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Abstract The second order nonlinear refractive index ny of
various multicomponent glasses was measured at the wave-
length of 1240 nm close to the 1.3-um fiber transmission
window. With the refractive index covering the range from
1.45 to 2.3, a comparatively broad range of n, with val-
ues from 1.1 x 10729 m?/W for boro-silicate based glass
NC21 to 4.3 x 10712 m? /W for lead—bismuth-gallate based
glass PBGOS was measured using the Z-scan method. Con-
sidering the broad infrared transmission range of multi-
component glasses, these materials pose a great potential
for future applications as photonic crystal fiber sources of
infrared supercontinuum.

PACS 42.65.Jx - 42.70.Ce

1 Introduction

Nonlinear effects are known to have a great impact on ultra-
short laser phenomena. Besides harmonic generation and
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various parametric processes, there is also growing inter-
est in third-order effects of nonlinear refraction and absorp-
tion. Moreover, the introduction of photonic crystal fibers
(PCFs) [1] resulted in a revival of the research on nonlin-
ear spectral transformations both experimentally and theo-
retically. With one of the most appealing goals being the
generation of broadband supercontinuum [2, 3], an accu-
rate knowledge of the nonlinear Kerr coefficient n, [4] is
of great value. The material of choice for the PCF fab-
rication was and still remains silica glass mostly through
its availability and good optical performance in the visi-
ble/near infrared (VIS/NIR). As a result, most of the previ-
ous work on PCFs has been performed using ordinary sil-
ica glass. Only recently [5] have multicomponent glasses
entered the domain of PCFs. Since the melting point of
composite glass is lower than that of fused silica, complex
and nontrivial air—glass structures became accessible. Multi-
component glasses provide both higher refractive indices
at comparable wavelengths and enhanced Kerr nonlinear-
ity. Most notably, because of their broad transmission range
covering the NIR, they are envisioned as suitable sources
of IR supercontinuum [6-8]. Indeed, one of the most re-
cent works [9] demonstrated supercontinuum with a band-
width of over 4000 nm spanning the IR from 789 nm to al-
most 5 um.

Several approaches suitable for measurement of refrac-
tive nonlinearity have been proposed, among them nonlin-
ear interferometry [10, 11], degenerate and nearly degen-
erate three-wave mixing (TWM) [12], ellipse rotation [13]
and beam distortion measurements [14], though the Z-scan
technique is probably the most frequently employed one.
Since its first announcement [15], a broad range of media
which exhibit nonlinear refraction and/or multiphonon ab-
sorption became the subject of investigation. Besides the
high sensitivity of the Z-scan method comparable to inter-
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Fig. 1 The basic arrangement of a Z-scan experiment. BS—beam
splitter, L—lens, S—sample, A—pinhole, D, D,—detectors

ferometric techniques, there is also the advantage of ob-
taining not only the value but also the sign of the third-
order susceptibility of a material. The technique allows us
to separately determine the real and imaginary parts of the
third-order susceptibility, which result from Kerr nonlinear-
ity and two-photon absorption (TPA), respectively. Among
the materials that have been successfully studied, there is
a broad range of semiconductors [16-19] and wide-gap
solids [20], all showing a reasonable agreement with the-
ory.

In this work, we report an experimental investigation of
refractive nonlinearity in novel multicomponent glass sam-
ples designated specifically for the fabrication of PCFs.
A subnanosecond laser source employed for the study was
derived from an amplified femtosecond Cr:Forsterite laser
system providing pulses with the wavelength of 1240 nm.
Since the nonlinear refractive index is wavelength depen-
dent, a laser source with an output wavelength in the close
proximity to the 1.3-um fiber transmission window is of
great value. It is shown that for sufficiently high values of in-
put irradiance, the self-phase modulation might have a detri-
mental effect on the measured values of the nonlinear refrac-
tive index.

2 Theory

The experimental study was performed using the sensitive
transmission Z-scan method [15] (Fig. 1), which is similar
to photothermal (thermal lens) spectroscopy [21]. The sam-
ple is moved axially (along the z-axis) in the region near the
beam waist and the transmittance of the nonlinear medium
(sample) through a finite aperture in the far field is measured
as a function of sample position with respect to the beam
waist. Instead of phase changes being introduced by the de-
pendence of refractive index upon sample temperature n(7")
as in the case of thermal lens spectroscopy, the incident ra-
diation may alter the refractive index of a nonlinear medium
through a ‘third-order’ dependence n (7).
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Supposing a TEMqg Gaussian beam and following the
procedure given by Sheik-Bahae et al. [22], the normalized
transmittance is obtained as

20, Pr(Ago (1)) dt

T = S [ Py de

ey

where Pi(t) = nw%[o(t) /2 is the instantaneous input power
(corrected for reflection from the sample surface), wg being
the beam waist radius, S = 1 — exp(—2r2/w?) is the aper-
ture linear transmittance with w, being the beam radius in
the aperture plane and r, being the aperture radius, P is
the power transmitted through the aperture in the Z-scan
regime and Ago(t) are the on-axis phase changes. Note
that 7' (z) is to be considered as the quantity measured ex-
perimentally when performing a Z-scan experiment. It was
shown [22] that in the limit of small nonlinear phase change
(|Ago| < 1), the expression (1) may be approximated by

4A¢pox

T A= ey

@)
where x = z/z¢ and zp is the Rayleigh distance, which is the
approach used mostly throughout this paper. On the other
hand for larger phase distortions (|A¢g| > 1) the symmetry
of the Z-scan curves (see e.g. [22]) is broken, but neverthe-
less the following expressions still apply:

AZ,_y = 1.z,

0.25 3)
ATy—y =0.406(1 — S) | Agol.
For a small (pinhole) aperture S — 0 and consequently:
AT, =0.406]Agy|, 4)

where AT),_, is the difference between the normalized peak
and valley transmittances, AZ,_, is the spatial separation
between peak and valley and | A¢y| is the on-axis phase shift
at the focus.

Using the Z-scan technique, both the nonlinear refrac-
tive index n; and the nonlinear absorption coefficient 8 may
be obtained simultaneously. As has been shown [22], when
the aperture is removed as for the open-aperture Z-scan, de-
tection is no longer sensitive to phase changes introduced
by the sample through eliminated spatial resolution in the
detection plane. Thus, only the influence of nonlinear ab-
sorption has to be considered. On the other hand, the closed-
aperture Z-scan in the case of media showing both refractive
and absorptive nonlinearities is sensitive to both the nonlin-
ear refraction and the nonlinear absorption. Thus, perform-
ing the closed-aperture Z-scan measurement followed by
the open-aperture one, both ny and B are determined.

The thin-sample approach was used throughout the the-
oretical analysis. A sample is considered to be thin if d <
nozo, where d is the sample physical thickness and zg is the
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confocal (Rayleigh) distance [22]. Moreover, for ultra short
(<1 ps) pulses, the increase of pulse width inside the sample
due to group velocity dispersion (GVD) [23] must be con-
sidered. Pulse broadening may alter the peak irradiance and
hence the magnitude of the nonlinear phase shift inside the
sample. The pulse duration effect was expressed in terms of
the dispersion distance Lp, defined as the length over which
a transform-limited Gaussian pulse broadens by a factor of
/2 due to the second-order dispersion [4]:

2
1o
1B2]

where Ty is the pulse duration and B, is the GVD parameter.
When the sample length exceeds the value of Lp, the pulse
broadening becomes significant. The dispersion distances
must be calculated separately for each material using appro-
priate Sellmeier equations. In the high-intensity regime, i.e.
for high peak power, even the pulse broadening induced by
self-phase modulation (SPM) can play a significant role in
altering the peak irradiance in a way similar to the case of
GVD. As in the previous case, the nonlinear distance Lnr is
defined as [4]

1
yPo’

(&)

Lp

LnL = (6)
where y is the nonlinear parameter [4] and Py is the peak
power. If the sample width d > Ly, SPM will have a detri-
mental effect on the Z-scan measurements.

The second order nonlinear refractive index, the Kerr
index and the nonlinear absorption coefficient all exhibit
the dispersion dependence. Moreover, the dispersion depen-
dence of the linear refractive index near the absorption edge
behaves similarly to the dispersion of nonlinear refraction
near the two-photon absorption (2PA) edge. Following this
analogy, a nonlinear equivalent to the Kramers—Kronig rela-
tion was previously used to obtain the appropriate dispersion
equation [24]:

E
ny=K’ \/T) G2 (hw/Eg) [esu], @)

2
noEg

where K’ is a material-independent constant with a value
of 7.33 x 1072 [20] calculated from the two-band parabolic
approximation, E}, is the Kane momentum related parame-
ter with a value of 21 eV for a large number of materials,
E, is the band-gap energy and G2 (x) is a function solely of
the ratio between the photon energy and the material energy
gap. This model was successfully applied to a broad range
of semiconductors [25] and wide-gap solids [20].

Originally Boling, Glass and Owyoung [26] introduced a
different empirical expression for n,:

K(ng — 1)(n} +2)? "

ny, = [esu], (8)

2
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where nq is the linear refractive index at the d line of He
at 587.56 nm and vy is the Abbe number defined elsewhere
[27]. K is an empirical factor which is supposed to be rea-
sonably constant for a group of related materials. Expression
(8) was already shown to be fairly successful in predicting
the nonlinear refractive index of glasses [28].

3 Experiment

Initially, an amplified Cr:Forsterite laser system delivering
pulses centered at a wavelength of 1240 nm with a repeti-
tion rate of 50 Hz and a pulse duration of 110 fs was em-
ployed as the pump source for the Z-scan measurements.
The system was designed to support pulse energies of up to
1 m]J per pulse; however, rather low energies ranging from 2
to 10 pJ were employed for the Z-scan experiments. Detec-
tor D served as a reference and the signal was sampled as
D, /D;. Furthermore, a boxcar integrator and averager sys-
tem was used to collect the preamplified signal from the
detector D», thus substantially increasing the sensitivity of
the experimental setup. Typically, 100 samples were aver-
aged, increasing the signal to noise ratio by a factor of 10.
However, even for the modest pulse energy of 2 uJ, the ob-
tained values of n, were strongly influenced by the SPM
suppression of peak power (6). Subsequent calculations re-
vealed Ly being of the order of 10~# m, i.e. approximately
one-tenth of the sample thickness. Under these conditions,
the influence of SPM became dominant resulting in n5 val-
ues differing considerably from those given in the literature.
Further decrease of the pulse peak power by lowering of
pulse energy provided no desirable effect since it resulted in
low average power at the detector being under the detection
limit of the boxcar scheme. The original setup was there-
fore modified by omitting the compressor from the CPA
(Chirped Pulse Amplification) system thereby increasing the
pulse duration by a factor of 103, resulting in a value of ap-
proximately 185 ps. The actual values of pulse duration were
measured by a BIFO K008 streak camera.

Two groups of bulk samples were used. The multi-
component, composite glass samples SK 222, NC 21A,
PBGI, PBG08 and TWNB were produced, cut and polished
at the Institute of Electronic Materials Technology (ITME)
in Warsaw. The SK2 sample was produced commercially
and used along with F2 and SF57 as references in order to
compare the obtained results to the published data. Chemi-
cal compositions of the bulk multicomponent glass samples
are given in Table 1. Thermomechanical properties of the
samples prepared at ITME are summarized in Table 2. Note
that all glasses made at ITME are tested against crystalliza-
tion during thermal/mechanical processing of drawing, i.e.
all considered glasses are resistant for devitrification during
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Table 1 Chemical composition
of the bulk multicomponent
glass samples

Glass designation

Composition

55% SiO7, 1% Al,03, 26% B,03, 3% Liy0, 9.5% Na0, 5.5% K»0, 0.8% AsyO3
68.4% Si0,, 2.4% Al,03, 2% B,03, 12.3% Nay0, 0.7% K,0

45.7% Si03, 45.5% PbO, 3.5% Na,0, 5.0% K;0, 0.8% As,O3, commercial
PbO-Si0,, commercial

56.70% Si03, 0.35% Al>03, 30.00% PbO, 4.15% Nay0, 8.65% K,0

14.06% Si0,, 39.17% PbO, 27.26% Biy 03, 14.26% Ga;03, 5.26% CdO

70-80 %mol TeO,, 10-20% mol ZnO, 10-15 %mol K,O/Na,O
Si0,-B,03-Ba0, commercial
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Fig. 2 The UV absorption cutoffs of multicomponent samples (a) and

fiber drawing and no crystal nuclei are observed in the sam-
ples under electron and/or optical microscopes. The glasses
are therefore suitable for fabrication of PCFs and the ob-
tained fibers are mechanically resistant. An actual example
of a PCF made of the SK222 prepared at ITME can be found
elsewhere [29].

4 Results and discussion

In general, composite glasses with a composition such as
given in Table 1 were expected to exhibit higher refrac-
tive indices and up to one order of magnitude higher non-
linearity than fused silica. Previously, the considered multi-
component glasses were shown to have the multiphonon IR
absorption edge substantially shifted into the IR [30] mak-
ing them an ideal choice for NIR applications. The absorp-
tion measurements for the samples are shown Fig. 2. No-
tably SK2, SK222, F2 and PBG1 all show very similar ul-
traviolet (UV) transmission cutoffs implying some similari-
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corresponding multiphonon (IR) absorption edges (b)

ties as will be described in greater detail in this section. On
the other hand, the light NC21 glass and the heavy tellu-
rite TWNB glass are on the very margins of the spectra as
is also confirmed by the absorption measurements in the IR
shown in Fig. 2b. The PBGOS, SF57 and TWNB glasses all
show improved IR performance as compared to silica with
the tellurite glass TWNB being highly transparent up to the
5.2-um wavelength.

In order to extract a correct value of ny using the above-
described Z-scan technique, all input irradiances were
corrected for Fresnel reflection losses and therefore the real
refractive index n had to be known. The corresponding dis-
persion of the linear refractive index is shown in Fig. 3a.
The dispersion curves for reference samples SF57, F2 and
SK2 were extracted using the appropriate Sellmeier coeffi-
cients [31]. For the NC21 and SK222 glasses developed at
ITME, first a prism was cut and polished out of the bulk
glass and the refractive index was measured in the VIS from
0.4 to 0.7 pm. The measured data were then fitted and ex-
trapolated up to the wavelength of 2 um using the Sellmeier
formula in the form
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Table 2 Thermomechanical properties of the samples prepared at ITME

Glass type SK222 PBG1 NC21A TWNB PBGO0S8

a [1077 K1Y 84.0 94.0 87.5 158.2 81.5

Glass transition temperature 542 427 492 356 470

T, [°C]

Dilatometric softening point 610 468 545 370 500

Tq[°C]

Melting temperature 1480 1350 1280 800 1100

Tm [°C]

Purity of raw materials Pure; tech. purity Pure; tech. purity Pure per analyse ~ 99.9% 99.9%
Duration of melting [h] 24 24 6 1 55

Type of crucible Glass melting tank ~ Glass melting tank  Platinum Gold Platinum
Homogeneity of sample Very high Very high Very high High High

Sample dimensions [mm x mm x mm] 10 x 10 x 1.80 10 x 10 x 1.85 9 x9x5.14 10 x 10 x 1.90 10 x 10 x 2.00

“Linear coefficient of thermal expansion in the range of temperature 20-300°C

1.9 ‘ ; ‘ T
— NC21
< SK222
T F2
© L -
.g —— SK2
B -
© T e -
m L 4
—e
151 7
1 4 L 1 L 1 1 1 L 1 L
"0.50 0.75 1.00 1.25 1.50 1.75 2.00
a Wavelength (um)

50

Dispersion Parameter (ps/nm.km)

100 1
-150+ SK222 |
) — NC21

-2001 SK2 .
rrrrrrrrr F2

_250 1 L 1 L 1 L

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
b Wavelength (um)

Fig.3 Calculated dispersion of linear refractive index (a) and corresponding dispersion coefficient for the given multicomponent glass samples (b)
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where A is the wavelength and K;, L; are the material-
specific coefficients. Finally, only refractive-index values at
the discrete wavelength of 589.3 nm were known for PBG1,
PBGO08 and TWNB glasses at the time of this study. Their
values for the applied wavelength of 1240 nm have been ex-
trapolated using dispersion dependences for the well-known
glasses with similar composition [31]. Such a procedure is
justified because apart from the Fresnel losses the Z-scan
method is virtually independent of the refractive index,
meaning that the impact of # is rather low. In order to esti-
mate the influence of the GVD on the pulse broadening, the
dispersion parameter [4] was calculated using the dispersion
curves given in Fig. 3a. As shown in Fig. 3b, rather low dis-

persion parameters at 1240 nm ranging from —19 ps/nm km
for NC21 to —141 ps/nmkm for SF57 are observed giv-
ing the corresponding dispersion lengths between 8 x 10°
and 1 x 10° m, respectively. Obviously, the GVD influence
on the pulse broadening and peak power is negligible un-
der these conditions and the pulse evolution is dominated by
the SPM-induced broadening. After the initial femtosecond
experimental scheme was modified by omitting the com-
pressor from the amplifier as described in Sect. 3, nonlin-
ear lengths of several 102> m were obtained, i.e. approxi-
mately one order of magnitude larger than the sample thick-
ness (see Table 1 for comparison). Consequently, an experi-
mental regime was accessed where the Z-scans are virtually
free of the influence of both the GVD and SPM effects.
Since the theoretical model for n, (7) depends upon the
fourth power of E,, the band-gap energy had to be known
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Table 3 Band-gap energy of the multicomponent glass samples cal-
culated using the Tauc-plot procedure along with the thickness and re-
fractive index at the wavelength of 1240 nm

Glass designation Thickness E, 11240nm
[mm] [eV]
NC21A 5.14 4.21 1.51
SK222 1.80 3.67 1.52
F2 2.00 3.76 1.60
SF57 2.00 3.34 1.81
PBG1 1.85 3.78 1.56
PBGO0S8 2.00 3.02 2.30
TWNB 1.90 2.69 2.22
SK2 1.01 3.65 1.59

with high precision. The band-gap energy was extracted us-
ing the Tauc-plot procedure [32]. Briefly, under the assump-
tion of a direct transition, the term (ahv)o's, with « being the
linear absorption coefficient and /v being the photon energy
is plotted versus the photon energy. Consequently, a linear
Tauc region appears just above the optical absorption edge
and the extrapolation of this line to the photon energy axis
yields the band-gap energy. The Tauc-plot procedure was
successfully applied to the multicomponent glass samples
under study and the results are shown in Table 3.

Individual Z-scans are presented in Fig. 4. In order to
avoid the damage of the sample, different incident pulse en-
ergies had to be used in individual cases. Most notably for
PBGO8 the highest applicable pulse energy was limited to
approximately 50 uJ for a pulse length of 185 ps FWHM. In
general, the materials are assumed to become two-photon
absorbing when the photon energy hv equals one-half of
the band-gap energy E, [20]. Since at the wavelength of
1240 nm the photon energy ~1 eV and the lowest band-
gap energy was shown to be 2.69 eV (TWNB glass, see Ta-
ble 3 for comparison), no two-photon absorption was ex-
pected in our case. Indeed no traces of the two-photon ab-
sorption (2PA) effects were observed as is also confirmed
by the symmetry of the curves given in Fig. 4. Note that the
horizontal shift of the Z-scan curves in Fig. 4 was caused
by the change of sample position between successive mea-
surements and not by an inherent nature of the experiment.
Because of a small phase change in the upper six cases in
Fig. 4, the simple analytical expression (2) was employed
to fit the data. However, because of high Kerr nonlinear-
ity of TWNB and PBGO08, the imposed phase change in
both of these cases was significant and the data could not
be fitted with the analytical model. Therefore, the appropri-
ate analysis for larger phase distortions had to be performed
((3) and (4)). Great care was taken in preserving the linear
response of the detector and hence the diameter of the pin-
hole was chosen to be much smaller than the beam diameter
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Fig. 4 Measured Z-scan traces along with the calculated fitting
curves. Because of the large phase distortions imposed in the cases of
PBGO08 and TWNB, n, was evaluated using a numerical approach (4)

in the detection plane (S ~ 0.0026). Consequently, the ap-
proximate model (4) was applied instead of the more gen-
eral form (3). Indeed, for such a low value of S the actual
difference between solutions of (3) and (4) is less than 1%.
The obtained values of the nonlinear refractive index n, are
summarized in Table 4. Note that all values of input irradi-
ance used in the calculation of n, were corrected for Fresnel
reflection losses using the appropriate refractive-index val-
ues given in Table 3. As was noted in earlier work [33], the
error analysis in Z-scan-type experiments is not straightfor-
ward. In agreement with previous work [22], we conclude
that the error of the obtained values was £30%, being in-
duced mainly by the uncertainty of the measured incident
energy. Also, it is valuable to note that the values of n, for
glasses given in the reference books (see e.g. [27]) usually
differ from each other considerably even for similar experi-
mental conditions.

The two-parabolic-band model (7) was initially applied
in order to obtain the theoretical values of n,. However,
the introduction of band-gap energies obtained by the Tauc-
plot procedure and given in Table 3 into expression (7)
yielded unrealistically high values of n; ranging from 3.3 x
10712 m2 /W for the NC21 sample to 1.2 x 1078 m?/W for
TWNB. Apparently, the two-parabolic-band model system-
atically overestimated the value of ny. As was confirmed by
previous work [20], the model was quite successful in pre-
dicting the n, values for wide band gap solids but its applica-
bility to low band gap glasses remains questionable. Con-
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Table 4 Measured and calculated values of n,

Glass designation

ny (measured)

ny (calculated)

10720 m2/w 10720 m2/w
NC21 1.1 1.1
SK222 1.6 1.3
F2 2.9 3.0
SF57 13 7.1
PBG1 2.5 2.0
TWNB 18 19
SK2 2.1 1.5
PBGOS8 43 24
1078 — S
n ]
PBG08
£ . - TWNB
-*g 107 s SF57 ]
)
&=
3 F2
© " PBG1 n
E n
4 & " sk2
o SK222
10%° s NC21 ]
1.25 1.50 1.75 2.00 2.25 2.50

Refractive Index

Fig. 5 Relation between the linear and nonlinear refractive indices.
The solid line is a linear fit of the experimental data and the dashed
line is a linear fit [7] valid for a broader range of glasses

sequently, the Boling, Glass and Owyoung (BGO) model
(8) was applied and the obtained values are given in Ta-
ble 4. For all cases the characteristic constant K was kept
at a value of 100. All of the measured values of ny show
reasonable agreement with theoretically predicted values. In
conclusion, the BGO model apparently achieved higher pre-
cision for low band gap multicomponent glasses. The main
drawback of the BGO approach is its inability to account
for the dispersion of the nonlinear refractive index, since the
expression (8) is basically wavelength independent. On the
other hand, even considering the dispersion of ny within the
two-parabolic-band model far away from the 2PA absorp-
tion edge (with 2v/Eg ~ 0.37 at most) would not provide
any significant effect (see e.g. [20] and the plots of the theo-
retical dispersion function G;(x) therein).

In order to gain a more complex overview of the differ-
ent issues involved, the obtained values of n, are plotted
against the linear refractive index in Fig. 5. The relation-
ship between the nonlinear refractive index n, and the lin-

ear refractive index ng in glass materials is a well-known
feature [7, 27]. The dashed line plotted in Fig. 5 is the lin-
ear fit (in log scale) to n, of various glasses taken from [7]
having values of 7, ranging from 1072° to 10~!7 m?/W.
Comparing the measured data and the linear fit would sug-
gest that our measurements systematically underestimate the
value of n,. On the other hand, as shown in Table 4, there is
a reasonable agreement between the theoretically predicted
values of n, and the measured ones. The glasses with nj
within the range of 1072° to 5 x 107" m?/W are best
fitted with a shifted line, whereas the original linear fit is
valid in the broader range mentioned above. This conclu-
sion is confirmed when only n, data between 10720 and
5 x 107! m2/W are considered from the previously pub-
lished plot [7].

5 Conclusion

The enhanced linear refractive index covering the range
from 1.45 up to 2.3 allows manufacturing of PCFs with
index contrast higher than that for silica/air, i.e. approxi-
mately 0.5. This enhancement provides the corresponding
advantage of better light confinement in the core of the
fiber. A comparatively broad range of n, is covered by
multicomponent glasses starting from values lower than that
for silica as for NC21 (1.1 x 1072° m?/W) and SK 222
(1.6 x 1072 m2/W) up to n, being one order of mag-
nitude larger as for SF57 (1.3 x 10719 mz/W), TWNB
(1.8 x 107! m?/W) and PBGO8 (4.3 x 10712 m?/W).
Considering the broad IR transmission range of multi-
component glasses, these materials pose a great potential for
future applications as PCF sources of IR supercontinuum.
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