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Abstract: In this investigation, the coupling losses caused by Fresnel reflection, core misalignment between single

mode fiber (SMF) and HC-PCF are analyzed. A novel solution proposed from this research will reduce the cou-

pling losses by using a T-type tube as a connector. Meanwhile, the theoretically calculated optimized gaps are at
15 pm in SMF-HCPCEF direction and 25 pm in HCPCF-SMF direction. Thus, an experiment has been carried out,

and the results of the practical gap in the above mentioned two directions have also been obtained. Furthermore,

compared with detection by traditional methods, the proposed new detection method with PCF can remarkably en-

hance the Raman spectroscopy signal. Finally, the prospect of using the combination of HC-PCF and Raman spec-

troscopy in gas-cell detection has been demonstrated by using oxygen and nitrogen.
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Introduction

Photonic Crystal Fiber (PCF)'" is playing a prom-
ising and powerful role in several research and industrial
areas due to its distinctive properties, which include pho-
tonic band-gap effect, endlessly with single-mode charac-
teristics, and dispersion characteristics. The diversity of
these useful properties is not available in conventional fi-
bers, hence PCF is establishing in particular in a good
number of applications in ever-widening areas. Nowa-
days, detection technologies combined with HC-PCF pro-
vide new detection methods useful for the industry, medi-
cal treatment, and environmental monitoring. The appli-
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cation of HC-PCF in Raman spectroscopy is a novel
method for gas detection since it can enhance the sensi-
bility and accuracy in Raman detection, which could re-
sult in its various prospective and cost effective applica-
tions in photonics in the near future. However, it is diffi-
cult in butt coupling between SMF and HC-PCF'**!. The
coupling loss will occur between fibers which in turn will
affect the validity of Raman detection.

Researchers are carrying out extensive investigations
focusing on reducing splice loss. Xi Xiaoming et al. car-
ried out a feasible solution to decrease the joint loss,
which gradually reduced the air-hole collapse of PCFs,
i.e. less than 0.3 dB loss'*'. Worldwide, a typical ex-
periment was carried out where fibers were cleaved with
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an 8° angle from normal and the HC-PCF was spliced
hermetically at both ends to SMF"!.

In the present study, a gas detection system has
been designed with HC-PCF sample pool. Then, Raman
detection is validated using this system. For this pur-
pose, a T-type metal tube was utilized in fiber coupling
between SMF and HC-PCF. Though the losses are inevi-
table, both the theoretical analysis and experimental re-
sults have shown that the highest coupling efficiency ex-
ists in the optimal distance of two fibers. Moreover,
while comparing with traditional detection, the present
experimental results show that Raman spectroscopy signal
is enhanced remarkably with PCF.

1 Principle and experiments

1.1 Splice joint technique and optimized gap calcu-
lation

Two fibers were SMF (780 HP)'® and HC-PCF
(HC-800B) """ from NKT Photonics. The parameters of

two fibers have been shown in Table 1.

Table 1 Properties of HC-PCF (HC-800 B) and SMF (780

HP

%BIEPGMHOmmnﬂSMFU%HHMﬁE
Properties HC-800B 780HP

Operating wavelength 770 ~870 nm 780 ~970 nm
Core diameter (7.5£1) pm 4.4 ym

Mode field diameter(MFD) (5.5+1) pm (5.0£0.5) pm
Numerical aperture( NA) 0.2 0.13
Attenuation <250 dB/km <3.5 dB/km

It is a tough technique to splice both ends of HC-
PCF to SMFs with dissimilar parameters such as Mode-
field diameter ( MFD) , numerical aperture (NA), and
core diameter. Some of the splicing techniques such as
filament fusion with continuous laser illumination and fu-
sion splicing have been reported previously *'°'. Howev-
er, their disadvantages in splicing either led to high cou-
pling losses or made air-hole collapsed. An idea using a
stainless-steel tube to connect HC-PCF with SMF was al-
so mentioned'""). However, it is merely confined be-
tween SMF and solid core PCF. In the current work, a
T-type metal tube is utilized not only as a connector to
join SMF and HC-PCF but also as a gas cell. The pro-
posed structure is shown in Fig. 1.

The manufacturing process of T-type tube has two
procedures. Depending on their different characteristics,
corresponding installation processes were designed ac-
cordingly. A novel method was utilized where a hole was
drilled firstly with the required size. However, in this
procedure the confinement will increase when it comes to
distort the tube structure. Then, the hole is flanged by
using a spinning blade which can accurately relocate the
hole. Alignment of the center is controlled with the help
of boring machine. This procedure possesses strong ap-
plicability and generality.

From this construction, the splice of the fibers was
fixed in alignment and the gaps between fibers were con-
sidered in the optimization for distance. The two fibers

Fig.1 The proposed T-type structure
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are assumed to be parallel to each other. One of the fi-
bers (HC-PCF) guiding at 785 nm was cleaved and then
was put into the tube. At the end facet, the other fiber
(SMF) was inserted with an optimized gap. After filled
with mixture gas (N, and O, ), the fibers are stringently
sealed. The same technique was followed with SMF-
HCPCF. In the later experiment, two sealed tubes were
considered as gas cells to control gas filling progress.
Moreover, this splicing technology with T-type tube was
compact, portable, and especially offered no damage to
air hole.

With a view to maximum optical power coupling,
these fibers were ultimately spliced with an optimized gap
under the condition of dissimilar physical and optical pa-
rameters. With this gap, 98% light could transmit
through the fiber core. During splice coupling, beams
emanating from transmitting fiber get diffracted owing to
Fresnel diffraction before launching into the receiving fi-
ber. Light transmitting from HC-PCF or SMF has the
similar Gaussian profile. The Gaussian beam diameter is
described as MFD and its Petermann-II formula is given
as follows;

MFD = 2w, , (1)
where, w, is the spot size of the emanating beam. Light
beam propagates along the z-axis. Owing to Fresnel dif-
fraction, the diffraction beam spot size w (z) is de-
fined''”!. Where, A is the source wavelength, z is the
optimized gap between HC-PCF and SMF, which is indi-
cated in Fig. 2.

77777 ]::E;}@Elggiﬁber /_\___R_e(_:e_lv_lig_tlb_e_r
1/7\\» 7777777 - 7/' \\

R Core i | ]MFD | ’\L____C_ofe___"
__________ _ i fm—
Cladding \"——=*==--—_\ .

____________ N/ N Cladding

Fig.2 Gap mode between two fibers
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The optimum air gaps “z” between HC-PCF and
SMF were computed under the condition of dissimilar
MFD, NA and fiber core diameter. Two directions’ gaps
(from HC-PCF to SMF and from SMF to HC-PCF) were
calculated respectively and the calculated results of the
gaps are given in Table 2.
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Table 2 The optimized distance of fiber coupling
R2 AABESHMLES

Direction A w, w(z) optimized gap
SMF-HCPCF 785 nm 5.2 um 5.25 um 15 pm
HCPCF-SMF 785 nm 3.75 pm 4.1 pm 25 um

In Table 2, the z value calculated for SMF-HCPCF
was 15 wm and for HCPCF-SMF was 25 pm, which en-
sured that the maximum transmission optical coupling ef-
ficiency was up to 98% of the source light.

1.2 Analysis of coupling loss at splice joint
1.2.1 The core misalignment

During the process of coupling splice, the two fibers
were aligned hypothetically at a distance “z” from each
other. In an implementation, model mismatching oc-
curred where central point deviated “Ar” at one of the
end facets. Eventually, serious coupling loss would be
caused due to the mismatching mode and for not collima-
ting two fibers when emitting light transmitted from fiber
1 to fiber 2. The cross-section of the fiber’ s central devi-
ation is depicted in Fig. 3.

fiberl , fiber2
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Fig.3 The deviation of the fiber center
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Considering that “z” is the distance between the two
fibers, and central deviation is presented inevitably for
the beam light that transmits along x-axis and y-axis from
one fiber to the other fiber. The related transmission effi-
ciency is achieved when the coupling loss exists. To
summarize , fixing the center aperture of fiber reduces the
coupling joint loss implicitly and the relationship with @
and z is related to transmission efficiency.

1.2.2 Fresnel loss

Another non-ignorable coupling joint loss exists in
fibers° end facets, which is considered as Fresnel
loss'"®. In such a coupling joint, emanating beam light
propagates from fiber 1 to fiber 2 and its reflection loss at
fiber 2 plays a vital role. In Fig. 4, co-directional light
beam transmits from medium n; through medium n, and
then hits fiber 2, and finally arrives in medium n; par-
tially. The beam hitting at the end facet of fiber 2 experi-
ences reflection loss, which is called Fresnel loss.

fiber] fiber2

Cladding

n

Cladding  ns

Z

Fig.4 Scheme to show the Fresnel loss
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The corresponding Fresnel loss is computed using an
expression' !, Researchers previously found solutions to
nullify the Fresnel loss at coupling splice. One of these

results is to coat the fibers which can only used in SMF-
HCPCF. The Fresnel loss should be taken into consider-
ation strictly. The majority of the Fresnel loss at the fiber
facet can be avoided as in this research while the HC-
PCF used serves as a sample pool, the Fresnel loss
should be taken into consideration strictly.
1.3 Experimental configuration
1.3.1 Optimized gap detecting setup

The experimental gaps in the two directions were
manifested by using a photodetector. The experimental
setup employed is shown in Fig. 5. A light source of 785
nm was launched from SMF to one end of HC-PCF, then
transmitted from the other end of HC-PCF to SMF. The
optical power was monitored by a detector and the light
output was detected at the same time. Therefore, the op-
timized gapl between SMF and HC-PCF and gap 2 be-
tween HC-PCF and SMF were observed simultaneously
when the power output reached to a maximum value. In
this configuration, it is vital to ensure the alignment of
the centers of SMF and HC-PCF, which produces a max-
imum power output. The same result could be achieved

with HC-PCF and SMF.

SMF HC-PCF SMF
LS b b Detector

Gap Gap2
Fig.5 The setup for optimized gap detection
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1.3.2 Gas detecting configuration

After optimizing the optical coupling components,
an experimental model for detecting Raman gas was setup
as shown in Fig. 6.

Gas inlet Gas Outlet

: SMF PCF f SMF ‘ _I

Lens Len
Coupler

Coupler

-------

Photodetector

Fig.6 The fundamental scheme of the detecting system
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This system consists of optical devices and gas
cells. In optical devices, the laser is a continuous source
of power 100 mW at a wavelength of 785 nm. The light
beam was aligned using 18 mm focal length aspheric lens
(C280TME-A, Thorlabs). SMF (780HP, NKT Photon-
ics) was utilized ( operating wavelength ranges within
780 ~970 nm where the attenuation is <3.5 dB/km) to
splice coupling with a HC-PCF ( HC-800B, NKT Pho-
tonics where the designed wavelength is centered at 800
nm and its attenuation is less than 250 dB/km). The two
fibers were coiled for a compact format and they joint
splice with gas cells to lead the gas in and out. The dis-
crepancy was caused by the difficulty in optimizing the
coupling splice gap between HC-PCF and SMFs. These
optimized gaps, 15 pm from SMF to HC-PCF direction
and 25 pm from HC-PCF to SMF direction, were calcu-
lated in the research mentioned above. At the end of the
second SMF, the transmitted beams were focused in as-

pheric lens with a 15 mm focal length ( C260TME-A
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Thorlabs ) onto a spectrometer ( HR4000, Ocean Optics)
detecting the Raman signal. Eventually, the collected
Raman intensity was analyzed by the computer online.
Meanwhile, the experimental gaps in two directions (one
is from SMF to HC-PCF and the other is from HC-PCF to
SMF') were manifested by a photodetector. Furthermore,
the two gas cells, consisting of HC-PCF and SMF by a T-
type tube can achieve optimized detection efficiency and
a maximum detection power.

At last, this gas detection system was characterized
quantitatively by choosing nitrogen as reference; the de-
tectable concentrations for oxygen were 3%, 1. 5%,

0.5% and 0.1%.
2 Results and discussion

2.1 Optimized gap at the splice interface

Figures 7-8 show the gap data acquired from the ex-
perimental device using HC-800B and 780HP, respec-
tively. There is no doubt that a great deal of loss gener-
ates from Fresnel reflection at the end face of fibers. Fur-
ther, the Raman signal is reduced, which necessitates an
action to acquire an optimized gap. With the receiving fi-
ber moving away, the return loss is reduced and interfer-
ence is decreased. Thus, Raman signal can be improved
efficiently.

1.0+ —o— Theoretical caculated results
—o— Experimental results
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SMF to HC-PCF/um

Fig.7 Comparative theoretical model and experimental
results for SMF to HC-PCF
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Figures 7-8 indicate that the output power at zero
distance from SMF to HC-PCF direction is more than that
obtained from HC-PCF to SMF direction. In Fig. 7, an
initial output power shows a low value and it increases
gradually as the distance increases. Then, it starts to de-
cline after the maximum output power is achieved. The
figure shows that the calculated theoretical value is 15
pm whereas the experimentally obtained value is 14 pm,
which indicates that the experimental result is close to
the theoretical value. At the maximum gap, both Raman
signal and output power achieve optimal results in this
configuration. The experimental value in Fig. 8 is ap-
proximately 25 wm, which is similar to the calculated
theoretical result. This technique is rather compact and
easily achievable, beyond what other techniques offer;
where the optimized gaps are approximately to 14 pm in
SMF to HC-PCF configuration and to 25 pm in HC-PCF

to SMF configuration.
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Fig.8 Comparative theoretical model and experimental
result for HC-PCF to SMF
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2.2 Comparison of traditional and PCF detection

Figures 9-10 present the Raman spectroscopy meas-
ured by conventional detection technique and by 30 cm
long HC-PCF detection technique, respectively. We
chose nitrogen (70% at 1 bar) as reference gas and used
oxygen (30% at 1 bar) with HC-PCF to achieve a Ra-
man intensity of 20062. 733 with a detection time 100 s,
whereas the conventional detection technique without
HC-PCF only obtained an intensity of 163.305. From the
above experimental results, it was observed that Raman
signal with HC-PCF could be enhanced 100 times more
than the signal obtained by the conventional detection
technique.

180 ——Traditional

Intensity/a.u.

0 1 1 n 1 n
1450 1500 1550 1600 1650
Raman shift/cm!

Fig.9 Raman detection without HC-PCF
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2.3 Detection at various low concentrations of oxy-
gen

In order to demonstrate the feasibility of this gas-cell
detection system, a kinetic series of Raman signal was
obtained during filling the 30 ¢m long HC-PCF with oxy-
gen. Raman shift in oxygen appeared at 1556 ¢cm ™. The
gas at 1 bar was used in this experiment. The detectable
concentration for oxygen was 3% and for nitrogen was
97% with 30s integrated times. Similarly, other experi-
ments were implemented (O, was 1.5% , 0.5% , 0. 1%
while N, was 98.5% , 99.5% , 99.9% ). The Raman
spectrum of O, is shown in Fig. 11. It concludes that for

the 785 nm pump, Raman signal intensity increases as
the concentration of the gas increases.
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Fig. 10 Raman detection with HC-PCF
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Fig. 11 The detection results at various low concentra-
tions of O,
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We quantitatively analyzed the length dependence of
the Raman signal intensity using the HC-PCF. As shown
in Fig. 12, the Raman signal intensity increases almost
linearly with an increase in the fiber length in the range
of 5 ~30 ¢cm. The length beyond 30 cm limits the en-
hancement of Raman signal intensity. Therefore, from
these results, it is clear that Raman signal at different
concentrations can be achieved by using the detection
system proposed in this study, particularly at low concen-
tration.

20 000
15 000f

10 000- /

5000} _

Intensity/a.u.

Length of PCF/cm

Fig. 12 Relationship between length of PCF and intensity
of Raman signal
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HCPCF-SMF direction theoretically. Meanwhile, the ex-
periments were carried out to comply with the theoretical
values. Compared with the conventional detection meth-
od, the signal intensity of Raman Spectroscopy with PCF
was enhanced evidently. The O, at3% , 1.5% , 0.5% ,

0.1% concentrations were filled in HC-PCF to explore
the possibilities of using this detection system. HC-PCF
offers an excellent optical characteristic as a gas cell to
enhance the Raman signal. However, further investiga-
tion into the possibilities of the proposed system could be
considered to bring more development.
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