20147189724 AT |10 0000 10 10000

<

W

(43) International Publication Date
27 November 2014 (27.11.2014)

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

WIPOIPCT

(10) International Publication Number

WO 2014/189724 Al

(51

eay)

(22)

(25)

(26)

(30)

1

(72

74

31

International Patent Classification:
GOIN 21/35 (2014.01) HO1S 5/14 (2006.01)
GOIN 21/39 (2006.01)

International Application Number:
PCT/US2014/037870

International Filing Date:
13 May 2014 (13.05.2014)

Filing Language: English
Publication Language: English
Priority Data:

61/825,263 20 May 2013 (20.05.2013) US
14/275,309 12 May 2014 (12.05.2014) US

Applicant: MKS INSTRUMENTS, INC. [US/US]; 2
Tech Drive, Suite 201, Andover, MA 01810 (US).

Inventor: CARANGELQ, Robert, M.; 348 Forest Lane,
Glastonbury, CT 06033-3922 (US).

Agent: RASMUSSEN, Xin, Hu; Proskauer Rose, LLP,
One International Place, Boston, MA 02110 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: GAS ANALYZER SYSTEM WITH ONE OR MORE RETROREFLECTORS

202

FiG. 1

,_n

=

B
2
s
|33

frt

(57) Abstract: Methods and systems are provided for monitoring at least one gas in a sample gas. An exemplary system includes a
source (102) used for generating a beam of radiation, at least one retro-reflector (104) configured to receive the beam of radiation
from the source in an incident direction and reflect the beam of radiation toward the source in alignment with the incident direction,
and a motor (106) configured to move the at least one retro-reflector with respect to the source in a direction collinear with the incid -
ent direction. The system also includes a sample cell (216) storing a sample gas comprising at least one gas. The sample cell is con -
figured to allow at least a portion of an extracted beam of radiation (222) from a cavity (100), defined by the source and the at least
one retro-reflector, to propagate therethrough.
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GAS ANALYZER SYSTEM WITH ONE OR MORE RETROREFLECTORS

FIELD OF THE INVENTION

{8861] The nvention generally relates to detecting and quantifying one or more gascs ina
gas sample, and specifically to evaluating gas samples using quantum cascade laser (QCL)

modulated by one or more retro-reflectors.
BACKGROUND

18062] A quantum cascade laser (QCL) can be used with an external cavity to detect and/or
measure the concentration of one or more specific gases in a gas sample. To perform such
detection, a flat mirror can be positioned in the external cavity to reflect an incident bearn
generated by the QCL back upon itself in a dircction aligned with (i.e., parallel to) the
direction of the incident beam. In addition, a grating can be used to gencrate beams of
different wavelengths for propagation through the gas sample. Signals resulting from such

propagation can be used 1o measure the concentration of one or more gases in the gas sample.

8803] Onc disadvantage associated with this arrangement 1s that it is difficult to align a flat
mirvor perpendicularly relative to a QCL beam in an external cavity because such a beam is
often an invisible, infrared beam. Another disadvantage is that, if @ movable flat mirror is
used to alter the external cavity length dynamically {(e.g., to provide mode hop free
wavelength scanning}, the motion mechanism used to move the flat oirror needs to maintain
the mirror perpendicularly to the incident QCL beam while in motion, which can be a
difficult and costly endeavor. Yet another disadvantage is that frequent adjustment of the flat
mirror and/or the grating may be nceded because heams of different wavelengths onginate
from different parts of a QCL layered structure. Therefore, a beam originating from the
QCL, after propagating through a collimating lens, can be atmed in shghtly different
directions in the external cavity depending on its wavelength., If no adjustment is made to the
flat mirror or the grating, the output beam can fail to lase, change amplitude, mode hop to an

anpredictable wavelength, and/or fail to be correctly correlated to the grating tilt angle.
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SUMMARY

{8884] The present technology simplifies QCL external cavity mirror alignment and
facilitates alignment maintenance over a broad range of lasing wavelengths. For example, at
least one movable retro-reflector can be used to provide beam aligoment as 1t moves. The
motion of the refro-reflector can impose high frequency wavelength modulation of the QCL.
In general, by appropriately tuming the QCL and/or the retro-reflector(s}, a mode hop free
light source is provided that can create beams over a desired range of wavelengths, which are
usable for scanning and measuring the concentration of one or more gases in a gas cell. The
present technology also provides systems and methods for quantifying the concentration of
one of more gases in a gas sample. For example, as a beam of radiation produced by the
QCL external cavity propagates through a gas sample containing at least one gas, the
concentration of the gas can be determined based on the phase or intensity (i.e., magnitude)

measurements of an ootput signal generated by the sample.

[B0O85] In one aspect, a system for monitoring at least one gas in a sample gas is provided.
The system inchides a source for generating a beam of radiation, at least one retro-reflector, a
motor, a sample cell, a detector and a processor. The at feast one retro-reflector is configured
o recetve the beam of radiation from the source in an incident direction and reflect the beam
of radiation toward the source in alignment with the incident divection, thereby causing
radiation in 3 cavity defined by the source and the at least one retro-reflector to obtain a
destred wavelength. The motor is contigured to move the at least one retro-reflector with
respect to the source in a direction collinear with the incident direction. The sample ccll
stores the sample gas comprising the at least one gas. The sample cell is configired to allow
at lcast a portion of an extracted beam of radiation from the cavity to propagate thercthrough.
The detector, in optical commumication with the sample cell, 1s configured to gencrate an
output signal at the output of the sample cell based on the extracted beam of radiation
propagating through the sample cell. The processor, n electrical communication with the
detector, is configured to determine a concendration of the at least one gas in the sarople gas

based on the output signal received by the detector,

18806] In some embodiments, the processor is further configured to perform at least one of

(1) transmit a first signal to a power supply to adjust a current or voliage provided to the
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soarce or (i) transmit a second signal to the motor to move the retro-reflector by a distance.
At Jeast one of the first or second signal modulates a wavelength of the vadiation in the cavity

to obtain the desired wavelength.

[9867] In some embodiments, the system further includes a beam splitter located external to
the cavity. The beam splitter is configured to split the at least a portion of the extracted beam
of radiation into a first beam of radiation and 3 second beam of radiation. The first beam of
radiation is directed through the sampie cell. The sccond beam of radiation is divected
through a refercnce path containing a reference gas. The system further inchudes a second
beam sphitter for combining the first beam of radiation and the second beam of radiation to
generate 8 first recombined beam of radiation. The detector, in optical commumication with
the second beam splitter, is configured to generate a first recombined signal based on the first
recorbined beam of radiation.  The reference gas can be air. The system can also include a
second sample cell storing the reference gas, where the second sample cell is positioned
along the reference path to allow the second beam of radiation to propagate thercthrough.
The system can further include one or more additional retro-reflectors Jocated external to the
cavity along the reference path to modulate a phase of the first recombined signal by

changing a path length of the second beam of radiation.

{8888] The detector can additionally gencrate a second recombined signal based on a second
ecombined beam of radiation that is prodoced as a combination of (1) the first beam of
radiation after traversing through the reference path and (2) the sccond beam of radiation
after traversing through the sample cell without the sample gas stored therein. In this case,
the processor can be configared to determine the concentration of the at least one gas inthe
sample gas by determining a phase difference between the first and sccond recombined

signals.

[8089] In some embodiments, the system further includes a beam splitter located external to
the cavity. The beam sphitter configured to sphit the at least a portion of the extracted beam of
radiation into first, second, third and fourth beams of radiation. The first and second beams
of radiation propagates through a reference path containing a reference gas. The system also
includes a first mirror positioned at an input of the sample cell that contains the sample gas.

The first mirror is adapted to receive the third beam of radiation and substantially reflect the

[X)



WO 2014/189724 PCT/US2014/037870

third beam of radiation toward the beam splitter. The system further includes a second mirror
positioned at an cutput of the sample celi to receive the fourth beam of radiation and
substantially reflect the fourth beam of radiation back through the sample coll toward the
beam splitter. The first and fourth beams of radiation are adapted 1o recombine at the beam
splitter to generate a first recombined beam. The second and third beams of radiation are

adapted to recombine at the beam splitter to generate a second recombined beam.

{8618] The system can further include a third mirror adapted to receive (1) the first
recombined beam of radiation and transmit the first recombined beam of radiation to a first
detector to generate a fivst recombined signal, and (11} the second recombined beam of
radiation and transmit the second recombined beam of radiation to a second detector to
generate a second recombined signal. In this case, the processor can be configured to
determine the concentration of the at least one gas in the sample gas by determining a phase

difference between the first and second recombined signals,

{8811 In another aspect, a method for monttoring at least one gas in a sample gas is
provided. The method mchudes gencrating a beam of radiation and directing the beam of
radiation to at least one retro-reflector along an incident direction within a cavity defined by
the source and the at least one retro-retlector. The beam of radiation is reflected by the at
least one retro-reflector toward the source in a divection aligned with the incident direction,
thereby causing radiation in the cavity to obtain a desired waveiength. The method also
inchudes directing at least a portion of an extracted beam of radiation from the cavity fo
propagate through a sample cell that stores the sample gas comprising the at least one gas.
The method further includes generating an ootput signal based on the portion of the extracted
beam of radiation propagating through the sample cell to determine a concentration of the at
least one gas in the sample gas and modulating a wavelength of the radiation in the cavity to
obtain the desired wavelength. Modulating the wavelength can include at least one of
adjusting a corrent or voltage for gencrating the beam of radiation or moving the at least one

retro-reflector by a distance collinear 1o the incident direction.

18012} In some embodiments, the method further inchudes splitting the extracied beam of
radiation into a first beam of radiation and a second beam of radiation, directing the first
beam of radiation through the sample cell containing the sample gas, and directing the second

&
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beam of radiation through a reference path containing a reference gas. The method also
inchides recombining the first beam of radiation and the second beam of radiation to generate

a first recombined beam of radiation, based on which a first recombined signal is generated.

18013} The method can further include replacing the sample gas in the sample cell with the
reference gas, divecting the first beam of radiation through the sample cell, and divecting the
second beam of radiation through the reference path. The first beam of radiation and the
second beam of radiation can be combined to generate a second recombined beam of

radiation, based on which a second recombined signal is generated.

{8814] The method can further include determining the concentration of the at least one gas
i the sample gas by detecting a phase difference between the first and second recombined
signals. In addition, a phase of the fivst or second recombined signal can be modalated by
changing a path length of the second beam of radiation along the reference path using one or

more retro-reflectors,

{8815] In some embodiments, the method further includes splitting, by a beam splitter, the
extracted beam of radiation to first, second, thivd and fourth beams of radiation, divecting
the first and second beams of radiation through a reference path containing a reference gas,
and directing the third beam of radiation toward a first mirror positioned at an input of the
saoyple cell. The third beam of radiation is substantially reflected by the first mirror toward
the beam splitter. In addition, the fourth beam of radiation is directed through the sample cell
toward a second mirror positioned at an output of the sample cell, where the fourth beam of
radiation is substantially reflected by the sccond mirror through the sample cell toward the
heam splitter. The method also includes combining the first and fourth beams of radiation at
the beam splitter to generate a first recombined beam of radiation and combining the second
and third beams of radiation at the beam splitter to generate a sccond recombined beam of

racdiation.

{8816] The method can forther includes receiving, by a third mirror, the first and second
recorabined beams of radiation, directing, by the thivd mirror, the first recombined beam of
radiation to a first detector to generate a first recombined signal, and directing, by the third
prror, the second recombined beam of radiation to 8 second detector to generate a second
recombined signal. The concentration of the at least one gas in the sampie gas can be

5
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determined by computing a phase difference between the first and second recombined
o e

signals.

[8817] In other examples, any of the aspects above can inchide one or more of the following
features. The distance 1o move the at least one retro-reflector 15 determined as a function of
(1) a wavenumber of the extracted beam of radiation, (2} an amount of wavenurber change
desired i the extracted beam of radiation, and (3) a current distance between the source and

the retro-refioctor.

18818} In some embodiments, at least one silicon-based etalon is located between the source
and the retro-reflector in the cavity to confine the radiation in the cavity to within a desire

wavelength range.

{8019} In some embodiments, a plurality of retro-reflectors are positioned to increase an
optical path length gain of the radiation in the cavity, thereby minimizing a distance between
the phurality of retro-reflectors and the source by an amount proportional to the optical path
ength gain. The plurality of retro-reflectors can be configured to receive the beam of
radiation from the source and generate a number of reflective beam paths i the cavity
collinear to the incident direction. The resulting optical path length gain is proportional to the
pumber of reflective beam paths. The plorality of retro-reflectors can comprise a first retro-
reflector and  second retro-reflector with a relationship defined by d2= di/m, where (1) di
represents a first normal distance between an apex of the first retro-reflector and the beam of
radiation, (i1} d2 represents a second normal distance between an apex of the second retro-
reflector and the apex of the first retro-reflector, and (iil) n represents the number of reflective
heam paths. At least one of the first normal distance (d1) or the second normal distance (d2)

can be adjusted to change the number of retiective beam paths (n).

[8828] In some embodiments, the concentration of the at least one gas in the sample gas is
determined by analyzing the output signal to detect an intensity of absorption by the sample

gas of the at least a portion of the extracted beam of radiation.

BRIEF DESCRIPTION OF THE DRAWINGS

{8821] The advantages of the technology described above, together with further advantages,
&
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may be better understood by reforring to the following description taken in conjunction with
the accompanying drawings. The drawings are not necessarily o scale, mphasis instead

generally being placed upon illustrating the principles of the fechunology.
19622) FIG. 1 illustrates an exemplary QCL-based gas analyzer system.

18623] FiG. 2 illustrates an cxemplary gas absorption diagram recorded by the control system

of FiG. 1.

{8824] FIGS. 3A and B ilfustrate exemplary external cavitics with at least two retro-

YETICCLOTS.

18025] FIG. 4 dlustrates a simplified gas analyzer system of FIG. 1 configured for

absorbance measurement.

18826] FIG. 5 illustrates an exemplary gas absorption diagram generated from the gas

analyzer system of FIG. 4.

[8827] FIG. 6 illustrates an exemplary gas analyzer system configured for detormining the

concentrations of one or more gases in a sample using phase measurements.

18828] FIG. 7 illustrates an exemplary phase measurement diagram generated from the gas

analyzer system of FIG. 6.

[8829] FIG. 8 illustrates a phase deviation diagram determined based on the phase

measurement diagram of FIG. 7.

18638] FiG. 9 illustrates an exemplary gas analyzer system configured for phase

measurement with phase modulation using a retro-reflector.

[8831] FIG. 10 tllustrates an excmplary gas analyzer system configured for phase

measurcment and phase modulation using multiple retro-reticctors.

DETAILED DESCRIPTION

[8032] In one aspect, at least one retro-reflector (also known as a corner cube) replaces the
traditional flat mirror structure for aligning a QCL beam in a gas analyzer system. FiG. 1

7
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illustrates an excplary QCL-based gas analyzer system. As shown, an external cavity 100
is defined by a QCL source 102 and at east one retro-reflector 104 generally aligned with the
QCL source 102. In alternative embodiments, laser sources other than a QCL source ¢an be
used to generate radiation {(¢.g., infrared vadiation) in the external cavity 100, The retro-
reflector 104 can be supported on a motion mechanism 106, such as a flexing parallelogram,
a motor, or piczoclectric crystals. Linear motion of the retro-reflector 104 can be achieved by
applying a current or voltage to the motion mechanism 106, such as applying a current to the
coil of a linear motor or voltage o piezoelectric crystals, for example. The retro-reflector
104 can be positioned in the external cavity 100 such that its apex is close to the center of the
incident beam generated by the QCL source 102, In operation, the retro-reflector 104 1s
configured 1o receive an mncident beam of radiation from the QCL source 102 and retlect the
beam back to the QCL source 102 in about the same direction as the mcident beam, therehy
causing the radiation in the external cavity 100 to achieve a certain wavelength that is
dependent on one or more of the following factors: 1) properties of the QCL source 102, 1)
components in the external cavity 100 (e.g., insertion of one or more ctalons 208) and/or #i)
the fength of the external cavity 100 defined by the position of the reiro-reflector 104 in
relation to the QUL source 102, The retro-retlector 104 can maintain beam aligionent oven if

1t tilts or shears slightly during motion.

18033} The radiation generated in the external cavity 100 based on the QCL source 102 and

the retro-reflector 104 can be used to detect, identity and/or quantify specific gases ina ga

421

sample. Generally, the radiation can be introduced to a particelar sample and, as the radiation
passes through the sample, specific wavelengths of the radiation are absorbed by molecules
within the sample. The specific wavelengths of radiation that are absorbed are unique to each
ot the molecules within the sample. By identifying which wavelengths of radiation are
absorbed and how much of the energy carried by these wavelengths is absorbed, it is
therefore possible to determing, for example, the melecular conposition of the sample and

the concentration of specific molecules within the sample, respectively.

[8834] As shown in FIG. 1, an sutomated control system, including a data acquisition module
202, a power supply 206, a reference detector 212, and a signal detector 214, can be used to
direct at least a portion of the radiation produced in the external cavity 100 through a gas cell
216 for determining the property of the gas sample contained n the gas celt 216, In some

8
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embodiments, the control system can adjust propertics associated with the QCL sourge 102
and/or the retro-reficctor 104 to achieve a desived wavelength or wavelength range of the
radiation in the extornal cavity 100, such that the radiation can be casily absorbed by
molecules in a gas sample in the cell 216, As shown, the data acquisition module 202 can
comprise a waveform generator 204 and an analog-to-digital converter 205, The waveform
generator 204 can transmit a signal o a power supply 206 (e.g., inciuding 2 current and/or
voltage driver) to instruct the power supply 206 to sweep the current and/or voltage supplied
to the QCL sowrce 102 over a controlled range. The waveform generator 204 can also
fransmit a sigoal o the retro-reflector 104, where the signal interacts with the motion
mechanism 106 of the rotro-reflector 104 to move the retro-reflector 104 back and forth in
relation to the QCL sowree 102 (1.e., in a dircction collinear to the meident beam generated by
the QCL source 102, such as closer or further away from the QCL sowrce 102). The
synchronous tuning of the QCL source 102 and the vetro-reflector 104, as conirolled by the
data acquisition modude 202, can cause the lasing wavelength of the QCL source 102 to vary

over a controlled wavelength range without maode hopping.

[8835] In some embodiments, one or more sithicon-based ctalons 208 are inserted in the beam
path between the QCL source 102 and the retro-reflector 104 to confine the range of
wavelengths that can be lased. [n some embodiments, a thermo-electric cooler 224, in
thermal communication with the QCL source 102, 15 used to stabilize the QCL sowrce 102,

In some embodiments, a moderately high-frequency, short-distance dither can be imposed on
the retro-reficctor 104 in addition to the sweep described above to create wavelength
modulation of the QCL source 102, This brings the reflected bear to a higher frequency
range away from the low-frequency noise associated with 1) air turbulence on the QCL source
102, 11) ¥/f noise of detectors and electronics, and/or 1) 60Hz (and multiples) noise from

other electronics.

18836] A beam splitter 220 can be used to tap off/extract some of the radiation in the cavity
100 and direct the tapped {extracted) bearn 222 for transmission to 1) a reference detector 212
and/or 1) & signal detector 214 via the gas cell 216, A reference signal generated by the
reference detector 212 based on the tapped beam 222 can be used by the data acquisition
module 202 o compensate for encrgy change of the radiation in the exiernal cavity 100, A
sarple signal generated by the signal detector 214 can be used by the data acquisition

g
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modale 202 to detect changes due to absorption of energy by one or more gases in the gas
cell 216 and determine the concentrations of the one or more gases in the gas sample. In
some embodiments, signals generated by the reference detector 212 and/or the signal detector

214 are processed by the A/D converter 205 of the data acquisition module 202.

{8837] The reference signal can be generated by the reference detector 212 based on the
tapped beam 222 as it travels through a reference gas, such as air. The data acquisition
module 202 can use the reference signal to modulate one or more components of the external
cavity 100 to achicve a desire wavelength of the radiation generated in the external cavity
100, For example, if the wavenumber of the tapped beam 222 as measured by the reference
detector 212 differs from a desired wavenumber, the waveform generator 204 can interact
with at least one of the power supply 206 or the retro-reflector 134 to adjust the wavelength
of the radiation in the external cavity 100 such that the desired wavenamber is achicved. The
amount of adjustment (i.c., the distance to move the retro-reflector 104 and/or the change in
current or voltage produced by the power supply 206) is therefore a function of the difference
in the actual and desired wavenumbers. In some ermbodiments, the data acquisition module
202 uses the following cquation to determine the taning distance of the vetro-reflector 104 for
generating radiation of a specific wavelength:

{(Avivy*external cavity length,
where v represcnts & wavenunber of the tapped beam 222, Av represents the amount of
wavenumber change desired, and cxtemal cavity length represents the current length of the
external cavity extending from the QCL source 102 to the retro-reflector 104. The tuning
distance represents the lateral distance for moving the retro-refiector 104 from #s corrent
position to a desired position in relation to the QCL source 102, As an example, the amount
of motion teguired 1o fune the wavelength over about 0.5cm™ from 1280cny in a cavity of
about 30cm long is about 0.1 2rmm ((0.5¢m ™ /1280er™ V¥ 30cm = 0.12mm). In view of such a
minimal distance, the sapport mechanism for the retro-reflector 104 can be flexure-based and

thus have long lifetime.

[8038] The sample signal is gencrated by the signal detector 214 based on the tapped beam
222 after it propagates through sample coll 206, The data acquisition modele 202 can usce the
sample signal to determine the concentration of one or more gases in a gas sample stored in
the gas cell 216, The sample signal produced by the detector 214 can be a variable, time-

i0
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dependent signal. This sample signal can be represented as a gas absorption diagram that
plots the magnitude/intensity of the energy absorbed by or transmitted through the sample in
the ccll 206, from which the concendration of one or gases in the sample can be deterovned.
FIG. 2 illustrates an exemplary gas absovption diagram 250 recorded by the control system of
FIG. 1 based on the sample signal gencrated by the signal detector 214, The absorption
diagram 250 is generated from 50 ppm of CHy at 26 torr in 2 5m gas cell. At this pressure,
the gas line is on the order of about 0.007cm™ full width half max (FWHM). Had the QCL
sogree 102 been mode hopping with a spacing ~0.015em™, the peaks 252 would have been
missed. Instead, the QCL-based gas analyzer system of FIG. 1 is able to captore these peaks

252 by providing a robust, mode hop free hight source for analyzing the gas sample.

18039] With continued reference to FIG. 1, in some examples, at least one of the detectors
212 and 214 is an infrared detector. In some embodiments, the detectors 212 and 214 are
covled detectors. The data acquisition module 202 can receive signals from the detectors 212
and 214 and perform one or more of the following operations: (i) identify and provide a
relative or absolute concentration of a particular material within a sample and/or (31) adjust
the external cavity 100 to achicve a desired radiation wavelength. The data acquisition
modiile 202 can be, for example, signal processing hardware and/or quantitative analysis
software that runs on a personal computer. The data acquisition moduie 202 can include
processing unit and/or memory. The data acquisition module 202 can continiuously acquire
and process data while compuoting the concentration of one or more gases within a sample.
The data acquisition moduole 202 can transmit mformation, such as the identity of 2 sample
component, the concentration of the sample component, and the wavenumber of the radiation
extracted from the external cavity 100, to a display {not shown}. The data acquisition module
202 can save information in graphical and tabular formats (e.g., in a format similar to the gas

absorption diagram 250}, and such data can be displayed as well.

8044} In some embodiments, multiple retro-reflectors are used in the external cavity 104 of
FIG. 1 to reduce the tuning distance required to obtain a certain radiation wavelength., The
retro-reflectors can be arranged to increase the optical path length gain (i.e., the effective path
length gain of the beam), thereby reducing the tuning distance of the retro-refiectors in
relation to the QCL source 102, which reduces the amount of power required o move the
retro-reflectors. FIGR. 3A and B illustrate cxemplary external cavitics with at least two retro-

i1
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reflectors. Bach exemplary external cavity can be implemented in the analyzer configuration

of FIG. 1 to generate radiation of desired wavelength(s).

[8041] In FIG. 3A, two retro-reflectors 302, 304 are positioned such that their apexes 302a,
304b are both coplanar with the mcident beam generated by a QUL source 306. The folded
beam path is as follows: from point O at the QCL source 306, to point A of retro-reflector
304, to point B of retro-reflector 304, 1o point C of retro-reflector 302, to point D of retro-
reflector 302, to point E of retro-reflector 304, to point F of retro-reflector 304 and finally to
apex 302a of retro-reflector 307 (due to the two-dimensional nature of FIG. 34, intermediate
reflections within each retro-reflector 302, 304 ave not shown}. Thereafier, the beam retraces
itsclf through the same path. Distance di represents the normal distance between apex 304a
of retro-reflector 304 and the line of incident beam (i.c., the line from point O to point AL
Distance d; represents the offset distance in the direction normal to the incident beam
between apex 302a of retro-refiector 302 and apex 304a of retro-reflector 304, The
relationship between di and d; is such that d; = di/n, where n is a positive integer and
represents the nmumber of ditferent reflective paths the incident beam travels between the two
retro-reflectors 302 and 304 before retracing itself. For example, the configuration of FIG.

3A shows 3 different refloctive paths (i.e., n=3).

18042} FIG. 3B shows a rearrangement of the two retro-reflectors 302, 304 by adjusting
distances d; and d» to introduce 4 different reflective paths of the incident beanm between the
two retro-reflectors. Specifically, the folded beam path is as follows: from point O at the
QCL source 306, to point A of retro-retlector 304, to point B of retro-reflector 304, to point C
of retro-reflector 302, to point I of retro-reflector 302, to point E of retro-reflecior 304, to
point F of retro-reflector 304, to point G of retro-reflector 302, to point H of retro-reflector
302 and finally to apex 304a of retro-reticctor 304, Thereaficr, the beam retraces iself
through the same path. In this configuration, the number of different reflective paths (n)
between the two retro-reflectors 302 and 304 is 4. Therefore, FIGS. 3A and B show thai
distances d; and dy can be appropriately adjusted to achieve a desired number of reflective

paths (n) between a pair of retro-reflectors.

18843] Such folded beam geometry i advantageous in a laser system where laser path length

requires periodic adjustment. As an example, assume that a system with a single vetro-
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reflector requires moving the retro-reflector to a certain distance collinear with respect to the
(3CL beam in order to obtain 3 desired beam wavelength, This distance can be reduced by a
factor proportional 1o the optical path length gain achieved by using vualtiple retro-reflectors.
The optical path length gain is in turn proportional to n, the number different reflective paths
between the retro-reflectors. For a two retro-reflector configuration, such as the
configurations shown in FIGS. 3A and B, Table 1 Hsts the correlation between n and the

optical path length gain for each of retro-reflectors 302, 304,

Table 1

N Optical path length gain for Optical path length gain for
retrg-reflector 304 retro-reflector 302

i 4 2

2 6 4

3 8 6

4 160 8

N 2 n

18044} Therefore, at a higher modulation rate, less motion of the retro-reflectors are required
if multiple retro-reflectors are used. This means lower aceeleration and forces can be applied
to the retro-refloctors. In embodiments involving multiple retro-reflectors, one of the retro-
reflectors can be used for wavelength tuming while ancther can be used for high-frequency
modulation. in embodiments involving multiple retro-reflectors, because the beam i the
external cavity strikes the apex of one of the retro-reflectors (e.g., apex 302a in FIG. 3A or
apex 304a in FIG. 3B}, the beam can be inverted during the retracing, thereby significantly
reducing, even eliminating, any first-order aberrations introduced in the retro-reflectors. In
general, the nulti-retro-reflector configuration can be optimal when applied to highly-

cellimated, small-arca beams, such as lasers.

[8845] FIG. 4 illustrates a simplified gas analyzer system of FIG. 1 configured for
absorbance measurement of a sample. As shown, a beam of radiation 222 is tapped from the
i3



WO 2014/189724 PCT/US2014/037870

external cavity 100 and transmitted through the gas cell 216. The tapped beam 222, after
propagating through the gas ccll 216, is received by the signal detector 214, which generaies
a sample signal. While not illustrated, the gas analyzer systen can inchude the data
acquisition module 202 to caleulate the concentration of one or more substances in the gas
sample stored in the gas cell 216 based on the intensity (e.g., amplitude) of absorption
measured by the sample signal. The system can alse include the reference detecior 2172 for
detecting and measuring properties of the tapped beam 222 from the external cavity 100 as it
propagates through a reference gas. A reference signal can be generated by the reference
detector 212 to calibrate the external cavity 100 for ensuring that the desired wavelength or

wavelength range 1s maintained.

[8846] FIG. S illustrates an exemplary gas absorption diagram gencrated from the gas
analyzer system of FIG. 4. The gas absorption diagram 500 is a plot of the sample signal 502
generated by the signal detector 408 over a controlled range of wavelengths. Specifically, the
absorption diagram SG0 represents the absorption energy of 2 gas molecule {(i.c., an absorber)
in the sample cell 216 as the beam 222 is scanned over a vange of wavenumbers. The
absorber of this example has an absorption maxinunm at a wavenumber of about 1280
centered at the dip 504 and the absorber is mixed in dry air with a total pressure of 25 torr or
about 1/30 of an atmosphere. Because molecules absorb energy at specific wavenumber
regions and the width of each wavenumber region over which they absorb depends partially
on the total pressure of the gas they are mixed in, an absorption diagram (e.g., the absorption

diagram 500} can be used to identify the molecules in the sample mixture.

[8847] In some embodiments, instead of measuring the concentration of one or more gases in
a gas sample based on the intensity/magnitude of radiation absorption at certain wavelengths,
control systems of the present technoelogy can also determine gas concentrations 1n a sample
based on phase changes of the radiation beam (1.¢., changes in the real part of the index of
refraction or in the speed of light) as the beam propagates throvgh the sample at certain
absorption wavelengths, such as in the vicinity of the absorption wavelengths. In geoneral,
phase measurements are less noisy than amphitude measuwrements. Therefore, the
concentrations of one or more gases in 8 gas sample can be measored more accurately using

phase measurements than using amplitude measurcments.
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[8848] FIG. 6 illustrates an exemplary gas analyzer system configured to determine the
concentrations of one or more gases (i.¢., absorbers) in a sample using phase measurcments.
In a first experiment, 2 beam of radiation 622 is tapped from an external cavity 602 (similar
to the external cavity 100 of FIG. 1) and tapped again at beam splitter 610 to generated 4
reference beam of radiation 622b and a sample beam of radiation 6223, The sample beam of
radiation 622a is transmitted through a gas cell 604 containing a sample of onc or more
absorbers. In addition, the reference beam 622b can be wansmitted through a reference cell
{not shown) containing a reference gas, such as atr. The sample beam of radiation 6223 at the
output of the gas cell 604 and the reference beam of radiation 622b at the output of the
reference cell can be recombined at a beam splitier 612 to allow the two beams to interfere
with each other to create a first recombined beam of radiation, which is recetved by a signal
detector 608, based on which a first recombined signal is generated. In general, by
interfering the two beams 622a and 6220, the system allows the ight to counstructively or
destructively mterfere depending on the distance {or time) difference between the two paths
and the speed of the light. In some embodiments, the reference cell is absent from the system
of FIG. 6, in which case the reference beam travels along a reference path through air to

arrive at the beam splitier 612.

{8849] In a scparate cxperiment using the same system configuration of FIG. 6, the reference
beam 622b can be transmitted through the same path of the same path length as the first
experiment {e.g., through a reference cell containing the same reference gas), while the
sample beam 622a is transmitted through the gas cell 604 that now contains no absorber {e.g.,
condaining only air). The sample bears 6222 at the output of the gas cell 604 and the
reference beam 622b can be recombined at the beam splitter 612 to generate a second
recombined beam, which is received by the signal detector 608, based on which a second
recormbined signal is generated. Using the first and the second recombined signals, the
concentration of one or more absorbers in the cell 604 (e, from the first experiment) can be
calcalated by determining the phase difference between the signals near certain absorption
wavelengths. Soch analysis can be performed by a processor (not shown}, similar to the data

acquisition module 202 of F1G. 1.

[8858] FIG. 7 ilustrates an exemplary phesc measurement diagram generated from the gas
analyzer system of FIG. 6 from which phase difference is extracted. Specifically, the phasc
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measurement diagram 700 shows the plot of the first recombined signal 702 that represents
interference measurement of the first recombined beam corresponding to having at least one
absorber in the gas ccll 604 (i.c., from the first experiment). In addition, the phase
measurement diagram 700 shows the plot of the sccond recombined signal 704 that
represents interference measurement of the second recombined beam corresponding to having
no absorber in the gas cell 604 (i.c., from the second experiment). Both the signals 702 and
704 are plotted over a controlled range of wavelengths expressed in the wnit of wavenumber.
In addition to the amplitude change of the first recombined signal 702 aroumd wavempmber
1280 {at the dip 706) due to energy absorption by the absorber in the cell 604 from the
sanple beam 62238, the sinusoids of the first recombined sigoal 702 are offsct laterally
compared to the recombined signal 704 due to changes in the index of refraction of the
sample beam 622a. Such phase difference in the signals 702 and 704 forms the basis for

determining the concentration of the onc or more absorbers in the gas sample.

{8651] FIG. 8 illustrates a phase deviation diagram determined based ou the phase
measurement diagram of FIG. 7. The phase deviation waveform 802 of the diagram 800
represents the difference in phase between the first recombined signal 702 and the second
recombined signal 704 {corresponding to experiments with and without an absorber in the
sample cell 604, respectively) over a range of wavelengths. The phase deviation waveform
802 can be used to determine the concentration of at least one absorber in the gas cell 604,
where the amount of phase deviation is directly proportional to the gas concentration. In
general, the second recombined signal 704 allows the sysiem to discount phase cffects
introduced by system componends other than the phase (index of refraction) of the gas jn the
sample cell 604, thereby providing a8 more accurate determination of the concentration of the

absorber in the gas sample.

[8852] In some embodiments, information captured by the second recombined signal 704 can
be used to calibrate the external cavity 602 for ensuring that the desired wavelength or
wavelength range 1s maintained by the beam 622, similar to the calibration process described

above with reference to FIG. 1.

18053) FIG. 9 illustrates an exemplary gas analyzer system configured for phase

measurement with phase modulation using a retro-reflector. In a first experiment, & beam of
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radiation 922 is tapped from an external cavity 902 (similar to the external cavity 160 of FIG.
1} and split again at beam splitter 91 to generate a reference beam 9226 and a sample beam
022a. The sample beam 922a 18 transmotited through a gas cell 904 containing a gas sample of
one or more absorbers.  In addition, the reference beam 922b can be transmitted through a
reference cell (not shown) containing a reference gas, such as air. The sample beam of
radiation 922a at the output of the gas cell 904 and the reference beam of radiation 922b at
the output of the reference cell can be recombined at a beam splitter 912 1o allow the two
beams to interfere with each other to create a first recombingd beam, which is received by a
signal detector 908, based on which a first recombined signal is generated. In some
embodiments, the reference cell 1s abseut from the system of FIG. 9, in which case the

reference beam travels along a reference path through air to arrive at the beam splitter 912,

[88584] A retro-reflector 916 positioned along the path of the reference beam 922b outside of
the external cavity 902 can be used to modulate the path length of the reference beam 922b as
it travels through the reference cell containing the reference gas {or an air path without the
reference cell). Specifically, the retro-reflector 916 can be used 1o medulate the repetitive
pattern {e.g., a sinusoidal pattern) of the reference beam 922b to a higher frequency. This
otfers several advantages, mchiding allowing the resulting phase measurement to be analyzed
more frequenily and bringiog the frequency range away from the low-frequency noise (e.g.,
{/fnoise of detectors and other electronics). The retro-reflector 916 that is used to modulate
the path length of the reference beam 922a is distinct from the retro-reflector 914 used i the
external cavity 902 to modulate the wavelength of the QCL radiation. To modulate the path
length of the reference beam 9222, the raotion of the retro-reflector 16 can be adjusted to
achieve cortain desired frequency or frequency range. For example, the retro-reflector 916
can be oscillated in a direction collinear to the beam entering and/or exiting the retro-reflector
916 to change the path length of the reference beam 922b. Because the phasce of the
recombined signals measured at the detector 908 is a function of (1) wavelength and (2) the
path difference between the sample beam 922a and refevence beam 922b, changing the
reference path length thus changes the recombined signals at the detector 908 to aliow an

increased number of phase determinations per time umit.

{8855] In a sccond cxperiment using the same system configuration of FIG. 9, the reference
hoam 922b can be transmitied through the same path as the first experiment (e.g., through a
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reference cell containing the same reference gas or through an air path without the reference
cell), while the sample beam 9223 is transmitted through the gas ccll 604 that now contains
no absorber {e.g., containing only air). The sample beam 922a at the output of the gas cell
S04 and the reference beam 922b can be recombined at the beam splitter 912 1o gencrate a
second recombined beam, which is received by the signal detector 908, based on which a
second recombined signal is generated. In some embodiments, the modulation of the retro-
reflector 916, including the path length of the reference beam 922b, 1s consistent for both the
first and second experiments. That is, the path length of the second beam 922b is the same

for both experiments.

[8856] Based on the first and second recombined signals, 8 processor (not shown) can
calcuiate the concentration of one or more absorbers in the sample cell 904 (i.c., from the first
experiment) by determining the phase change of the two signals near certain absorption
wavelengths, similar to the approach described above with respect to the phase measurement
diagram 760 of FIG. 7 and the phase deviation diagram 00 of FIG. 8. Insome
cembodiments, mformation captired by the sccond recombived signal can be used to calibrate
the external cavity 902 for ensuring that the desired wavelength or wavelength range is
maintained by the beam 922, stmmilar to the calibration process described above with reference
to FIG. 1. The gas analyzer system of FIG. 9 shows that retro-reflectors can be used not only
in an external cavity to modulate the wavelength of a beam of radiation used to scan a gas
sample, but also in 8 beam path outside of the external cavity to modulate the phase of the

ecombined signals.

[8857] FIG. 10 illustrates an excmplary gas analyzer system configured for phase
measurcment with phase modulation using multiple retro-reflectors. The system of FIG. 16
functions similarly to the system of FIG. 9. One difference is that instead of running two
separate experiments on the configuration of FIG. 9 10 determine the first and second
recombined signals, the configuration of FIG. 106 allows one experiment to be performed to
generate both of the signals, thereby saving time and cost. Another differcuce is that more
than one retro-reflector is used in the system of FIG. 10 to modulate the path length of the

reference beam.
{8858} In operation, radiation is generated in the external cavity 1002 (similar {0 the external
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cavity 100 of FIG.1) and a portion of the beam 1022 is tapped off at beam splitter 1013 and
fransmiited to another beam splitter 1010, As the beam 1022 approaches a section of the
beam splitter 1010 (i.¢c., the lower half of the bearn splitier 1010}, a portion of the beam 1022
{(herein referred to as reference beam 1022b-L) travels toward the two retro-veflectors 1012
and 1014 and another portion of the beam 1022 (herein referred to as sample beam 1022a-L)
travels toward the gas cell 1004, Specifically, the sample beam 1022a-1 traverses through
the gas cell 1004, 1s reflected by the mirror 1006 positioned at the output of the gas cell 1004,
and recombines with the reference beam 1022h-L after it is reflected by the retro-reflectors
1012 and 1014, The recombination of the beams 1022a-L and 1022 b-L can occur at the
same section of the bearn sphitter 1010 where the two beams are initially generated (.2, the
lower half of the beam sphitter 1010). The resulting first recombined beam 1630 35 then
ntercepted by a mirror 1026 (e.g., at the left half of the mirror 1026), which forwards the first
recombined beam 1030 to a signal detector 1008, based on which the first recombined signal
15 generated. In addition, as the beam 1022 approaches another section of the beam splitter
1018 (i.c., the upper half of the beam splitter 1010), a portion of the beam 1022 (herein
referred to as reference beam 1022b-U) travels toward the two retro-reflectors 1012 and 1014
and another portion of the beam 1022 (herein referred to as sample beamn 1022a-U) travels
toward the mirror 1024 that is positioned at the input of the gas cell 1004, The sample beam
1022a-U does not traverse through the sample cell 1004 and instead, is reflected by the mirror
1024 to recombine with the reference beam 1022b-U after it is reflected by the rotro-
reflectors 1012 and 1014, The recombination of the beams 1022a-U and 1022 b-U can occur
at the same section of the beam splitter 1010 where the two beams are initially generated (1.e.,
the upper half of the beam splitter 1010). The resulting second recombined beam 1032 is
then intercepted by the mitror 1026 (c.g., at the right balf of the mitror 1026), which forwards
the second recombined beam 1032 to a signal detector 10238, based on which the second

recombined signal 1s generated.

[8859] The phase variation between the first and second recombined signals can then be used
by a processor (not shown) to determine the concentration of one or more absorbers i the gas
saople of cell 1004, similar to the approach described above with respect to the phase
measurement diagram 700 of FIG. 7 and the phase deviation diagram 800 of FIG. 8. In some
embodiments, the processor can be substantially similar to the processor 202 of FIG. 1. In

some cmbodiments, information captured by the second recombined signal can be used to
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calibrate the external cavity 1002 to gnsure that the desired wavelength or wavelength range
is maintained by the beam 1022, similar to the calibration process described above with

reference to FIG. 1.

18068 As shown in FIG, 10, two retro-reflectors 1012 and 1614, positioned in a beam path
outside of the external cavity 1002, are used to modulate the path length of the reference
beam 1022b. The fumctions and advantages of using multiple retro-reflectors with respect to
a beam of radiation is described above with reference to FIGS. 3A and B. For example,
similar to the wavelength modulation for the laser, the multiple retro-reflectors do not have to
move as far {0 create path length changes in the reference beam 10225, In some
embodiments, the posttions of the retro-reflectors 1012 and 1014 i the beam path can be
individually oscillated to achieve the desired frequency or frequency range. That is, one or
both of the retro-reflectors 1012 and 1014 can be made to oscillate at the same or different
frequencies so as to modudate the path length of the reference beam 1022b and thus modalate
the phasc of the recombined beams received by the detectors 1008 and 1028, In some
embodiments, if both of the retro-reflectors 1012 and 1014 oscillate, they move 1n divections
opposite to each other. In some embodiments, three or more retro-reflectors can be used to

further enhance path length modulation of the reference beam 10225,

18063} As described above with reference to FIGS. 6, 9 and 10, the concentration of a gas
{i.c. absorber) in a sample can be determined from the phase difference between a first and
second recombined signals correspounding {0 measurements taken with and without an
absorber n the sample cell, respectively. The following exemplary set of equations can be

used to determine the first recombined signal Sigt) as a fumction of time:
Sig(t) = Aft) cos (2a*OPD)* (1) +dan), where
OPD( = (¥ pea(VOY ot 0000)* Zg - (2 0oV * (Lot AZo{1)).

In these equations, function AdY) represents the amplitude variations over time from changes
n optical power, beam splitter{s}), absorptions in gas, mirror efficiencies, ete. In addition, v(t)
represents the wavenomber output of the radiation from the external cavity (e.g., the radiation
022 from the external cavity 902 of FIG. 9} as & function of time, and ¢,y 7eprescnts the

arbitrary phase from optical and electrical components. Furthermore, ne{v{1)) represents the
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real part of index of refraction in the external radiation path (e.g., the path of the reference
beam 922b of FIG. 9) as a function of wavenumber, 7. reprosents the external radiation path
iength {(e.g., the path fength of the reference bearn 922b of FI1G. 9), n,{v{1}) represents the real
part of index of refraction of a sample in the gas cell {e.g., the gas cell 904 of FIG. S)as a
function of wavenumber, Z, represents the path length of the radiation in the gas cell {e.g.,
the path length of the sampic beam 9222 in the gas cell 904), Z..represents the average path
of beam from a beam splitter (e.g., the beam splitter 910 of FIG. 9) to the last apex of the
retro-reflector (2.g., the retro-reflector 916 of FIG. 9), and AZ (1) represents the path length
change from the motion of the retro-reflector {e.g., the retro-reflector 916} as a function of
tfime. A similar equation can be used to represent the second recombined signal as a function
of time. Using the equations for the first and second recombined signals, the phases of the
signals and thewr differences can be determined, based on which the concentration of one or
more absorbers in a gas sample can be calculated. Even though the equations are explained
with reference to the system of FIG. 9, one of ordinary skill in the art understands that the
equations can be easily adapied to apply to the systems of FIGS. 6 and 10 t¢ determine the

concentration of one or more absorbers in a sample cell.

[8062] It should also be understood that various aspects and embodiments of the invention
can be combined in various ways. Based on the teachings of this specification, a person of
ordinary skill in the art can readily determine how to combine these various embodiments.
For example, in some embodiments, any of the aspects above can tnchude one or more of the
above features. One embodiment of the invention can provide all of the above features and

advantages.
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What is claimed 1s:
1. A system for monitoring at least onc gas in a sample gas, the sysiem comprising:

a source for generating a beam of radiation;

at least one retro-reflector configured to receive the beam of radiation from the sowree
in an incident direction and reflect the beam of radiation toward the source n
alignment with the incident divection, thereby causing radiation in a cavity defined
by the source and the at least one retro-reflector to obtain a desired wavelength;

a motor configured to move the at least one retro-reflector with respect to the source
in a direction collinear with the incident direction;

a sample cell storing the sample gas comprising the at least one gas, wherein the
sample cell 1s configured to aliow at least a portion of an extracted beam of
radiation from the cavity to propagate therethrough;

a detector in optical comumumication with the sampie cell, wherein the detector is
configured to generate an output signal at the output of the sample cell based on
the extracted beam of radiation propagating through the sample cell; and

a processor, in clectrical communication with the detecior, configured to determine a

concentration of the at least one gas in the sarple gas based on the outpui sigoal,

2. The system of claim 1, wherein the processor s further configured to perform at least one
of (1) transmit a first signal to a power supply to adjust a current or voltage provided to the
source or (i) transmit a second signal to the motor to move the retro-reflector by g distance,
wherein at least one of the first or second signal modulates a wavelength of the radiation in

the cavity to obtain the desired wavelength.

3. The system of claim 2, wherein the distance is determined as a fonction of (1) a
wavenumber of the extracted beam of radiation, (2} an amount of wavenumber change
desired in the extracted beam of radiation, and (3) a current distance between the source and

the retro-reflector.

4. The system of claim 1, further comprising at least one silicon-based etalon located
between the source and the retro-reflector in the cavity to confine the radiation in the cavity

to within a desire wavelength range.
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~

5. The system of claim 1, further comprising a plurality of retro-reflectors positioned to
increase an optical path length gain of the radiation i the cavity, thereby minimizing a
distance between the plurality of retro-reflectors and the source by an amount proportional to

the optical path length gain.

6. The system of claim 3, wherein the phurality of retro-retlectors are configured to receive
the beam of radiation from the source and generate a number of reflective beam paths i the

cavity, the optical path length gain being proportional to the number of reflective beam paths.

7. The system of claim 6, wherein the plurality of retro-reflectors comprise a first retro-
reflector and a second retro-reflector with a relationship defined by d2= d1/n, wherein (3) di
represents a first normal distance between an apex of the first retro-reflecior and the beam of
radiation, (1) d2 represents a second normal distance between an apex of the second retro-
reflector and the apex of the first retro-reflector, and (111) n represents the nomber of reflective

cam paths,

8. The system of claim 7, further comprising adjusting at least one of the first normal
distance (41} or the second normal distance (d2) to change the number of reflective beam

paths (o).

8. The system of claim 1, wherein the processor is configured to determine the concentration
of the at least one gas in the sample gas by analyzing the outpui signal to detect an intensity

of absorption by the sample gas of the at least a portion of the extracted beam of radiation.

10. The system of claim i, forther comprising:

a beam splitter located external to the cavity, the beam splitter configured to split the
at least a portion of the extracted beam of radiation inte a first beam of radiation
and a second beam of radiation, wherein the first beam of radiation s directed
through the sample cell;

a reference path containing a reference gas through which the second beam of

racdiation propagates; and
o) b3
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a second beam splitter for combining the first beam of radiation and the second beam
of radiation to gencrate a first recombined beam of radiation; wherein

the detector, in optical commumication with the second beam splitter, is configured to
generate & first recombined signal based on the first recombined beam of

radiation.

11. The system of claim 10, wherein the reference gas comprises air.

12. The system of claim 10, further comprising one or more additional retro-reflectors
located external to the cavity along the reference path to modulate a phase of the first

recombined signal by changing a path length of the second beam of radiation.

13. The system of claim 10, further comprising a second sample cell storing the reference
gas, wherein the second sample cell 18 positioned along the reference path to allow the second

beam of radiation to propagate therethrough.

14. The system of claim 10, wherein the detector is adapted to generate a second recombined
signal based on a second recombined beam of radiation that is produced 4s a combination of
(1) the fivst beam of radiation after traversing through the reference path and (2) the second
beam of radiation after traversing through the sample cell withowut the sample gas stored

therein.

15. The system of claim 14, wherein the processor 15 configured to determine the
concentration of the at least one gas in the sample gas by determining a phase difference

between the first and sccond recombined signals,

16. The system of claim i, forther comprising:

a beam splitter located external to the cavity, the beam splitter configured to split the
at least a portion of the extracted beam of radiation into first, second, third and
fourth beams of radiation;

a reference path containing a reference gas through which the first and second beams
of radiation propagates;
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a first mirror positioned at an input of the sample cell that contains the sample gas, the
first mirror adapted to receive the third beam of radiation and substantially reflect
the third beam of radiation toward the beam splitter; and

a sccond mirror positioned at an output of the sample cell to receive the fourth beam
of radiation and substantially reflect the fourth beam of radiation back through the
sample cell toward the beam splitter;

wherein {1} the first and fourth beams of radiation are adapted to recombine at the
beam splitter to generate a first recombined beam and (2} the second and third
beams of radiation arc adapted to recombinge at the beam splitter to gencrate 3

second recombined beam.

17. The system of claim 16, further comprising a third mirror adapted to receive (i) the first
recombined beam of radiation and transmit the first recombined beam of radiation to a first
detector to generate a first recombined signal, and (31} the second recombined beam of
radiation and transmit the second recombined beam of radiation to a second detector to

generate a sccond recombined signal.

18. The system of claim 17, wherein the processor is configured to determine the
concentration of the at least one gas in the sample gas by determining a phase difference

between the first and second recombined signals.

19. A method for monitoring at least one gas in a sample gas, the method comprising:

generating a beam of radiation;

directing the beam of radiation to at least one retro-reflector along an ncidenmt
direction within a cavity defined by the source and the at least one retro-reflector;

reflecting the beam of radiation by the at least one retro-reflector toward the source in
a direction aligned with the incident direction, thereby causing radiation in the
cavity to obiaio a desired wavelength;

directing at least a portion of an extracted beam of radiation from the cavity 1o
propagate through a sample cell that stores the sample gas comprising the at least
one gas;

generating an ouiput signal based on the portion of the extracted beam of radiation
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propagating through the sample cell to determine a concentration of the at least
ong gas in the sample gas; and

modulating a wavelength of the radiation in the cavity to obtain the desired
wavelength, wherein modulating the wavelength comprises at least one of
adjusting a corrent or voltage for generating the beam of radiation or moving the

at least one retro-reficctor by a distance collinear to the incident direction.

20. The method of claim 19, further comprising positioning a phurality of retro-reflectors in
the cavity to receive the beam of radiation from the source and generaie a number of

reflective beam paths in the cavity.

21, The method of claim 20, wherein the reflective beam paths are collinear to the incident

direction.

22. The method of claim 20, wherein an increase in the number of reflective beam paths in
the cavity is adapted to increase an optical path length gain of the radiation in the cavity,

thereby minimizing a distance between the plurality of retro-retiectors and the source.

23. The method of claim 19, further comprising determining the concentration of the at least

one gas i the sample gas by analyzing the output signal to detect an iotensity of absorption

by the sample gas of the at least a portion of the extracted beam of radiation.

24. The method of claim 19, further comprising:

splhitting the extracted beam of radiation into a first beam of radiation and a second
bean of radiation;

directing the first beam of radiation through the sample cell containing the sample
gas; and

directing the second beam of radiation through a reference path containing a reference
gas;

combining the first beam of radiation and the second beam of radiation to generate a
first recombined beam of radiation; and

generating a tirst recombined signal based on the first recombined beam of vadiation.
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25. The method of claim 24, further comprising:
replacing the sample gas in the sample cell with the reference gas;
directing the first beam of vadiation through the sample cell; and
directing the second beam of radiation through the reference path;
combining the first beam of radiation and the sccond beam of radiation to gencrate a
second recombined beam of radiation; and
generating 2 second recombined signal based on the second recombined beam of

radiation.

26. The method of claim 28, further comprising determining the concentration of the at least
one gas m the sample gas by detecting a phase difference between the first and second

recombined signals,

27. The method of claim 26, further comprising modulating a phase of the first or second
ecombined signal by changing a path length of the second beam of radiation along the

reference path using one or more retro-reflectors.

28. The method of claim 19, further comprising:

splitting, by a beam splitier, the extracted beam of radistion into first, sccond, third
and fourth beams of radiation;

directing the first and sccond beams of radiation through a reference path containing a
reference gas;

directing the third beam of radiation tfoward a fivst mirror positioned at an input of the
sample cell, wherein the third beam of radiation is substantially reflected by the
first mitrror toward the beam splitter;

directing the fourth beam of radiation through the sample cell toward a second mirror
positioned at an output of the sample cell, wherein the fourth beam of radiation is
substantiaily reflected by the second mirror through the sample cell toward the
beam splitter;

combining the first and fourth beams of radiation at the beam splitter 1o generate a

first recombined beam of radiation; and
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combining the second and third beams of radiation at the beam splitter to generate a

second recombined beam of radiation.

29. The method of claim 28, further conprising:
receiving, by a third mirror, the first and second recombined beams of radiation;
directing, by the third mirror, the first recombined beam of radiation to a first detector
to generate a first recombined signal; and
directing, by the third mirror, the second recombined beam of radiation to a second

detector to generate a second recombined signal,
30. The method of claim 28, further comprising determining the conceniration of the at least

one gas in the sample gas by computing a phase difference between the first and second

recombined signals.
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