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Abstract:  Using an unclad multimodée-Te-Se based chalcogenide glass fibre, simple design robust
fibre evanescent wave spectroscopic (FEWS) sensor is demonditathddologies adopted for material
development and fiber drawing are discudsetthe following step: purification of raw materials for high
spectral purity, fabrication of glass and fibre preform leading te filbawing. The fabricated fibre has
minimum lossof 1.4 dB/mat4 P DQG OHVVbste&nQ5a08% P 7KH IHDVLELOLW\ RI
such a fibre for evanescent wave spectroscopic sensing has beed \mrifising the finite-element (FE)
computation technique. Supported optical modes as well as comcesg penetration depths of evanescent
fields from different modes are discussBesed on the FE computation, a FEWS sensor consisting of a 40
cm GeTe-Se fibre, coupled with a Fourier transform infrared (FTIR) spectroraei# a liquid nitrogen
cooled Mercury-Cadmium-Tellurium (MCT) detector, is demonstrated.&aktive length along this fibre
employed for sensing is 3 cm. Based on FEWS desigrfabricatedibre sensor was used for the analysis
of chemicals, namely the acetone, ethanol, methanol, tocopk#amhifi E), ascorbic acid (vitamin C)

fresh orange and lemon juice.
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1. Introduction

Visible and near infrared (IR) optical fibre sensing for analyzing the presgnchemical species
in an environment is becoming an important tool for food, pharmaceuticgdetredchemical
manufacturing. The sensor is an essential tool for product quality control. fesmuheng
concentrations in ppm to sub-ppm range, it is important to perform measusein the mid-

infrared (mid-IR) spectral region where molecules have large fundanvémaion bands which



are 16-10° times larger than their weaker harmonics in the visible and mieared (NIR) regions
[1]. However, for accessing mid-IR the standard silica fibres are ojpeyoad 2Rn due to their
core-clad structure design. One exception is a simplified hollowfitweestructure demonstrated
recently [2]. Knight et al explained the principle of anti-resonantatfig optical waveguide
(ARROW) using silica materials and demonstrategcontinuous transmission window between
3and P The current limit is the difficulties in using other infrared glassesatmidating such
ARROW fibres, for which we believe the transmission and spectrosaapenties may be further
improved, provided the glass material used exhibits the extended infarsohission beyond the
current range of solid-core silica. Unlike ARROW design, solid coré+uld-infrared fibres using
heavy metal oxide and chalcogenide glasses have demonstrated ftiieessein terms of
accessing the mid-IR for chemical/biological sensjhg 3-8. Using such solid core fibre
structures, a number of chemical species (benzestés) 1], toluene (GHs) [1], sulfuric acid
(H2SOy) [3], methanol (CHOH) [4], methane (Ck [4], ethanol (GHsOH) [5], acetone
((CHs)2CO) [6-8] were analyzed and reported. In these analysis, the molecular vibrago@s e
H, CH, C{C,C O and SH in the 2 to 16 um [9, 10-13] were targeted.

Amongst the optical fibre sensor designs, fibre evanescent wave spectrosdopi§)Bensors
wereextensively studied [3, 14-16]. In a FEWS two different geometrical desigesresearched
for sensing chemical species using silica and non-silica fibrése first type of design a standard
core-clad structure fibre with small numerical aperture (<0.15) isfosedlowing the modes to
leak into the cladding through which the leaky waves are absorbed by thealrsgaaes, present
in the environment. The drop in the intensity is then related with theeotyaton which is
determined by using the Lambe¥t-H H U [V, DI2Z15]. In an alternative design, the cladding
layer is removed and the core acts as a guiding region in the presenaiwhntebe analyzed.
For the unclad fibre or waveguide design, the surrounding medium must be of lowethizwde
the core glass [3, 6, 8, 9, 11-16]. Further enhancement in the concentraitivigein unclad
fibre/waveguide design as demonstrated using tapered and nano-fibres [17-21], allowing sub-
ppm concentration analysis. However, for high sensitivity-(1®) and signato-noise ratio, the
VSHFWUDO UDQJH E Hpp&arsHd®al foDaQr&hge of Bpectroscopic characterization



using a suitable transparent medium, which must be a non-silica hastteetrong multiphonon
absorption in the core-clad silica and ARROW structures. This isfiieeuse of candidate fibres
such heavy metal oxide, fluoride and chalcogenide fibres, amongst which thegenade fibres
have the most extended IR absorption and multiphonon edges due todaggermass and weak
interatomic force constant. As in the history of the development of silica,fibregssential that
such mid-IR fibres must be spectroscopically unobscured with impurity bandshdlcegenide
materials often have strong impurity bands and these must be minimizselcbmtext of impurity
control, this paper discusses the methodology for minimizing the impunittesignedse- Te-Se

fibres.

Based on the extended multiphonon absorption in chalcogenide materials ancgeb/anft
unclad waveguide geometry in FEWS design, in this paper, an unclad, mul@ed@&eSebased
chalcogenide glass fibre senssrdemonstrated for chemical analysis in the 3% window.
Methods of glass and preform fabrication leading to fibre drawing is desciibedibre loss
measurements in the unclad geometry for FEWS is also describeck fabdkie spectroscopic
window using a fibre coupler and Fourier transform infrared spectrophotometerfeaHhtality
of using such an unclad fibre for FEWS sensing is also verified by finiteealg FE) calculations,
supporting the optical modes penetrating into the evanescent fielsl amadong sensing length
Finally, our target analyte such as acetone, ethanol, methanol, tocqphianoin E) and ascorbic
acid (vitamin C), are characterized by using the Lambert-Beersldve FEWS design and the

results are reported.

2. Material development and fibre drawing

2.1 Raw material purification glass fabrication and

The fabrication blow-loss chalcogenide glass fibres and waveguidssemained challenging,
mainly due to the following two reasons: the propensity of absorption of imgunitieaw
materials and high vapor pressures of constituent elements at tamggrathich result in sub-

stoichiometric (e.g. metal or metalloid ions to chalcogenide ionjpoanmds (Ge&x). Such an



intrinsic origin for sub-stoichiometry then tends to contribute to tlekdraund loss at short
wavelengths, leading to electronic edge. It is also known that chal¢sgiphur, selenium and
tellurium) and metal, sub-metal elements readily form stable claéfonds with oxygen and
hydrogen, namely O-H, #, P-O, Ge-O, Ge-H, As-H, GR-O or R-H impurities:R is either

the chalcogen dvB/VBelement) and contribute to a series of undesirable absorption bahes in t
IR regionassummarized in Table 1 [22-26]. For unobscured spectroscopic access, dlkalreim
impurities in raw materials is required. A vacuum drying setufh@srsin Figure 1, for distilling
raw materials, was designed and implemeritecbnsists of three silica ampoules, fused together
and attached to a vapour trapping bottle, which is then connected to a yawenygmElemental
selenium, tellurium and germaniumere placed inside individual silica ampoules. The three
ampoules were firgt evacuated to 4x1®mbar to avoid exposure of elements to ambience. The
ampoule containing selenium was heated up t8@36r 4 hours by removing superficial SeO
The ampoule with tellurium was heated in a similar manner bautnaich higher temperature at
600°C where the Tegbegins to evaporate under reduced pressure. The heating of germanium (Ge)

at450°C was only used to remove free water attached on the surface of raw material.

A very important step in reducing impurities is to clean the siiogpoule with 48%
hydrofluoric acid (HF), followed by heating at 1000y driving the chemisorbed impurities off
from the inner surfaceFor minimizing the impurity absorption on raw materials, all chemical
batching and weighing were carried out inside a glovebox, filled with dried gagorAfter the
raw material purification, a 20 g glass batch with composition 20Ge-10%e (acronymized as
a GTS glass) in atomic percent (at%) was prepared for meltingagemm (99.99%), selenium
(99.999%) and tellurium (99.99%) were then transferred inside the HF cleaned and vacdum drie
silica ampoule. After the batched and weighed material waddrest inside the ampoule, it was
evacuated using a high-vacuum (at least 8.0xhbar) before sealing it. High vapour pressures
of elemental tellurium and selenium demands extreme precaution duringgheeide an
evacuated ampoule for preventing pressure build-up leading to explosion. lthis f@ason the
ampoule must be heated slowly and sufficient time must be allewedactions to progress to

completion by consuming the high volatile constituents before significant meltingsbegi



The heating schedule for sealed silica ampoule was controllé€ aniii, with isothermal
holds of 2 hours at 28G and 538C at which a majority selenium and tellurium, respectively,
begin to react. After each hold, the temperature was increased % &5@°C min?, at this
temperature the furnace was set into a rocking motion for 10 hours for homogandtdituid
formed by dissolving the remaining solid. The temperature was then dropp&PC and
maintained at this temperature for 2 hours before quenching the ampoule2fdis2fonds into
an ice-cold water bath. The quenched glass was annealed asthiayiaition temperature (263
for 3 hours to relieve internal stresses. After annealing the glass am@sut®oled down slowly

to the room temperature by turning the furnace power off.

The comparison of impurities in germanium-tellurium-seleniumY) 3lasses before and after
purification of raw materials is shown in Fig.IRis apparent from this figure that the impurity
bonds such as O-H, Ge-O, Se-O andOreere significantly reduced after purifying the raw
materials. The observed impurities in the purified and unpurifief gdlasses, compared with the
literature dat§22-26], are summarized in Table 2. The purified glass proadk=sar transmission
ZLQGRZ XS \Wkih 2 cmPabsorption coefficient). In an unpurifiégeTe-Se glass, the
large absorption bands between 6.5 and P D Q @nd Pare the combination of Ge-
O, Se-0 and Te-O bands which were efficiently reduced. At thegelevgths the apparent loss
after raw material purification appears to reach the minimumuten of the bulk GS glass.
The apparent increage absorptionD W D QG (glass Bftdr Qurification of @eTe-Se
glass are due to the CO/gé@nd Se-H absorption. The CO/€@ay have come from atmosphere
during measurements, and the Se-H bonds may have formed during glass melting ttieough
following reaction 1[27].

USAE t*gl \ t* (G AE5 A (1)

2.2 Preform preparation and fibre drawing

The preform for this multimode chalcogenide fibre was prepared by the extreshondgue. For

fibre preform fabrication, the diameter of a core glass needed for extrusidimitad by the



geometry of the ampoule. In our case, the prepared glass rod has 10 mneterdaard 40 mm

in length. Mismatching with the size of the drawing furnace, such a shsstrgld.cannot be drawn
into fibres directly. Practically, a fibre preform at least 70 mm lemgtrequired, in order to fit
into the isothermal zone of the furnace. Therefore, a cane of 100-120 mm mdadgt-5 mm

in diameter was extruded from the short glass rod. The extrusion wal aaut in the fibre
drawing furnace working between 320and 34€C, which was about 55-76 higher than the
glass transformation temperaturg(in Fig.4). To prevent glass crystallization, the chamber of the
furnace was filled with argon gas, maintained at a flow rate of 0.iteduring the extrusion.

As illustrated in Fig. 3, a shoBe- Te-Serodwas first placed inside an extrusiorould. By heating

the glass inside the extrusion moirididethe furnace and by applying constant pressure from the

top through a piston, a thinner glass cane of 4-5 mm in diameter was extruded.

For fibre drawing it is important to control viscosity to prevent tatligation and to maintain
flow of material, which yields a uniform shape of the fibre. FOS@lass preform drawing, the
thermal properties of the glass was analyzed by using a differeetialghanalyzer (DTA), from
which the glass transformation temperatuge(265°C), onset of crystallization temperature T
(609°C), were recorded, as shown in Fig. 4 (blue curve). Note that theTbaseline has slefl
down indicating an exothermic process, which is opposite of the endothermicagvig. The
melting is not shown in this figure. In the viscosity range 81 Pa.s (Fig.4 black curve), the
DTA trace of theGe-Te-Se glass presents no sharp crystallization peaks, which proves that the

glass may be drawn by avoiding devitrification.

From the extruded glass cane, tHESGibres were drawn at a fixed temperature range between
420°C and 466C, which corresponds to the %D0° Pa.s viscosity. The furnace temperature,
feeding and drawing rates were controlled to maintain the fibre drawingtds as possible. The
resulting unclad fibre has a diameter of 11B  Z LA KP variation. Microscopic analysis

confirmed that the unclad fibre was clean, smooth and with no obvious crystallization.

3. Fibre characterization



3.1 V-curve

The intrinsic loss defines the theoretical attenuation of a glaistwxcludes extrinsic loss factors
such as crystals and inclusions, transition metals, O-H, water, and iotperities, glass
inhomogeneity, air bubble, etc [27-29]. The analysis method for determining thatrirtalc loss

has been discussed in reference [30].

To obtain the V-curve plot of a GTS glass, the UV/visible and ieffapectra were measured
using a Perkin-Elmer Lambda 19 UV/visible/NIR spectrometer and a Bruk#exXVe0 FTIR
spectrometer. The measured spectra are shown in Fig. 5a. The \Wweanven plotted in Fig. 5b.
From this plot, the minimum loss was 0.0003 dBXat 11.5 Fn for a 2@e-10Te-70Se glass.
However, this value being a theoretical estimation should only be sseglade for reducing any
extrinsic contributions. Whefnbre fabrication is carried out, the extrinsic loss factors accumulate
and contribute to total loss above the intrinsic loss floor which maiObeo 1¢ times larger,

depending upon the processing conditions.

3.2 Fibre loss measurement

The fibre loss measurements were performed with multiple cut-backs iby as FTIR
spectrometer (Bruker Vertex 70) with external fibre couplers. Since th@peter has a large
beam size (around 1 mm), the amount of light coupled into the fibre was loeg tiee measured
spectra were noisy at longer wavelengths due to mode spreading andulphng efficiency
However, the multimode GSfibre used in this investigatidrad a large core diameter of 11,
which enabled coupling light intoighfibre with acceptable efficiency. It should be noted that due
to unresolved nature of noise in the spectra and low sensitivity of@leddtector, the measured
loss spectra are less reliable at longer wavelengths (37.8To minimize the possibility of error
and noise in measurements, each spectrum was recorded by multipleosdéansmes at least
with a 2 cmt' resolution over the whole scanning range. For calculating the fibrerokigle cut-
back measurements were carried out by recording the transmitted poweiabefafeer cutting a
piece of fibre (in total 8 cuts was performed, 30 mm of each cut, iniaguphchangd). The

Fresnel reflection induced lesswere considered and the measured spectra were corrected



accordingly. Figure 6 shows the loss spectrum, waér@smission window from 1.2 to 6.3n
with the loss minimum of 1.4 dB/at 4.2 m is presented. Moreover, the overall loss was lower
than 3 dB/m between 1.5 and 6.3. As expected, the spectrum becomes noisy beyond®.3
due to the detector noise and coupling limitation, which is why theunements were terminated
beyond this wavelengtiAnother two noise bands appear near Irfand 2.9 m, which are due
to the UV cut-df edge of the glass and strong fundamentall @bsorption, respectively. In
addition, the loss spectrum also presents some impurity absorptions, doce)she 4 at 2.2

m, CO/CQat 4.4 m, Se-H at 4.6 mand HO at 6.3 m, which are consistent to the absorption
spectrum of a bulk glasalthough not all these absorptions were observetpurified Ge- Te-Se
sample (Fig.6, inset figure), it is believed that when the glassimas into fibres, the extrinsic

loss factors may have contributed to the total loss above the intrinsftolarss

4. Theoretical verification of FEWS sensing using a unclatGe-Te-Sefibre
4.1 Analysis of optical modes in tBeTe-Se fibre

To use a multimod&e-Te-Sefibre for FEWS sensing, an important factor is to consider the
optical modes in the fibre. Previous studies using either unclad, or rdralagieling, multimode
chalcogenide fibres for FEWS sensing, with core diameters ranging from 100 tardBave
been reported extensively [1, 3, 8, 9, 31-34]. It is also known that by taperimgadfdre with
sub-wavelength features can also improve FEWS sensing since large propblitiht cannot be
confined in to the fibre core which propagates along the fibre su8¢E]. However, unlike
silica, which can be easily tapered down to nano-scale, most chaldeggass fibres are difficult
for post-processing due to thermal instability and poor mechanical strength [19, Zhei®@]are
two main advantages for using a multimd@gie Te-Sefibre in this investigation. Firstly, the fibre
has a core diameter of 110n which supports a multitude of optical modes. Compared to
fundamental mode, the higher order modes (HOdas)penetrate further into cladding medium
and therefore enhance the measurement sensitivity. This can be understotie iollowing
equations. In an optical fibre, an evanescent field decays into thengjadddium by equation 2
[35]



"oroxxudak IOBOXXU%U& ixiiioud (2)
whereEciaddindy) Is the field in the cladding layer at a positypmeasured from the boundary
andEciadding0) is the boundary field.cladding IS the decay coefficient in the cladding medium and

can be calculated through equation 3 [3, 35]

U 6 x x e 8§50k Broxxuau 3)
wherenett is the effective refractive indices of optical modes andding is the refractive index
of the cladding medium.
The mode field width (MFW) of evanescent wave is defined as the penetration deptievhen t
field Ecladdindy) decayed t@?! of theEciadding0). According to equations 2 andy3s then defined
asthe penetration depth at this position by

TEER) L@ @
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It is known that in a multimode fibre, the effective mode indices of Ha@lMsmaller than that
of the fundamental mode. Therefore, the penetration dejptled HOMs are always larger

compared to that of the fundamental mode.

Another benefit of using multimode fibre is the improved coupling efficiency. As mentioned
before, we used an FTIR spectrometer with a mercury-cadmium-tell(ME&T) detectoasa
light source. The beam diameter of the light source was about Tenfibre ineoupling or out-
coupling was achieved through free-space mirror optics, which is non-tritha! fibre diameter

is reduced much lower than 10®.

Although in previous investigations the multimode chalcogenide fibreg exensively
discussed for FEWS sensing, until now, the influence arising from HOMsevees discussed.
The FEWS sensing is based on spectrum analysis. We can asswangstiens in spectra rely on
changes in sensing species, and are independent of optical modes if a coagidedoes ro
convert to other higher/lower order modes because of fibre bending or extetundlesse during
measurements, which may lead to a drop/increase of output power. To veri@gsbmption, a
theoretical study was performed using the finite element method eFigirows the results of the



simulation. The calculation was based on a model with the sanmagdara as the Ts fibre used

in the experiment. In the model, a perfect matdayer (PML) was added to avoid reflections at
the boundary and the multimode fibre was surrounded by water. Figure 7a showsgaadulaet
profile of the fundamental modePo1 (the full mode profile is shown in Fig. 7c) where the
penetration of the evanescent field (in log scale) into the surrounding meditnencdoserved
(the fibre core region was marked with a black solid line near thely@tdm corner). There is
not a significant difference in the penetration depth of the evanesaldnivhen comparing the
profile of the LB1 mode with that of a HOM LR in Fig. 7b. As expected, the computation
confirms thathe GT Sfibre supports many optical modes. Figure 7d-7j give the patterngofese|
lower order HOMs, namely thieP21, LPs1, LPs1, LPo2, LPo3, LP12 and LRa. It is true that many
other HOMs are supported in this fibre but considering that tbafinement losses are relatively
high, the analyses of these lower order HOMs in Fig.7 should be suffiaamderstand the
influence of HOMsn a FEWS fibresersor.

4.2 Penetration depths under different circumstances

Figures 7a and 7b present the field distribution of the& BRd L1 modes. From tree two
figures, the difference in the penetration depths of the two medadistinguishable into the
cladding medium. For improving this analysis, a one-dimensional (1D) mode pva8iglotted
to show the intensity variations along a line through the fibre centes @Ditransverse plane in
Fig. 7, which is shown in Fig. 8a. The two red dash-lines atmi@efine the boundaries of the
GTSfibre. It is clear that the light is well-confined within the filohee to high index of the 5
glass. Different optical modes, however, exhibit different modal distoibutvhich is apparent
fromthe 1D plot (Fig. 8a). It is also found that near the boundary of the fibretéresity of light
decays exponentially into the cladding medium, no matter which naode®nsidered. Figure 8b
enlarges the high-lighted red rectangle region in Fig. 8a, showing theitgtdecay at the fibre
boundary (grey area presents th€S3jlass). As expected, the fundamental mode: bBs the
lowest mode intensity at the boundary thaat tif the HOMs. Above the boundary of the fibre,

the HOMs, e.g. LB, can have more light penetrated into the cladding medium. A closer

1C



examination of the intensity variation near the boundary of the fibre isnshroWwig. 8c, from
which the calculated intensity of the daPnodeis clearly seen to be at least an order of magnitude
(>10 times) higher than that of thediPnode, at the fibre boundary. Summarized from Fig. 8c, a
1D plot of mode intensitiesawsus optical modes is compared in Fig. 8d. In the ascending order of
intensities, the modal intensities are as follow®o1 < LP21< LP12< LPo2< LP13< LPo3< LPs,
consistent with the values of effective mode indices given by the-fgiment calculations. Table

3 shows the calculated effective refractive indices of different modes.

It was expected that by coating the fibre with inorganic materials sudmasond, TaOs or
TiO2 can either avoid the direct contact of the fibre with chemicalispeor improve the
sensitivity. To verify this assumption, more calculations were perforfntdn layer (50-500 nm)
of diamond, T&Os or TiOz on the fibre surface was included in the model. The caémlitasults
are compared in Fig. 9. Obviously, after coating the evanescent fietghicsintly interrupted
as can be observed from the computed values in Fig.9b-9d. Only small aphdightt can
penetrate through tee coating layers, as compare with that of an urembflbre (Fig. 9a). The
computed results are consistent when a step-index core-clad fimedsor FEWS sensing. In
this case the cladding layer needs to be removed by etching/polishatigw as much light as
possible to reach the boundary. Figure 9e plots the mode profiles undemtifiecamstances
(the O point represent the fibre center with a core diameter of h).0The data on y-axis was
firstly normalized and then plotted on a log scale. It can be seemttta fibre without any
coating, the propagating light penetrates through the fibre surface withhigler intensity, as
compared with other cases. Therefore, in order to maximize the meastisensitivity, we chose

not to apply any coating on tlige Te-Sefibre for the sensing experiments.

5. Fibre evanescent wave spectroscopic sensor

5.1 Experimental setup

With the understanding of the intensity distribution of optical modes hasvpenetration depths

in the unclad GS fiber, we designed and fabricated a FEWS sensor as shown in Fig. 10. A short
piece ofGe-Te-Sefibre (40 cm long)was coupled with a Bruker Vertex 70 FTIR spectrometer

and an MCT infrared detector using free-space optics. The two enddfibf¢heere mourdgdon
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3-axis translation stages. The in-coupling light beam from the repeeter, after propagating
through the fibre, was then coupled mib the MCT detector. The in/out-coupling was realized
with two parabolic mirrors based on light reflection instead of trassomsto avoid material
absorption at long wavelengths this setup, the Ge-Se-Te fibre worked as the light delivery
medium, as well as the sensing probe. In the middle of the fibreglacgmtainer with two side
holes was designed to let the fibre sit in without bending. About 3 crwids&ept fully immersed
into the analyte medium. As discussed before, the effective spectyalfaarsensingvas limited
inthe 1to 6.8 m.

Several chemical spees which commonly occun food and pharmaceutical manufacturing
were used for sensing experiments. Diluted acetoneqQOBH: 99%), acetic acid (C$COzH,
99%), ethanol (CECH20H, 95%), methanol (CiDH, 99%) solutions with various concentrations
were tested. Methanol is a toxic substance and must be controlled ttharsynthesis of ethanol
which is why we have characterized the concentrations. TocopherahifviEacapsule, Holland
& Barrett), ascorbic acid (vitamin C tablet, Holland & Barrett) andhfiesqueezed lemon and
orange juice were also verified using this sensor in a range of conioerstrahown below. It was
interesting toihd that some species such as tocopherol and ascorbicaax@ddly attach to the

surface of the fibre and hence contributed to strong absorption of the evanescent field.

The main absorption bands of the above chemical species distributeddarspectral regions
are 2.9-3.8, 5-6 and 6-8m [36]. Specifically, the absorptions between 2.9 and 3Bare
attributed to the C-H stretching and the fundamental O-H stretchingioisdl, 36, 37]. The
bands in 5-6 m are assignei the overtones and combination bands of C=0 stretching vibrations
[1, 3, 37], and the absorptions in the 6f8 region are due to the ring C=C and C-H vibrations [3

37).
The measurements were implemented by first recording the background spEsfeddkyround

without sensing species, and then by measuring the transmission sppeeampiewith chemical

solutions in the container. The absorption spectrum was then calculated through éguation

12
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The Sigma library of FTIR spectra [36] provides a complete databasenfraired
transmission/absorption spectra of most chemicals. The data caedha@s references for the
analysis. In order to locate the positions of absorption peaks accuttaatyeasured spectra were
deconvoluted into symmetrical Gaussian peaks, as depicted in Figures 11 to 14.

5.2Results and discussion

a. Ethanol and methanol

Ethanol solutions with concentration from 10 to 100% were used for the experirésts
chemical formula (Fig. 11a, inset figures) indisatkat ethanol should have C-H andHD-
stretching vibrations between 2.9 and 3r8. With the FEWS sensor, a broad absorption band
from 3.3 to 3.6 m, including two distinct peaks at 3.36&) and 3.472 m, and two weadr peaks

at 3.401 and 3.535m, are reported. From the Sigma FT-IR database, the IR characteemsits

of ethanol are at 3.362, 3.482, 4.039 and 6.9h1The two intense peaks at 3.362 and 3.471 are
consistent with the database. However, the oth@pbserved peaks at 3.401 and 3.58bcannot

be used as characterisfingerprintsasthey are relatively weak and cannot be distinguished
from the main absorption basidl'he fourth peak at 6.91In from the Sigma database is beyond
the detection range of this sensor, therefore, was not observed. Néhawiution was diluted to
10%, the spectra still present a relatively high absorption at 3.362 and 8¢ Which suggests

this type of FEWS sensor might be useful for the analysis at lower concentrations.

In food industry it is important to speciate the contamination of metffiammolethanol, because
of its irreversible toxicity leading to blindness in human beings, when codsurhe absorption
bands of methanol should be comparable with that of ethastmbth of them have C-H and B-
stretching vibrations. However, the bonding force and bonding distaaahemical bond can be
very different in molecular species, even though the constituent eemantbe identical. Figure
11b shows the absorption spectra of methanol with concentrations rangireffréanl00%. The
peak positions are located at 3.115, 3.398 and 3.536From the Sigma database, the IR

13



characteristic peaks of 99% methanol should be at 2.992, 3.398, 3.546 and r6.887the
experiments, we were not able to see the last peak as it exbeesbnsing range of the sensor.

However, all the other three peaks are consistent with the database.

Further analyses of the measured data are shown in Fig. 12, whereotip@bsoefficients
of ethanol and methanol with varied concentrations are plotted at diffdasorption wavelengths.
The absorption coefficient in chorresponds to the attenuation in dB/m by a product factor of
10%, which indicates the detection limit can be further improved for ppm or swefppm

measurements if a suitable detedsarsed.

b. Acetone

Acetone has several strong absorption bands in the mid-IR regi8ra4t4.2-5.0, 5.5-6.2 and
6.3-7.2 m, as shown in Fig. 13. Absorption spectra of 5 to 70 vol% acetone solutioms we
measured using this FEWS sensor. The chemical formula (Fig. 13, inses)iguggests that both
C=0 and C-H stretching vibrations may exist, which contribute to absorpti 3.177, 4.681,
5.868 and 6.091m. The positions of the first three peaks are consistent with the aihesSigna

FTIR data at 2.947, 4.432 and 5.8686 [36]. The absorption peak at 5.861 was also reported

by Heo [3]. The slight shiin peak positions may be due to the presence of water in all solutions
The water weakens acetone and creates morend which can shift the absorption at specific
wavelengths. From Fig. 18, is found that even after the concentration was reduced to 5 vol%,
strong absorption still exists in the spectra, and the sensor contiindietect lower concentrations.

c. Acetic acid

The absorption spectra of acetic acid solutions (5 - 90 Yeléte measured as shown in Fig. 14.
There are several absorption pgak3.221, 4.765, 5.837 and 6.0661. These absorption peaks
are the results of the C-H, O-H and C=0 stretching vibrations whaghb@a compared with the
Sigma absorption database at 3.287, 3.800, 5.833 and fQ76e apparent difference in peak
position arises due to the presence of water, which creates mimaesHn the solutions. It must

be pointed that when the concentrations of acetic acid was redubeebt®, most absorption
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disappeared and we were unable to identify the peaks from the backgroundHowaiseer, by
performing multiple scans or increasing the sensing fibre length, this problem realyée.

d. Vitamin C, E and squeezed fresh lemon/orange juice

It is well known that the main constituents of vitamin E and vitamameocopherol and ascorbic
acid, respectively, which we also targeted for the characterizating tiee Gefe-Se FEWS
sensor. Our target concentration range in solutions for the two véawagin the ppm range. The
analyte solutions were prepared from the commercial pills or capsules, boughidtiand and
Barrett departmental store. A vitamin E capsule contains 136 mg ritathissolvedn vegetable
oil. When diluting it with water, the oil remains immiscible. Qioghis reason, the solution was
stirred thoroughly by using a hot plate and a magnetic stirrer to makel th@plets dispersed
homogeneously. One vitamin E in 200 g water yigltiscopherol concentration of 680 ppm. A
multi-vitamin tablet contains 2fhg vitamin C, which was then dissolved in 40 g water, which
produces 500 ppm concentration of ascorbic acid. The prepared vitamin E andiédhsalere
then used for sensing experiments. The measured spectra are shown in Figsidéa.@&l, C=0
vibrations, both species have ring C=C bonds. Unfortunately, as the corresposdirgiab sits
between 6 and 8m, itwas not possible to detect these bands using this sensor due naitiutEoln
on fibre coupling in the FTIR. For vitamin E, the absorption peaks are dobab8418, 3.473 and
5.731 m, which are consistent with the Sigma database where the tehetacabsorptions were
reported at 3.417, 3.474 and 5.731.

In conclusion, the designed FEWS sensor yielded reliable resultslawtitencentrations of
680 ppm. For vitamin C, the observed absorption bands are at 3.183, 4.752, 5.902 anth6.031
Although there are small differences between the measurements arddaigivase, the positions
of main peaks are consistent with each other. It must be pointed out that the absatignisities
for both the vitamin E and C solutions are strong in the ppm range, which éndhedtthe
concentration may be further reduced and determined accurately using tipiabgmaks. The
possible reasons for high sensitivity with these two species can lagnexipas belowAs already

mentioned, some chemicals are easy to attach to the surfacefiddréhdue to suitable particle
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sizes and surface activity, which increases the absorption of eeah&ésld and hence contribute
to high sensitivity [1, 3]We believe that the sensitivity can be further improved for sub-ppm
measurements by using FEWS technique, discussed above by enhancing thétyassibi
attracting molecules to fibre surface, increasing the number of scahthe length of the sensing

zone, and above all fibre coupling and detector sensitivity.

It is well known that both lemon and orange contain abundant amount of vitaonre@erage
40 mg and 35 mg of vitamin C, respectively in each fruit. For sensing expesjraaak fruit juice
was squeezed and the juice was transferred into the analyte disREMIB. The absorption
spectra of juice samples are shown in Fig. 15b. The results atardimihat of the vitamin C
solution.

Table 4 concludes the positions of characteristic absorption of diffehemhical species
studied by the designed FEWS.

Further improvement in sensor design may be feasible using a hollow-R&t@©W fibre
design for future fibre sensing applications, especially when considg®en@GTS glass type
extended IR medium. Such a novel fibore may capable of performing simultaneougughs/Ii

suspension analysis for industry.

6. Conclusion

A simple and robust fibre evanescent wave spectroscopic sensor usingr@daithalcogenide

fibore was designed and constructed for chemical sensing. A comprehensiver &vie

methodologies adopted for material development and fiber drawing was presehésibilowing

steps: purification of raw chemicals for high spectral purity, glassingelguenching and

annealing, fabrication of fiber preform and finally, fibre drawing. The fabricatethdifibre of

110 Bn has a minimum loss of 1.4 dB/m W P DQG OHVV WKDQ G% P EH\
P 7KH {dlegheiw (FE) calculations was applied for characterizing the motalsity

distribution and their respective penetration depth into the analytkume Based on the

simulation, a FEWS sensor with 3 cm sensing zone was constructdiocahspecies from food

and pharmaceutical products were studied by means of spectroscopitsamilyshis sensor.
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The sensitivity of the sensor has been verified in the ppm concentratnge for vitamins.
Methods for improving the sensor sensitivity by increasing the path length actbdsensitivity

are proposed.
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the calcualted optical modes including the fundamental mode Lld*and some HOMSs in the 20Ge-70Se-10Te
fibre. The calculation was performed by using the finite element method. Pedematched layer was added

and the fibre was assumed to be surrounded by water.
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Fig. 13 Absorption spectra of acetone solutions with concentration ranging froto 70 vol.%. The upper
figure shows the peak fit for the spectrum (the inset figures show the sirtural formula and ball-and-stick
model). The green dash lines present the fitted peaks, Guassian shapsumed.
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Fig. 14 Absorption spectra of acetic acid solutions with concentratioranging from 5 to 95 vol.%. The upper
figure shows the peak fit for the spectrum (the inset figures show the sirtural formula and ball-and-stick
model). The green dash line represents the fitted peaks, Guassian shapsusned.
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Fig. 15 (a) Absorption spectra of vitamin E and vitamin C solutions in 680 ppm and 500 ppmespectively
(the inset figures show the structural formula and ball-and-stick model)s (b) Absorption spectra of squeezed
fresh lemon and orange juice. The green dash lines present the fidtpeaks, Guassian shape assumed.

Table 1: Typical impurities and absorption bands in chalcogenide glassesraadZib25]

Impurity $EVRUSWLRQ ZDY
S-H 2.05, 2.54, 3.11, 3.65, 3.94
SeH 2.32,3.55,4.15,4.57,5.0
O-H 144,2.2,29,44

Free HO 2.77,2.83,6.32
GeH 4.95
As-H 5.02
GeO 7.9,12.8
P-O 8.3
SeO 10.67, 11.1, 15.3
Te-O 13.8,14.4
COo, 4.31, 4.33,15.0
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Table 2 A comparison of the impurity absorption in purified/un-purifiedi&&e glasses with reported work [21-

25].
SRVLWLRQV RI DEVRU Absorption intensity (crt)
Absorption This work Reported This work Reported
Un-purified  Purified work Un-purified Purified work
O-H 2.86 - 29 Strong, 1.19 - Strong
H0 6.32 - 6.32 Weak, 0.21 - Medium
SeH - 4.52 4.57 Very weak, 0.06 Weak, 0.50 -
GeO 7.84, * - 7.9,12.8 |  Strong, 1.73 - Mset?(i)‘ﬁ]';"
SeO * - 11.1,15.3 Strong, 2.13 - Medium
Te-O * 14.74 - 13.8,14.4 Medium, 1.30 - Medium
COICO, | 424,430  4.28 431 | Vevweal 014 yeak 024 -

* The combination of absorptions from Ge-O, Se-O and Te-O in tipitified GeTe-Se glass contributes to a strong
DQG EURDG DEVRUSWLRQ EDQG IURP WR P 7KHUHIRUH WKH DEVRI

Table 3 Effective mode indices from the finite-element calculation
Mode LP01 LP21 LP12 LPoz LP13 LP03 LP31

Refractive

i 2.9199 2.9197 2.9195 2.9194 2.9187 2.9182 29174
Index

Table 4 Characteristic absorption peaks of chemical specgasured by the FEWS sensor in this paper

Chemical species Infrared absorption peaks [um]
Ethanol 3.362 3.401 3.472 3.535
Methanol 3.115 3.398 3.536
Acetone 3.177 4.681 5.868 6.091
Acetic acid 3.221 4.765 5.837 6.066
Tocopherol (Vitamin E) 3.418 3.473 5.692
Ascorbic acid (Vitamin C) 3.183 4.752 5.901 6.031
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