{x-s)12- J R2-x2%y/R2—(x—s)2]\

(18)



54 W. Kowalik, B. Dubik

Its value has been determined for the class of the object characterized by the
parameter s/R (Fig. 8). As it may be seen from (17), the relative error
AbMk(x)/bMk(x) depends on the measurement errors of the geometric parameters,
i.e,, those of the coat radius AR, of the core radius Ar and of the position Ax, as well
as on the mismatching of the refractive index of the object coat to that of the

Fig. 8. Relative error of the func-
tion correcting the interference or-
der SMk(x)

immersion liquid AbnJbnxand the error of AX/X of wavelength determination of the
light used to the measurements. In most cases, the value AX/X is negligibly small and
the value AbnJbnxis estimated in the way shown in the previous section. The value of
the error AbMk(x)/bMk(x) depends linearly on the accuracy with which the coat
diameter and the transversal shift are measured, i.e., if AR/R = As/s increases by an
order of magnitude the error AbMKk(x)/bMKk(x) increases also by the same order of
magnitude. As it may be seen from Fig. 8, the relative error of the correcting factor
for the interference order bMKk(x) decreases with the increase of x. Such dependence
has been obtained under assumption that x = (0.5)AR.

6. Summarizing remarks

The measurement of the refractive index profile carried out by using the methods of
shearing interferometry is possible for both the cases of matching and mismatching
the refractive index of the immersion liquid to that of the examined object (preform,
waveguide) coat. The second case was worth considering since the perfect matching
is difficult to achieve or employs some tedious procedures. The measurement
method proposed in this work is simple, being based on correction of the interference
orders measured on the interferogram. The presented analysis of the measurement
accuracies enables us to select the measurement conditions which should be fulfilled
in order to achieve the required accuracies.
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The proposed method of calculation of the difference of the refractive indices of
the immersion liquid and that of the coat of the examined object may be exploited
also for the purposes other than those discussed in this work. The accuracy of the
refractive index profile may be increased by applying more than accurate methods of
wavefront calculation, for instance, those given in [1].
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Mpoueaypbl, KOPPEKTUPYIOLLIME Hecor/iacoBaHve UMMEePCUU npu
NHTEP(EPOMETPUYECKOM OrpesenieHUn Nponnsa KoapuumeHTa NpesoMIeHns.

V. KoppeKTunpoBKa nopsiaka UHTepepeHUmMn A1s1 cnyyast MHTepgepeHLMN MonepeyHblin
shearing

B npeacTaB/ieHHOM  MeTOfe  KOPPEKTMPOBKA MPOBOAUTCA  HEMOCPEACTBEHHO HA  mopsgKax
WHTEP(EPEHLMI, YTO JAeT BO3MOXHOCTb BbINOSIHEHUSI PacyeToB MO a/iroOpuUTMy, MPUMEHSIEMOMY Ans
npvimMepa cornacoBaHus VMMepPCUN 060/104KUN UCCeLyemMOoro 06bekTa. MpoBeAeH aHaIn3 NorpeLLHOoCTel
MeTOfja KOPPEKTUPOBKW. [JaH MeTOj W3MepeHVUsl Be/MUMHBI  HECOr/iiacoBaHusl  KO3(h(ULNEHTOB
NPeioMAEHNsT UMMEPCUOHHOM XUAKOCTU M 060/I0UKU MCCNefyeMoro 06beKTa, a Takxe onpedencHa
CTeMeHb TOYHOCTU 3TOFO WU3MEPEHWS.



