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(57) Abstract: Methods and optical detection systems (200,
300, 800, 900) for generating and processing a real-time
time-domain cavity ringdown spectroscopy (CRDS) signal
(831, 931) from an absorbing species in an optical detection
system (200, 300, 800, 900) having an optical ringdown cav-
ity (200, 300) are disclosed. The optical ringdown cavity
(200, 300) is adapted for accepting a sample of an absorbing
species. One or more modulated light signals
(241,243,245,341) are generated using one or more light
sources (240, 242, 244, 340). The light source(s) (240, 242,
244, 340) is pulsed at a specitied pulse rate(s). The modu-
lated light signal(s) (241,243,245, 341) is resonated using the
optical ringdown cavity (200, 300) comprising a plurality of
mirrors(220, 230), or sets of mirrors (320, 330), to produce
the CRDS signal (831, 931). The reflectivity of the mirrors
(220, 230), or sets of mirrors (320, 330), is dependent upon
the pulse rate of the modulated light signals
(241,243,245,341). Different beamlines (212, 214, 216, 312,
314, 316) are established by the modulated light signal(s)
(241,243,245, 341) and the mirrors (220, 230, 320, 330) in-
teracting with the absorbing species sample.
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MULTIPLEXED SPECTROSCOPIC ABSORBANCE
FROM CRDS WAVE FORMS

Related Application

{0001] The present application claims the benefit oﬁ and is entitled to rely on, the earlier
filing date of Australian Provisional Patent Application No. 2012903768 filed on 30 August
2012 in the name of Ne'wSouth‘ Innovations Pty Limited, which is incorporated herein by

reference in its entirety.
Technical Field

 [0002] The present invention relates to a detection system for analysis of a signal-and in

particular to a harmonic detection system for generating and analysing CRDS signals.

[0003] The invention has been developed primarily for use as a harmonic detection scheme
for analysir_ig optical absorbance signals in real time and is described hereinafter with
* reference to this application. However, it will be appreciated that the invention is not limited

to this particular field of use.
Background

{0004] Any discussion of the background art throughout the specification should in no way
be considered as an admission that such background art is prior art, nor that such background

art is widely known or forms part of the common general knowledge in the field.

[0005] The detection of substances posing chemical, biological and explosives (CBE) threats
has become critical in recent years, for example, for airport security. Many advances in
instrumentation designed for trace detection have been made to locate illicit compounds. A
significant hindrance has been the requirement to measure compounds of interest given their
'low concentrations. Hence, significant interest has developed in techniques enhancing the

signal from a species of interest while simultaneously reducing sensitivity to contaminants.
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[0006] For use in such an appliéation, cavity ringdown spectroscopy (CRDS) analysis
systems and methods for analysing an absorbance signal are disclosed in International (PCT)
Patent Application Publication No. WO 2012/021943 (PCT/AU2011/001071) published on
23 February in the name of NewSouth Innovations Pty Limited et al. In one aspect, the
system comprises: a modulaior, a light source, an optical cavity, a detector, a mixer, a signal
transformer, a determiner module, and an analyser module. The modulator generates a
modulation signal. The light source is adapted to be modulated using the modulation signal.
The optical cavity resonates modulated light from the light source and outputs an absorbance
signal. The detector detects the absorbance signal and generates a time-dependent detected
signal. . The mixer multiplies the detected signal with the modulation signal to generate a
mixed signal. The signal transformer transforms the mixed signal and generates a Fourier
transformed time-decay signal. The determiner module determines the magnittide of each
transformed time-decay signal at the fundamental frequency and at least one frequency other
than the fundamental frequency to generate several frequency-dependent magnitude signals.
The analyser module analyses the frequency-dependent magnitude signals to determine data -
representative of the absorbance signal. This is done to determine the absorbance of a
safnplc ﬁxndarnental frequency and at a frequency other than the fundamental frequency.
The system is able to analyse data quickly and is insensitive to noise sources that occur at

frequencies other than those in the modulated light signal.
| Summary

[0007] The following definitions are provided as general definitions and should in no way
limit the scope of the present invention to those terms alone, but are set forth for a better

understanding of the following description.

[0008] Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by those of ordinary skill in the art to which the invention

belongs. ‘For the purposes of the present invention, the following terms are defined below:

[0009] The articles “a” and “an” are used herein to refer to one or to more than one (ie. to at
least one) of the grammatical object of the article. By way of example, “an element” refers

to one element or more than one element.

(e
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[00010] The term “about” is used herein to refer to quantities that vary by as much as 30%,
preferably by as much as 20%, and more preferably by as much as 10% to a reference

quantity.

[00011] Throughout this specification, unless the context requires otherwise, the words
“comprise”, “comprises” and “comprising” will be understood to imply the inclusion of a
stated step or element or group of steps or elements, but not the exclusion of any other step

~ or element or group of steps or elements.

[00012] The term “real time”, for example “displaying real time data”, refers to the display
of the data without intentional delay, givcﬁ the processing limitations of the system and the
time required to accurately measure the data. Similarly, the phrase v“analy_sing a signal in
real time” refers to the analysis of a signal and presentation or output of data representative
of the signél without intentional delay, given the processing limitations of the system and the

- time required to accurately analyse the signal and present the output of such analysis.

[00013] In accordance with an aspect of the.inventiori, there is provided a method of
generating and processing a real-time time-domain cavity ringdown spectroscopy (CRDS)
signal from an absorbing species in an optical detection system having an optical ringdown
cavity.. The optical ringdown cavity is adapted for accepting a s‘ample of an absorbing
species’. Modulated light signals are génerated using a number of light sourées having
different wavelengths. The light sources are pulsed at specified pulse rates. The modulated
light signals are resonated using the optical ringdéwn cavity comprising a plurality of
mirrors to produce the CRDS signal. Each mirror has the same or substantially the same
reflectivity. The selectivity of the mirrors is dependent upon the pulse rate of the modulated
light signals. Different beamlines are established by the modulated light signals and the

mirrors interacting with the absorbing species sample.

[00014] The method may further comprise: detecting the CRDS signal output by the optical
fingdown cavity for the multiplexed modulated light signals; ahd estimating thé cavity
ringdown times t and determining spectra for the absorbiﬁg species sample from the
&etected CRDS signal by mixing the detected CRDS signal dépendent upon the wavelengths

and the selected harmonics of the modulated light signals from the light sources. -
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[00015] In accordance with another aspect of the invention, there is provided a method of
generating and processing a real-time time-domain cavity ringdown speétroscopy (CRDS)
signal froxﬁ an ébsorbing species in an optical detection system having an optical ringdown
cavity. The optical ringdown cavity is adapted for accepting a sample of an absorbing
species. A modulated light signal is generated using a light source. The light source is
pulsed at a specified pulse rate. The modulated light signal is resonated using the optical
ringdown cavity comprising a number of sets of mirrors to produce the CRDS signal. Each
set of mirrors has the same or substantially the same reflectivity. The selectivity of the
mirrors is dependent upon the pulse rate of the modulated light signal. Different beamlines
-are established by the modulated light signal and the mirrors interacfing with the absorbing

species sample.

[00016] The method may further comprise: detecting the CRDS signal output by the optical
ringdown cavity for the multiplexed beamlines; and estimating the cavity ringdown times t
and determining spectra for the absorbing species sample from the detected CRDS signal by
mixing the detected CRDS signal dependent the selected harmonics of the modulated light

signal from the light source.

[00017]} In accordahce with still another aspect of the invention, there is provided a method
of generating and proceséing a real-time time-domain cavity ringdown spectroscopy (CRDS)
signal from an absorbing species in an optical detection system having an optical ringdown
cavity. The optical ringddwn cavity is adapted for accepting a sample of an absofbing
species. Modulated light signals are generated using a number of light sources having
different wavelengths. The light sources are pulsed at specified pulse rates. The modulated
light signals are resonated using the optical ringdown cavity comprising a number of sets of
mirrors to produce the CRDS signal. Each set of mirrors has the same or substantially the
same reflectivity. The selectivity of the mirrors is dependent upon the pulse rates of the
modulated light signals. Different beamlines are established by the modulated light signals

and the mirrors interacting with the absorbing species sample.

[00018] The method may further comprise: detecting the CRDS signal output by the optical
-ringdown cavity for the multiplexed beamlines; and estimating the cavity ringdown times t

and determining spectra for the absorbing species Sample from the detected CRDS ‘signal by
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mixing the detected absorbance signal CRDS dependent upon the wavelengths and the

selected harmonics of the modulated light signals from the light sources.

[00019] Different beamlines may be adjusted such that the reflectivities of input and output

mirrors of the optical ringdown cavity are different for each beamline.

[00020] The estimating step may comprise calculating the power of selected harmonics

using mixers and signal sources for the selected harmonics.

[00021] The spectra determining step may comprise plotting the ring-down rate R or the

reciprocal of the ring-down decay constant 1/7 versus the wavelength A of the incident light.

[00022] The method may further comprise identifying the absorbing species by comparing
the determined spectra for the absorbing species sample with a library of predetermined

spectra for known elements.

[00023] The multiplexed beamlines using mirrors with selected reflectivities and the use of
matching pulse rate of the light sources allows the esfimating and determining steps to be

optimally processed.'

[00024] The method may further compriée controlling dependent upon the detected CRDS

signal the one or more light sources and/or the optical ringdown cavity.

[00025] In accordance with a further aspect of the inventibn, there is proVided an optical
detection system for generating and processing a real-time time-doméin cavity ringdown

~ spectroscopy (CRDS) signal from an absorbing species. The system comprises: a plurality
of light sources and an optical ringdown cavity. The light sources have different
wavelengths that generate modulated light signals. The light sources are pulsed at specified
‘pulse rates. The optical ringdown cavity is adapted for accepting a sample of an absorbing
species. The optical ringdbwn cavity comprises a plurality of mirrors configured to resonate
the modulated light signals to produce the CRDS signal. Each mirror has the same or
substantially the same reflectivity. The selectivity of t};e mirrors is dependent upon the pulse
rate of the modulated light signals. Different beamlines are established by the modulated '

light signals and the mirrors interacting with the absorbing species sample.
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[00026] The optical detection system may further comprise: a photodetector for detecting the
CRDS signal output by the optical ringdown cavity for the multiplexed modulated light
-signals; and a module for estimating the cavity ringdown times t and a module for
determihing spectra for the absorbing species sample from the detected CRDS signal by
mixing the detected CRDS signal dependent upon the wavelengths and the selected

harmonics of the modulated light signals from the light sources.

[00027] In accordance with a further aspect of the invention, there is provided an optical
detection system for generating and processing a real-time time-domain cavity ringdbwn
spectroscopy (CRDS) signal from an absorbing species, the system comprising;: a light
source and an optical ringdown cavity. The light source generates émodulate’d light signal.
The light source is pulsed at a specified pulse rate. The optical ringdown cavity is adapted
for accepting a sample of an absorbing species. The optical ringdown cavity comprises a
plurality of sets of mirrors configured to resonate the modulated light signal to produce the
CRDS signal. Each set of mirrors has the same or substantially the same reflectivity. The
selectivity .<;f the mirrbrs is dependent upon the pulse rate of the modulated light signal.
Different beamlines are established by the mddulatcd light signal and the mirrors interacting

with the absorbing species sample.

[00028] The optical detection system may further_corhprise: a photodetector for detecting the
CRDS signal output by the optical ringdown cavity for the multiplexed beamlines; and a
module for estimating the cavity ringdown times 1 and a rhodule for determining spectfa for
the absorbing species sample from the detected CRDS signal by mixing the Qetected CRDS

signal dependent the selected harmonics of the modulated light signal from the light source.

[00029] In accordance with.yet another aspect of the invention; there is provided an optical
detection system for generating and processing a real-time time-domain cavity ringdown

- spectroscopy (CRDS) signal from an absorbing species. The system comprises: a plurality
of light sources and an optical ringdown cavity. The plurality of light sources have different
wavelehgths that generate modulated light signals. The light sources are pulsed at specified
pulse rates. The optical ringdown cavify is adapted for accepting a sample of an absorbing
species. The optical ringdown cavity comprises a plurality of sets of mirrors configured to
resonate the modulated light signals to produce the CRDS signal. Each set of mirrors has the

same or substantially the same reflectivity. The selectivity of the mirrors is dependent upon
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the pulse rates of the modulated light signals. Different beamlines are established by the

modulated light signals and the mirrors interacting with the absorbing species sample.
p . :

[00030] The optical detection system may further comprise: a photodetector for detecting the
CRDS‘signal output by the optical ringdown cavity for the multiplexed beamlines; and a.
module for estimating the cavity ringdown times © and a module for determining spectra for
the absorbing species sample from the detected CRDS signal by mixing the detected
absorbance signal CRDS dependent upon the wavelengths and the selected harmonics of the

\

modulated light signals from the light sources.

[00031] Regarding the foregoing aspects’ of the invention, the optical ringdown cavity may
comprise a multipass cell adapted to be resonant. The resonant multipass cell has an input
coupler and an output coupler positioned or located in a beampath and having a reflectivity
that reflects light back upon itself inside a cavity of the multipass cell. The resonant

multipass preferably comprises a Herriott Cell.

[00032] Various aspects of the optical detection systems may be implemented in accordance

with the aspects of the methods described herein.
Brief Description of Drawings

[00033] Arrangementé of the detection system aré described hereinéfter, by way of an

example only, with reference to the accompanying drawings, in which:

[00034] Fig. 1 is a block diagram illustrating a real-time laser-based spectromeier, with
which embodiments of the invention may be practiced, with appropriate modification as

described hereinafter with reference to the embodiments of the invention;

[00035] Figs. 2A and 2B are block diagrams illustrating the combination of multiple laser
sources of different wavelength tuning ranges (with the same mirror reflectivity for each
wavelength range) in the same vacuum and optical cell to form a wider wavelength range

spectrometer;
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[00036] Figs. 3A and 3B are block diagraxhs illustrating the combination of different mirror
reflectivity sets for use with a single laser source to create a wide dynamic range

spectrometer;

[00037] Fig. 4 is a block diagram illustrating a general data-processing system to determine

1 from a 100 kHz pulse rate laser source, which can be practiced with the system of Fig. 1;

[00038] Fig. S is plot of the quantum cascade laser pulses when operating at 100 kHz, as
measured on an mercury-cadmium-telluride (MCT) detector, the pulse train signal coming

. from a commercially available tunable mid-IR external cavity laser system;

[00039] Fig. 6 comprises two plots showing the time and frequency characteristics measured
after the optical cavity by an MCT detector, the QCL cavity ringdown signals operating at
100 kHz repetition rate and at a wavelength of 5940nm, as measured from a ring optical
cavity with (;ptical path length of 2m with two input/output couplers of 99.8% and two HR,

= 99.995% turning mirrors;

[00040] Figs. 7A, 7B, and 7C are plots of a single exponential decay, multiple (10)
consecutive exponential decays, and the decay time relationship between 1 and R as a

function of the data collection window w, respectively; -

[00041] Fig. 8 is a block diagram illustrating a general data-processing system to determine
1 from 100 kHz, 200 kHz, 133 kHz, and 266 kHz pulse-rate laser sources (third data path not

shown), which may be practiced with the system of Fig. 2 having three beamlines;

[00042] Fig. 9 is a block diagram illustrating a general data-processing system to determine
1 from 100 kHz, 200 kHz, 333 kHz, and 666 kHz pulse-rate laser sources (other data paths
are not shown to simplify the drawing), which may be practiced with the system of Fig. 3

having four beamlines generated from a single laser;

[00043] Fig. 10 is a plot showing the absorbance A as a function of wavenumber for acetone
using a medium finesse cavity, showing the dynamic range increasing when using the same

QCL laser working in pulse mode with different reflectivity mirrors; and
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[00044] Fig. 11 is a plot showing the absorbance A as a function of wavenumber for acetone
using a high finesse cavity, showing the dynamic range increasing when using the same

QCL laser working in pulse mode with different reflectivity mirrors.
Detailed Description

[00045] Methods and opticél detection systems for generating and processing a real-time
time-domain cavity ringdown spectrdséopy (CRDS) signal from an absorbing species in an
optical detection system having an optical ringdown cavity are disclosed hereinafter. The '
optical ringdown cavity is adapted for accepting a sample of an absorbing species. In the
foliowing description, numerous specific details, including particular pulse rates, pulsé
durations; absorbing species, and the like are set forth. However, from this disclosure, it will
be apparent to those skilled in the art that modifications and/or substitutions may be made
without departing from the scope and spirit of the invention. In other circumstances, specific

details may be omitted so as not to obscure the inventioh.

[00046] With reference to the drawings, systems and methods for digital detection for
analysis of time-decaying signals are disclosed herein. By way of example, optical

absorbance signals are detected and analysed.

[00047] The embodiments of the invention provide an improved system of analysing
absorbance signals relative to the system of International (PCT) Patent Application |

+ Publication No. WO 2012/021943. In particular, systems and methods are disclosed herein
that are able to make real-time time-domain cavity ringdown spectroscopy (CRDS)
measurements with one or more lasers and mirror combinations simultaneously by
multiplexing signals. A method of generating and processing a real-time time-domain
CRDS signal from an absofbing ‘spccies in an optical detection system. Further, the systems
and methods advantageously utilise the reﬂectivity of sets of mirrors and the pulse rate of
light sources to multiplex beafnlines_for absorbance measuréments. The systems and
methods disclosed herein improve the dynamic range of such measurements by adjusting

laser decay time using multiple reflectivity mirrors.

[00048] Cavity Ringdown Spectroscopy Generally
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[00049] Any waveform may be represented by a weighted sum of sines and cosines. In
electronic systems, the extent to which a sine wave of a given freqﬁency contributes to an
arbitrary waveform may be determined by using a mixer, which may bé either analog or
digital. The mixer accepts as inputs a signal waveform and a signal generated By_ a local
oscillator, which is commonly either a sine function of known frequency f'or a square wave
signal. The DC component of the mixer output is a signal proportional to the extent to which
a sine wave of frequency f contributes to the signal waveform. By scanning the local
oscillator frequency, a complex signal in time can be decomposed into a frequency-domain

spectrum analogous to that obtained by applying a Fourier-transform.

[00050] Using a sine wave as the local oscillator of a mixer, the contribution of only a single
frequency component to a signal waveform is measured. If several frequencies are of
 interest, an alternative local oscillator may be used to simultaneously measure contributions
- of a set of sine waves having different frequencies. F or example, a square wave of .
frequency fis composed of a set of sine waves whose frequencies are f, 3, 5/, 71, 9/, ...
With a square wave as the local oscillator signal, the mixed signal obtained from the output
of the mixer is therefore a measure of the combined contribution of sine waves at f, 31, 5/, 7,
9f, or higher harmonics to the signal waveform. In this way, a mixer can be used to
determine the simultaneous contributions of a set of sine functions tova signal waveform.
Therefore, by using an appropriate local oscillator signal waveform, the contribution of a set
of sine waves to a complex waveform may be quickly determined. It should be noted that
this detection scheme has the advantage of filtering out all noise sources except those

sources that happen to occur at f; 37, 5, 7/, 9/, and higher harmonics.

[00051] Whilst not limited to the analysis of signals typically obtained from a locked cavity
ring-down._ spectroscopic system, the signal analysis technique described herein is readily
described with reference to a time-domain signal, for example for analysis of an
interferogram (i.e. from an interferometer), or alternatively for analysis of signal
degeneration in an optical communications system (e.g. for transport of optical modulated

signals over'a communications links such as in free-space or optical fibre).

[00052] In a cavity ringdown spectroscopy (CRDS) system, the sample (absorbing material)
is placed in a high-finesse stable optical resonator or ringdown cavity (the terms may be used

interchangcably hereinafter) having an input coupling mirror and an output-coupling mirror.



WO 2014/032078 PCT/AU2013/000866
re

A11-

Light admitted into the ring-down cavity through the input coupler circulates back and forth
multiple times setting up standing waves having periodic spatial variations. Light exiting
through the output coupler is proportional to the intra-cavity light intensity. After the input
light source is terminated, the radiant energy stored in the ring-down cavity decreases in time
(rings-down). For an empty cavity, the stored energy follows an exponential decay
characterized by a ring-down rate that depends only/on the reflectivity of the mirrors, the

~ separation between the mirrors and the speed of light in the cavity. If a sample is placed in
the resonator, the ring-down is accelerated; under suitable conditions, the intra-cavity energy

decays almost perfectly exponentially.

[00053] In cavity ringdown spectroscopy (CRDS), the decay of light trapped in the high-
finesse optical cavity is a direct measure of absorbance (also known as optical density) by
gas-phase molecules within the cavity. Absorbance is measured by monitoring the ring-
down decay coﬁstant,‘ 7, of a signal, /, which is decaying exponentially in time, ¢, described
by:

I=0+A4 . exp[-t/1] ' (1)

where O is an arbitrary DC offset, 4 is the amplitude of the ring-down waveform. The ring-
down decay constant, 7, is inversely proportional to absorbance within the optical cavity. An
absorption spectrum for the sample can be obtained by plotting the ring-down rate R, or the
reciprocal of fhe ring-down decay constant 1/7, versus the wavelength A of the incident light.
In practice, th¢ decay constant 7is almost universally determined by: digitizing the signal at
thevéavity output; and fitting individual or average ring-down waveforms to a threé~

parameter function using a non-linear least squares fitting routine.

[00054] Further details of a system for analysing an absorbance signal are set out in
International (PCT) Patent Application Publication No. WO 2012/021943
(PCT/AU2011/001071) published on 23 February in the name of NewSouth Innovations Pty

Limited et al, which is incorporated herein by reference.

[00055] Real-Time Determination of Ringdown Decay Time

[00056] A»proéess of harmonic data extraction for ring-down decay time constant 7 is

described hereinafter. In this description, ten consecutive exponential decays were collected
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and analysed, as shown in Fig. 7. An expression for 1 relative to the magnitudes of the

fundamental and first harmonic frequency components of the pulse is obtained. The

foilowing mathematical model is used for the signal:

10
S(t)y = Si(t),0 <t < 10w,
k=1

where

siy={ oo CEIV 0 i (k-1w<t<hw
¥ 0 otherwise

Here, w is the sampling window for a single decay, and in the case of a pulsed laser

excitation refers to the time between two consecutive pulses. Multiplying S(t) with

ot L :
cos(2n —t~) and cos(4 n—) and integrating between 0 and 10 w results in
w w .

10w ¢ w t ’
A= / S(t)cos(2r > )dt = 10 / (Ioe™"/* + O) cos(2m)dt
Jo w , o w

e v —1
- ._10101-”;2”2_*_4”212
and
10w t W t
Ay = j S(f) cos(4r 2 )dt =10 / (Tloe™* + O)cos(dx L )dt
- Je w 0 W
' e v —1
— 10wt L
_ Ol w2+ 16r272
Furthermore,
| p A2 _ WRranie?
’ ' = T W r16r212"
Ay W + 1684t @
Equation (2) can be solved for 1, giving:
| w [T-R
TuaVar-t
. L 3)

This technique is independent of the initial light intensity /y and the DC offset O and can be

applied to the analysis of any number of exponential decays (not just 10 ringdowns) as

Equations (2) and (3) relate w, R, and 1 only. Furthermore, w can be adjusted to ensure that

empty cavity value for 1 is greater than 4R and hence in the stable region.
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{00057] The absorbarice, A, can then be determined from the relation:
- ctogR) o _nxt (1 1
A= l°g(T)“l°g(1>‘_2.3o3xc(z ro) @

where T is the transmittance; [ is the transmitted intensity, # is the index of refraction within
. the optical cavity, / is the optical path length in the cavity, c is the speed of light, and 7y is the

empty cavity decay lifetime.

[00058] This section described the process required to determine t from one laser source. In
the following section, these concepts are extended to produce a system with multiple lasers
connected to the same reflectivity cavities and/or multiple reflectivity cavities with the same

laser source.

{00059} Real-Time Laser-Based Spectrometer System

[00060] Fig. 1 illustrates a real-time laser-based spectrometer system 100, which is in this
case excitéd by a single pulsed laser system, with which embodiments of the invention may
 be practiced, capable of measuring quantum transitions. The system 100 shown in Fig. 1 is a
derivative of cavity ringdown spectroscopy (CRDS) and illustrates the digital manifestation

of an embodiment of the invention, bﬁt the scope of the invention is not so limited. The
system 100 can be constructed with analog components readily. An analog system may be
practicéd using lockin amplifiers/mixer to perform the mixing process. In CRDS, light

| generated by a laser source is trapped in a detection cavity with high reflectivity. The
intensity of the detected signal decays exponentially according to Equation (1). 7 is the
cavity ringdown time and can be used to generate a spectrum for a given sample by scanning

the laser wavelength and recording t at each wavelength.

[00061] The system 100 includes a laser 110, a vacuum and optical cell or optical riﬁgdown
cavity 120, one or more photodetectors 130, a control module 140 (that controls the laser

. source 110 and/or vacuum and optical cell 120), and an absorbance analysis module 160.
The laser control module 140 controls how the laser scans, vacuum is removed from the cell
120, and times various operations, such as the initial éetup of the laser 110. The _absorbéncc
analysis module 160,‘receiv¢s and reads digital data 150, graphs data, measures the power of
harrhonics, estimates 1, generates power spéctrurn, and determines species by comparing

spectra with a library of spectra for known elements. The vacuum and optical cell 120 has
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four input/output couplers 121A, 121B, 121C, and 121D. As shown in Fig. 1, the ligﬁt beam
112 from the laser source 110 is input to the input coupler 121A of the cell 120. The output
of the cell 120 is provided by output coupler 121D. The couplers 121B and 121C are unused
in Fig. 1, but this need not be the case. The vacuum and optical cell 120 is a symmetric

system.

[00062] The tunable laser 110 can be frequency tuned over a vast wavelength range. The
laser 110 may be one or more pulséd\ quantum cascade lasers (QCL), or other pulsed laser
medium, or continuous wave laser'system that is modulated appropriately. The pulse train
for a typical laser running with a 100 kHz repetition rate and 0.5us pulse width is shown in
Fig. 5. A plét 500 of three pulses 510, 520, and 530, each with an amplitude of slightly more
than 120 mV, occurs 10 ps apart at approximately 6, 16 and 26 ps are shown. The vacuum
and optical cell (cavity) 120 is vacuum compatible with suitable photodetectors 130. While
optical coating technology does exist to make high finesse cavities in this wavelength raﬁge,
no single sets of mirrors are available to cover the entire range of wavelength. As shown in
Fig. 1, a light beam 112 generated by the laser 110 is input to the vaéuum and optical cell
120 at the input coupler 1‘21A. In the system 100, mode métching optics (MMO) 114A,
114B and a mirror 116 are used to steer the light beam 112 into the vacuum and optical cell
120.

[00063] Fig. 1 indicates that the light beam 112 is reflected several times in the optical
ringdown cavity 120 before being output via coupler 121D as the CRDS signal 122 to the
photodetector 130. The output of the cavity 120 is the CRDS signal 122. The photodetector
130 produces the detected CRDS signal or photocurrent 132, an analog electrical signal
output, shown in Fig. 6 (top: time trace 610; bottom: power spectrum 620), to a control
module 140, and in particular a data acquisition system (DAQ) 142 of the control module
140. The time trace 610 illustrates 10 pulses at 10 ps intervals, and the power spectral
densityv62‘0 shows the power of spectra as a function of frequency. The DAQ 142 performs
analog-to-digital conversion of the photocurrent 132. The digital signal or digital bitstream
150 comprising digital data based on the detected photocurrent 132 produced by the DAQ
142 is output to a control system 144 of the control module, and in turn to control electronics
146. The control system 144 and electronics 146 produce signals that can be used to adjust
the parameters of the system 100. The control electronics 146 controls the digital-to-analog

converters and amplifiers 148, which provide one or more control signals and other signals
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152 from the control module 140 to the laser 110 to generate the light beam 112. Control
signals may also be provided to the vacuum and optical cell 120 (not shown in Fig. 1). The
signals 152 generated by the digital-to-analog converters and amplifiers 148 drive the system

components, such as the piezo electric transducers (PZTs) of the laser 110.

[00064] Thé digital signal or digital bitstream 150 comprising digital data based on the
detected photocurrent 132 produced by the DAQ 142 is input to the absorbance analysis
module 160, and in particular to a data proéessing module 162. The data processihg module
164 interfaces with a module for estimating t. The data processing techniques implemented -
in module 162 extract information from the DAQ 142 to produce the estimate for the cavity
ringdoWn time 1. Using the estimate of 1, a module 166 for generating rapidly a spectrum

- 166 is coupled to the module 164, and in turn a module for determining species
concentration 168 is coupled to module 166. The module 166 produces the absorbance |
signal (e.g., where the y-axis is absorbance and the x-axis is laser wavelength). The module

168 detects an absorbing species in the sample.

- [00065] The system 100 shown in Fig. | comprises a cohtrol loop 140 and an estimation
loop 160. The control loop 140 controls the laser 110 and cavity scan dynamics, so that
efficient intensity build-up in the cavity 120 and ringdowns cén be achieved. Under pulsed
laser operation, the control system 144 simply scans the laser 110 thfough its tuning range. If
CW laser operation were used instead, the control loop 140 would also need to make
corrections to the laser 110 and cavity 120 to be ih continuous lock throﬁghout the scanning
process. The estimation loop 160 determines the ring-down time, 1, (or an equivalent |

quantity) as a function of wavelength, and hence the absorption spectrum.

'[00066] Fig. 4 is a block diagram illustrating a general data-processing system 400 required
to determine t from a 100 kHz (f) pulse rate laser source (not shown in Fig. 4), which can be
practiced with the system of Fig. 1. Fig. 4 shows schematically a particular implementation
of the data processing system 400, in which a detector signal or photocurrent 431 is ‘
produced by a photodetector and in particular amercury-cadmium-telluride (MCT) detector
430 from a CRDS signal 422 output by the vacuum and optical cell (not shown in Fig. 4; see
cell 120, producing signal 122). The detector signal 431 output by the MCT 430 is amplified
appropriately. In Fig. 4, a low noise amplifier (LNA) 432 does this. The 6utput of the LNA
432 is an amplified photocurrent 433 sent to the DAQ 440, which digitizes the signals to
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provide an acquired (digital) signal (or digital bitstream) 450 (this corresponds to signal 150
of Fig. 1). The digital signal 450 can be input to a field programmable gate array (FPGA)
460, in this implementation. The FPGA block 460 comprises signal sources 462 and 464
and mixers 470 and 472. The fundamental, f, and second harmonic, 2f, powers are
calculated by first and second mixers 470 and 472 (in practice these are multiplication
stages). The digital signal 450 is mixed with 100 kHz and 200 kHz generated signals (fand |
2/) by mixers 470 and 472, respectively. The outputs 471, 473 of the mixers 470 and 472 are
provided from the FPGA block 460 to a computer 480. The computer 480 determines the
ratio of the time domain magnitude, f/2f and hence 1, as determined by Equation (3). The
suitably programmed computer 480 calculates the ratio and produces an absorption
spectrum. While the first and second harmonics have been discussed here, the embodiments
of the invention may be practiced using different harmonics and combinations of harmonics.
For example, the first and third harmonic might be used. Alternatively, a combination of
harmonics might be used such as (second harrhonic plus third harménic) divided by first

" harmonic.

[00067] Multiplexed Spectroscopy Absorbance

[00068] The embodiments of the invention provide methods ahd optical detection systems
for generating and processing a real-time time-domain cavity ringdown spectroscopy
(CRDS) signal from an absorbing species in an optical detection system having an optical
ringdown cavity. The optical ringdown cavity is adapted for accepting a-sample of an |
absorbing species. The embodiments of the invention multiplex beamlines in the optical

ringdown cavity.

[00069] In one embodiment, modulated light signals are generated using a number of light
sources having different wavelengths. The light sources are pulsed at specified pulse rates.
The modulated light signals are resdnated using the optical ringdown cavity comprising
mirrors to produce the CRDS signal. Each mirror has the same or substantially the same
reflectivity. The selectivity of the mirrofs is dependent upon the pulse rate of the modulated
light signals. Different beamlines are established by the modulated light sigﬁals and the
mirrors interacting with the absorbfng species sample. The method may further comprise:
detecting the CRDS signal output by the optical ringdown cavity for the multiplexed

modulated light signals; and estimating the cavity ringdown times t and determining spectra
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for the absorbing species sample from the detected CRDS signal by mixing the detected
CRDS signal dependent upon the wavelengths and the selected harmonics of the modulated

light signals from the light sources.

{00070} In another embodiment, a modulated light signal is generated using a light source.
The light source is pulsed at a specified pulse rate. The moduléted light signal is resonated
using the optical ringdown cavity comprising a number of sets of mirrors to produce the
CRDS signal. Each set of mirrors has the same or substantially the same reﬂeétivity. The
selectivity of the mirrors is debendent upon the pulse rate of the modulated light signal.
Different beamlines are established by the modulated light signal and the mirrors interacting
with the absorbing species sample. The method may further comprise: detecting the CRDS
signal output by the optical ringdown cavity for the multiplexed beamlines; and  estimating
the cavity ringdown times t© and determining spectra for the absorbing species sample from
the detected CRDS signal'by mixing the detected CRDS signal dependent the selected

harmonics of the modulated light signal from the light source.

[00071] In a further embodiment, modulated light signals are generated using a number of -
light sources having different wavelengths. The light sources are pulsed at specified pulse
rates. The modulated light signals ére resonated using thé optical ringdown cavity
comprising a number of sets of mirrors to produce the CRDS signal. Each set of mirrors has
the same or substantially the same reflectivity. The selectivity of the mirrors is dependent
upon the pulse rates of the modulated light si gnal‘s. Different beamlines are established by
the modulated light signals and the mirrors interacting with the absorbing species sample.
The method may further comprise: detecting the CRDS signal output by the optical
ringdown cavity for the multiplexed beamlines; and estimating the cavity ringdown times t
and determining specira for the absorbing species sample from the detected CRDS signal by
mixing the detected absorbance signal CRDS dependent upon the wavelengths and the

selected harmonics of the modulated ligh{ signals from the light sources.

[00072] Different beamlines may be adjusted such that the reflectivities of input and output

mirrors of the optical ringdown cavity are different for each beamline.

[00073] The estimating step may comprise calculatiﬁg the power of selected harmonics

using mixers and signal sources for the selected harmonics. The spectra determining step
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may comprise plotting the ring-down rate R-or the reciprocal of the ring-down decay
constant 1/ 7 versus the wavelength A of the incident light. The absorbing species may be
identified by comparing the determined spectra for the absorbing species sample with a
library of predetermined spectra for known elements. The multiplexed beamlines using
mirrors with selected reflectivities and the use of matching pulse rate of the light sources

allows the estimating and determining steps to be optimally processed.

[00074] The method may further comprise controlling dependent uponb the detected CRDS

signal the one or more light sources and/or the optical ringdown cavity.

[00075] Extension of the Measurement Wavelength Range

[00076] The embodiments of the invention improve measurement absorbance dynamic range
and measurement wavelength range. Doing so improves the system 100 and makes the
system 100 more versatile. Also the cost of the system 100 may be lowered through the use:

of less expensiVe lasers 100. h

[00077] The system 100 of Fig. 1 is implemented using an optical cavity 120 with 4 mirrors,
separated by 50 cm and in a figure 8 configuration. Two of the mirrors have finesse 99.8%
reflectivity and the other 2 have 99.995% reflectivity, giving a cavity ring-down time of ~
3ps. The quantum cascade laser 110 may be run in pulsed mode with a 100 ns pulse width
and 10 ps repetition time. Hence, the CRDS signals are repeated at a 100 kHz rate (the
maximum rate for this lascr). Under the_se conditions, the absorbance measurement range is

determined to be from = 5x1 0% t0 = 5x10™,

[00078] To widé_n the absorbanice dynamic range, the system 100 of Fig. 1 is modified using
the configuration 200 shown in Fig. 2 to implement an improved system. In the
configuration 200 of Fig. 2, multiple beams or beamlines 212, 214, 216 (thick solid, thick
dashed, and thin daéhed lines, respectively, in Fig. 2B) pass through the sample, each in
figure-8 paths. Relevant wavelengths include visible light to infrared (IR). Different
beamlines may héve different wavelengths. Any combination of wavelength from visible

~ light to IR may be practiséd. The wavelength ranges do not have to be contimious. In Fig.
2B, multiple light beams 241, 243, 245 are generated by three lasers 240, 242, and 244 at
wavelengths A1, A 2, and A 3, respectively. The multiple modulated light signals 241, 243,
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245 cstublish beamlines 212, 214, 216 in the cavity rqsonating between mirrors. A single
beam 212 is shown in Fig. 2A to simplify the drawing only; the other beams 214 and 216 are
shown in Fig. 2B. The mirrors 230A-230F have the same reflectivity, e.g. 99.8%. The
different beamlines 212, 214, 216, although interacting with the same sample, can be
adjusted such that the reflectivity of the input and output mirrors are different for each
beamline. The configuration 200 of Fig. 2 is one ‘implementation in which small reﬂectdrs
230A — 230F are used at one end with one large reflector 220 at the other end, or the system
can be configured symmetrically with reflector 220 being small identical reflectors to 230A
- 23OF. Alternatively, the mirror configuration can be constructed with more or less
reflection, or with varying size or thickness mirrors. Thus, the reflectivities of the mirrors
220 and 230A-230F may have the same or slightly different reflectivities. The mirrors do
not have exactly the same reflectivity since the coating process is not completely acéuratc.
However, the reflectivities do not need to be matched as best they can in the coating process
such that the ring-down time for each set of mirrors is appréximately constant over tﬁe '
wavelength range of the laser scan. In the configuration 200 of Fig. 2A, a first beamline is
established with mirrors 230A, 220, 230D, 220, and 230A; a second beamline is established
with mirrors 2308, 220, 230E, 2\20, and 230B (not shown in Fig. 2A); and a third beamline
is established with mirrors 230C, 220, 230F, 220, and 230C (not shoWn in Fig. 2A).

[00079] The measurement wavelength range can be extended from the configuration shown
in Fig. 1 by using different lasers 240, 242, 244 for each beamline 212, 214, 216 in Fig. 2.
In this case, using 3 beamlines, the mirrér reflectivities of each beamline 212, 214, 216 can
be adjusted to cover the wavelength range of each laser source 240, 242, 244 with the‘
emphasis of maintaining the same ring—doWn time (approximately) for each beamline 212,
214, 216. Each l‘asersource 240, 242, 244 can be pulsed at a unique rate such that the
demodulation process can uniquely identify each laser source 240, 242, 244. The data

processing for this implementation differs from that shown in Fig. 4, as shown in Fig. 8.

[00080] Fig. 8 is a block diagram illustrating a general data-processing system 800 -
comprising two sets of demodulation paths in a single FPGA unit 860 (corresponding to 2
beam lines). However, the system 800 can be adjusted to as many beamlines as required.
Once again, all signals can be measured simultaneously using this multiplexed approach.
The da;a-processing system 800 of Fig. 8 may be practiced with the system of Fig. 2. The

~ data processing éystcrh 800 is described hereinafter with reference to two data paths, but
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only for the ease of depiction is this the case.' A third data path (not‘shown) for the third
beamline, operating at possibly 166kHz, can be similarly implemented and configured to be

used with the system 200 of Fig. 2.

[00081] The data-processing system 800 can be used to determine 7 from 100 kHz (f7) and

| 133 kHz (f2) pulse rate laser sources. Agaiﬁ, a CRDS signal 822 from the cavity (not
shown) is input to a photodetector 830 (MCT detector). A detector signal 831 is produced
by MCT 830 from the CRDS signal 822 output by the vacuum and optical cell (not shown in
Fig. 8; see cell 120, producing signal 122). Tﬁe CRDS signal 822 is dependent upon the 100
kHz (f1) and 133 kHz (f2) pulsed beams. The detector signal 831 output by the MCT 830
is amplified appropriately. This is done by a low noise amplifier (LNA) 832 in Fig. 8. The
output 833 of the LNA 832 is sent to the DAQ 840 that digitizes the signals to provide -
digital signal 850. The digital signal 850 can be input to a field programmable gate array
(F PGA) 860, in this implementation. The FPGA block 860 comprises several signal sources
862, 864, 866, and 868 aﬁd mixers 870, 872, 874, and 876. The fundamental, /I, and second
harmonic, 2f1, powers are calculated by first and second mixers 870 and 872. The digital
signal 850 is mixed with 100 kHz and 200 kHz generated signals (fI and 2f7) by mixers 8§70
and 872, respectively. The outputs 871 and 873 of the mixers 870 and 872 are provided
from the FPGA block 860 to a computer 880. Likewise, the fundamental, /2, and second
harmonic, 2/2, powers are calculated by third and fourth mixers 874 and 876. The digital
signal 850 is mixed with 133 kHz and 266 kHz generated signals (/2 and 2/2) by mixers 874
‘and 876, respectively. The outputs 875 and 877 of the mixers 874 and 876 are provided
from the FPGA block 860 to the computer 880. In this manner, the FPGA 860 can be used
to process multiplexed laser beams passing through the sample. The computer 880 performs
the same type of processing as computer 480 in Fig. 4, with suitable adjustments for multiple
wavelength beams. The computer 880 determines the ratio of the magniiude,f] /2f1 and the
rétio of the magnitude, /2/2f2 and hence T, as determined by Equation (3). The suitably

programmed computer 880 calculates the ratio and produces an absorption spectrum.

[00082] Extension of the Absorbance Dynamic Range

[00083] The resulting ring down time for each beamline can be adjusted to meet a specific
absorbance range, and the laser pulse rate can be increased or decreased to optimise the

detection window for each beamline and riﬁg down time. Additionally, the output signal can
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be collected on a single detector and with each beamline being detected simultaheously, as
long as the laser pulse rate for each beamline is intentionally set to be different, by
simultaneous demodulation of each fundamental and harmonic for each beamline

_ respectively.

[00084] The measurement dynamic range can be extended from the configuration shown in
Fig. 1 by using the configuration 300 having different mirror reflectivity sets for each
beamline, as shown in Fig. 3. In this case 300, using 3 beamlines, the mirror reflectivities of
each beamline can be adjusted, to cover a different ring-down time for the same laser source.
Multiple beams 312, 314, 316 (thick solid, thick dashed, and thin dashed'lines, respectively,
in Fig. 3B) pass through the sample, each in figure-8 paths. In Fig. 3B, multiple light beams
312, 314, and 316 are generated by a modulated light signal 341 output from a single laser
340 at wavelength Al A fourth light beam is not depicted in Fig. 3B to simplify the
drawing, and the system could comprise as many beamlines as required as long as they can
fit in the space available. A single beam 312 is shown in Fig. 3A to simplify the drawing

only. The sets of mirrors 330A-330H have different reflectivities as follows:

Mirror No. Reflectivity
330A 99.999% -
330B 99%

330C 99.99%
330D v 99.9%
3308 99.999%
330F 99%

330G 99.99%
330H 99.9%

The configuration 300 of Fig. 3 is one implenientation in which small reflectors 330A —
330H are used at one end with one large reflector 320 at the other end, or the system can be
configured symmetrically with reflector 320 being small identical reflectors to 330A - 330H.
In the configuration 300 of Fig. 3A, a first beamline is established by sets of mirrors 330A,
320, 330E, 320, and 330A with some mirrors having the same reflectivity; a second
beamline is established by sets of mirrors 330B, 220, 330F, 320, and 330B (not shown in
Fig. 3A) with some mirrors having the same reflectivity; a third beamline is established by
sets of mirrors 330C, 320, 330G, 320, and 330C (not shown in Fig: 2A) with some mirrors

having the same reflectivity; and a fourth beamline is established by sets of mirrors 330D,
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320, 330H, 320, and 330D (not shown in Fxg 2A) with some mirrors having the same
reflectivity. The same laser 340 is used for all beam paths in Fig. 3, but the laser pulse rate
is adjusted in the data processing for each set of mirrors. Please note that in‘this case the
beamlines are physically separated and each beamline is symmetrically distributed around
the cavity axis. In general however, the beamlines can be constructed in any configuration

that is appropriate to generate the appropriate ring-down times.

[00085] As opposed to the configuration 200 of Fig. 2, Fig. 3 shows that the ring-down time
for each beamline is intentionally altered so that the absorbance range is shifted. The laser
source, thereforé,’ must be pulsed at a unique rate for each beamline such that the relation
derived in Equation (3) is maximized. The embodiment shown in Fig. 3 is advantageoué in
that the system has wider sensitivity. The pulse repetition rate can be matched to the
reflectivity of sets of mirrors. Lower reflectivity requires faster pulses, while greater

reflectivity requires slower pulses.

[00086] The data processing for this implementation differs from that shown in Figs. 4 and 8
as shown in Fig. 9 only in that the pulse rate of the laser source is changed for each beamline
configuration. That _is, the laser source needs to be operated sequentially at a unique pulse

rate for each beamline such that Equations (2) and (3) are maximized.

{00087] Fig. 9 is a block dliagram illustrating a general data-processing system 900 showing
two sets of demodulation paths in the single FPGA unit 940 (cdrresponding to 2-beam lines)

' but this can be adjusted to as inany lines as required. The data processing system 900 may
be practiced with the system 300 of Fig. 3, in which case four data paths would be
implemented in the system 900. These further data pathwayé are not shown in Fig. 9 only to
simplify the drawing.

[00088] Once again, all signals can be measured simultaneously using this multiplexed
approach. The data-processing system 900 can be used to determine T from 100 kHz (f7)
and 333 kHz (f3) pulse rate laser sources. Again, a detector signal 931 is produced by MCT
930 from CRDS signal 922 output by the vacuum and 6ptical cell (not shown in Fig. 9; see
cell 120, producing signal 122). The CRDS signal 922 is dependent upon the 100 kHz (f7)
and 333 kHz (f3) pulsed b.eams. The detector signal 931 output by the MCT 930 is
ampliﬁed appropriately. This is done by a low noise amplifier (LNA) 932 in Fig. 9. The
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output 933 of the LNA 932 is sent to the DAQ 940 that digitizes the signals 933 to provide
digital signal 950. The digital signal 950 can be input to a field programmable gate arréy
(FPGA) 960, in this implementation. The FPGA block 960 comprises several signal sources
962, 964, 966, and 968 and mixers 970, 972, 974, and 976. The fundamental, /1, and second
harmonic, 2f1, powers are calculated by first and second mixers 970 and 972. The digital
signal 950 is mixed with 100 kHz and 200 kHz generated signals (f7 and 2/7) by mixers 970
and 972, respectively. The outputs 971 and 973 of the mixers 970 and 972 are provided
from the FPGA block 960 to a computer 980. Likewise, the fundamental, /3, and second’
harmonic, 2/3, where f3 >> fI, powers are calculated by third and fourth mixers 974 and 976.
The digital signal 950 is mixed with 333 kth and 666 kHz generated signals (f3 and 2/3) by
mixers 974 and 976, respectively. The outputs 975 and 977 of the mixers 974 and 976 are
provided from the FPGA block 960 to the computer 980. In this manner, the FPGA 960 can
be used to process multiplexed laser beams passing through the sample. The computer 980
performs the same type of processing as computer 480 in Fig. 4, with suitable adjustments |
for multiple wavelength beams. The computer 980 determines the ratio of the magnitude,
f1/2f1 and the ratio of the inagnitude, Sf3/2f3 and hence 1, as determined by Equation (3). The
~ suitably programmed computer 980 calculates the ratio and produces an absorption

spectrum.

[00089] In this case each beamline is demodulated at lérge frequency differences because the
fundamental frequency occurs at each pulse unique pulse rate of the laser source. Once

again, all signals can be measured simultaneously using this multiplexed approach.

[00090] Figs 10 and 11 illustrate the sensitivity of the techniques described hereinbefore.
Fig. 10 illustrates medium sensitivity of absorbance for acetone where more pressure is
required to provide more moleculés. There is less sensitivity for detection in Fig. 10 than in
Fig. 11. The pressures used are much lower (50, 25; 10 mforr) in the high finesse
arrangement as the data in Fig. 11 shows compared to the pressures (200, 100, 50, 25 mtorr)

used in Fig. 10 for similar absorbance plots.

[00091] Resonant Multipass Cell

[00092] Standard multipass cells, such as a Herriott cell, are single-pass multipass cells; the

Herriott cell design is described by Tarsitano, Christopher G, et. al., “Multilaser Herriott cell
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for planetary tunable laser spegtrometers”, Applied Optics, Vol. 46,' No. 28, 1 October 2007, |
6923-6935. In a Herriott cell, a light beam enters through a hole in a mirror. The light beam
bounces back and forth bétween mirrors in the Herriott cell until the light beam leaves
through the same hole in th;: mirror that the light beam entered the Herriott cell. A standard
multipass cell would not work in the embodiments of the invention, because the output light
field exiting the Herriott cell is idenﬁcal to the ihput light field except that outi)ut light field
is attenuated. Instead, in a further embodiment of the invention, a multipass cell that is
resonant is required, because the feedback of the resonant system alters the light field such
that the light field experiences a ring-up and ring-down. In this case, the Herriott cell must be
modified to have an input coupler and an output coupler in the beafn path with appropriate
reflectivity such that the light is reflected back upon itself inside the cavity of the Herriott
cell so that an energy buildup is cfeated. Thus, in this further embodiment of the invention,
the optical ringdown cavity comprises a multipass cell adapted to be resonant, the multipass
cell having an input coupler and an output coupler positioned or located in a beam path and

" having a reflectivity that reflects light back upon itself inside a cavity of the multipass cell.

The multipass cell that is resonant is a Herriott cell that is resonant.

" [00093] The methods and systems disclosed herein provide improved systems and methods
for rapid digital optical spectrum analysis of absorbance data, being particularly useful for
real-time spectral monitoringl of an absorbance signal, although not limited to this field. It
will be appreciated by those skilled in the art in the light of this disclosure that the methods
and systems disclosed herein have far-reaching application and are not linked just to the
optical domain, but also to signals in other electronic systems, e.g, electronic signals or
microwave/shortwave/long-wave/mobile communications among many others and use of the

present methods in any such applications is use within the scope of the invention.

[00094] Thus, the systems and methods described herein and/or shown in the drawings are
presented by way of example only and are not limiting as to the scope of thé invention.
Unless otherwise specifically stated, individual aspects and components of the signal
generation and anaiysis methods and systems may be modified, or may have been substituted
therefore known equivalents, or as yet unknown substitutes such as may be developed in the
future or such as may be found to be acceptable substitutes in the future. The signal
gencratién and analysis methods and system may also be modified for a variety of

applications while remaining within the scope and spirit of the claimed invention, since the
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range of potential applications is great, and since it is intended that the present signal

generation and analysis methods and apparatus be adaptable to many such variations.
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CLAIMS:

1. A method of generating and processing a real-time time-domain cavity ringdown
_ spectroscopy (CRDS) signal from an absorbing species in an optical detection system having
an optical ringdown cavity, said optical ringdown cavity adapted for accepﬁng a'sample of

5 an absorbing species, said method comprising:

generating modulated light signals using a plurality of light sources having different
wavelengths, the light sources being pulsed at specified pulse rates; and

resonating said modulated light signals using the optical ringdown cavity comprising a
plurality of mirrors to produce the CRDS signal, each mirror having the same or
10 substantially the same reflectivity, the selectivity of said mirrors dependent upon said pulse
rate of said modulated light sighals, different beamlines being established by said modulated

light signals and said mirrors interacting with the absorbing species sample.

2.  The method as claimed in claim 1, further comprising:

detecting the CRDS signal output by the gptical ringdown cavity for the multiplexed
15 modulated light signals; and | ’ ’
estimating the cavity ringdown times 7 and determining spectra for the absorbing
species sample from the detected CRDS signal by mixing the detected CRDS signal

dependent upon the wavelengths and the selected harmonics of the modulated light signals
from said light so"urces. I

203. A method of generating and processing a real-time time-domain cavity ringdown

spectroscopy (CRDS) signal from an absorbing species in an optical detection system having
an optical ringdown cavity, said optical ringdown cavity adapted for acceptlng a sample of

an absorbing species, said method comprising:

generating a modulated light signal using a light source, the light source being pulsed
25 at a specified pulse rate; and
resonating said modulated hght signal using the optical ringdown cavnty comprising a
plurallty of sets of mirrors to produce the CRDS signal, each set of mirrors having the same
or substantially the same reflectivity, the selectivity of said mirrors dependent upon said
pulse rate of said modulated light signal, different beamlines being established by said |

30 modulated light signal and said mirrors interacting with the absorbing species sample
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4.  The method as claimed in claim 3, further comprising:
detecting the CRDS signal output by the optical ringdown cavity for the multiplexed
beamlines; and ‘ ‘
estimating the cavity ringdown times 1 and determining spectra for the absorbing
5 species sample from the detected CRDS signal by mixing the detected CRDS signal

dependent the selected harmonics of the modulated light signal from said light source.

5. A method of generatirig and processing a real-time time-domain cavity ringdown
spectroscopy (CRDS) éignal from an absorbing species in an optical detection system having
an optical ringdown cavity, said optical ringdown cavity adapted for accepting a sample of
10 an absorbing species, said method combrising: '
generating modulated light signals ﬁsing a blurality of light sources having different
wavelengths, the light sources being pulsed at specified pulse rates; and
resonating said modulated light signals using the optical ringdown cavity comprising a
plurality of sets of mirrors to produce the CRDS signal, each set of mirrors having the same
15 or substantially the same reflectivity, the selectivity of said mirrors dependent upon the pulse
rates of said modulated light signals, different beamlines being established by said

modulated light signals and said mirrors interacting with the absorbing species sample.

6.  The method as claimed in claim 5, further comprising:
detecting the CRDS signal output by the optical ringdown cavity for the multiplexed
20 beamlines; and .
R estimating the cavity ringdown times 1 and determining spectra for the absorbing |
species sample from the detected CRDS signal by mixing the detected absorbance’ signal
CRDS dependent upon the wavelengths and the selected harmonics of the modulated light

signals from said light sources.

257.  The method as claimed in claim 1, 2, or 3, wherein different beamlines are adjusted
such that the reflectivity of input and output mirrors of the optical ringdoWn cavity are

different for each beamline.

8.  The method as claimed in claim 2, 4, or 6, wherein the estimating step comprises
calculating the power of selected harmonics using mixers and signal sources for the selected

30 harmdnics.
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9. The method as claimed in claim2, 4, or 6, wherein the spectra determining step
comprises plotting the ring-down rate R or the reciprocal of the ring-down decay constant

1/7 versus the wavelength A of the incident light.

10. The method as claimed in claim 2, 4, or 6, further comprising identifying the absorbing
5 species by comparing the determined spectra for the absorbing species sample with a library

of predetermined spectra for known elements.

11. The method as claimed in claim 2, 4, or 6, wherein the multiplexed beamlines using
mirrors with selected reflectivities and the use of matching pulse rate of the light sources

allows the estimating and determining steps to be optimally processed.

10 12. The method as claimed in claim 2, 4, or 6, further comprising controlling dependent
upon the detected CRDS signal the one or more light sources and/or the optical ringdown

cavity.

13. An optical detection system for generating and processing a real-time time-domain
cavity ringdown spectroscopy (CRDS) signal from an absorbing épecies, said system
15 comprising: . _
a plurality of light sources having different wavelengths that generate modulated light
signals, the light sources being pulsed at specified pulse rates; and '
an optical ringdown cavity adapted for accepting a sample.of an absorbing species,
said optical ringdown cavity comprising a plurality of mirrors configured to resonate said
' 20 modulated light signals to produce the CRDS signal, each mirror having the same or
substnntially the same reflectivity, the selecﬁvity of said mirrors dependent upon said pulse
rate of said modulated light signals, different beamlines being established by said modulated

- light signals and said mirrors interacting with the absorbing species sample.

14. The optical detection system as claimed in claim. 13, further comprising:
25 - a pnotodetector for detecting the CRDS signal output by the optical ringdown cavity
for the multiplexed modulated light signals; and
a module for estimating the cavity ringdown times © and a module for determining

spectra for the absorbing species sample from the detected CRDS signal by mixing the
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“detected CRDS signal dependent upon the wavelengths and the selected harmonics of the

modulated light signalls from said light sources.

'15.  An optical detection system for generating and processing a real-time time-dorﬁain
cévity ringdown spectroscopy (CRDS) signal from an absorbing species, the system -
5 comprising:

a light source that generates a modulated light signal, the light source being pulsed at a
spéciﬁed pulse rate; and |

an optical ringdown cavity adapted for accepting a sample of an absorbing species,
said optical ringdown cavity comprising a plurality of sets of mirrors conﬁ_gured to resonate

10 said modulated light signal to produce the CRDS signal, each set of mirrors having the same

or substantially the same reflectivity, the selectivity of said mirrors dependent upon said
pulse rate of said modulated light signal, different beamlines being established by said

modulated light signal and said mirrors interacting with the absorbing species sample.

A,

16. The optical detectipn system as claimed in claim 15, further comprising: :
15 a photodetector for detecting the CRDS signal output by the optical ringdown cavity
for the multiplexed beamlines; and | '

a module for estimating the cavity ringdown times 1 and a module for determining
spectra for the absorbing species sample from the detected CRDS signal by mixing the
detected CRDS signal dependent the selected harmonics of the modulated light signal frbm

20 said light source. -

17. An optical detection System for generating‘ and processing a real-time time-domain
cavity ringdown spectroscopy (CRDS) signal from an absorbing species, said system
comprising: ' |
a plurality of light sources having different wavelengths that géncratc modulated light
25 signals, the light sources being pulsed at specified pulse rates; and '
~an optical ringdown cavity adapted for accepting a sample of an absorbing species,
said optical ringdown cavity comprising a plurality of sets of mirrors configured to resonate
said modulated light signals to produce the CRDS signal, each set of mirrors having the
same or substantially the same reﬂecti\}ity, the selectivity of said mirrors dependent upon the
30 pulse rates of said modulated light signals, different beamlines being established by said

modulated light signals and said mirrors interacting with the absorbing species sample.
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18. The optical detection system as claimed in claim 5, further comprising:
a photodetector for detecting the CRDS signal output by the optical ringdown cavity
for the multiplexed beamlines; and
a module for estimating the cavity ringdown times 1 and a module for determining
5 spectra for the absorbing species sample from the detected CRDS signal by mixing the
detected absorbance signal CRDS dependent upon the wavelengths and the selected

harmonics of the modulated light signals from said light sources.

19. The optical detection system as claimed in claim 13, 15 or 17, wherein different
beamlines are adjusted such that the reflectivity of ihput and output mirrors of the optical

10 ringdown cavity are different for each beamline.

20. The optical detection system as claimed in claim 14, 16, or 18, wherein the estimating
module comprises a module for calculating the power of selected harmonics using mixers

and signal sources for the selected harmonics.

v 21. The optical detection system as claimed in claim 14, 16, or 18, wherein the spectra
15 determining module comprises a module for plotting the ring-down rate R or the reciprocal

of the ring-down decay constant 1/7 versus the Wavelength A of the incident light.

'22. The optical detection system as claimed in claim 14, 16, or 18, further comprising a
module for identifying the absorbing species by comparing the determined spectra for the

absorbing species sample with a libréry of predetermined spectra for known elements.

2023. The optical detection system as claimed in claim 14, 16, or 18, wherein the
multiplexed beamlines using mirrors with selected reflectivities and the use of matching
pulse rate of the light sources allows the estimating and determining steps to be optimally

processed.

- 24. The optical detection system as claimed in claim 14, 16, or 18, further comprising a
25 module for controlling dependent upon the detected CRDS signal the one or more light

sources and/or the optical ringdown cavity.

25. The invention as claimed in any one of claims 1, 3, 5, 13, 15 and 17, wherein the '

optical ringdown cavity comprises a multipass cell adapted to be resonant, said resonant



WO 2014/032078 PCT/AU2013/000866

31-
multipass cell having an input coupler and an output coupler positioned or located in a
beampath and having a reflectivity that reflects light back upon itself inside a cavity of said

multipass cell.

26. The invention as claimed in claim 25, wherein the resonant multipass comprises a
5 Herriott Cell.
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