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Spontaneous gas-phase Raman scattering using a hollow-core photonic bandgap fiber (HC-PBF) for both
the gas cell and the Stokes light collector is reported. It was predicted that the HC-PBF configuration
would yield several hundred times signal enhancement in Stokes power over a traditional free-space
configuration because of increased interaction lengths and large collection angles. Predictions were
verified by using nitrogen Stokes signals. The utility of this system was demonstrated by measuring
the Raman signals as functions of concentration for major species in natural gas. This allowed
photomultiplier-based measurements of natural gas species in relatively short integration times, mea-
surements that were previously difficult with other systems. © 2008 Optical Society of America
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1. Introduction

A. Overview

Spontaneous Raman scattering has long been used to
determine the composition of gaseous samples.
These gas concentration measurements have been
hampered by low Raman cross sections and resultant
low signal strengths [1], which have limited the tech-
nique’s usefulness as a gas-phase sensor. If the signal
could be increased, Raman scattering would be ideal
for a process stream sensor for hydrocarbon combus-
tion. The work reported in this paper is motivated by
the need for real-time measurement of the relative
percentages of methane, ethane, and propane that
flow along a natural gas pipeline. Detailed knowl-
edge of these gas concentrations is useful in limiting
pollutant output and in increasing burning efficiency
in large natural-gas-fired turbines. The real-time
composition information of natural gas provides con-
tinuous heat content and flame speed values for
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feedback control. The requirement to conduct
quick composition measurements of low-Raman-
cross-section gases has motivated our search for en-
hanced Raman signal collection techniques.

In this paper we demonstrate that spontaneous
Raman output power in a hollow-core, photonic
bandgap fiber (HC-PBF) is enhanced by several hun-
dred times over that obtained using a traditional, 90°
free-space collection system [2]. In our sensing sys-
tem, pump light travels through an approximately
meter-long HC-PBF that is filled with an analyte
gas. The Stokes radiation generated within the en-
tire HC-PBF propagates down the length of fiber,
and the exiting light is imaged onto the input slit
of a grating spectrometer. The long interaction
length in the HC-PBF serves to enhance the Raman
signatures of gas species over those available from
conventional Raman systems. It is noted that extre-
mely low-loss (<1.2db/Km) HC-PBF's have been re-
cently reported [3]. These should lead to much longer
usable lengths of HC-PBF and to larger enhance-
ments, limited only by stimulated scattering [4].
The utility of the HC-PBF system reported here
was demonstrated by measuring the Raman signals
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as functions of concentration for major species in nat-
ural gas.

B. Related Work, Capillary Tubes

It is noted that classical hollow capillary tubes have
also been used for the enhancement of nonlinear op-
tical interactions [5-13]. These capillaries work best
with rays that propagate at grazing incidence, i.e.,
when only the fundamental EH;; or low-order wave-
guide mode propagates [14—18]. High-order, nongraz-
ing modes have high loss and thus are of limited use
for enhancement of nonlinear interactions. Most
classic hollow-capillary, nonlinear optics enhance-
ment experiments that have been reported describe
output signals that required phase matching and
consequently did not benefit from the collection of
a large number of waveguide modes or the collection
of a large solid-angular output [5-9,11,12]. Thus
these experiments are not strongly affected by the re-
quirement of grazing incidence. There have, however,
been reported enhancements of spontaneous Raman
signals using hollow-core capillary tubes for collinear
propagation of pump and Stokes signals [10,13]. The
Stokes signals generated therein depend linearly on
the number of modes that propagate to the output of
the tube with low loss. Enhancements reported by
Schwab and McCreery [13] were 30-50 times a
free-space configuration and presumably were lim-
ited by the significant propagation losses that oc-
curred except for rays propagating at grazing
incidence to the walls of the tube. These losses lim-
ited the number of modes (and hence the solid-
angular output) that could be collected.

C. Related Work in HC-PBFs

Recent related work has used HC-PBFs to take ad-
vantage of the long interaction lengths available
when both a laser beam and a gas are confined to
the small cross section of the hollow-core fiber. In par-
ticular, optical sources based on stimulated rotational
Raman scattering, and sensitive absorption measure-
ments in HC-PBF's have been reported [4,19—-22]. Sti-
mulated Raman scattering in HC-PBFs depends on
the enhanced gain possible in the fiber’s confined vo-
lume. The stimulated Raman exponential gain coeffi-
cient depends on (P/A)L (pump power P per unit area
A times interaction length L) and is enhanced in the
HC-PBF system by the small pump beam cross-
sectional area and long fiber length [23]. Absorption
measurement sensitivities are also increased by the
long lengths possible when a HC-PBF absorption cell
is employed [24]. The signal enhancement realized
when a HC-PBF is used to contain the Raman med-
ium and to collect the spontaneous Raman emission
is of a somewhat different character.

In Section 2 of this paper we theoretically estimate
the enhancement factor of Raman scattering in HC-
PBFs over the conventional Raman configuration.
The theoretical estimation is validated with experi-
mental results using atmospheric Ny gas (Subsec-
tion 3.A). The application of the HC-PBF Raman
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sensing system to the measurement of natural gas
composition is described in Subsection 3.B. The sig-
nificance of this work and conclusions are summar-
ized in Section 4.

2. Theory-Enhancement of Spontaneous Raman
Scattering in HC-PBFs: Numerical Calculations for HC-
580-1 Fiber

In general, spontaneous Stokes output power P, is
found from

P, = 6DP,Q, (1)

where ¢ is the Raman scattering cross section, D is
the density of the sample, P;, is the incident laser
power, L is the Raman interaction length, and Q,
is the solid-angular Stokes output that is detected
[2]. Thus comparisons of the efficiency of Raman de-
tection systems are in large part a comparison of the
LQ, products of competing systems.

In the classic, free-space, 90° gas Raman configura-
tion using a grating spectrometer, the pump laser
beam is directed parallel to the input slit of the spec-
trometer. The beam is focused through the analyte
gas such that the beam has a depth of field longer
than height H of the spectrometer’s entrance slit.
The pump beam (and resultant Stokes scattering)
is imaged onto the entrance plane of the spectro-
meter. The interaction length L is determined by
height H of the spectrometer slit, and the value of
Q) is determined by the f-number (f/#) of the spec-
trometer. If the imaging magnification is unity, Qy =
7(1/(2f#)?) is the solid-angular acceptance, and the
collected Stokes power in this configuration is given
by [25,26]

P, = cDHx(1/(2f#)?)Py.. 2)

The magnification of any collection optics (M > 1)
decreases the effective value of L by M and increases
the effective value of Q, by M2 The magnification
therefore increases the Raman signal by M. The max-
imum value of M is severely restricted by the re-
quirement that the magnified Raman signal fit
through the narrow dimension of the spectrometer’s
slit and is typically of order unity [25].

For Raman scattering inside a hollow-core single-
transverse-mode HC-PBF-based system, Stokes ra-
diation is generated and transmitted down the
length of the fiber inside the gas-filled hollow core.
If the optical loss of the fiber is very low, the collected
Stokes power will obey Eq. (1), where L = L, is the
length of the fiber and Q is the solid angle accepted
by the fiber.

Guiding in the hollow-core HC-PBF is forced by a
photonic bandgap within the cladding material. This
bandgap extends through a sizable region of the spec-
trum, 100 nm for the HC-580-1 HC-PBF used in this
work [27]. The photonic bandgap prevents propaga-
tion into the cladding in this wavelength region. This



particular HC-PBF supports a single transverse
waveguide mode over this low-loss spectral range.
The Stokes radiation produced and collected inside
the HC-PBF is proportional to the number of
Raman radiation modes collected, which in turn is
proportional to the Stokes solid-angle Q, collected
by the fiber [26]. This solid-angle acceptance can be
estimated in three similar ways. In the first method,
used in the numerical estimates given in Section 3 of
this paper, the solid-angular acceptance is calculated
from the measured numerical aperture of the fiber,
defined as sin 6, where 6 is the angular acceptance
of the fiber. For small 4, Q ~ z62. The numerical aper-
ture of the fiber used herein is 0.12 and Q; = 0.045 sr
[27]. The second estimate of () is derived by observing
the near-Gaussian nature of the transverse profile of
the propagating mode. The 1/e? intensity angular di-
vergence of a Gaussian mode is estimated as
0 = 1/(zw,), where wy is the Gaussian beam radius.
For small 6, Qy =~ 76? ~ 12 /(awy?) [26]. For the HC-
PBF investigated in this paper wg=~2.1v2 =
2.96 um [27] and Qg = 0.0124 sr at the nitrogen Stokes
wavelength (584.5 nm for a 514.5 nm pump laser) re-
ported in Section 3 of this paper. We note that, since
this angular measurement excludes any ray whose in-
tensity is smaller than 1/e? of peak intensity, it is not
surprising that this estimate leads to a lower value for
Qy than one based on the HC-PBF’s numerical aper-
ture. We also note that if we estimate the area of the
Gaussian mode A ~ 7w,? we can write AQ, ~ A2. The
Gaussian mode estimate is similar in reasoning to
the third estimate based on a blackbody mode analy-
sis. The number of Raman radiation modes can be cal-
culated by a standard mode count, identical to the
mode count used in theoretical treatments of black-
body radiation [26]. That estimate, based on quanti-
zation of modes in a finite space, leads to the
conclusion that each Raman mode occupies a solid an-
gle Q ~ 42 /A, where 1is the Stokes wavelength and A
is the cross-sectional area of the quantizing propaga-
tion medium [26]. For the single spatial mode ob-
served to propagate in the HC-PBF, this means
that the solid-angular collection is given by Q4 =
42/A. Taking A as the area of the HC-580-1 HC-
PBF core (diameter 4.9um), Q,=0.048sr (1=
514.5nm). The three estimates for the solid-angular
acceptance of the HC-PBF differ by only a factor of
roughly 3.6 from smallest to largest. In the numerical
analysis given in this paper we used the value of Q,
based on the first estimate, which is the only estimate
derived from an experimental measurement of the
fiber’s angular collection properties. We note that
the HC-PBF’s angular acceptance estimates are simi-
lar in magnitude to that imposed by the angular col-
lection of the f# = 6.4 spectrometer used in the
experiments reported below. For free-space Raman
collection with Qy determined entirely by the spectro-
meter (M = 1), Qy = 7(1/(2f#)?) = 0.019sr.
Equations (1) and (2) show that the ratio of Stokes
power collected by the PBF to that collected in the
free-space configuration is determined by the ratio

of the solid-angle-interaction length products for
the two configurations. Because similar acceptance
angles are available from both free-space and HC-
PBF Raman systems, the total Stokes power col-
lected is largely dependent on the Raman interaction
length L. The advantage of the HC-PBF or any
hollow-core fiber is that the solid-angle light collec-
tion is integrated over the length of the fiber and re-
duced to a near point emission at the end of the fiber
for transmission to a spectrometer. This length is ty-
pically much longer in the HC-PBF system (L = L)
than in the free-space system (L = H). This point is
discussed in more detail in Section 3.

3. Experiments

A. Atmospheric Pressure Nitrogen

Predicted enhancements of the HC-PBF system were
demonstrated by using atmospheric-pressure nitro-
gen in both the HC-PBF and the 90° classic free-space
configurations (Fig. 1). In the HC-PBF system, an
=100 mW 514.5nm TEM,, argon-ion laser was fo-
cused into a 1.5m length of Crystal Fibre, HC-580-
01 hollow-core photonic bandgap fiber via an
~10 mm effective focal length (EFL) aspheric singlet
and a three-axis Thorlabs fiber-launch stage. The HC-
580 fiber has loss <1dB/m at wavelengths between
510 and 590nm and <1.5dB/m at wavelengths be-
tween 590 and 610 nm [27]. The fiber supports a sin-
gle transverse, near-Gaussian waveguide mode at
these wavelengths and has a numerical aperture of
0.12. Greater than 60% input coupling efficiency
was measured. At the output end of the HC-PBEF, a col-
limator was used to limit the optical divergence of the
output beam prior to its passing through a Semrock,
holographicedge filter [28,29]. After passing the filter,
the remaining Stokes radiation was focused into a
0.55m focal length grating spectrometer, and the
spectrometer’s output was measured with an EMI
9789A photomultiplier tube operated in a photon
counting mode. The quantum efficiency of the detec-
tion system was not optimized.

In the free-space configuration, the pump beam was
reflected to travel parallel to the spectrometer’s en-
trance slit and was focused to an ~150 ym radius
beam waist in front of the slit with a 0.5 m EFL lens.
The pump beam propagated 16 cm away from the
entrance slit. A 2.54cm diameter, 4cm EFL lens
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Fig. 1. (Color online) Experimental gas Raman systems.

10 August 2008 / Vol. 47, No. 23 / APPLIED OPTICS 4257



provided M = 1 imaging of the Stokes radiation onto
the slit. The Semrock edge filter was placed directly in
front of the slit to reduce the scattered pump light en-
tering the spectrometer. The spectrometer’s (Horiba
J-Y iHR550) dispersion is 1.37 mm/mm.

Figure 2 shows the two resultant spectra collected
from the HC-PBF based system and traditional 90°
scattering system. The free-space spectrum was ta-
ken with a 0.5 mm wide, 10 mm high input slit. This
wide slit was used only to facilitate alignment. The
HC-PBF Raman spectrum was taken with 0.2 mm
wide, 10 mm high slits, and exhibits a higher resolu-
tion accordingly. Either slit width is wide enough to
pass the entire nitrogen or oxygen spectral line. Line-
widths in both experiments were instrument limited.
The detection system in both experiments was iden-
tical. Figure 2 shows nitrogen and oxygen spectral
lines imposed on a background that increases with
shorter wavelengths. The figure shows that the Ny
Raman line at 2331cm™! (584.5nm) collected from
a 1.5m piece of air-filled HC-PBF is more than
130 times greater than that obtained in free space.
This enhancement is consistent with that predicted
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Fig. 2. (Color online) Raman spectra from (top) the HC-PBF sys-
tem and (bottom) the free-space system . A signal intensity of 1V
corresponds to 10° count/s. The peaks near 560 and 585nm are
due to O, and N, Raman scattering.
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from Eqgs. (1) and (2), which show that the ratio R of
powers detected is R = L;Q/P;/Hr(1/(2f#)P,,,
where Ly and () are the fiber length and the solid
angle of the Stokes signal collected by the fiber. P;, =
160mW and Py = 45mW are the laser powers used
in the free-space and fiber experiments, respectively.
For our fiber (Ly = 1.5m, Qf = 0.045 sr) the predicted
enhancement ratio R = 100. The measured enhance-
ment (Fig. 2) is 152mV/1.15mV = 132. Raman
Stokes signals are proportional to the pump power,
and this measured enhancement implies an expected
enhancement of 132 x (160/45) =470 for equal
pump powers. (We note that all Raman signal levels
reported in the text of this paper are corrected for
background signals; i.e., the background, primarily
due to Raman scattering from the silica present in
the cladding, is subtracted from the signal levels
shown in the figures.)

The Stokes power (P,) measured in the free-space
experiment is consistent with that expected from the
known Raman cross section for nitrogen [25]. That
power, calculated from Eq. (2) (6D =5 x 10712
(cmsr)™l, M=1, Q;=0.019sr) is P,=6.7x
10> W. The free-space Raman signal shown in
Fig. 2 (peak wvalue 1.15mV) corresponds to
115 photoelectrons/s. The measured quantum effi-
ciency of the phototube at A =585nm is 1.28%,
and the spectrometer’s transmission is 44%, which
implies a generated Raman power of 7.1 x 10-15'W,
in good agreement with the theoretical prediction.
Also visible in both spectra is the oxygen Stokes line
at 1556cm™! (559 nm). If we account for the differ-
ence in Raman cross section between oxygen and ni-
trogen [25] and the difference in Stokes wavelength
s (the Stokes photon number varies as 1,72), the ratio
of nitrogen/oxygen Stokes signals (proportional to
Stokes photon numbers) should be 2.7. The displayed
ratio of photon numbers for the free-space experi-
ment is 1.6-1.7. (This ratio in the HC-PBF experi-
ment is not the same because of observed
chromatic aberrations in the optical train. These
aberrations become noticeable only when the spec-
trometer slits are small.) The quantum efficiency
of the photomultiplier tube at 559 nm (oxygen Stokes
wavelength) is a factor of 1.6 higher than at 585 nm
(nitrogen Stokes wavelength), accounting for most of
the difference between the predicted and the dis-
played ratio.

In the HC-PBF spectrum, a strong amorphous si-
lica Raman band is present. The silica signal is sev-
eral times greater than the gas Raman signals and
peaks near the pump wavelength. The silica Raman
signal is present throughout the HC-PBF transmis-
sion band and is indicative of a small portion of the
laser light propagating in the silica portion of the fi-
ber’s cladding. We have experimentally observed
that this noise can be reduced by spatial filtering
at the fiber’s output, i.e., by minimizing the collection
of light that leaks outside the fiber’s core.



B. Natural Gases

The utility of our HC-PBF Raman system was demon-
strated by the detection and measurement of the
components of natural gas (methane, ethane, and pro-
pane). A schematic diagram of the HC-PBF Raman
system used is shown in Fig. 3. High-purity natural
gas components were introduced into a stainless steel
chamber designed to contain the gases at high pres-
sure. The gases were fed through a 1um sintered
stainless steel filter and a subsequent 0.1 ym polypro-
pylene filter before entering the HC-PBF. These fil-
ters were used to prevent contamination of the
fiber cladding and core holes during measurement.

The same pump laser and input coupling experi-
mental arrangement was utilized as in previously
described atmospheric nitrogen measurement ex-
periments. In this case, the light input end of the
HC-PBEF also served as the vent for excess gases es-
caping the fiber. The other end of the HC-PBF was
butt coupled to a length of 110 um core diameter, mul-
timode fiber using an etched silica V groove and UV-
curing epoxy. The butt-coupling allowed for collection
of the output pump and Raman light while maintain-
ing an air gap between the two fibers of a few micro-
meters. The entire coupling assembly was placed
inside the high-pressure chamber with the HC-
PBF and multimode fibers exiting the chamber
through two feedthroughs. The gap between the
two fibers allowed analyte gases to pass into the
HC-PBF core and out into the atmosphere at the
other end of the fiber. At the output end of the large
multimode fiber, the same collimation, filtering, and
measurement apparatus was employed as in the at-
mospheric nitrogen experiment. The total measured
flow through the HC-PBF core and cladding was
used to calculate the flow rate in the fiber core, as-
suming uniform laminar flow in the core and clad-
ding regions [30,31]. Measured flow rates predict a
fill time of 6s for a 25 cm fiber, and thus filling of
the entire fiber core can occur quickly enough to
achieve a gas concentration reading in a few seconds.
Because relatively large signal-to-noise ratios are
achieved in this system, the limiting factor in mea-
surement time is the time required to fill the fiber,
and not the time required to integrate and time aver-
age the signal, as would be the case in a free-space
configuration.
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Fig. 3. (Color online) HC-PBF Raman experimental system. A

514.5nm Ar* laser beam, <1W TEM,, is focused by a 10 mm
EFL aspheric singlet (L;) into an HC-580-01 HC-PBF. Inside a
high-pressure gas chamber, the HC-PBF is butt coupled to a
110 um core multimode fiber (MMF). The output from the multi-
mode fiber is collimated (fiber collimator L), and argon laser light
is removed by using holographic edge filter F. Lens L (focal length
60nm) delivers the Stokes signal to a JY THR550 Spectrometer
(SPEC) and an EMI 9789A phototube (PMT).

The two most relevant portions of the resultant nat-
ural gas Raman spectra are shown in Fig. 4. In the
first portion, from 535 to 545 nm, distinct lines are ob-
served in ethane and propane. In the second portion,
from 600 to 610 nm, emissions from methane, ethane,
and propane are simultaneously observed.

After all relevant hydrocarbon lines had been lo-
cated and evaluated, the concentrations of each
gas were varied while observing the intensity of re-
levant Raman lines. To accomplish this, a single gas
was injected into the fiber at 100 psi (6.9 bar). The re-
sultant Raman line intensity of interest was mea-
sured, and the gas was diluted with high-purity
nitrogen until the natural gas Raman line was no
longer visible. An examination of the individual
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Fig. 4. (Color online) Raman spectra of natural gas: top,

535-545 nm; bottom, 600—610 nm. Identification of indicated spec-
tral lines: A, 870 cm™! propane; B, 1000 cm™! ethane; C, 1060 cm™!
propane; D, 2883 cm™! propane; E, 2895 cm™! ethane; F, 2917 cm™!
methane; G, 2937 cm™~! propane; H, 2995 cm™! ethane.
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and mixed hydrocarbon spectra at varying pressures
did not show any deviation from the spectral shapes
shown in Fig. 4. Figure 5 shows the intensity of two
such Raman lines (methane 2917 cm™ and ethane
2955cm™!) versus gas concentration. The straight
lines are least-squares linear fits to the experimental
data. Each data point shown in Fig. 5 is an average of
51 measurements of the Stokes Raman signal taken
at 1s. The error bars shown in the figure are + one
standard deviation of the 51 data points. The ethane
data show a near-linear variation of the Raman in-
tensity with constituent concentration. The variation
of the methane data from linear is substantial. We
speculate that the nonlinear variation in methane
data is caused by the flow of high-pressure gases,
which causes movement in the coupling between
the HC-PBF and the multimode fiber used to deliver
the Raman signal to the spectrometer. The ethane
data were taken first, at which time the coupling
was stable.

In addition to the methane, ethane, and propane
Raman signatures, a stronger continuous amorphous
silica Raman band was seen starting near the
514.5nm pump wavelength, peaking at about
525nm, and decreasing through the remainder of
the photonic bandgap fiber’s transmission band.
The peak of the silica Raman band at 525nm (not
shown in Fig. 4) is approximately 7 times greater
than the silica Raman local maximum at 536 nm.
The solid silica Raman signal is consistent with pre-
vious observations [32] and is accentuated by the
long pump-beam-silica-fiber interaction length in
the multimode collection fiber. This silica Raman sig-
nal provides the noise limit in the present system,
and future experimental work designed for an opti-
mum signal-to-noise ratio should use an all hollow-
core fiber system to minimize silica Raman noise
[33]. In the nonoptimized system illustrated here,
the lower detection limit for methane, for example,
was only about 0.5% owing to the absence of back-
ground subtraction, optimized photon counting,
stray light elimination, and limited detector quan-
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Fig. 5. (Color online) Measured Raman intensities of methane
(2917cm™) and ethane (2995cm™!) Raman lines with varying
gas concentration. The straight lines are linear fits to the experi-
mental points anchored at the zero intercept.
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tum efficiency. Were these parameters optimized,
we infer that using the same HC-PBF system would
result in detection limits ~300 times lower than that
realized with a free-space configuration.

4. Significance and Conclusions

A hollow-core photonic bandgap fiber was used both
as a Raman gas cell and as the means for collection
of spontaneously emitted Stokes light. This method
produced enhanced spontaneous Raman signals that
allowed gas concentration measurements that were
several hundred times more sensitive than compar-
able free-space methods, and the method was signifi-
cantly better than comparable capillary tube systems.
Analysis of the intensity of Stokes signals produced by
this system yielded signals in good agreement with
those measured. Because similar solid angles may
be collected for either the free-space or HC-PBF
configuration, a comparison between the systems is
essentially a comparison of usable Raman interaction
lengths. Long, commercial, hollow-core, photonic
bandgap fibers with losses <0.4 dB/m are available,
and thus fibers as long as 10-20 m should be useful for
Raman signal enhancement [33]. This implies that
signal enhancements of L;/H >1000 [Eqs. (1) and
(2)] should be achievable.

We have successfully applied the HC-PBF Raman
system to real-time measurement of molecular consti-
tuents of natural gas. These experiments provide a
crucial step toward the realization of a cost-effective,
all-fiber natural gas monitoring system, as well as
providing a basis for the understanding of Raman in-
teractions inside photonic bandgap fibers.

This technical effort was performed in support
of the National Energy Technology Laboratory’s re-
search in Energy Systems and Dynamics under
RDS contract DE-AC26-04NT41817 in addition to
support from National Science Foundation (NSF)
grant 0639234.
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