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1. Introduction

Currently there are two main reasons for seeking new methods and technologies that aim to
develop new and more perfect sensors detecting various chemical compounds. The first
reason is man's striving for an ever better understanding of the surrounding world and the
universe. Second, sensors are used to ensure safety, e.g. in the vicinity of factories, in an
important objects like airports, in environmental protection, health care, etc. These
applications have a significant impact on the performance of sensors. This chapter addresses
the issue of some nitrogen oxides (NO,) sensor designs using some of the most sensitive
methods such as cavity enhanced absorption spectroscopy (CEAS) and cavity ring down
spectroscopy (CRDS).

Nitrogen oxides are compounds of nitrogen and oxygen. For example, among them very
important are nitric oxide (NO), nitrogen dioxide (NO) and nitrous oxide (N20O). According
to the HITRAN database, in standard atmosphere! their concentration is as follows: NO -
about 0.3 ppbv2, NO; - about 0,023 ppbv, N>O - about 320 ppbv. However, in real ambient
air their concentrations are strongly related to meteorological conditions and emission
sources (anthropogenic and natural). They are compounds that play a significant role in
many different fields. They are important greenhouse gases, and their reactions with H,O
(water) lead to acid rains. For example, nitrous oxide is used as an anaesthetic, especially in
dentistry and minor surgery. It produces mild hysteria and laughter. Thus it is also known
as ‘laughing gas’. Atmospheric photochemistry induces a complicated conversion
mechanism between nitrogen oxides [Godish, 2004]. Moreover, NO, NO, and N2O are also
characteristic decomposition compounds which are the main products of specific explosives
materials. Many of them contain NO; groups, which can be detected using spectroscopic
detection methods [Moore, 2007].

There are many methods for NOy detection. For example, in the case of gas chromatography
and mass spectrometry, a detection limit of a few dozen ppb is reported

1 Based on US Standard Atmosphere 1976 from HITRAN database

2 In the air pollution monitoring, concentration of the substance is often expressed in units of ppmuv
(parts per one million by volume) or ppbv (parts per one billion by volume). It specifies the number of
molecules of the absorber for all the molecules present in a given volume.
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[Shimadzu Scientific Instruments, Drescher & Brown, 2006]. Detection methods using the
photoacoustic phenomenon provide a sensitivity of about 20 ppb [Grossel et al., 2007]. In
gas detection applications, a special role is played by optoelectronic methods. CRDS and
CEAS methods belong to optoelectronic absorption methods, but there are a lot of other
optoelectronic methods for the detection of gases and hazardous substances. In Fig. 1 the
most popular are shown. All of them have advantages and disadvantages. However, in
respect of the specific properties are all widely used. Due to the theme of this chapter the
absorption methods will be discussed in more detail.

Gas Detection Methods

//’\

Remote In-Situ

|

Passive (infrared sensors and camers, etc.)

Non spectroscopic (chromatography,
chemiluminescence, etc.)

Spectroscopic (scattering, emission,

Active (LIDAR, DIAL, LIBS, etc.) absorption)

Fig. 1. Popular gas detection methods

In passive methods, an optical radiation emitted by a thermal object is registered. These
systems are widely used in infrared cameras and infrared sensors. Such a solution does not
require often very costly, radiation sources.

Active methods are more frequently used in remote (standoff) gas detection application.
The most commonly are LIDAR’s (LIght Detection And Ranging). Typical LIDAR consists of
a transmitter that emits laser pulses and an optical radiation receiver. Laser pulses after
being scattered in the clouds, aerosols or dust are registered with a photoreceiver. Next, the
signal is processed in a digital processing unit. Such a system is used to monitor rainfall,
clouds and smoke emerging from chimneys or for the detection of gaseous pollutants of the
atmosphere [Mierczyk et al., 2008, Karasinski et al., 2007]. DIAL (Differential Absorption
LIDAR) is based on laser radiation measurement at a peak of absorption and at a trough.
Thus, a differential signal is received, which is used to determine concentration profiles and
mass emissions of various species [Chudzynski et al., 1999]. Laser-induced breakdown
spectroscopy (LIBS) uses a highly energetic laser pulses as the excitation source to form
plasma, which atomizes and excites samples. The emission from the plasma plume is
registered and analyzed with the detection system [Owsik & Janucki, 2004].

The group of examination methods that are used exactly in the place of occurring gas (in-
situ) includes non-spectroscopic and spectroscopic methods. These are widely used
chemical methods, which belong to the former. They are based on the use of certain
chemical reactions, which may indicate the presence of the substance sought [Sigrist, 1994].
The latter are very popular. They can be divided into scattering, emission and absorption
methods. In the first, radiation scattered with the sample is examined [Li et al., 2005]. In the
second, a probing radiation beam causes the sample excitation. Next, the detection system
registers and analyzes the spectrum emitted with the sample. In the third type of
spectroscopic method, the absorbed radiation is analyzed. In all spectroscopic methods the
properties of the sample are determined on the basis of the measured spectral characteristics
of radiation [Lagalante, 1999].
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Absorption spectra can be defined as the set of all electron crossings from lower energy
levels to higher ones. They cause an increase in molecules energy. In case of the emission
spectra there is inverse situation. The spectra correspond to the reduction of molecules
energy as a result of electrons transitions from higher energy levels to lower ones. Scattering
spectra rely on a change in the frequency spectra diffuse radiation in relation to the
frequency of incident radiation, due to the partial change of the photon energy as a result of
impact with the molecules. However, in this case there is no effect of radiation absorption or
emission [Saleh & Teich, 2007, Sigrist 1994].

2. Principles of absorption spectroscopy

Each gas molecule has a very characteristic arrangement of electron energy levels
(vibrational and rotational). As a result of light absorption, particles go to one of the excited
states and then in various ways lose energy. Absorption spectroscopy refers to spectroscopic
techniques that measure the absorption of radiation, as a function of wavelength, due to its
interaction with a sample. The sample absorbs energy, i.e., photons, from the radiating field.
The intensity of the absorption varies as a function of wavelength and this variation is the
absorption spectrum [Sigrist, 1994]. Absorption spectroscopy is performed across the
electromagnetic spectrum. A source of radiation and very sensitive photoreceiver is used
which records radiation passing through the absorber sample. During the last several years
absorptions methods for gas detection were significantly developed. The simple setup,
which shows the idea of absorption method, is presented in Fig. 2.

Radiation

S | Photoreceiver

- v

I,(M) I(h,x)<I (k)
X

v

]4

Fig. 2. The absorption method idea.

An arc lamp, LED (Light Emitting Diode) or laser emitting a wavelength matched to the
absorption lines of the test gas could be applied as the source of radiation. If an absorber is
placed between the source and photoreceiver, the intensity of radiation is weakened. The
type and concentration of the test absorber can be inferred on this basis. The intensity of
radiation registered with the photoreceiver can be determined using the Lambert-Beer law

I(A,x) =1y(A)exp(—xo(A)C), 1)

where Iy(4) is the intensity of radiation emitted by the source, x is the path of light in the
absorber, C - concentration of the investigated gas, while 0(4) is the absorption cross section.
The cross section is the characteristic parameter of the gas and it can be determined during
the laboratory experiment. Knowledge regarding the intensity of radiation emitted from the
source, the intensity of received radiation, the absorption cross section and the distance x,
provides the possibility of gas concentration calculation from the formula
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—J (o(2)-x) " )

One of the most common gas detection systems is differential optical absorption
spectroscopy (DOAS). The first system was applied by Ulrich Platt in the 1970’s. Currently,
similar arrangements are applied to the monitoring of atmospheric pollutants, including the
detection of NO,, in terrestrial applications, in air and in the space, e.g. GOME and
SCIAMACHY satellite. Sensitivity of the method depends on the distance between the
radiation source and the photoreceiver. For systems where this distance is a few kilometres,
the sensitivity of the DOAS method is better than 1 ppb in the case of NO; detection [Martin
et al., 2004, Wang et al., 2005, Noel et al., 1999].

In order to lengthen the optical path and to improve the sensitivity of absorption methods,
reflective multipass cells are used, e.g. in tuneable diode laser absorption spectroscopy
(TDLAS). This method is characterized by high sensitivity. Applications cells with lengths of
a few dozen meters provide the possibility to achieve a sensitivity of 1 ppb and higher [Jean-
Franqois et al., 1999, Horii et al., 1999].

There are many differ concepts applied to gas detection and identification. However,
optoelectronic methods enable a direct and selective measurement of concentration on the
level of a single ppb.

3. Idea of the CRDS and other cavity enhanced methods

Cavity ring down spectroscopy for the first time was applied to determine the reflectivity
mirrors by J.M. Herbelin [Herbelin et al., 1980]. CRDS provides a much higher sensitivity
than conventional absorption spectroscopy. The idea of the CRDS method is shown in Fig. 3.
In this method there is applied an optical cavity with a high quality factor that is made up of
two concave mirrors with very high reflectivity R. This results in a long optical path, even
up to several kilometres [Busch & Busch, 1999].

- —

Laser pulse

v
Intensity

v

v

Optical caity
Fig. 3. Cavity ring down spectroscopy idea.

A pulse of optical radiation is injected into the cavity through one of the mirrors. Then
inside the cavity multiple reflections occur. After each reflection, part of the radiation exiting
from the cavity is registered with the photodetector. The output signal from the
photodetector is proportional to the intensity of radiation propagated inside the optical
cavity. If the laser wavelength is matched to the absorption spectra of gas filling the cavity,
the cavity quality decreases. Thus, parameters of the signal from the photodetector are
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changed. Thanks to this, the absorption coefficient and concentration of gas can be
determined. The methods of their determination will be discussed in a subsequent section.

3.1 Characteristics of common cavity enhanced systems

Currently there are used many types of cavity enhanced systems that are characterized by

different technical constructions and properties. The literature shows that most of them use:

e  P-CRDS method (called Pulsed), which uses pulsed lasers [O'Keefe & Deacon, 1988],

e CW-CRDS method (called Continuous Wave) applying continuous operation lasers [He
& Orr, 2000],

e CEAS and ICOS (Integrated Cavity Output Spectroscopy) methods basis on off-axis
arrangement of the radiation beam and optical cavity [Kasyutich et al., 2003a],

e cavity evanescent ring-down spectroscopy (EW-CRDS), which uses the evanescent
wave phenomenon [Pipino, 1999],

e fibber-optic CRDS (F-CRDS) [Atherton et al., 2004],

e ring-down spectral photography (RSP) - a broadband spectroscopy of optical losses
[Czyzewski et al., 2001, Stelmaszczyk et al., 2009, Scherer et al., 2001].

The greatest sensitivity of the method is characterized by P-CRDS, CW-CRDS and CEAS [Ye

et al,, 1997, Berden et al.,, 2000]. For this reason they are often used for detecting and

measuring gas concentrations [Kasyutich et al., 2003b]. The P-CRDS method was first used

in 1988 to measure the absorption coefficient of gas [O'Keefe & Deacon, 1988]. Typical

schematic layout is shown in Fig. 4.

This method involves the use of a pulsed radiation source, characterized by a broad

spectrum of the pulse. This leads to the excitation of multiple longitudinal of the resonance

cavity, and also reduces the sensitivity. Sensitivity of the P-CRDS usually reaches values

corresponding to the absorption coefficients of the order of 10¢ - 19-10 cm [Busch & Busch,

1999].

Pulsed laser Optical cavity Photoreceiver

Digital
Personal & oscilloscope
computer = o o

Fig. 4. Diagram of the P-CRDS setup.

CW-CRDS for gas detection has been used since 1997 [Romanini et al., 1997]. A simplified
diagram of the experimental setup is shown in Fig. 5. The use of continuous operating lasers
in the CRDS technique was possible through the use of different laser beam modulators (e.g.
acusto-optic) [Berden et al., 2000]. Due to the narrow spectral lines available with these
lasers, operation in a single longitudinal mode is possible in longer optical cavities. Thanks
to this CW-CRDS has the highest sensitivity among the cavity enhanced methods. The
extreme sensitivity of this method reaches the level of absorption coefficients of up to
104 cm-1. Due to the high spectral resolution of CW-CRDS, the method is often used in
absorption spectra measurements [Busch & Busch, 1999].
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Fig. 5. Experimental CW-CRDS.

The main drawback of this method is the very high sensitivity of the mechanical instability.
If the laser frequency is matched to the cavity mode, there is a very efficient storage of light
(Fig. 6). However, fluctuations in the frequency of their own cavity, for example due to
achange in its length due to mechanical vibrations, cause the optical resonance
phenomenon to become impossible and it lead to high volatility of the output signal [Berden
et al., 2000].

Cavity modes Laser emission spectrum

Wavelength ™

Fig. 6. Coupling of the modes structure of the cavity and cw type laser in the CW-CRDS.

In 1998, R. Engeln proposed a new method - cavity enhanced absorption spectroscopy (also
called ICOS), whose principle of operation is very similar to CRDS. The main difference
relates to a laser and the optical cavity alignment [Engeln et al., 1998]. In this technique the
laser beam is injected at a very small angle in respect to the cavity axis (Fig. 7). As the result,
a dense structure of weak modes is obtained or the modes do not occur due to overlapping.
Sometimes, in addition to the output mirror, a piezoelectric-driven mount that modulates
the cavity length is used in order to prevent the establishment of a constant mode structure
within the cavity [Paul et al., 2001]. The weak mode structure causes that the entire system is
much less sensitive to instability in the cavity and to instability in laser frequencies.
Additionally, due to off-axis illumination of the front mirror, the source interference by the
optical feedback from the cavity is eliminated. CEAS sensors attain a detection limit of about
10 cm-! [Berden et al., 2000, Courtillot et al., 2006]. Therefore, this method creates the best
opportunity to develop a portable optoelectronic sensor of nitrogen oxides.
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Fig. 7. The scheme of CEAS setup.

3.2 Methods for gas concentration determination used in cavity enhanced
spectroscopy

In the methods described in the previous section, several methods are used to determine the
gas concentration: by measuring the decay time of the signal, by measuring the phase shift
and by measuring the signal amplitude [Busch & Busch, 1999, Berden et al., 2000, Wojtas et
al., 2005].

If the laser pulse duration is negligibly short and only the main transverse mode of the
cavity is excited, then exponential decay of radiation intensity can be observed

Ia)=1bexp(—£]. ()

If intrinsic cavity losses can be disregarded, the decay time of signal in the cavity (7)
depends on the reflectivity of mirrors R, diffraction losses and the extinction coefficient g, i.e.
the scattering and absorption of radiation occurring in the gas filling the cavity

L

TT1-R+al)’ @

where L is the length of the resonator, c - speed of light. Determination of the concentration
of the examined gas is a two-step process. First, measurement of the signal decay time (1) in
the optical cavity not containing the absorber (tested gas) is performed (Fig. 8-A), and then
measuring the signal decay time 7 in the cavity filled with the tested gas is carried out
(Fig. 8-B). Knowing the absorption cross section (0) of the examined gas, its concentration
can be calculated from the formula

czi(l_l], 6)

where
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Fig. 8. Examples of signals at the output of the optical cavity without absorber (A) and at the
output of the cavity filled with absorber (B)

Based on equation (4) and (5), the lowest concentration (concentration limit) of analyzed gas
molecules (Cimt), which causes a measurable change of the output signal, can be determined
from the formula

Clmt: o :(1_R)

o, , 7
cor, ©  o-L @)

T

where 6; is the relative precision of the decay time measurement (uncertainty). The
relationship between uncertainty 6;and 7ycan be described as

s, =20 Tmt 1009 , )
o
where 1;,,; denotes a decay time for minimal absorber concentration.
In the other hand, Cj,: can be treated as the detection limit of the sensor. It is a function of
two variables: the decay time for the empty cavity (o) and uncertainty (6;). Furthermore, the
decay time 19, according to the formula (6), depends on the length of the resonator and the
reflectivity mirrors. The longer this time, the longer effective path of absorption, the greater
the sensitivity of the sensor and the lower concentrations of the absorber can be measured.
Another way of gas concentration determination is measurements of the phase shift
between the respective harmonics of the signal (e.g. the first) at the input and output optical
cavity [Herbelin et al. 1980, Engeln et al. 1996]. In these measurements, lock-in amplifiers are
frequently used. The phase shift occurs due to cavity ability to the energy (radiation)
storage, as in the case of the charging process of the capacitor. The value of tan(p) is
associated with the decay of radiation in the cavity dependence

tan(p)=4rfr, 9)

where f denotes the modulation frequency. The gas concentration can be calculated by
comparing the phase (¢) when the resonator is filled with test gas and the phase shift (¢o)
for the resonator without gas

co \18(p) 18(e0)
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In techniques with an off-axis arrangement light source and optical cavity, the gas
concentration is often determined by measuring the amplitude of the signal from the
photodetector. Application of the system synchronization of laser and cavity modes is not
required. It simplifies the experimental system. Thanks to this, the intensity from individual
reflections of radiation from the output mirror can be summed [O'Keefe et al., 1999, O'Keefe,
1998]

_ p\2 ol
os — Lin % . (11)
2In(R-e™*")
In the case of a single pass, the transmitted light pulse is described by
_ 2 —alL
Lo, =1;,(1-R)"e™". (12)

Comparing expressions (11) and (12) it can be shown that for small absorption coefficients a
and high reflectivity mirrors (R — 1) ratio of the Ios/Iop can be expressed with the formula

T __ L - ! (13)
I, 2[In(R)-aL] ~2(1-R+al)’
thus
I,-1
C:ln(R)u. (14)

o-L 1

0s

An important drawback of this method is the necessity of knowledge of the mirrors
reflectivity to determining the gas concentration. In practical realisations it is difficult to
ensure.

4. NO, sensors project

Basic experimental setups of the cavity enhanced methods were described in the third
section. All of them consist of pulse laser (or cw laser with modulator), beam directing and
shaping system (mirrors, diaphragms, diffraction grating), optical cavity and photoreceiver
with signal processing system (e.g. digital oscilloscope in the simplest case). First of all, the
sensor project should take into account the appropriate matching cavity parameters and the
laser emission wavelength to the test gas absorption spectrum (Fig. 9).

100.000 100 $
- Gas absorption r—
S z

g9 9g ‘B
2% 995 75 g
2 2
E £
= 99990 -
$ ¥ &
= \ E
~ | 5
O g9 985 1 % @
b |
- \ E

99.980 A 0 3

0.91 094 097 0.10 1.03 1.06 1.08

Wavelength [a.u.]

Fig. 9. Illustration of matching the laser emission wavelength and cavity mirrors transmission.
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Moreover, it is necessary to apply adequate optical cavity, which provides repeatedly
reflection of the laser radiation. To ensure multiple reflections, the cavity must be stable, i.e.
the light after reflection from the mirrors must be re-focused (Fig. 10.a). In the case of an
unstable cavity, the laser beam after a few reflections leaves the cavity, and thus there are
large losses (Fig. 10.b).

a) b)

7 |

Fig. 10. Schematic illustration of the reflections in stable cavity (a) and in unstable one (b).

For the cavity to be stable, the selected curvature rays of the mirrors (r;, r2) and the distance
between them (L) should be appropriate. The relation between these parameters describes
the so-called stability criterion [Busch & Bush, 1999]

0<81-8 <1, (15)

where the parameters g; and g, are respectively

g = (1 _£j , (16)

n

% = [1 —Ej . 17)

6}

The optical signal from the cavity is registered with a photoreceiver, the operating spectrum
of which should be matched to the selected absorption line of the gas. It usually is
characterized by high gain, high speed and low dark current. In addition to the
photodetector, the photoreceiver frequently includes different type of preamplifier which is
used to amplify the signal from the photodetector. The preamplifier should have a wide
dynamic range, low noises, high gain and an appropriately selected frequency band
[Rogalski & Bielecki, 2006]. Next, the signal from the preamplifier is digitized with a high
sampling rate (e.g. 100 MS/s). Data from the analogue-to-digital converter (ADC) are
transmitted to a computer, for example through a USB interface. Special computer software
provides processing of the measuring data and gas concentration determination. A scheme
of a signal processing in the cavity enhanced sensor is presented in Fig. 11.

Observation of NO, molecules can be done at electronic transitions which are characterized
by a broad absorption spectra providing a relatively large mean absorption cross section
within the range of several nanometres. Therefore the use of broadband multimode lasers is
possible. In the case of nitrogen dioxide, the absorption spectrum has a band in the 395 - 430
nm range with a mean cross section of about 6 101 cm? (Fig. 12a). There are various light
sources applied, e.g. blue - violet LED’s or diode lasers or even broadband supercontinuum
sources [Wojtas et al., 2009, Holc et al., 2010, Stelmaszczyk et al., 2009].
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Fig. 11. Block diagram of NO sensor.

Assuming that determination of the gas concentration basis on the temporal analysis, the
sensor sensitivity (in generally) depends on the mirrors reflectivity, cavity length and
uncertainty of decay time measurements (Fig. 12b). The sensitivities of the laboratory NO>
sensors reach 0.1 ppb. Our approaches to the nitrogen dioxide sensor were already
described in several papers [Wojtas et al., 2006, Nowakowski et al., 2009].
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Fig. 12. NO; absorption spectrum (a) and dependence of the concentration limit on the
cavity length and the reflectivity of mirrors R (b).

However, for many other compounds (like N2O and NO) the electronic transitions
correspond to the ultraviolet spectral range [HITRAN, 2008], where neither suitable laser
sources nor high reflectivity mirrors are available. For example, reflectivities of available UV
mirrors do not exceed the value of 90%. Therefore, a higher sensitivity of the NO and N>O
sensor can be obtained using IR absorption lines (Fig. 13).
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Fig. 13. Detectable concentration limit versus cavity mirrors reflectivity in UV (a) and in IR
wavelength ranges (b).
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The analyses show that the IR wavelength range provides the possibility to develop NO and
N>O sensor, the sensitivity of which could reach the ppb level (Rutecka, 2010). For instance,
at the wavelength ranges of 5.24 pm - 5.28 pm and 4.51 pm - 4.56 um the absorption cross
section reaches the value 3.9x10-18 cm? for N>O and 0.7 x10-18 cm? for NO. Additionally, there
is no significant interference of absorption lines of other atmosphere gases (e.g. CO, HO).
There could only be observed a low interference of H>O, which can be minimized with the
use of special particles of a filter or dryer. Both NO and N>O absorption spectrum are
presented in Fig. 14 and in Fig. 15 respectively.

In this spectral range, quantum cascade lasers (QCL) are the most suitable radiation sources
for experiments with cavity enhanced methods. Available QCL’s provide high power and
narrowband pulses of radiation [Namjou et al., 1998, Alpes Lasers SA]. The FWHM duration
time of their pulses reaches hundreds of microseconds pulses while the repetition rate might
be of some kHz. Moreover, their emission wavelength can be easy tuned to the maxima of

N>O and NO absorption cross section.
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Fig. 14. NO absorption spectrum [Hitran, 2008].
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Fig. 15. N>O absorption spectrum [Hitran, 2008].
5. Signal to noise ratio of the sensor

As we have seen, the reflectivity of the mirrors has a significant impact on the theoretical
sensitivity of the sensor. According to the equation (7), the sensor sensitivity is higher when
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the mirror reflectivity and cavity length are increased (Fig. 12 and Fig. 13). However, then a

lower level of optical signal reaches the photodetector. Therefore, the signal-to-noise ratio
(SNR) of the system is very important.

5.1 Optical cavity parameters

Usually, for the cavities, such parameters like, e.g., the finesse F, the time of a photon life 7,
the transmission function T(R,A) and signal-to-noise ratio Se/N are determined [Wojtas &
Bielecki, 2008].

The finesse F characterizes the quality of the cavity and determines an effective number of a

roundtrip of optical radiation in the cavity up to its energy reaching the level of 1/e. The
finesse F can be found from the formula

F=ﬂ'£. (18)
1-R

The time of a photon life is described by the equation

2nLF
==, (19)

where 1 is the refractive index. The transmission function of the optical cavity is known as
the Airy formula. It has the following form

P2
T(R,¢)= d-R) 5 (20)
(1—Rf+4Rgn%§)
where ¢ is the radiation phase shift during one roundtrip inside the cavity
47nL
= , 21
¢="" @

and A is the optical radiation wavelength. The graphical representation of Eq. (20) is
presented in Fig. 16.
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Fig. 16. Graphical representation of the transmission function of an optical cavity.
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It shows a strong influence of the mirrors reflectivity on the selectivity of an optical cavity.
The transmission of the cavity is maximum wherever ¢is the integral multiple of 2.

The optical cavity signal-to-noise ratio (Se/Ne) is connected with its transmission function.
Se/Ne is directly proportional to the power of radiation matched to the transmission
function of a cavity and to an absorption band of the examined gas. However, S./Ne is
inversely proportional to the power of undesirable radiation transmitted through a cavity
because of non-zero values of the mirrors” transmissions. The formula describing a signal-to-
noise ratio of the cavity is

S,(1) _[TRA.H
No(4)  [1-R@A)J

22

Assuming that a length of optical cavity is 0.5 m and it is consists of two concave mirrors
with the reflectivity of 0.999976, then S./N, =1.7x10° (F = 1.3 x105, 17=5.2x10-%s).

5.2 Analysis of detection system parameters

Due to the high value of SNR of the optical cavity, the signal-to-noise ratio of an electronic
circuit is the crucial parameter of the cavity enhanced sensor. The signal from the cavities is
registered with different types of photodetectors; depending on the spectral range. In the
case of ultraviolet (UV), visible (VIS) and near infrared (NIR) region (approximately from
form 100 nm up to 1.5 um) the most popular are photomultiplier tubes (PMT’s). They are
characterized by high gain, high speed and low dark current. Because of PMT high
resistance, transimpedance preamplifiers are usually used to amplify signal from PMT. They
are characterized by a wide dynamic range [Rogalski & Bielecki, 2006].

In the medium infrared (MIR) part of the spectrum there are two types of photodetectors:
thermal and quantum. Thermal photodetectors use infrared energy as heat, and their
responsitivity is independent of the wavelength. But they have disadvantages because their
response time is slow and detectivity is low. Therefore, quantum photodetectors are used in
the practical implementations of cavity enhanced methods. They offer higher responsitivity
and faster response speed. To achieve higher performance, i.e. a wider frequency band and
higher detectivity (D¥), they are cooled. There are several cooling methods: thermoelectric
cooling (TEC), cryogenic cooling (e.g. dry ice or liquid nitrogen) and mechanical cooling
(e.g. Stirling coolers). The most popular are HgCdTe (mercury-cadmium-telluride, MCT)
photoconductive and photovoltaic detectors. There are available MCT photodetectors that
use monolithic optical immersion technology and TEC cooling. They offer high detectivity
(about 1012 cm VHz/W) and high speed (up to 1GHz). To amplify the signal from the MCT
photodetector, transimpedance preamplifiers are applied as well [Hamamatsu, 2011,
Piotrowski et al., 2004, VIGO System S.A.].

5.2.1 Photoreceiver with photomultiplier tube

To determine the signal-to-noise ratio of the photoreceiver, the PMT equivalent scheme is
necessary. The scheme is presented in Fig. 17. The current source I; represents the current of
useful signal, R, and C, are the resistance and capacitance of the photomultiplier
respectively [Woijtas et al., 2008].

PMT noise sources are as follows: the current source I, represents the shot noise from useful
signal, the current source I, represents shot noise of anode dark current, I, is the current
sources of noise from background radiation and Iz, is the thermal noise of load resistance.
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Fig. 17. PMT equivalent scheme.

In the case when all the described noise sources will be taken into consideration, PMT
signal-to-noise ratio can be determined by the formula [Wojtas & Bielecki, 2008]

S 2
N”h = I . (23)

T2 2 2 2
Ins + Ind + Inb + InRL

ph

Assuming that during cavity enhanced experiments background noise can be eliminated,
and a photoemission process is described by the Poisson model, and all stages of PMT will
have the same gain, then

2
S _ (P,-S,-G,) ”
N o 4kT,Af,’
ko 2gqAf,(G,S, P, +1 + —
q fn( pSp s du)§_1 RL

where P; is the power of optical radiation, G, is the PMT gain, S, is the photocathode
sensitivity, g is the electron charge, Af, is the noise bandwidth, I is the anode dark current,
0 is one stage of the PMT gain, k is the Boltzmann constant, and Ty is the temperature [Flyckt
& Marmonier, 2002].

The noise bandwidth can be determined from the formula

1

—, (25)
4R, (C, +C,)

r
Af, :EAdeB ~

where Afsgp represents 3dB frequency bandwidth.

Because PMT can be treated as a current source the best preamplifier configuration is a
transimpedance preamplifier. Moreover, its input circuit does not affect photodetector
polarization. The scheme of a transimpedance preamplifier is presented in Fig. 18.

In the case when one photoelectron is emitted by the PMT photocathode, the output voltage
signal of the transimpedance preamplifier can be described by the formula

-G,-R - -
Vprm = M;If. exp t - _exp _t , (26)

where C,;" is PMT and a load circuit equivalent capacitance located in the feedback circuit,
and t; is PMT pulse duration. The Miller theorem states that C.," is (Gor + 1) times lower then
Ceq (Gor is the amplifier open-loop gain). In the appropriate developed circuit, the value of
Ce;” is lower than 0.1 pF.
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Fig. 18. Scheme of the transimpedance preamplifier.

Analysis showed that an increase in Ry caused that the output pulse duration is longer and
longer (Fig. 19). Because of this, to reach a high value of gain and to avoid signal distortion,
the next stage of amplifier should be used. Because of the low output resistance of the
transimpedance preamplifier (< 50 €2), a voltage amplifier can be used.
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Fig. 19. Example of transimpedance preamplifier output signal.

To determine the SNR of the photoreceiver, an equivalent scheme is necessary (Fig. 20).

‘/;Rf F?f

Vv,
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Fig. 20. Equivalent scheme of the first stage of the photoreceiver.

+*

The noise of the operational amplifier is represented by the voltage source V,q. and the
current source I, The noise source I, is equivalent to the PMT noise. In this case, the total
current noise I is described by the formula
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R, +R, ) Ve )
2 2 f 2 Rf
Int = Inp + (Vnopu IZ Rf \] + Inopa + [IZ_fJ ’ (27)
P

where Vi ris the thermal noise determined by the equation
Vs = 4KT,R(Af,, . (28)
The output voltage noise of the transimpedance preamplifier can be defined as
Vnprm = IntRf ’ (29>

and of the SNR of the photoreceiver can be described with the formula

S 2
(—N’”’" ] =I—;. (30)
P ) ot I nt
Usually, the amplified signal from the preamplifier is fed to an analogue digital converter
(ADC). This circuit also adds its noise. Assuming a 12-bit ADC and the same quantization
steps Oudc, its noise can be determined by the formula

2
2 _ 5adc

nade — 12 .

(31)

The analysis showed that the SNR of the detection system consists of PMT, preamplifier and
ADC, and can be described by the formula

[Mj (PSSPGP )2 'RJ% (32)
pmt

N e y REAf, + Vi
where
) R, +R \ ,  4kT
y=2q(GpspPs+Ida>g+(vmﬁJ it 33)

5.2.2 Photoreceiver with a MCT photodiode

The noise equivalent scheme of the photoreceiver using a MCT photodiode and a
transimpedance preamplifier is presented in Fig. 21. The signal current generator I,
represents the detected signal. Noises in a photodiode are represented by three noise
generators: I, - the shot noise associated with photocurrent, I,,; - the shot noise of a dark
current, while I, - the shot noise from a background current [Bielecki 2002].

In the scheme, the value of the load resistance of the photodetector depends on the feedback
resistance Ry and the preamplifier gain G. The resistor Ry affects both the level of the
preamplifier output signal and its noise. The noise current generator I, is the thermal noise
current and excess noise of the feedback resistance. Since the thermal noise of I,¢is inversely
related to the square root of the resistance, Ry should be of great value. The Ry, is the shunt
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Fig. 21. Scheme of the photoreceiver with a photodiode.

resistance of a photodiode. The equivalent photoreceiver noise is the square root of each
component noise squares sum [Bielecki et al., 2009]. Thus, the signal-to-noise ratio can be
described with the simplified expression

1+’

Sprm I;%h 4
N - R2 27 (54)
P ) pht 4kTA
g’ [Iiph +Ii%d +II%b +I§opa +fJ+[Vnopa equ
R
f e

where

R(R
__fTsh —
R, = iR, and 7, =R, (Cf +Cd) . (35)

Only the modulus of feedback loop impedance and photodetector impedance is included.
Furthermore, it could be assumed that in experiments applying cavity enhanced methods,
current I, can be ignored. Moreover, intensity of the radiation reaching the photodiode is
rather low, thus shot noise associated with the photocurrent is negligibly. In practical
realisations (low frequency and Rg>>Ry), the SNR of the system consisting in a photodiode,
preamplifier and ADC can be determined from equation

2
Sadc = (RZPS) (36)
Nate Jone - ( R.(ADF)2 ’ 4kTAf | Viopa i
: + Ino u2 + + i + Vnzadc
D* P Rf Rf

where R; - photodiode current responsitivity, A - detector active area.

5.3 Methods of SNR improving

Analyses in the previous section showed a significant influence of preamplifier feedback
resistance (R) on the output photoreceiver signal. In an appropriately developed
photoreceiver, the preamplifier shouldn’t degrade photoreceiver performance. In Fig. 22
ADC noise, preamplifier noise and photodetector noise for different values of R; were
presented.
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In the case of Ry =100 €, the highest influence on the total electronic system noise was
preamplifier noise at ~92%. However, an increase in Ry caused a decrease in influence
preamplifier noise on the total signal processing system noise. For Ry =100 k<, the noise
of photodetector is equal to ~93% of the total signal processing system noise and
preamplifier is only ~6%. ADC noise is below 8%. Furthermore, the value of Rralso has
a strong influence on the bandwidth of the system. In Fig. 23, the dependence SNR of
the signal processing system and a preamplifier output pulse fall time on the Ry is

presented.
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Fig. 23. Dependence of electronic circuit SNR and fall time of output pulse on resistance Ry.
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Fig. 24. Voltage noise (a) and current noise density (b) of the photoreceiver.

Experiments have shown that in the low frequency region the 1/f noise is dominant
(Fig. 24a). Therefore, in order to minimize the adverse impact of such noise on the
detectivity of the receiver (and SNR as well), a high pass filter is frequently used which
limits the frequency bandwidth by several kilohertz. In the higher frequency region, there is
dominant g-r noise by recombination of electrons and holes. Although the density of this
noise is less than 1/f (Fig. 24b), the upper limit frequency should be suitably matched to the
recorded signal bandwidth to avoid SNR degradation.

SNR of the cavity enhanced system can be additionally improved by the use of one of the
advanced methods of signal detection, i.e. coherent averaging [Lyons, 2010]. This technique
can be implemented in the software of the digital signal processing system. The software is
usually installed in a personal computer. Thanks to this, increase in the SNR is directly
proportional to the root of a number of the averaging samples 111,

-1
Scmp :Sadc[ Nudc ] ' (37)

NCmP 4/ nsmpl

Thanks to improving SNR, uncertainty of decay time determination is likely to reach values
below 0.5% (e.g. in the case of 10 000 averaging samples). Hence, the detection limit can
achieve the value of about 2x10-9 cm-! (Fig. 25).

Fig. 25. Dependence cavity enhanced sensor sensitivity on decay time precision
determination and cavity mirrors reflectivity.
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6. Conclusion

In this chapter, characterisations of absorption spectroscopy methods were shown. The
methods provide the possibility of absorption spectra investigations. This kind of spectra
can be defined as the set of all electron crossings from lower energy levels to higher ones.
They caused an increase in molecules energy. In practical implementations, a source of
radiation and very sensitive photoreceiver is used which records radiation passing through
the absorber sample. One of the most common gas detection systems is differential optical
absorption spectroscopy. Such arrangements are applied to the monitoring of atmospheric
pollutants, including the detection of NOj, in terrestrial applications, in air and in space, e.g.
GOME and SCIAMACHY satellite.

Cavity enhanced spectroscopy is the one of the most sensitive absorption methods. The
greatest sensitivity is provided by P-CRDS, CW-CRDS and CEAS methods. CRDS was
applied to determine the mirrors reflectivity for the first time in the early 1980’s. This
method provides a much higher sensitivity than conventional absorption spectroscopy. An
optical cavity with a high quality is applied that is made up of two concave mirrors with
very high reflectance R. This results in a long optical path, even up to several kilometres. To
determine the gas concentration several different methods are used: by measuring the decay
time of the signal, by measuring the phase shift, and by measuring the signal amplitude. All
of them were described in detail.

Furthermore, the basic experimental setups of cavity enhanced methods were described.
Generally, they consist of pulse laser (or cw laser with modulator), beam directing and
shaping system (mirrors, diaphragms, diffraction grating), optical cavity and photoreceiver
with signal processing system (e.g. digital oscilloscope in the simplest case). First of all, the
sensor project should take into account the appropriate matching cavity parameters and the
laser emission wavelength to the test gas absorption spectrum.

Observation of NO, molecules can be done at electronic transitions which are characterized
by a broad absorption spectra providing a relatively large mean absorption cross section
within the range of several nanometres. Therefore, using broadband multimode lasers is
possible. However, for many other compounds (like NoO and NO), the electronic transitions
correspond to an ultraviolet spectral range, where neither suitable laser sources nor high
reflectivity mirrors are available. Therefore, a higher sensitivity of the NO and N>O sensor
can be obtained using an IR absorption line.

It was shown that reflectivity of the mirrors has a significant impact on the theoretical
sensitivity of the sensor. The sensor sensitivity is higher when the mirror reflectivity and
cavity length are increased. However, then a lower level of optical signal reaches the
photodetector. Therefore, the signal-to-noise ratio of the system is very important. Thus
analyses of the main parameters of the optical cavity, photoreceiver and the signal
processing system were performed. In the analyses the most popular photodetectors were
taken into consideration. In the UV, VIS and NIR spectral regions, the photomultiplier is
characterized with high performance. Photodetectors designed for MIR operation require an
additional cooling system. Thanks to this they can achieve a higher performance, i.e. a wider
frequency band and higher detectivity (D*). Because of the many advantages, MCT
photodetectors are frequently used in cavity enhanced applications.
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Analyses showed a significant influence of preamplifier feedback resistance (Ry) on the
output photoreceiver signal. In appropriately developed photoreceiver, the preamplifier
shouldn’t degrade photoreceiver performance. The SNR of the cavity enhanced system can
be additionally improved by the use of one of the advanced methods of signal detection, i.e.
coherent averaging.

Cavity enhanced sensors are able to measure NOx concentration at ppb level. Their
sensitivity is comparable with the sensitivities of instruments based on other methods, e.g.
gas chromatography or mass spectrometry. The developed sensor can be applied for
monitoring atmosphere quality. Using the sensor, the detection of vapours from some
explosive materials is also possible.
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