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A B S T R A C T   

The development of cavity based infrared spectroscopy techniques has proved very successful, in particular 
cavity ring-down spectroscopy for sensitive measurements. The construction difficulty of high finesse cavities has 
hindered the application of this approach for THz frequencies. We have successfully demonstrated finesse values 
of 3500 by using a corrugated waveguide and photonic mirrors. This cavity which is 48 cm in length provides an 
interaction length of 1 km. A quantitative measurement of the absorption of a gas sample introduced into the 
cavity is made by THz Cavity Ring-Down Spectroscopy and applied to several gases and samples. Firstly, a pure 
gas that weakly absorbs the radiation at this frequency show that line strengths of 10− 27 cm− 1/(molecule.cm− 2) 
may be measured. A sub-ppm trace of HCN a particularly polar molecule with a strong THz signature has been 
examined and demonstrates a Limit Of Quantification (LOQ) of 3 ppb. Industrial samples extracted from a waste 
recovery facility have been measured and compared with a certified gas analyser. The results for SO2, NO2 and 
NO have been compared using the different techniques and show a good agreement.   

1. Introduction 

The frequency band from 100 GHz to 1 THz continues to attract the 
attention of a wide range of researchers in fields from astrophysics to 
security imaging. This is partially due to the promise of an excellent 
molecular discrimination but also because system components such as 
sources and detectors are becoming more easily available and with 
improved performance. Imaging systems operating at these frequencies 
are attractive as they are able to penetrate certain materials, amongst 
other examples this has led to full body scanners being deployed and 
tested for airport security screening [1]. The chemical analysis of an 
unknown gas phase sample is a sought-after application for which the 
THz band holds promise. Indeed, at low pressure the Doppler limited 
linewidths are particularly narrow allowing to resolve individual rota
tional transitions even in congested spectra and to unambiguously 
identify molecular signatures even in complex chemical mixtures. With 
such selectivity it is possible to discriminate molecules with close 
chemical structures such as isomers [2], conformers [3] or isotopomers, 
each of them having a unique rotational fingerprint. Direct quantifica
tion, without the requirement of any calibration standard, can be 

performed as the integrated absorption is related to the square of the 
permanent dipole moment of the molecule in question which is, 
experimentally and/or theoretically, well established [4]. This is not the 
case with the transition moments between rovibrational or rovibronic 
states, respectively in the IR and in the UV domains where absolute 
quantitative high-resolution spectroscopy is possible only with a small 
number of compounds listed in the atmospheric databases. At present 
only a small number of demonstrations of THz quantitative spectroscopy 
in different chemical mixtures can be found in the literature [5–9]. 
Nevertheless, the achievable instrument sensitivity presently limits the 
further development of such public or mass-market applications. If an 
increased sensitivity can be reliably obtained then a THz spectrometer 
should be able to provide a single instrument capable of measuring 
multiple chemical species with no interference between the rotational 
lines. 

Astrophysics remains the most longstanding user of this waveband 
with several significant scientific programs having constructed high 
value instruments, for example the ALMA telescope [10], the HIFI in
strument on the Herschel satellite [11], and the airborne GREAT spec
trometer operated on the SOFIA platform [12]. It is also being employed 
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to examine the earth’s stratosphere [13,14]. The interpretation of the 
data obtained is strongly dependent on the availability of fundamental 
spectroscopic parameters which are measured by high-resolution spec
troscopy laboratory-based studies. Examples range from the detailed 
absorption profiles measurements of small polar molecules with strong 
absorption signatures [15] to the probing weak absorptions of less 
abundant conformers in flexible molecules [3]. Once again, the sensi
tivity of the THz spectrometers used is a critical parameter determining 
the contours of the experimentally measurable dataset. Like the source 
power, and the detector noise, the path length of the interaction between 
the sample and propagating radiation strongly influences the spec
trometer sensitivity. High-resolution studies of gases are commonly 
undertaken using a standard absorption configuration using a sample 
cell of around 1 m in length. The path length can be extended to a 
double-pass of even a multiple-pass configuration. Multiple-pass cells 
with base lengths varying from 50 cm to 5 m have yielded path lengths 
from around 20 to 200 m with improved sensitivity, they do suffer from 
a complex baseline and requirement of large sample volumes [16–19]. 
Further increases to the interaction length may be envisaged by 
replacing the multiple-pass cell by a resonant cavity. Initially developed 
by O’Keefe and Deacon [20] who coupled a pulsed laser to a cavity, 
measuring the absorption spectrum of the sample by Cavity Ring-Down 
Spectroscopy (CRDS). This topic was actively pursued to increase the 
achievable instrument sensitivity, which included the use of 
continuous-wave (cw) lasers for high resolution measurements by both 
CRDS and Cavity Enhanced Absorption Spectroscopy (CEAS) [21]. The 
rapid developments of these techniques in the infrared were possible due 
to the availability of high reflectivity spherical mirrors and relatively 
inexpensive, powerful, fibre coupled lasers diodes from telecommuni
cations research. For example, commercially available mirrors with a 
reflectivity of 99.99% are available, with a 1 m cavity will result in a 
ring-down time of 33 μs and an equivalent interaction distance of 10 km. 

In cw-CRDS the laser is coupled to the cavity which also acts as a 
measurement chamber. Once the power inside the cavity reaches a 
sufficient threshold level the laser source is rapidly extinguished, and 
the ring-down of the light trapped inside the cavity is observed by a 
sensitive detector outside the cavity [22]. A quantitative value of the 
absorption coefficient is directly determined from the value of the 
ring-down time with and without the gas-sample being present in the 
cavity. This approach has the advantage of being independent of the 
amplitude noise of the laser source. The difficulty is to match the laser to 
the cavity resonance which is much narrower than a free running laser. 
Several different strategies may be adopted, the simplest is to apply a 
modulation either to the laser frequency or the cavity length [23]. 
Provided that the modulation ensures an excursion corresponding to at 
least one free spectral range then the laser and cavity will be periodically 
matched to produce a ring-down event. Alternatively, actively locking 
the cavity and the laser together has yielded higher sensitivities due to 
higher and more reproducible intra-cavity powers, and an increased 
data accumulation rate [24]. The locking of lasers to high finesse cav
ities is however not straightforward, requires high bandwidth control 
loops, and significantly increases the complexity of the setup. 

A simpler alternative that has proved popular is CEAS [25], where 
the cavity is continuously illuminated and the intensity of the trans
mitted light recorded. In this case no mechanism to rapidly extinguish 
the laser source is required. For this approach to be efficient, it is 
desirable to modify the cavity response to increase the number of modes. 
This can be done by partially misaligning the cavity and introducing 
mechanical instabilities. The signal that is recorded in CEAS is the in
tensity transmitted by the cavity with and without the absorbing 
molecule being present. To obtain a quantitative value of the absorption 
coefficient using CEAS the mirror reflectivity and cavity length must be 
well known, hence a calibration step is used [21]. Unlike CRDS, CEAS 
spectra are not directly quantitative, this represents the principal 
disadvantage of CEAS. 

The construction of high finesse cavities for frequencies in the 0.1 to 

1 THz range has proved challenging due to the lack of high-reflectivity 
spherical mirrors. Nevertheless cavities using wire grid polarisers for 
reflectors combined with an off-axis parabolic mirror to refocus the ra
diation have been tested [26,27]. The wires grid polarisers allow the 
source to be coupled to the cavity and also provide a small leakage signal 
that may be used for detection. Finesse values up to 350 have been 
demonstrated but remain insufficient to continue their development. 
Alternatively spherical silicon resonators have also been demonstrated, 
a whispering-gallery modes have been observed around 600 GHz but are 
limited to a finesse of 220 [28]. In this work we will use a new type of 
THz cavity composed of an oversized low loss corrugated waveguide and 
plane photonic mirrors achieving a finesse of 3500 at 620 GHz [29]. The 
existing measurements provide only a qualitative absorption signal 
using a CEAS configuration, here the THz cavity ring-down times have 
been measured for the first time yielding a quantitative determination of 
the absorption coefficient. With an equivalent interaction length of 1 
km, we will demonstrate the use of this cavity for the first THz-CRDS 
measurements and the quantification gas samples. 

2. Materials and methods 

A THz cavity ring-down spectrometer was constructed using a 
continuous wave THz source, a cavity and a detection system. An 
Amplified Multiplier Chain (AMC) feed by a standard microwave syn
thesiser provided a frequency stable monochromatic source that may be 
readily modulated. The AMC (Virginia Diodes/Versys) with a multipli
cation factor of 54 generates a power level of − 18 dBm (15 μW) at 600 
GHz before launching the radiation into free space via a horn antenna. A 
quasi-optical setup with a polymethylpentene lens (f = 50 mm) was 
employed to couple the source to the THz cavity. Photonic mirrors were 
made by stacking a series of 4 high resistivity silicon discs (>10 kΩ cm) 
of 185 μm thickness separated by spacers ensuring gap of 375 μm be
tween the discs. The optical thicknesses were selected to target a 
maximum of reflectivity around 600 GHz. The mirrors can be used from 
565 to 635 GHz. The low-loss circular waveguide, 20.5 mm diameter 
and 48 cm in length, was electroformed copper with gold plating 
fabricated by Thomas Keating Company, having corrugations with a 
pitch of 166 μm and 125 μm deep to minimize losses around 600 GHz 
[30]. The complete cavity was formed by closing the waveguide with 
two photonic mirrors, as shown in Fig. 1. At the cavity exit, a second 
polymethylpentene lens (f = 50 mm) focused the radiation onto a 
zero-biased Schottky detector (Virginia Diodes/Versys). 

Both mirrors could be finely moved by a piezo actuator to obtain the 
desired cavity length. The cavity assembly was placed in a gas chamber 
equipped with Teflon windows, pressure gauge, gas inlet and a turbo 
pump allowing a residual pressure less than 10− 3 mbar to be achieved. 
At the output of the cavity the transmitted radiation was focused onto a 
zero-bias detector with a second polymethylpentene lens (f = 50 mm). 
The electrical signal was amplified by 60 dB before being sampled by a 
rapid data acquisition card containing an overhead-free averaging 
module (Spectrum Instruments). Unlike the infrared, in our case the 
cavity free spectral range is much larger than the Doppler limited mo
lecular linewidth. For example, FSR/ΔνDoppler is around 600 in our case 
and would fall to 0.6 for a 1 m cavity operating with a 1 μm wavelength 
source. Hence to probe the spectral profile of a molecular line, the AMC 
frequency and cavity mode should be simultaneously scanned over the 
region of interest. This was achieved by locking the cavity length to the 
AMC frequency. To facilitate the control loop, a Frequency Modulation 
(FM), typically of 100 kHz, was applied to the source. When detected at 
the modulation frequency, the centre of the cavity mode corresponds to 
a zero-crossing position, Fig. 1. A PID regulator was used to detect and 
lock the zero-crossing by applying a correction signal to a piezo actuator 
of one of the photonic mirrors. A robust lock was easily obtained and 
maintained as the AMC frequency was scanned. Pulses with a duration of 
10 μs were injected into the cavity, while the data acquisition with a 
sampling rate of 1.25 GS/s was triggered at the end of the pulse. The 
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stability of the cavity and the AMC frequency reliably allow the mea
surement of 5 × 104 ring-down events per second to be recorded. Their 
average waveform is calculated in real time by a dedicated acquisition 
card that can process up to 16 × 106 events. Examples of ring-down 
signals are given in Fig. 2 along with the response of the system 
without the cavity being present. Pure N2O at 0.505 mbar was intro
duced into the measurement cell and the weak absorption of the N2

18O 
isotope probed at 617.727 GHz. A specifically written LabVIEW® (Na
tional Instruments) program was used to automate the control and data 
acquisition functions required for the operation of this instrument. 

3. Results 

Once the cavity is locked to the AMC frequency, a spectrum may be 
obtained by sweeping the frequency across the region of interest while 
the ring-down events are accumulated. The frequency stability of the 
AMC source allows the rapid accumulation of typically 105 ring-down 
events for each frequency point. The average waveform for a given 
data point provided by the acquisition card is automatically fitted with a 
standard exponential function by the LabVIEW® program. The complete 
spectrum of the ring-down time as a function of frequency is constructed 
point-by-point in this way. 

3.1. Quantitative measurement of weak rotation lines 

A well-known molecule was sought to access the sensitivity of the 
instrument, it is of particular importance that the line strengths are 
accurately known as they are required for the quantification of the 
absorbing species. Here we probe the J = 25 ← 24, pure rotation 

transition of N2O in the |v1 = 1> vibrational state at room temperature. 
This transition, centred at 622.579 GHz, with a tabulated line intensity 
of 6.58 × 10− 27 cm− 1/(molecule.cm− 2) [31], was selected to demon
strate the capacity of THz-CRDS to quantify weakly absorbing mole
cules. The instrument response was examined by recording the spectra 
of N2O at various pressures, as shown in Fig. 3. 

In order to conserve the molecular discrimination, the linewidths 
were kept close to the Doppler limit by restricting the maximum pres
sure to 3 mbar. A total of 19 spectra were recorded in the pressure range 
of 0.1–3 mbar. For each spectrum the baseline is recorded with an empty 
cavity under identical conditions. These spectra were all recorded using 
the average 105 ring-down events per data point, with a step size of 100 
kHz. They typically contain 180 points requiring an acquisition time of 
approximately 6 min. The left-hand inset of Fig. 3 shows an example of 
the measured ring-down times τ with the gas present, and τ0 without. 
The quantitative absorption coefficient α is directly obtained without the 
need to have either the exact length of the cavity or the finesse [22]. 

α(υ)= 1
c

(
1

τ(ν) −
1

τ0(ν)

)

(1) 

The measured absorption coefficient shows a peak value of 5.5 ×
10− 7 cm− 1 at the expected frequency for this transition. The data were 
fitted to a Voigt profile to account for both the Doppler and collisional 
line broadening. The line centre frequency and Doppler width were fixed 
to their expected values. The integrated line area from the minimised fit 
of each spectrum was used to determine the line transition intensity. The 
average line intensity evaluated from 19 spectra was 6.69 × 10− 27 

cm− 1/(molecule.cm− 2) with a standard deviation of 0.54 × 10− 27 cm− 1/ 
(molecule.cm− 2) refining the tabulated intensity value of 6.58 × 10− 27 

Fig. 1. THz cavity ring-down spectrometer. The emission of a microwave synthesiser and amplified multiplier chain is injected into the cavity. The ring-down signal 
is amplified by 60 dB with a bandwidth of 200 MHz. The DAQ samples and provides a real time average used to determine the ring-down time. The cavity length is 
locked to the emission frequency using piezo-electric actuators and a PID control loop. 
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cm− 1/(molecule.cm− 2). To further approach the sensitivity limit, a 
weaker rotational line of the N2

18O isotope (natural abundance of 2 ×
10− 3) centred at 617.990 GHz was measured. This line shown in the 
right-hand inset of Fig. 3 corresponds to the J = 26 ← 25 rotational 
transition in the |v2 = 2, l = 2> excited state with an equivalent line 
strength estimated to be 1.88 × 10− 27 cm− 1/(molecule.cm− 2) in a global 
fit with IR measurements [32,33]. This line is some 165,000 times 
weaker than the equivalent ground state transition of the most abundant 
isotope. THz-CRDS is intended for the quantitative measurement of 
weak absorbers, the presence of a strong absorption in the cavity will 
result in a non-exponential ring-down signals requiring a more complex 
interpretation [34]. 

3.2. Trace gas detection limit 

In addition to measuring a weak line of a pure gas the system was 
used to measure a trace of a strongly absorbing molecule diluted in air or 
nitrogen. Hydrogen cyanide with a dipole moment of 2.984 D is a 
particularly strong absorber. When measuring a trace of 640 ppb of HCN 
diluted in nitrogen the molecular signal was observed to slowly decrease 
with time. We understand this to be caused by the adsorption of the HCN 
onto the metallic surface of the gas cell and waveguide. This is partic
ularly important at low concentration levels and for the most polar 
molecules. This process was partially mitigated by flowing the gas 
through the sample cell rather than maintaining a static sample in a 
closed cell during the acquisition. When measuring a flow, the total 
pressure was obtained from the observed linewidth rather than from the 
static pressure gauge. A stable molecular signal was obtained, unfortu
nately at this particularly low pressure we were unable to quantify the 
flow using a commercially mass flow meter. The J = 7 ← 6 transition of 

the principal isotope of HCN, with a line strength of 2.52 × 10− 19 cm− 1/ 
(molecule.cm− 2), was measured at 620.304 GHz. The trace used was 
supplied by Messer and contained 640±19 ppb volume of HCN diluted 
in nitrogen, an example of the spectra obtained is given in Fig. 4. 

In order to undertake the quantification of the HCN, the total pres
sure of the gas flow in the cavity should be known. Provided the line 
broadening coefficient is well know this can be determined using the 
observed collisional line width [35]. The data were fitted to a Voigt 
profile, initially the line centre frequency and Doppler width were fixed 
to their expected values, the signal to noise of the molecular signal was 
sufficient to allow these parameters to be freed once the collisional 
broadening and integrated line intensity were close to the final solution. 
A total pressure of 0.372 mbar was observed with a HCN concentration 
of 530±30 ppb. The principal source of uncertainty of this concentration 
measurement originates from the line broadening coefficient at 6% [35], 
the line strength is known with an uncertainty of 1% [36]. A small 
variation in the background during the scan is observed, we estimate the 
uncertainty due to this effect to be around 2%. The selectivity of the THz 
domain has allowed the H13CN to be observed, this isotope with a nat
ural abundance of 1.1% presents an absorption some 83 times weaker 
than the principal isotope. In this case we consider that the observed 
variation in the ring-down time is close to the sensitivity limit for these 
averaging conditions, right-hand inset Fig. 4. Such a variation corre
sponds to a concentration of 8 ppb for the principal isotope. 

3.3. Measurement of industrial samples 

To further test the applicability of this instrument it was tested with 
industrial gas samples. At the present time the system is operated in a 
laboratory environment, although its deployment in an industrial setting 

Fig. 2. Typical ring-down signals each obtained from 105 measured waveforms at 617.72742 GHz corresponding to the rotational line centre of the J = 26 ← 25 in | 
v2 = 1, l2 = 1> excited state transition of N2

18O. Light blue points for an empty cavity (τ0 = 1.683±0.001 μs) and black points with N2
18O in the cavity at a pressure of 

0.505 mbar (τ = 1.448±0.001 μs). For display purposes only one in every 10 points are displayed. The response of the detection system is illustrated by the waveform 
acquired without the cavity being present, dark blue points. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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may be considered for on-line monitoring it was beyond the scope of this 
study. Gas samples were obtained from the energy recovery facility 
located in Dunkerque, France. This installation incinerates 250 tonnes of 
waste daily, recovering the thermal energy produced which covers the 
needs equivalent to approximately 17,000 households. The emissions of 
the incineration process are treated by an electro filter, a wet scrubber, 
and selective catalytic reduction before being monitored and released 
into the atmosphere. A small number of gas samples were available to 
demonstrate the potential of THz-CRDS to analyse industrial samples. A 
heated gas transfer line was used to extract gas samples from the 
emissions before the scrubber. A dedicated gas conditioning unit (M&C 
TechGroup, PSS5) was used to cool the sampled gas, typically at 165 ◦C, 
to 4 ◦C before filling multi-layer foil gas sampling bags. The samples 
were transported to the laboratory also located in Dunkerque and ana
lysed the same day. Once THz-CRDS scan was completed the samples 
were immediately measured using a certified Portable Gas Analyser 
(PGA) (HORIBA PG-350EU). This analyser is also used in-situ verifica
tion of the sampling process. It uses cross flow measurements, using a 
non-dispersive infrared sensor for SO2 and chemiluminescence for NOx, 
the latter being a Standard Reference Method (SRM). On site, an auto
mated low resolution FTIR measurement system continuously monitors 
the regulated gas phase compounds (HCl, HF, CO, SO2, NH3, NOx and 
Total Volatile Organic Compounds) before and after the gas treatment 
system. The measurement prior to treatment is used to control the 
process conditions of the gas treatment system. While the post treatment 
monitoring is required to satisfy the regulatory requirements for air 
quality. SO2, NO2 and NO were chosen among the regulated compounds, 
two values were obtained for SO2, the second sample being taken 4 days 
after the first. The concentration of NO was determined using three 
overlapping transitions, a hyperfine structure originating from the nu
clear quadrupole coupling of the nitrogen nucleus, modelled using three 

Voigt profiles. The concentration values for the THz-CRDS and PGA are 
given in Table 1 along with the line intensities. 

3.4. Sensitivity limit 

The sensitivity limit of the instrument is determined by our ability to 
measure the variation of the ring-down time. The available power and 
the transmission characteristics of the photonic mirrors leads to a weak 
signal at the cavity output that can be averaged over many ring-down 
events in order to improve the SNR. The experimental variation of the 
measured ring-down time for a given number of ring-down events was 
assessed by repeating the identical acquisition 10 times and taking the 
standard deviation. The values for up to 106 averages are shown in Fig. 5 
for two different AMC sources. The standard AMC used in this study and 
specified to provide 15 μW, and a more powerful source (Lytid) covering 
a restricted spectral band but providing 1 mW. The standard deviation 
clearly decreases as the degree of averaging is increased as a function of 
the inverse square of the number of averages. 

The smallest detectable value of the absorption coefficient can be 
calculated [37]: 

αlimit =
δτ

cτ0
2

̅̅̅̅
N

√ (2)  

where δτ is the uncertainty of the measurement of the ring-down time of 
a single event, N the number of events, and c the speed of light. The data 
show that δτ = 0.5 μs for the standard AMC compared to δτ = 0.065 μs 
for the higher power AMC. 

4. Discussion 

The combination of a low-loss corrugated waveguide and photonic 

Fig. 3. Measured absorption coefficient for principal isotope of N2O at 622.579 GHz (J = 25 ← 24 in |v1 = 1>). Experimental data open round points, fitted Voigt 
profile solid lines. Left-hand inset, typical cavity ring-down time with gas and for an empty cavity. Right-hand inset measurement of the N2

18O isotope (J = 26 ← 25 in 
|v2 = 2, l = 2> excited state) having an abundance of 2 × 10− 3. All data taken for 105 ring-down events per point. 
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mirrors have allowed weak absorption signals to be measured by THz- 
CRDS, which has the advantage of directly providing a quantitative 
value of the absorption coefficient. In the case of a pure gas the line 
intensities are reliably obtained and the observation of the N2

18O isotope 
indicates that the detection limit can be expected at 10− 27 cm− 1/ 
(molecule.cm− 2). This value corresponds to that found previously using 
CEAS [29] and is limited by the cavity losses and the available source 
power. Unlike CEAS, the THz-CRDS gives a quantitative value for the 
absorption coefficient. The measurement of pure gases does not suffer 
from adsorption, if some molecules adsorb onto the metallic surfaces the 
isotopic composition of the gas remains unchanged, and under static 
conditions a standard pressure gauge provides a reliable value for the 
total pressure. The measurement of trace gases is an attractive appli
cation of this technique nevertheless with the present system the sample 
gas is exposed to a large metallic surface. The strongest THz absorptions 
are displayed by highly polar molecules such as HCN, unfortunately they 

have a tendency to adsorb onto metallic surfaces modifying the trace 
concentrations levels of the gas mixture. This is of particular importance 
for low concentrations where the loss of a small quantity of molecules 
can easily exceed the required measurement uncertainty. Using a gas 
flow rather than a static sample we have measured a concentration of 
HCN of 530±30 ppb using the THz-CRDS compared to the expected 640 
ppb, the difference is attributed to the adsorption losses. To overcome 
this difficulty the metal components should be replaced glass or plastic 
counterparts. The observation of the H13CN displays a variation in the 
ring-down time of around 5 ns, under these conditions expected mini
mum observable variation is 2 ns or αlimit = 2 × 10− 8 cm− 1. Comparing 
this value to the peak absorption of 7 × 10− 6cm− 1 for a HCN concen
tration of 530 ppb and setting the Limit Of Quantification (LOQ) to twice 
αlimit leads to a LOQ of 3 ppb. This value for HCN and is coherent with 
the low SNR for the observed H13CN line. The stated uncertainty of 30 
ppb is dominated by the uncertainty of 6% for the HCN broadening 

Fig. 4. Measured absorption coefficient for a 640 ppb trace of HCN, acquired using 105 ring-down waveforms per point. Experimental data open round black points, 
fitted Voigt profile red line. Left-hand inset, cavity ring-down time with trace gas and for an empty cavity, for the J = 7 ← 6 transition of the HCN principal isotope. 
Right-hand inset measurement of the H13CN isotope (natural abundance 1.1%), acquired using 3 × 105 ring-down waveforms per point. Pressure values shown 
correspond to those indicated by the static pressure gauge with the gas flow in the measurement cell. All measurements were performed at room temperature in an 
airconditioned laboratory. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Trace concentrations for several samples extracted before the wet scrubber of the energy recovery facility in Dunkerque.  

Sample Na Trace species Frequency GHz Line intensity cm− 1/(molecules.cm− 2) Pressureb mbar CCRDS ppm CPGA ppm 

1 5 × 104 SO2 624.344 1.86 × 10− 21 0.42 30 ± 6 27.6 ± 0.9 
2 5 × 104 SO2 624.344 1.86 × 10− 21 0.38 87 ± 18 82 ± 2 
2 105 NO2 630.291 3.50 × 10− 23 0.35 90 ± 40 92 ± 3 
3 105 NO 651.432 7 9.43 × 10− 23 0.38 31 ± 5 23.9 ± 0.7 

651.433 1 1.10 × 10− 22 

651.433 6 8.05 × 10− 23  

a Number of ring-down events averaged per frequency point. 
b Total pressure determined from observed linewidth. 
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coefficient used to determine the total pressure. It is critical to overcome 
the adsorption of the target molecule so that a static sample can be 
reliably measured and the full potential of this approach realised. 

A small number of industrial gas samples, extracted prior to the wet 
scrubber of an energy recovery facility, were available. A few target 
molecules with weaker THz signatures than HCN have been quantified 
in the concentration range from 30 to 100 ppm. We notice that these 
measurements are less sensitive to adsorption problems as the target 
species less polar than HCN and the concentration levels are signifi
cantly higher. The agreement between the CRDS and the PGA quanti
fication is excellent: better than 10% except for NO (25%) where the 
deconvolution of the rotational signature in 3 weakly intense compo
nents make the concentration determination difficult. THz CRDS en
hances the capability of rotational spectroscopy to diagnostic complex 
chemical mixtures where numerous polar compounds may be monitored 
in gas phase at trace level with a single non-invasive technique. The 
concentration uncertainties were determined from those of the tabu
lated spectroscopic parameters (line intensity and air broadening coef
ficient) and the signal to noise of the molecular absorption. The 
uncertainty of the broadening coefficients is typically the dominate. Due 
to the smaller Doppler broadening compared to the infrared, the THz 
absorption lines are particularly narrow, typically with a full width half 
maximum around 5 MHz. This value is some 48,000 times finer than the 
resolution of the infrared Fourier transform spectrometer that continu
ously monitors the emissions of these targeted pollutants in the Dun
kerque energy recovery facility. Rotational spectroscopy shows an 
exceptional degree of selectivity compared to the other spectroscopic 
techniques used for trace gas monitoring in complex chemical mixtures. 
In terms of detection limit the results obtained on SO2, are coherent with 
the atmospheric emissions regulations, the daily emission limit value of 
which is less than 10 mg/m3 or 3 ppm [38]. For NOx, the daily emission 
limit value is 80 mg/m3, corresponding to 35 ppm when measuring NO 
or 25 ppm when measuring NO2, the LOQ on NO of about 5 ppm is 
sufficient but limiting for NO2 with about 30 ppm. 

5. Conclusion 

The use of photonic mirrors and a corrugated waveguide have 
enabled the construction of a high-finesse cavity. For the first time THz 

CRDS has been demonstrated and has several advantages compared to 
its infrared counterparts. Firstly, the source is particularly stable in 
frequency and can be easily matched to a cavity mode. Once matched a 
simple control loop can be employed to lock the cavity to the source. The 
intensity of the radiation can be directly controlled by amplitude mod
ulation of the microwave synthesiser feeding the AMC, hence the THz- 
CRDS is particularly simple. The measurement speed is only limited 
by the modulation pattern that is selected to allow suitable power build 
up in the cavity followed by the measurement of the ring-down time. An 
appealing advantage of THz spectroscopy is its selectivity due to 
particularly narrow linewidths. A single instrument can be used to 
measure several different chemical species as demonstrated here for 
HCN, N2O, SO2, NO2, NO aswell as the H13CN and N2

18O minority iso
topes. The sensitivity of the present instrument could be improved by 
increasing the power of the source or the transmission of the photonic 
mirrors used to couple the radiation into and out of the cavity. The 
adsorption of the target molecules onto the metallic surfaces of the 
cavity requires the use of a gas flow rather than a static sample. In this 
case the linewidth is used to determine the total pressure of the gas in the 
cavity. The accuracy achieved is limited by that of the broadening co
efficient rather than the instrument sensitivity. We expect to overcome 
this removing, replacing or coating the metallic surfaces of the cavity 
and measurement cell. 
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