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Abstract

The detection of ambient outdoor trace hydrocarbons was investigated with a multipass
Raman analyzer. It relies on a multimode blue laser diode receiving optical feedback from a
retroreflecting multipass optical cavity, effectively creating an external cavity diode laser
within which spontaneous Raman scattering enhancement occurs. When implemented
with ultralow-loss mirrors, a more than 20-fold increase in signal-to-background ratio was
obtained, enabling proximity detection of trace motor vehicle exhaust gases such as H,, CO,
NO, CHy, C2Hy, C2Hy, and CoHg. In a 10 min-long measurement at double atmospheric
pressure, the limits of detection obtained were near or below 100 parts-per-billion for most

analytes.

Introduction

Chemical composition analysis is an indispensable necessity in almost all areas of industrial,
medical, and scientific activities. Molecular identification in the gas phase, in particular, is
needed for metrology, product quality control, medical diagnostics, leak detection and envi-

ronmental sensing—on site or via a sample collection process. Often applications are greatly
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extended by the ability to differentiate between molecular isotopologues, for instance for trac-
ing in environmental or medical diagnostics.

A variety of techniques are capable of trace detection in gases including ion mobility spec-
trometry (IMS), mass spectrometry, gas chromatography, spin resonance, techniques based on
chemically sensitized electromechanical devices, and optical techniques.* Among the latter,
optical absorption modalities, such as cavity-ring-down spectroscopy (CRDS),%™ have found
commercial use for many years. Spontaneous Raman scattering (SRS), on the other hand, has
been used commercially for gas sensing only for concentrated analytes. Recently, however, de-
creasingly lower limits of detection have been reported for gas SRS enhanced by hollow-core

1314 and multipass cavities.'>"2 Besides isotopo-

optical fibers, M capillaries, ' microcavities,
logue discrimination, a unique advantage of SRS is the ability to sense many gases simultane-
ously with the same detector and pump source. Numerous recent studies have highlighted this
capability. For example, natural gas has been characterized in detail with as many as 7-8 chem-
icals identified simultaneously.?!2 Pre-mixed samples of hydrocarbons in air have also been
characterized successfully, with limit of detection for some hydrocarbons as low as 90 parts-
per-million (ppm).=* However, while these efforts constitute a significant step forward in SRS
spectroscopy, further improvements are clearly needed to deploy the technique for highly dilute
detection at concentrations well below 1 ppm, routinely achieved with competing methods. We
report here a step in this direction using a multipass cavity Raman analyzer constructed with
ultralow-loss mirrors of reflectivity greater than 99.99%. Compared with off-the-shelf dielectric
broadband mirrors with a reflectivity of 99.5%, an average SRS emission rate increase of a factor
of 3, together with a background reduction by a factor of 6.5, were obtained. With mild pres-
surization (0.2 MPa absolute pressure), detection for numerous analytes could be performed
at limits of detection near 100 parts-per-billion (ppb) and below in 10 minutes. In particular, a
real-world application—the detection of hydrocarbons around a combustion engine motor ve-
hicle exhaust—was possible, simultaneously evidencing an array of trace constituents includ-

ing Hy, CO, NO, C2H,, C,Hy, C2Hg, and CHy, bringing SRS sensing into the realm of practical



tools with commercial applications.

Context

As arelatively weak light-matter interaction, spontaneous Raman scattering must be enhanced
in practice to be useful for trace gas detection. As has been shown in a plethora of recent exper-
iments, there are many ways in which this SRS enhancement can be accomplished. Enhance-
ment mechanisms broadly fall into two categories: (i) cavity assisted enhancement, wherein
light is recirculated over a same sample volume, and (ii) waveguide assisted enhancement with
light confined tightly over a long channel containing the sample. Advantages and drawbacks
of both of these approaches have been reviewed for example by Wang et al.* and Knebl et
al.?” Regardless of the enhancement method chosen, in order to identify a trace analyte’s spec-
tral signature—typically a Q-branch spectral band—the associated photon flux must signifi-
cantly exceed the noise in the total photon flux at or near the Stokes frequency. This noise
level, although ultimately determined by signal shot noise, is often dominated by the noise in
background light, particularly under integration times of minutes or longer. Consequently, a
critical step towards lowering the limit of detection in SRS is mitigation of background light
generation. In some cases, the background light might be largely due to overlapping secondary
SRS emission from other molecules—for example O and S branch bands of nitrogen or oxy-
gen in air—and system spectral selectivity will crucially affect its influence. Fortunately, typical
(rotationally-resolved) Raman spectral lines in ambient gases are exceedingly narrow (below
1 cm™1). Thus, spectral discrimination is then limited first and foremost by the pump laser
linewidth and the detection linewidth, both limited mostly by cost. In other cases, the back-
ground will primarily be due to light that is not from other gases’ SRS. For such a situation,
better spectral selectivity is beneficial, but the residual background will ultimately compromise
the ability to identify a spectral line from a particular analyte if the line’s magnitude is compa-

rable to the noise in the background.



Multipass Cavity

Multipass cavity SRS enhancement is ideally-suited as an extremely low background light envi-
ronment. In its simplest form it consists of two concave mirrors in a near-concentric arrange-
ment. This arrangement is well-known and has been used since the early days of laser physics
to increase a laser’s circulating power without involving a resonance condition, such as is in-
evitably present in a standing wave or travelling wave resonant cavity. However, due to back-
ground mitigation concerns, Raman scattering occurring at the two foci is ordinarily collected
sideways. In prior work we have shown that a multipass cavity can be operated in such a way
that it serves a triple role of (i) laser power enhancement, (ii) laser feedback generation, and
(iii) SRS collection enhancement 182026 Ag depicted in Fig. 1, this is possible when the pump
rays entering the multipass cavity ultimately retrace their path. Such configuration arises un-
der a slight off-axis alignment of the two concave mirrors and enables a collection path of SRS
photons that is collinear with the pump laser path—the two paths being dichroically distin-
guishable. Details of our setup are provided in Ref.*® We focus here on the influence of the
properties of the multipass cavity mirrors on the overall Raman measurement and show that

these constitute a critical factor in realizing trace detection at concentrations below 1 part-per-
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Figure 1: Schematic (a) and raytracing simulation (b) of bidirectional multipass cavity with
2N = 12 and 2N = 60 total mirror reflections, respectively. The pink waves indicate scatter-
ing originating from the dielectric coating in the mirrors. The blue arrows indicate the ori-
gin and propagation direction of spontaneous Raman scattering which is eventually collected
collinearly.



To aid in the analysis, we turn to a simple ray model, illustrated in Fig. 1 wherein a total 2N
reflections occur, N being the number of forward reflections. In this model we assume that rays
pass alternately through one of two foci and incur a loss of L = 1 — R at each reflection, where
R is the mirror power reflectivity coefficient. For simplicity we further assume that rays overlap
and combine incoherently at the foci. Thus, we can obtain an expression for the total pump

power circulating in the forward direction through focus 1 as
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Forward and backward Raman scattering is assumed to occur into each reflection direction

from each focus with proportionality constant a to the pump power. Specifically,
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and
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so that the total collected SRS rate is
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The quantity —5> SRS , Tepresents the multipass cavity enhancement factor, i.e., the ratio of the total
SRS emission with the multipass cavity to the SRS emission that would be measured if the mul-
tipass cavity were removed. Despite the crude simplifications made in the model, it provides

insight into the influence of mirror properties on the overall SRS enhancement. In the com-

Table 1: Nominal multipass enhancement factor PSRS for two sets of curved mirrors, for differ-
ent number of one-way reflections N. The stated reﬂectmues are nominal for A =445 nm (near
pump wavelength) and A =510 nm (methane Stokes wavelength) as stated by the manufacturer.
The experimental enhancement factor is relative to the one obtained with off-the-shelf dielec-
tric mirrors (Thorlabs CM254-025-E02).

Mirrors Rassnm  Rsionm Nominal PSROS Rel. exp. PSRS
(%) (%) N=20 N=30 N=40 N = 30

Thorlabs CM254-025-E02 99.8 99.0 640 1280 2040 1

Layertec 20030278 99.995 99.995 800 1800 3200 2.1

plete absence of reflection losses, i.e., when R — 1, we get T R2 % and thus Pggg = 2aPyN?,
i.e., a superlinear growth of the SRS rate with the number of reflections occurs. Thus, there is
significant benefit in maximizing N, as well as R. While N is largely determined by the ratio of
the solid angle subtended by the cavity mirrors to that of the incoming beam, the reflectivity of
ordinary broadband dielectric mirrors typically does not exceed 99.5%. However, ultralow loss
mirrors can be manufactured by ion beam sputtering with reflectivities routinely above 99.99%
such that in practice essentially no reflective losses are incurred. Table 1 provides a summary of
the nominal SRS multipass cavity enhancement factors, is—ﬁ‘os, theoretically expected based on
different sets of mirrors. For the scenario pertinent to our experimental setup, N = 30, and the

multipass enhancement factor with ultralow loss mirrors is twice the enhancement factor ob-



tained using ordinary dielectric mirrors. The model thus gives a reasonable picture of the losses.
Independent reflectivity measurements of the CM254-025-E02 mirrors also show that the real
mirror reflectivity is lower than the nominal value provided by the manufacturer, probably due

to intrinsic variations in the manufacturing process.
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Figure 2: Raman spectra of dried room air obtained with a multipass cavity constructed using
commercial off-the-shelf mirrors (dark-brown, Thorlabs CM254-025-E02), ultralow-loss cus-
tom mirrors (red, Layertec 20030278), and ultralow-loss mirrors with an upgraded detector
(gray). Mirror specifications are provided in Table 1. The exposure time was 60 seconds ex-
cept for the CM254-025-E02 trace for which the exposure time was 600 s before normalization
to 60 s. The pressure was 0.1 MPa. The arrows indicate the midrange background magnitude
for the different configurations.

Furthermore, since losses of ordinary broadband mirrors are usually dominated by scat-
tering losses associated with material microroughness, substantial stray light is generated in a
multipass cavity built with such mirrors. The stray light is likely generated in the form of diffuse
fluorescence and/or spontaneous Raman scattering from surrounding material surfaces which
receive the monochromatic pump light scattered by the mirrors. Thus the consequence of this
scattering is broadband background light in the SRS spectrum as seen in Fig. 2 for ambient
air spectra recorded with cavities built with either ordinary or ultralow loss mirrors. Extracting
the signal, background, and signal-to-background magnitude ratios at two different spectral

locations from the data of Fig. 2 we obtain the data of Table 2. As can be seen, the combined



effect of reduced losses and reduced scattering lead to an average 24-fold increase in signal-to-
background ratio between the two mirror sets. If an improved spectrometer is used (gray trace
in Fig. 2), then the overall increase in signal-to-background ratio is 30-fold (overall spectral res-
olution of <3.5 cm™'). The arrows in Fig. 2 indicate the midrange background magnitude for
the different configurations.

Table 2: Relative signal, background, and signal-to-background magnitude ratio of ambient air

SRS spectra recorded with a multipass cavity build with different sets of curved mirrors. The

two spectral locations correspond to ambient carbon dioxide (1285 cm™!) and methane (2917
-1

cm ).

Mirrors Rel. magn. (1285 cm™}) Rel. magn. (2917 cm™})
signal bkgnd signal/bkgnd signal bkgnd signal/bkgnd
Thorlabs CM254-025-E02 1 0.34 2.94 1 1.59 0.63
Layertec 20030278 3.93 0.03 131 2.06 0.77 2.68
Layertec+upgraded detector  4.78 0.03 159 3.29 0.41 8.02

Trace sensing in a practical setting

Because the noise in our measurements is dominated by background shot noise, as opposed to
camera read noise or signal shot noise, a reduced signal-to-background ratio makes it possible
to significantly lower the limit of detection for most molecules. As a test application, hydrocar-
bon residuals in air were analyzed. Outdoor air samples were collected behind a motor vehi-
cle equipped with a 2.5 L, 4 cylinder gasoline engine. The vehicle was stationary and idling at
around 900 revolutions per minute. The sample was pressurized to near 0.2 MPa with a hand
pump into a plastic container with a volume of 3.7 L, and subsequently transported to the lab-
oratory where it was introduced into a partially evacuated chamber (=0.02 MPa) enclosing the
SRS multipass cavity. The delay between collection and measurement was about 5 minutes.
Auxiliary procedures and experimental settings were similar to those adopted in prior work. %"

The multimode laser diode pump source (Nichia NUBM44) was operated at a current of 1.8 A
and a temperature of 23°C, conditions under which it would produce a free running output

power of 2.4 W at a wavelength of 443 nm. The volume Bragg grating by which frequency-



selective feedback is obtained reduces the laser linewidth to approximately 3 cm™!. The spec-
tral detection system was improved over prior work in terms of efficiency and resolution. With
an input numerical aperture of 0.22 and slit width of 50 pm, it was optimized to match better
the multipass light collection optics. The chamber holding the multipass cavity was systemat-
ically operated at an absolute pressure of 0.2 MPa. Spectral calibration was preformed using
known Raman shifts associated with ambient air molecules such as water vapor.222% Record-
ings were segmented into five 2-min-long exposures using a CMOS detector (SONY IMX183 in

ZWO ASI183 mono camera) without gain to maximize dynamic range.
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Figure 3: [Two-column] Overview of Raman spectra of dried ambient (green) and exhaust air
(black) at a pressure of 0.2 MPa. A typical sample of exhaust air is rich in carbon dioxide, carbon
monoxide, nitric oxide, hydrogen and aliphatic hydrocarbons like methane, ethane, acetylene
and ethylene. A magnified view (x50) was applied to selected spectral regions for better visual-
ization.

Raman spectra were first recorded for samples collected about 0.1 m away from the exhaust
outlet and subsequently dried with desiccant. The removal of water vapor—and its many O-
H stretching and O-H bending spectral features—facilitates spectral interpretation but is not
strictly necessary. Although much sample-to-sample variability is observed due to the nature
of our crude sampling method, most exhaust gas spectra resemble the spectrum shown in Fig.
3 (gray trace) with a large number of peaks that are not seen in spectra from ambient air (green
trace in Fig. 3). In order of characteristic abundance these are Q-branch bands of CO,, CO, H,

CHy, CpHy4, CoHg, NO, and CyHjy, as summarized in Table 3. The Q-branch bands of isotopo-



Table 3: Spectral bands of gases detected in dried gasoline engine exhaust air. The differential
Raman scattering cross section do/dQ2 is specified relative to that of N, at a pump wavelength
of 443 nm. The last two columns display the lowest measured concentration, and the limit of
detection (LOD) for each analyte, respectively. We define the LOD as the concentration at which
the signal to noise ratio equals five during a 10 minute long acquisition.

Gas Symbol VR mode? do/dQ2 Min. conc. LOD
(cm™h (ppb) (ppb)
Hydrogen H, 415529 H-H str. 262800 ggQBLd 100
Nitric oxide NO 187530 N-O str. 0.3530 420 330
Methane CH4 291732 C-H str. 7.65Y 19008334 20
CH,4 301732 C-H bend 0.218032
Ethane Co,Hg 295584 C-H str. 9.5652 60 20
290034 C-H str. 5.08532
27455%%  2xCHgsciss.  0.803032
99380i34 C-C str. 2280832
Ethylene C,Hy;  3020%° C-H str. 5.570 370 80
288040 C-H str. 0.148032
Acetylene CoH, 197380 C—-C str. 8.55%0 30 20
Carb. monox. '2Cl60 214230 C-0 str. 0.893Y
Bclég 20959 C-O str.

Carb. diox.  '2C'%0, 1388%? (C-Ostr.+bend® 1.335Y
13¢160, 137036  C-O str.+bend® -

a“str,”, “bend”, and “sciss.” stand for stretching, bending and scissoring vibration, respectively,%* and overtones
are labelled with “2x”. ?Sum of all rotationally-resolved transitions. ‘v, transition in the Fermi Dyad. Ambient
level.

logues 3C'%0, and !3C'%0 are also identified. For the most abundant species, e.g., CO,, H,
CHy4 and CO, series of peaks associated with O and S branch transitions are seen as well. To
demonstrate unequivocal chemical identification and accurate assessment of concentrations
we look more closely at the spectral region corresponding to C-H stretching vibrations (Fig. 4).
It is dominated by bands due to methane. However, upon careful inspection, it is possible to
identify bands associated with CO», O, C2Hy4, and C,Hg. This is clear from the "pure" gas spec-
tra of methane, oxygen, and carbon dioxide, overlaid with the exhaust gas spectrum in Fig. 4(a),
where the spectra have been scaled according to their relative estimated concentrations. We
can further create a "synthetic spectrum" composed of spectra of the pure gases and generate
a "reduced" exhaust gas spectrum by subtraction, as seen in Fig. 4(b). It is then evident that

the remaining peaks belong to the less abundant species of C;H, and C,Hg, which is confirmed
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Figure 4: [Two-column] Magnified view of Fig. 3 C-H stretching region. (a) Spectra of exhaust
gas, pure methane, pure oxygen and pure carbon dioxide. (b) Exhaust gas spectrum from which
the sum of pure gas spectra from (a) was subtracted, together with ethane and ethylene spectra
from Magnotti et al.®?

upon plotting the spectra of pure C,H4 and pure C,Hg together with the reduced exhaust spec-
trum in Fig. 4(b). At lower frequencies, C-C stretching vibrations give rise to a peak from C,Hp,
which is more or less isolated depending on the magnitude of the overlapping O-branch band
due to carbon monoxide. In Fig. 5, a magnified view of this spectral feature is shown for three
different exhaust samples. As can be seen, substantial concentration variations occur, presum-
ably due to variations in engine operation. In some cases, for example for sample 2, the peak
associated with C,H; at 1973 cm™! can only barely be identified. In this particular sample, car-
bon monoxide content was particularly high so that the Q-branch SRS feature due to 3C'®0

near 2095 cm™!

is also detected as indicated in Fig. 5. Many of the spectral features identified
above are still visible at lower concentrations. To illustrate this, samples were collected at far-
ther distances of 0.75 m and 1.25 m from the exhaust outlet. In Fig. 6, we can see for instance

that up to a distance of 0.75 m from the outlet, ethane and nitric oxide remain barely detectable.

Hydrogen remains detectable at distances over 1 m, i.e., the magnitude of peaks shown in Fig.

11
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Figure 5: Spectral Q-branch line due to acetylene (C,H») at 1973 cm™! at the tail of O-branch
lines from '2C'®0 and/or N, for 3 different samples of exhaust air, and for ambient air.

6(c) for the collection distance of 1.25 m still significantly exceeds that of the peaks recorded
for ambient air, for which the hydrogen concentration is about 0.7 ppm. Likewise, we can ob-
serve in the spectra of Fig. 7 that ethylene, despite having a spectral signature in a region shared
with, in particular, carbon dioxide SRS, remains detected at a distance of 0.75 m. These mea-
surements demonstrate that even under extreme dilution trace residuals from the combustion
are still measurable. We can estimate the concentrations of the molecular species tabulated
in table 3 based on peak magnitudes and known cross sections, also listed in table 3. Here we
primarily utilize ambient methane (1.9 ppm) as the reference for the concentration of aliphatic

hydrocarbons in the spectral range around 3000 cm™*

, as well as for nitric oxide. For hydrogen,
we compare directly with measurements on a calibrated reference gas for which the hydrogen
concentration is certified as 2 ppm (Airgas part number X02AI99C15A48N1). The results are
summarized in Fig. 8 as a function of the collection distance from the outlet. As can be seen in
Fig. 8, hydrocarbons are detected at concentrations ranging from ~2 ppm down to ~0.03 ppm.
Several species such as CoH, and C;Hg were measured at concentrations as low as 50 parts-

per-billion (ppb), thanks to exceptionally large scattering cross sections. Nitric oxide, due to

the high degree of spectral isolation of its Q-branch peak, was measured as low as 420 ppb. The
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Figure 6: SRS spectra centered around the peaks associated with ethane (a), nitric oxide (b), and
hydrogen (c), for exhaust gas samples collected at different distances to the outlet.

lowest concentrations measured for each analyte are listed in the next to last column of table 3.

Nevertheless, lower concentrations than those present in the measurements of Fig. 6 and
Fig. 7 are potentially detectable. To assess the limit of detection (LOD) for each species realisti-
cally, we extract the noise level, i.e., the root mean square background fluctuation in the vicinity
of its associated spectral peak. We define the LOD as the concentration at which the peak area
is five times the integrated noise level in the total recording time of 10 minutes. The results are
tabulated in the last column of table 3. For those analytes with the largest cross sections, excep-
tionally low LODs of order 20 ppb are found. That these LOD numbers provide a conservative
measure of the lowest detectable concentration is demonstrated from a comparison with the
actually detected concentrations. For example, the spectral feature for acetylene in Fig. 5 in the
blue trace belonging to sample 3 (estimated concentration of 30 ppb) would most certainly still
be visible with a further reduced concentration (LOD of 20 ppb). Likewise, the orange trace in
Fig. 6(b) representing NO at an estimated 420 ppb is intuitively close to the LOD estimated at
330 ppb (LODs have been rounded up to the nearest 10 ppb).

To formally verify the validity of the LOD figures obtained, a series of concentration-dependent
measurements was performed for methane. Ambient air containing CHy4 at a concentration of
1.9 ppm was diluted in N (ultra-high purity nitrogen from Airgas) so as to vary the methane

concentration in steps of approximately 10 ppb. The SRS spectrum was measured for each con-
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Figure 7: SRS spectra in the C-H stretching region for exhaust gas samples collected at different
distances to the outlet.

centration under the same conditions as those of the exhaust gas measurements above (10 min
measurement time at 0.2 MPa absolute pressure). The results are summarized in Fig. 9. In part
(a) spectra at selected concentrations are displayed, whereas in part (b) the signal magnitude
(peak height) is plotted relative to the noise magnitude (SNR), as a function of methane con-
centration. As can be seen, the methane spectral signature at 2917 cm™! is buried in the noise

for concentrations below about 20 ppb, in agreement with the LOD reported in table 3.

Discussion

Today more than ever, trace chemical concentration analysis in air is crucial for a wide variety
of applications. The results above show that Raman scattering has potential as an alternative
trace gas detection method in the ppb range. Depending on the particular analyte being mea-
sured, there could be room for improvement beyond using ultralow loss mirrors. For all data

presented here, the limiting noise remains random background noise. Unless the background
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Figure 8: Summary of estimated concentrations of analytes in the measurements of Fig. 6 and
Fig. 7 for various distances between sample collection and exhaust outlet. For CoH, we show
two measurements at 0.1 m distance to illustrate variability among repeated measurements.
The dashed lines indicate the ambient levels for selected gases, and the solid lines show the
limits of detection as listed in Table 3.The distance indicated effectively carries a relatively large
uncertainty estimated at ~10 cm due to the nature of the uncontrolled sampling method em-
ployed.

is produced by other analytes’ SRS, it should be possible to realize measurements for which
camera read noise dominates under short exposure times, and signal shot noise dominates un-
der long exposure times. Attaining this regime will be most likely limited by cost of components
since there is a priori no reason to assume that stray light emerging from locations exterior to
the sample volume cannot be discriminated, albeit at a potential loss in efficiency. Simple and
versatile detection at order 10 to 100 ppb could open up new applications for Raman scattering,
heretofore covered primarily by more established and relatively expensive techniques. Below
we provide a brief summary of potential impacts.

Ethane— Ethane (CyHg) is a hydrocarbon with a rapidly increasing atmospheric concen-
tration due to underground fossil fuel extraction.3” Although the global average atmospheric
concentration of ethane is only of order 1 ppb, it has been estimated to increase by 5% each
year.®” In addition, local concentrations can be much greater, for instance near gas processing
plants.® Ethane serves as a tracer for methane because of the nearly nonexistent non-fossil

fraction of ethane in air. Thus there could be considerable interest in the development of pre-
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Figure 9: (a) [Two-column] SRS spectra of methane for concentrations indicated, offset verti-
cally for clarity. (b) Signal-to-noise ratio as a function of concentration. The SRS signal intensity
was obtained as the peak heights in part (a), whereas the (concentration-invariant) noise level
was extracted as the root-mean-square baseline variation in the peak vicinity.

cise and robust ethane trace sensors. Currently, infrared absorption techniques are nearly able
to reach detection of ambient levels of ethane. For example, commercial cavity ring down de-
tectors have been shown to be sensitive to changes in ethane concentration of order 10 ppb.38
Nonetheless, an analyzer based on Raman scattering could bring advantages due to potentially
lower cost associated with the ability to co-detect a host of other molecular species simultane-
ously.

Ethylene—Besides being widely employed in the manufacturing of plastics, ethylene (C2Ha)
serves as an important hormone in plants, and real time monitoring systems for ethylene have
applications in agriculture, horticulture and health care.®” Ethylene is synthesized by plants
themselves and active at concentrations of tens of ppb to one ppm.“? Thus trace ethylene gas
concentration monitoring is relevant for instance in fruit ripening systems. Studies with hollow
core fiber enhancement have already demonstrated the suitability of Raman scattering for this
task.*! Measurements were performed down to concentrations of 100 ppm when employing the
spectral feature at 1342 cm™! for ethylene identification.%! This band is spectrally overlapping

with CO, SRS, thus hindering substantially the detection at levels below 1 ppm. The exception-
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ally low background concentrations available in multipass cavity enhanced Raman scattering
in the C-H stretching region allows to detect ethylene at the 3020 cm™! peak instead, which is
also associated with a greater cross section (by approximately a factor of two). The lowest CoHy
concentration detected in our studies was 370 ppb and we estimate the limit of detection to
be 80 ppb. Detecting ethylene at that level in the context of monitoring fruit ripening should
be substantially easier compared to the monitoring of ethylene in gasoline exhaust gases: the
3020 cm™! ethylene peak happens to nearly overlap with the 3017 cm™! methane peak, as well
as with a wide band due to CO,, both abundant in exhaust gases (see Fig. 4).

Acetylene— Acetylene (C2H») finds use predominantly in metallurgy for welding. It is also
used as a precursor in the production of, e.g., plastics. The simplest alkyne, it is character-
ized by a Raman scattering cross section greater than even that of methane. Its triple bond C-C
stretching vibration frequency lies well isolated from those of other common hydrocarbons and
acetylene is therefore highly detectable by Raman scattering, with an estimated limit of detec-
tion of 20 ppb in our study. Safety monitoring in industrial process control could potentially
benefit from such high detectability. Acetylene is also present in the breath of smokers at con-
centrations as high as 260 ppb,“2 but fast elimination in exhaled breath does not make it an
efficient biomarker for active smokers.*?

Nitric oxide— Together with other oxides of nitrogen, nitric oxide (NO) is a major pollutant
on roadways. Diesel vehicles in particular generate significant amounts of nitric oxide. Near
roadways, nitric oxide concentrations can reach concentrations well in excess of 10 ppb.4* Ni-
tric oxide is also a chemical messenger in the human body. It is normally found in breath at
concentrations near 200 ppb, and NO deficiencies have been linked to a variety of diseases.*®
Given an estimated LOD of 330 ppb in our present study with 10-min long recording times,
it appears feasible to reach NO detectability near 100 ppb. For example, this could simply be
achieved by moderate increases in laser pump power and exposure times, thus enabling medi-

cal diagnostics applications.
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Hydrogen—Despite being the most abundant element in the universe, the atmospheric con-
centration of hydrogen gas (H,) is only about 0.7 ppm.=* As a homonuclear diatomic molecule,
hydrogen is difficult to detect with infrared absorption.“® Nevertheless, the need for precise and
reliable hydrogen gas detection devices has never been greater, due in part to the burgeoning
hydrogen energy industry. Hydrogen detection systems are being researched extensively and
sensors relying on chemically sensitized metal oxide semiconductors (MOS) devices are partic-
ularly promising.“” However, a major advantage of SRS hydrogen gas sensors over MOS sensors
is improved accuracy at detection levels of order 10 ppb at room temperature.*®4Y Hydrogen
also plays a major role in atmospheric science and could find use in leak detection systems to
replace or complement expensive Helium based tools. Finally, in the context of medical appli-
cations, hydrogen detection is at the heart of the hydrogen breath test.*? For this test, hydrogen
gas concentrations very near ambient concentrations (order 1 ppm) need to be assessed pre-

cisely.

Conclusions

In summary, the utilization of ultra-low loss mirrors (reflectivity greater than 99.99%) in a mul-
tipass cavity laser feedback configuration has enabled spontaneous Raman scattering mea-
surements subject to exceptionally low background and increased signal intensity. With cor-
respondingly suppressed noise, detection at previously unreachable trace concentrations was
possible. Limits of detection for NO, H,, CoH,, C2Hy, and C,Hg, where obtained as 330 ppb,
100 ppb, 20 ppb, 80 ppb, 20 ppb, respectively, at an exposure time of 10 min, which potentially
enables a variety of new applications for SRS. Importantly this was achieved with an ordinary
multimode laser diode as the pump source, with high potential for portability. Given that most
SRS trace gas sensing approaches employ highly pressurized gas samples it is likely that sig-
nificant improvements can be made by simply operating in a higher pressure environment,

conceivably reaching detection limits of order 1 ppb for some analytes.
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