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ABSTRACT

A system and method for cavity ring-down spectroscopy can
include a pulsed quantum cascade laser, an optical ring-down
cavity, a photodetector, and an oscilloscope. The system and
method can produce pulse widths of less than 200 ns with
bandwidths greater than 300 pm, as well as provide temporal
resolution of greater than 10 ps.
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CAVITY RING-DOWN SPECTROSCOPIC
SYSTEM AND METHOD

CLAIM OF PRIORITY

[0001] This application claims priority from U.S. Provi-
sional Patent Application No. 61/903,640, filed Nov. 13,
2013, which is incorporated by reference in its entirety.

TECHNICAL FIELD

[0002] The present invention is directed to a system and
method for absorption spectroscopy and, in particular, for
measuring constituents of gas in a ring-down spectrometer.

BACKGROUND

[0003] Absorption spectroscopy has long been used for
detecting the composition of matter and measuring trace con-
stituents of matter. For example, photoacoustic spectroscopy
can be used for ammonia detection. In an exemplary spec-
trometer, a CO, laser with a resonant photoacoustic cell can
be used to achieve a detection limit of 0.1 ppb for ammonia.
Sensors have also been developed for ammonia detection in
semiconductor industry as well as for atmospheric pollution
monitoring. Somewhat relatedly, intra and inter pulse tech-
niques with a long path length Herriot cell can be used to
achieve ppb-level of detection of, for example, acrolein and
acrylonitrile with a total integration time of approximately 10
seconds. A sensor can also be developed based on direct
absorption in a multi-pass Herriot cell to monitor ethylene
concentrations in vehicle exhaust and in air sampled from
high-traffic urban tunnel.

[0004] Cavity ring-down spectroscopy (CRDS) is a form of
absorption spectroscopy. CRDS utilizes the mean lifetime of
photons in a high-finesse optical resonator with an absorbing
medium present in the cavity. CRDS can excel in the low-
absorbance regime where conventional methods have inad-
equate sensitivity.

SUMMARY

[0005] In an aspect, a ring-down spectrometer can include
apulsed quantum cascade laser configured to produce a laser
beam, an optical ring-down cavity, a photodetector, and an
oscilloscope. The laser beam can be arranged to propagate
through the optical cavity. The photodetector can be config-
ured to receive the laser beam and produce signals. The oscil-
loscope can be configured to receive the signals.

[0006] Insome embodiments, the pulsed quantum cascade
laser can be an external cavity laser having a laser controller.
The optical ring-down cavity can have at least one mirror
having a reflectivity of 99.5 percent or more.

[0007] In other embodiments, the ring-down spectrometer
can include a spectral analyzer. The laser controller can be
configured to tune the quantum cascade laser based on an
output from the spectrum analyzer.

[0008] In yet other embodiments, the quantum cascade
laser is configured to provide a single mode laser beam. The
laser beam can have pulses having pulse widths of less than 1
microsecond, less than 300 nanoseconds, and/or less than 100
nanoseconds. Each of the pulses can have a bandwidth greater
than 500 picometers, greater than 900 picometers, greater
than 1000 picometers or wider. The photodetector and the
oscilloscope can be configured to provide a temporal resolu-
tion of greater than 100 microseconds, greater than 10 micro-
seconds, greater than 100 nanoseconds.
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[0009] In another aspect, a ring-down spectroscopic
method can include producing laser pulses, propagating the
laser pulses through an optical ring-down cavity, detecting
ring-down pulses, and analyzing the ring-down pulses to
determine an absorption coefficient based on a ring-down
time. Each of the pulses can have a pulse width of less than 1
microsecond, less than 500 nanosecond, less than 300 nano-
seconds. Each of the pulses can have a bandwidth greater than
500 picometers, greater than 900 picometers, greater than
1000 picometers or wider. The optical ring-down cavity can
have at least one partially reflecting mirror to produce ring-
down pulses.

[0010] In some embodiments, producing the laser pulses
can include varying the pulse width to identify an optimum
value.

[0011] In other embodiments, the pulse width can be less
than 1 microsecond, less than 300 nanoseconds, and/or less
than 100 nanoseconds. The laser pulses can have a bandwidth
greater than 500 picometers, greater than 900 picometers,
greater than 1000 picometers or wider, and/or wider band-
widths.

[0012] In yet other embodiments, analyzing the ring-down
pulses can include a step of removing noise. The step of
removing noise can include averaging a plurality of the ring-
down pulses. Analyzing the ring-down pulses can include
determining a change as a function of time of a gas under
measurement. The step of determining the change can have a
temporal resolution of greater than 100 microseconds, greater
than 10 microseconds, and/or greater than 1 microsecond.
[0013] In some embodiments, the step of analyzing the
ring-down pulses can include simultaneously determining a
presence of two or more species within a gas.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The following drawings form part of the present
specification and are included to further demonstrate certain
aspects of systems and methods described herein, which may
be better understood by reference to one or more of these
drawings in combination with the detailed description of
specific embodiments presented herein.

[0015] FIG. 1 depicts an exemplary cavity ring-down sys-
tem embodiment.

[0016] FIG. 2 depicts detected signals for different laser
pulse widths.

[0017] FIG. 3 depicts detected signals that have been aver-
aged.

[0018] FIG. 4 depicts absorption lines for CO, and for
C,H,.

[0019] FIG. 5 depicts a comparison of a measured absorp-

tion and simulated data.
[0020] FIG. 6 depicts a comparison of a measured absorp-
tion and simulated data.

[0021] FIG. 7 depicts absorption coefficient as a function of
mole fraction.

[0022] FIG. 8 depicts a raw signal and an averaged signal.
[0023] FIG. 9 depicts an absorption coefficient for CO, for

different time resolutions.

DETAILED DESCRIPTION

[0024] Exemplary embodiments described, shown, and/or
disclosed herein are not intended to limit the claims, but
rather, are intended to instruct one of ordinary skill in the art
asto various aspects of the invention. Other embodiments can
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be practiced and/or implemented without departing from the
scope and spirit of the claimed invention.

[0025] A system for cavity ring-down spectroscopy
(CRDS) can generally include a cavity that reflects light
within the cavity to provide a long beam path through a
sample. The decay of light intensity from the cavity over time
is indicative of absorbance by the sample, and the long beam
path can increase sensitivity of the system and thereby
enhance the detectability of trace species within the ring-
down cavity. Some of the advantages of present embodiments
can include high sensitivity, high temporal resolution, wide-
band operating ranges, and operating ranges that can include,
among others, the mid-infrared region.

[0026] CRDS can be used for sensitive detection of gas
phase atomic and molecular absorptions and to achieve
highly sensitive measurements of species in trace concentra-
tions and has many applications. Some exemplary applica-
tions of CRDS can include non-invasive medical diagnosis,
dangerous material detection, environmental pollution moni-
toring, and gas sensing for various species across industrial
and governmental sectors. The system can be used to deter-
mine the strength of absorption of a sample. Detection of
composition and/or concentration of species can be obtained
by measuring ring-down time of a sample having a known
absorption cross-section for the operating wavelength.

[0027] For further example, CRDS can be used to detect
ammonia in exhaled-breath measurements with a pulsed
quantum cascade laser (QCL). In one such example, a pulsed
QCL at 967.35 cm™" has achieved sensitivity of 50 ppb for
ammonia in breath with a 20-second time resolution.

[0028] Embodiments of the present ring-down spectrom-
eter and method can provide several advantages such as, for
example, sub-second measurement rates. Embodiments can
also rapidly measure multiple species. Another advantage of
present embodiments includes increased temporal resolution.
For example, the exponential decay can be at least as short as
300 ns. Present embodiments also have wide applicability
and can be useful for detecting trace gases and atmospheric
pollutants, for medical diagnosis and evaluation based on
respiration, for early warning systems and/or detection of
dangerous, noxious, toxic, explosive, and/or biohazardous
chemicals and agents. Some specific, applicable industries
can include fertilizer industries, refrigeration industries, as
well as applied research.

[0029] The ability of present embodiments to carry out
sensitive measurements with high time resolution has appli-
cations in improving the understanding of unsteady systems
such as, for example, internal combustion engines, detonation
engines, shock tubes, power plants, and gas turbines, as well
as many other hostile and/or dynamic environments. The
advancement in laser technology over the past few decades
has helped immensely in developing accurate and reliable
sensors for trace gas detection. Present embodiments can take
advantage of such advancements to implement a laser-based
sensor which can fulfill demands of the aforementioned
applications. The sensor can use a widely tunable external
cavity quantum cascade laser which can enable wide wave-
length coverage from 10 to 11.11 pm (1000-900 cm™"). With
some embodiments measurements of 100 ppb of ethylene
with a time resolution of 0.4 s are readily achievable. In
certain embodiments, the pulsed laser can have a repetition
frequency as high as 100 kHz and can thus enable time reso-
Iution of 10 ps. The wide wavelength coverage of the sensor
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can enable detection of important trace species like ammonia,
acrylonitrile, acrolein, carbonyl fluoride, ethylene, and oth-
ers.

[0030] Cavity ring-down spectroscopy is a sensitive detec-
tion technique that can be realized with pulsed or continuous
lasers. Current embodiments can offer better spatial resolu-
tion than direct absorption measurements performed using a
multi-pass cell. Moreover, the absorption measurements per-
formed can be immune to laser intensity fluctuations. In
CRDS, light from a laser source can enter a stable optical
cavity and undergo multiple passes. When the laser pulse
ends, the light inside the cavity undergoes an exponential
decay whose rate depends on the length of the cavity, the
reflectivity of the mirrors forming the cavity and absorption
losses inside the cavity. The decay time constant, also called
the ring-down time, is the time taken for the light intensity to
fall to 1/e of its initial value and is given as:

_ L 1
TT AR +ad]

[0031] Intheabsence ofany absorbing molecules inside the
cavity, the ring-down time can be given as:

L @

T qa-Ry

In the above equations, L is the total length of the cavity, ¢ is
the speed of light, R is the reflectivity of the mirrors forming
the cavity, a is the absorption coefficient in cm~" and d is the
length of the cavity that contains absorbing molecules. By
measuring the decay time constants in the presence and
absence of absorbing species, the absorption coefficient can
be calculated from equations (1) and (2) as:

C,:i(l_i] 3

cd\t 719

The absorption coefficient a is a function of the total pressure
of the gas, P, the mole fraction of the absorbing species, X,
linestrength, S, and lineshape, ¢,.

a=S(DPX,(B.T) @

The above equation (4) can enable the determination of the
mole fraction of the absorbing species if other parameters
(temperature and pressure) are known.

[0032] Anexemplary configuration is shown in FIG. 1. The
system can include a pulsed external cavity quantum cascade
laser. The laser can be tunable over, for example, 9.53-12.95
pm (775-1020 cm™). The laser can have a repetition rate of at
least 100 kHz. The laser head temperature and the wavelength
on the laser controller can be adjusted. In an embodiment, the
temperature and wavelength can be adjusted to get a single
mode emission at the wavelength of interest. The pulsed IR
laser beam emerging from the laser head can be directed into
the optical cavity formed by two plano-concave mirrors. The
mirrors can have, for example, a 1 m radius of curvature
and/or 1" diameter, and their reflectivity can be 99.5% at 10.6
um. The cavity mirrors can be placed several centimeters or a
few meters apart. In an exemplary embodiment, the mirrors
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can be 70 cm apart to form a stable optical cavity configura-
tion. The infrared laser beam leaking out of the optical cavity
can be focused on a photodetector, such as a thermoelectri-
cally cooled, optically immersed photovoltaic. In a preferred
embodiment, a high bandwidth (e.g. 500 MHz) detector can
be used to capture low ring-down times, which often range
from 200-400 ns depending on the wavelength of operation.
The detector signal can be recorded with an oscilloscope.
[0033] It should also be appreciated that while FIG. 1
depicts a linear ring-down cavity, having a first partially
reflective mirror and a second partially reflective mirror,
embodiments can be implemented with alternative cavities.
For example, the cavity can be implemented with a triangular
beam path. In such embodiments, one or two totally-reflect-
ing mirrors can be utilized with two or one, respectively,
partially-reflecting mirrors.

[0034] Various other, optional, elements are depicted in the
embodiment of FIG. 1. For example, a spectrum analyzer can
be incorporated to monitor laser pulses, for example, to main-
tain single mode emission from the laser. The information can
be used to control and/or adjust the laser head controller, the
laser head temperature, and/or the laser wavelength of the
laser. For further example, a visible-light alignment laser can
be used to aid in configuring the ring-down system when the
laser head is configured to produce invisible light. A typical
off-the-shelf laser useful for aligning the elements, such as
the depicted 10 mW He—Ne laser, is the Thorlabs model
HNLI100L-EC.

[0035] Although not intending to limit the scope of the
invention, but inform persons having ordinary skill in this art
how to practice a single exemplary embodiment, several com-
ponents commercially available can be adapted for use. For
example, a system can incorporate a QCL from Daylight
Solutions such as the ECqcl, model 11100-UT. The 721
Series laser spectrum analyzer from Bristol Instruments can
be incorporated as a spectrum analyzer. A Vigo System IR
detector (such as PVI-4TE-10.6-1x1-TO8-BaF2) can be
incorporated as well. An oscilloscope, such as Tektronix DPO
3014, which has a bandwidth of 100 MHz and sampling rate
of 2.5 GS/s, can be obtained and used. These commercial
products, however, are not required and their specifications
do not limit the elements that can be utilized. For example, the
oscilloscope need not be a Tektronix scope. It need not even
be digital. Embodiments can be achieved with an analog
oscilloscope.

[0036] Inan exemplary embodiment, a gas cell with a mir-
ror at each of two opposing ends can define a ring-down
cavity. The gas cell can be connected to a cylinder of gas to be
measured. The cell can also be connected to two calibrated
pressure transducers and a vacuum pump. An example of a
pressure transducer is the 627D Baratron capacitance
manometers from MKS Instruments, with 1000 and 10,000
Torr full scale pressure range and accuracy of 0.12%.

[0037] Inorderto make the bestuse of the energy available
from the pulsed laser, the laser pulse width can be varied to
identify an optimum value. The frequency chirp of the laser at
each pulse width can be determined by passing the laser beam
through a Fabry-Perot etalon. The etalon can be a germanium
etalon, for example, 76 mm long with a free spectral range of
0.016 cm™'. The transmitted beam can be detected using a
high bandwidth photovoltaic detector. The detector signal in
the presence and absence of etalon can be stored for multiple
pulse widths. FIG. 2 shows three different stored laser pulse
widths of 80 ns, 100 ns, and 120 ns.
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[0038] FIG. 2 shows that the wavelength tuning or the fre-
quency chirp of the laser increases with increase in pulse
width which can be an undesired effect because can it lead to
artificial broadening of spectral features. However, increase
in pulse width also increases the amount of energy entering
the optical cavity thereby increasing the signal to noise ratio
of the detector signal. Therefore, in an exemplary embodi-
ment, a laser pulse width of 100 ns was selected which offers
comparatively lower frequency chirp with good signal to
noise ratio. All the subsequent measurements shown use a
100 ns laser pulse width.

[0039] An exemplary procedure for the alignment of the
optical cavity is described. First, it is ensured that the laser
beam passes through the center of all the optics which lie on
the path of the beam from the laser head to the detector. This
task can be accomplished with the help of the visible He—Ne
laser beam which can be configured to be collinear with the
infrared laser beam. Next, the mirror mounts along with the
optical cell can be fixed at desired location and adjusted to
ensure that the laser beam passes through their centers. A
ring-down mirror can be placed on the detector side mirror
mount and adjusted to ensure that the laser beam retraces its
path back into the infrared laser head. The second ring-down
mirror can be placed in the second mirror mount and adjusted
to ensure that the back reflection goes back into the laser head.
The preceding steps are sufficient to achieve a decay curve
that can be seen on the oscilloscope. The alignment of the
second ring-down mirror can be fine-tuned to maximize the
signal on the oscilloscope to complete the alignment proce-
dure.

[0040] An exemplary procedure for determining a mole
fraction of an absorbing species inside the gas cell is
described. First, the cell can be evacuated using the pump to
high vacuum and then filled with non-absorbing gas (e.g.
nitrogen) to a preferred pressure. Second, the laser can be
switched on and a desired output wavelength can be selected
on the laser controller, followed by adjustments of laser head
temperature to obtain single mode emission of the desired
wavelength. Single mode emission of the desired wavelength
can be ensured by checking the laser spectrum on the spec-
trum analyzer software. However, this could be accomplished
through prior calibration or other means. The signal on the
detector can be recorded with the oscilloscope or with a
computer. The signal can be averaged over a preferred num-
ber of pulses, for example 512 pulses. Finally, the cell can be
evacuated again to high vacuum and then filled with absorb-
ing gas to the preferred pressure. The signal on the detector
can be recorded and averaged over a preferred number, for
example over 512 pulses.

[0041] FIG. 3 shows the detector signal after averaging for
the two cases, i.e. when a non-absorbing gas (nitrogen) is
present in the cell and when the cell is filled with an absorbing
gas. The ring-down times for both the cases can be deter-
mined by fitting decay curves, such as those shown in FIG. 3,
with an exponential function. The absorption coefficient can
then be calculated using Eqn. (3). With knowledge of the
temperature and pressure inside the cell, the mole fraction of
the absorbing species can be determined from the absorption
coefficient by comparing it with a spectroscopic database.

[0042] Although the preceding techniques are described in
specific orders, the described order is not necessarily required
and can be modified without departing from the spirit and
scope of the invention as claimed.
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[0043] The CRDS system herein is very flexible and can be
tailored to suit diverse applications with little or no change in
the hardware. While on one hand, the sensor can be used for
making highly sensitive measurements of species concentra-
tions with sub-second time resolution, it can at the same time
be utilized for making highly time-resolved measurements.
This incredible flexibility of the sensor makes it a suitable
candidate for a wide range of applications, some of which
have been described herein. The wide operating range of the
sensor can enable measurement of numerous species in trace
concentrations namely ammonia, acrylonitrile, ethylene and
others.

[0044] Ammonia detection at trace concentrations is
hugely important for a number of applications. Elevated lev-
els of ammonia (>1 ppm) in exhaled breath have been linked
to a variety of adverse medical conditions like Chronic Kid-
ney Disease (CKD). Quantitative measurement of ammonia
levels in exhaled breath can be used as an indicator of kidney
malfunction and also for determining the time needed for the
required degree of dialysis. Ammonia concentration mea-
surements is a significant part of environmental gas analysis
especially near farming sites where high concentration levels
of ammonia can be a serious health threat. Moreover, detec-
tion of trace levels of ammonia in motor vehicle exhaust and
industrial emissions is vital for air quality control. In the
fertilizer factories, chemical industry and refrigeration sys-
tems which make use of almost pure ammonia, any leakage of
ammonia in the system can cause life-threatening situations.
All such facilities should have ammonia gas sensors con-
nected to alarm systems so as to warn in case of ammonia
reaching dangerously high concentrations. The U.S. Occupa-
tional Safety and Health Administration (OSHA) has set an
8-hour exposure limit for ammonia of 25 ppm by volume in
environmental air.

[0045] Detection of acrylonitrile at trace levels is also
important as it has been classified as a major air pollutant due
to its adverse health and environmental effects. Adverse
health effects include allergic, respiratory and cardiovascular
distresses. Apart from air quality control, industrial gas sen-
sors for detecting acrylonitrile in the workspace environment
are equally important to avoid adverse health effects men-
tioned above. The maximum allowed workspace acrylonitrile
level is 2 ppm as set by OSHA. Acrylonitrile is used in the
production of plastics and synthetic fibers.

[0046] Ethylene detection at trace levels is important in
applications such as air quality control, plant biology and
combustion. Industrial emissions, waste incineration plants
and vehicle exhaust fumes are the major sources of ethylene
in the atmosphere. As a volatile organic compound, ethylene
can be involved in reactions producing ozone which can
damage crops and materials. Ethylene is also a pivotal hor-
mone in plant biology, thereby making its detection important
in controlling fruit ripening process. Ethylene concentrations
range between 1 to 10 ppm for fruit ripening control.

[0047] The ability of embodiments to provide highly time-
resolved measurements can provide several advantages in
various applications. For example, sensitive CRDS measure-
ments can be stored and time histories of species in unsteady
systems can be analyzed, such as internal combustion
engines, gas turbines, and shock tubes. Ethylene is an impor-
tant intermediate species in combustion and is formed prima-
rily during the oxidation and pyrolysis of larger alkanes. It is
one of the primary species involved in the formation of ben-
zene which is a precursor of soot. Ethylene, due to its high
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temperature stability, is a dominant intermediate during
alkane pyrolysis and oxidation which can make the measure-
ment of time-resolved ethylene concentration data advanta-
geous.

[0048] Embodiments can be characterized by exemplary
implementations such as measurements of trace concentra-
tions of ethylene in laboratory air and in air samples in a car
parking facility. The fast response performance time can also
be demonstrated by an implementation for measuring a
known concentration of carbon dioxide at different time reso-
lutions.

[0049] Carbon dioxide as a test molecule can be useful
because its spectroscopy is very well known. Simulations
based on HITRAN database can be performed to identify the
wavelengths at which measurements of carbon dioxide could
be carried out while considering the limitations imposed by
the wavelength-dependent mirror reflectivity. As trace con-
centration of ethylene maybe present in nitrogen as an impu-
rity and since ethylene has a very strong transition centered at
94936 cm™, simulations can be performed to identify the
strong absorption lines of carbon dioxide where the interfer-
ence from ethylene would be minimal.

[0050] FIG. 4 shows the absorption coefficient for a mix-
ture of 1.05% carbon dioxide and 420 ppb of ethylene over the
range 900-1000 cm™'. The absorption lines of carbon dioxide
centered at 938.688 cm™" and at 974.6219 cm™" are of interest
in the exemplary method due to minimal interference from
ethylene and to demonstrate part of the wide tuning range of
this sensor.

[0051] Measurements here are based on a laser pulse width
of 100 ns. With a view to minimize the effect of artificial
broadening due to the frequency chirp of the laser at 100 ns
pulse widths, the absorption measurements of carbon dioxide
mixture can be performed at a relatively high pressure o' 1200
Torr. FIGS. 5 and 6 show a comparison between simulated
absorption coefficients and measured absorption coefficient
for absorption lines centered at 938.688 cm™" and 974.6219
cm™, respectively. The black line represents a simulated
absorption coefficient obtained without considering effects of
laser frequency chirp. The gray line represents an absorption
coefficient obtained by convoluting the simulated absorption
coeflicient with a top hat profile of 0.064 cm™ width which
corresponds to the frequency chirp of 100 ns laser pulse
width. It can be seen from the figures that the measured
absorption coefficient agrees well with the convoluted
absorption coefficient at both wavelengths.

[0052] The standard deviation in the measured ring-down
time for all measurements can be less than about 3 ns. The
minimum detectable absorption coefficient can be calculated
as:

atd

To

Umin = ——
CTp

where o is the standard deviation in the ring down time, c is
the speed of light and <, is the ring-down time in a cell filled
with nitrogen at 760 Torr. As seen from Eqn. (5), the mini-
mum detectable absorption coefficient can depend on the ring
down time and therefore on the laser wavelength under con-
sideration.

[0053] Table 1 shows ring down times measured at different
wavelengths and corresponding minimum absorption coeffi-
cients.






