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Abstract: A review is provided of sources and detectors that can be employed in the THz 

range before the description of an opto-electronic source of monochromatic THz radiation. 

The realized spectrometer has been applied to gas phase spectroscopy. Air-broadening 

coefficients of HCN are determined and the insensitivity of this technique to aerosols is 

demonstrated by the analysis of cigarette smoke. A multiple pass sample cell has been used 

to obtain a sensitivity improvement allowing transitions of the volatile organic compounds 

to be observed. A solution to the frequency metrology is presented and promises to yield 

accurate molecular line center measurements. 
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1. Introduction  

The Terahertz (THz) frequency domain is often referred to as the range from 100 GHz to 10 THz 

and is also variously known as the sub-mm or far-infrared region, generally depending on the 

techniques employed for the generation of the radiation. Compared to other frequency regimes the 

THz region has suffered from a significant lack of technological development and so this part of the 

electromagnetic spectrum is only presently being explored and applications identified. For many 

applications the attraction of the use of THz radiation is due to its transition position, being able to 

provide detailed molecular information and easily penetrate normally diffusive materials. The most 

well known THz application that has been identified is the security screening of airline passengers, 

however, the astrophysics community has quietly and successfully utilized THz radiation for a number 

of decades during which it has provided significant information such as the visualization of objects 

hidden behind interstellar dust clouds. The continued development of new and existing applications is 

dependent on the availability of powerful sources that can cover the entire range, and sensitive 

detectors with short response times at room temperature. 

1.1. Sources 

The lack of powerful sources that operate at THz frequencies is due to the technological difficulties 

in their construction, related once again to the position of THz radiation in the electromagnetic 

spectrum. On the lower frequency side microwave sources are readily commercially available and can 

easily provide a powerful, narrow line width, tunable source around 20 GHz. At frequencies above 100 GHz 

it becomes increasing difficult to produce electronic devices with a sufficiently short carrier transit 

time, hence only small devices can be used, which provide limited output powers. On the optical or 

high frequency side infrared lasers are easily manufactured from semiconductor materials to form an 

easy to use device with reasonable power levels, but the interband concept cannot be exploited at THz 

frequencies as no semiconductor materials with a sufficiently narrow bandgap are available. Despite 

these difficulties, a small number of sources are capable of directly producing THz radiation.  

Backward Wave Oscillators (BWO) or Carcinotrons use the interaction between a electron beam 

and a slow wave structure to produce radiation at frequencies up to 1.5 THz with 1 mW of power. 

Spectral purities as narrow as 50 kHz can be achieved, but a single device can only cover part of the 

THz range and has a relatively short lifetime. The number of commercial device manufacturers is very 

limited due to the expense of the fabrication and limited demand. Synchrotrons and free electron lasers 

also fall in the category of direct generation as they can provide intense radiation over the entire band. 

These sources are massive installations that are extremely expensive to construct and operate, and so 

they remain the domain of national and international science programs [1,2]. Molecular lasers also 

provide access to many laser lines in the THz range. Alone they are little use for spectroscopy as they 

operate at fixed frequency, however a tunable sideband can be generated by the addition of a 

microwave mixing stage giving access to all frequencies within 20 GHz of the carrier [3,4]. This 

solution also benefits from the possibility of using a heterodyne measurement configuration avoiding 

the requirement for a cryogenically cooled detector. The most recent addition to the family of direct 

sources is the Quantum Cascade Laser (QCL) which has developed rapidly since 1994 thanks to 

molecular beam epitaxy and metalorganic vapour phase epitaxy that allow the fabrication of quantum 



Sensors 2009, 9                    

 

 

9041

hetrostructures. A device is built up of thin periodic layers of varying composition to form a 

superlattice resulting in the creation of a series of discrete electronic subbands [5]. A stairway of 

subbands allows a single electron to cascade down generating multiple photons. The device emission 

wavelength is dependent on the layer thicknesses rather than the bandgap of the material, operation  

at 2.5 THz has demonstrated the utility of QCL for measurement of a transition of CH3OH [6]. 

Although they can produce several mW of power their shortcomings are the limited tuning range and 

the need for cryogenic cooling. They are however ideal candidates for the local oscillators required to 

construct heterodyne instruments for astronomy.  

Owing to the limited availability of direct sources much effort has been focused on frequency 

conversion techniques whereby an intense source in a neighbouring band is used as the primary 

source. The frequency multiplication of microwave sources is particularly attractive because a tunable 

source with a spectral purity better than 10 kHz can be achieved. The key elements are the frequency 

multiplier stages that are used to produce the high order harmonics required and considerable success 

has been realized using this technique for astrophysics applications. Indeed this approach resulted in 

the first coherent source above 1 THz [7]. The technological developments that have assisted this 

continued progress are the use of monolithic microwave integrated circuit (MMIC) devices, and the 

fabrication of precision THz waveguides by computerized milling machines (CNC). Frequency 

multiplication is presently able to operate at 1.9 THz providing in the order of 10 μW of power when 

cooled to cryogenic temperatures. The limitations of this solution are the tunablity of a given 

multiplier chain that is often in the region of 10% and the availability of the components [8]. An 

alternative to frequency multiplication is down conversion from the optical band. Progress in the 

elaboration of crystals and short-lifetime semiconductor materials coupled with the ultra-rapid optical 

pulses available from mode-locked Ti:Sa lasers has provided numerous solutions for the generation 

and detection of broadband THz pulses. This kind of source with a coherent detection scheme can be 

employed to form a Time Domain Spectroscopy instrument giving access to the range 0.3 to 3 THz 

with a spectral resolution in the order of 1 GHz and is generally suitable for the spectroscopy of solid 

and liquid phase materials [9,10]. At present such THz time domain spectrometers are widely used to 

study low quality factors resonance features. Spectral resolutions approximately three orders of 

magnitude narrower can be obtained by the optical heterodyning of two continuous-wave (cw) lasers. 

A THz beatnote in the optical domain is converted into THz radiation by a semiconductor material 

with a short charge carrier lifetime. This technique, also known as photomixing, has the advantage of 

providing access to frequencies from 0.3 to 3 THz and its tuning is solely dependent on the source 

lasers. Its disadvantage is the available power which is presently limited to values around 1 μW. The 

attractive spectral resolution and large tunability of this source has ensured its utility for the 

spectroscopy of gases.  

1.2. Detectors 

Detecting continuous-wave THz radiation with high signal/noise and large bandwidth is also 

problematic. Historically, the first sensitive detectors in this band were thermal, and are still used 

because they are simple, have an unrivalled spectral band and can be very sensitive [11]. They are 

constituted of a thermally isolated THz absorbing material in contact with a thermometer, in fact the 
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absorber and the thermometer are often the same material. The chief difference between the different 

kinds of detectors is the mechanism used to measure the temperature of the absorber. It can be the 

change of a resistance (bolometer), a thermoelectric effect (thermopile), a variation of spontaneous 

polarization (pyroelectric detector) or the dilatation of a gas (Golay cell). All these principles may be 

used for room temperature THz detection providing a noise equivalent power (NEP) generally in the 

range 10–6–10–10 W/√Hz. It should be mentioned that commercial detectors are generally not optimized 

for the THz or far-infrared range but rather for the mid- and near-infrared. In the 60s the cryogenic 

cooling of bolometers was investigated, and sensitive and reliable cryogenic THz bolometers were 

obtained with semiconductors like silicon and germanium. The typical NEP is generally close  

to 10–12 W/√Hz. Bolometers are not only well suited to detection of CW THz signals but also wide 

bandwidth signals like black-body emission or THz pulses. 

Another principle that can be used in THz detectors is the photoconductive effect in 

semiconductors. These detectors need cooling at liquid helium temperature or below due to the low 

energy of THz photons (1–10 meV). Impurity photoconductors (like doped germanium) are usable 

above 3 THz and free-carrier photoconductors (InSb) are usable below, the NEP realized is generally 

close to 10–12 W/√Hz. The advantage of photoconductors compared to bolometers is that they have a 

fast reponse time (µs compared to ms). In the context of gas spectroscopy, this can be a real advantage 

when used in conjunction with a frequency modulated THz source. 

The last principle used in THz detectors is based on non-linear conversion processes. This 

technique initially originates from microwaves and has been extensively used in the millimetric and  

sub-millimetric range. A low-capacitance diode with a non-linear I(V) curve is used as a quadratic 

detector. When a THz alternative voltage is applied at the terminals of the diode a dc voltage 

proportional to the THz power is generated (video or direct detection). Low barrier Schottky diodes 

are generally used for this purpose. The NEP is close to 10–12 W/√Hz near 100 GHz and 10–10 W/√Hz 

near 1 THz. The advantage of this detector is a good sensitivity for a room-temperature device, the 

disadvantage is that it needs an impedance matching to achieve these values and the bandwith is 

generally limited (typically 1.5:1 for a detector in metallic rectangular waveguide). It is also possible 

to convert the THz frequency to non-zero frequency—called intermediate frequency (IF)—by using a 

powerful tunable THz source (local oscillator) in addition to the THz wave to detect. This technique 

called heterodyne mixing is not easy to apply at THz frequencies because of the lack of convenient 

sources. Molecular lasers and QCL are powerful but not easily tunable. Photomixing is widely tunable 

but does not generate enough power for Schottky diodes. Frequency multiplication generates more 

power but has a limited tunability. Subharmonic mixing is also possible: a local oscillator in the cm- or 

the mm-range is used to pump a Schottky diode. Harmonics are generated inside the diode that beat 

with the THz signal to detect. In heterodyne detection, the NEP is limited by the bandwidth of the IF. 

It is then very sensitive for the detection of high spectral purity CW THz signals. 

2. Photomixing Spectrometer 

Photomixing or optical heterodyne was first demonstrated by Brown et al. in 1993 [12] who used it 

to measure the self-broadening of SO2 [13]. An optical beatnote is generated by mixing two visible 

lasers and is tuned to the desired THz frequency. The two-color laser beam is focused onto a 
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photomixer element which is composed of a semiconductor with a charge carrier lifetime in the region 

of ≈300 fs. The semiconductor response is sufficiently rapid to follow the THz beatnote frequency 

while not responding to the higher frequency mixing components. The THz frequency is therefore 

transferred to the electronic domain by the optically driven modulation of the photomixer conductivity. 

A current is generated by the application of an electric field and is coupled to a pair of antennae 

radiating continuous-wave monochromatic THz into free space. A spectrometer based on this source 

can be divided into the following functional units: a dual frequency optical source, a photomixer 

device, a THz beam path including sample cell, and a detector. The spectrometer constructed at the 

Laboratoire de Physico-Chimie de l'Atmosphère (LPCA) is illustrated in Figure 1 and includes a  

multi-pass sample cell and a liquid helium cooled Si bolometer detector. 

Figure 1. Photomixing spectrometer for high-resolution spectroscopy of gases. 

 

2.1. Two Color Optical Source  

The dual frequency optical source is composed of two lasers which are spatially overlapped with an 

identical polarization to form a two color beam. The choice of laser wavelength is governed by the 

absorption of the semiconductor material used in the photomixer. The most widely used material is 

low temperature grown (LTG) GaAs which absorbs strongly around 820 nm. Secondly the laser 

linewidth and tunability are critical as they define the spectral resolution and tuning range of the final 

instrument. Titanium Sapphire (Ti:Al2O3) lasers can provide a wide tuning range around 800 nm with 

an instantaneous line width in the order of 100 kHz, they do however need a complex tuning 

mechanism and frequency control system, require high power pump lasers, expert users and occupy a 

considerable volume. Nevertheless these lasers have provided excellent results when used for the  

cw-THz spectroscopy [14-16]. More recently the availability of extended cavity diode lasers (ECDL) 

along with tapered semiconductor optical amplifiers offers a more compact alternative, but is not 
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available with an integrated frequency control system. Thankfully numerous frequency stabilization 

tools are available and can be adapted for this purpose. Although these lasers have a short term line 

width around 100 kHz at longer time scales they suffer from jitter broadening of the linewidth to  

around 10 MHz over a second. To optimize the discrimination power of cw-THz spectroscopy a 

spectral resolution of 1 MHz is required in the THz domain, hence each visible laser should have a 

linewidth not larger than 1 MHz over the timescale of a single measurement, typically one second. For 

a laser typically operating at around 374 THz this correspond to a stability of 10–9. Fortunately the 

atomic absorptions of Cesium and Rubidium provide convenient absolute frequency reference points 

around 852 nm and 780 nm, respectively. A servo loop can be implemented to lock a laser frequency 

to a saturated absorption feature ensuring an absolute frequency calibration and even a modest loop 

bandwidth allows linewidths of 1 MHz to be achieved. The second laser must be frequency swept to 

provide the spectrometer tunability, the difficulty is encountered with the conflicting requirements of a 

frequency stabilization scheme to achieve 1 MHz linewidth and the need to have a frequency reference 

that can be swept. One solution is a low-contrast Fabry-Perot interferometer. This type of instrument 

has relatively wide resonances which combined with the measurement of the transmitted and reflected 

beams of two path with a small angular variation provides relative frequency information at all 

frequencies. In this way the second laser can be frequency scanned with an active stabilization 

ensuring a linewidth in the region of 1 MHz. The difficulty with this solution is accuracy of the THz 

frequency generated, the spectral purity of the lasers ensures a good precision however the lack of 

absolute frequency information of the swept laser is only resolved by a standard wavelength meter 

with an accuracy of 50 MHz. In the case of the instrument that was realized at the Laboratoire de 

Physico-Chimie de l'Atmosphère the ECDL have an output power of 50 mW that is increased by a 

tapered semiconductor optical amplifier. The dual frequency beam is amplified to give access to a 

maximum power of 1 W. An alternative to this latter usual approach is to use a single laser oscillating 

with two modes [17,18]. In this way the perfect cancellation of any cavity instabilities is obtained 

allowing an excellent beatnote linewidth to be achieved, in the order of the 1 Hz but at the expense of 

tunability. Several bi-modes lasers have been implemented, often around 1,550 nm, and so this 

solution remains hampered by the lack of availability of photomixer devices operating at this 

wavelength, however the recent development UTC diode photomixers holds much promise [19,20]. 

2.2. Photomixer 

A THz photomixer is a device composed of a fast photodetector connected to an antenna. The 

optical beating of the two optical frequencies υ1 and υ2 is converted by the photodetector to an AC 

voltage at a frequency equal to |υ1- υ2|. This voltage is applied to the antenna that radiates a THz wave 

in free-space. Two kinds of fast photodetectors are used in THz photomixers: photoconductors and 

photodiodes [16].  

Photoconductors are particularly simple devices consisting of two metal electrodes patterned on a 

semi-insulating semiconductor. A DC voltage source is used to bias the device, its resistance is 

modulated at |υ1- υ2| and generates the THz current. The bandwidth is mainly limited by the 

photocarrier lifetime, to generate THz current lifetimes of the order of 0.1–10 ps are needed. The laser 

wavelength is generally between 0.7 and 1.6 µm depending on the semiconductor bandgap [21-23]. 
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Photodiodes are generally based on an heterostructure of different semiconductors with different 

doping. In this case the bandwidth is limited by the transit-time of the carriers (electrons and holes) 

inside the structure. The best results at THz frequencies have been obtained with a uni-travelling 

carrier photodiode (UTC-PD) at 1.55 µm [19,20]. In this structure only electrons contribute to the 

bandwidth contrary to the pin photodiodes. 

The most widely used antennas in THz photomixers are wideband in nature to preserve the large 

tunability that makes photomixing attractive for spectroscopy. Generally a bandwidth of at least one 

decade (for example: 300 GHz–3 THz) is required. Only a few antennas have such a wide bandwidth: 

spiral, log-periodic and horns. The two former are planar antennas that can be easily integrated with 

the photodetector. They unfortunately suffer from significant losses as the majority of the energy is 

radiated into the substrate and a silicon lens is needed to collect the THz wave. An alternative antenna 

that has recently been adopted for photomixer devices is the transverse-electromagnetic horn antenna 

(TEM-HA) which is a 3D structure that radiates directly in free-space without the need for a Si-lens [24]. 

In the case of the LPCA spectrometer, the photomixer devices used are fabricated at the Institut 

d’Electronique de Microélectronique et de Nanotechnologie (IEMN). A layer of LTG-GaAs is grown 

by gas-source molecular beam epitaxy onto a standard semi-insulating GaAs substrate. The carrier 

lifetime may be measured by time-resolved photoreflectance yielding a typical value of 800 fs. The 

interdigitated photoconductor and the spiral antenna are defined by patterning a metal layer using 

electron beam lithography, Figure 2. 

Figure 2. Scanning electron microscope image of the LTG-GaAs photomixer. 

 

The width of the fingers is 0.2 µm and the active area of the photoconductor is 8 × 8 µm2. A Si3N4 

layer is also deposited in order to reduce the optical reflection and to act as a passivation layer. The 

typical THz output power obtained with this type of photomixer is a few 100 nW at 1 THz for a 

photocurrent of 1–2 mA. 
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2.3. Instrument Sensitivity 

The application field of molecular spectroscopy depends strongly on the instrumental sensitivity: 

trace gas detection, probing of low-frequency ro-vibrational transitions or high J levels rotational 

transitions requires the measurement of weak molecular absorptions. The extension of the interaction 

distance between the radiation and the absorbing molecule has been very successfully exploited in the 

infrared with multiple pass sample cells and even resonant cavities. The difficulty encountered when 

trying to associate these techniques with a photomixing source is the highly divergent low power 

source beam [25,26]. Nevertheless careful characterization of the divergence of the THz beam 

combined with the calculation of beam diameter at all points along its trajectory have allowed a 

standard (Infrared Analysis, 35-V) multi-pass cell to be integrated into the spectrometer. This cell has 

been used at frequencies from 300 GHz to 1.7 THz offering a variable path length in the region of 2 m 

to 20 m with throughputs varying from 10% to 45%. An optical path length of 13.4 m allowed 

rotational transitions of the OC34S and O13CS isotopes to be observed (natural abundancies are 4.2% 

and 1.0%, respectively, Figure 3a).  

Figure 3. a.) Rotational transitions of OCS isotopologues, L = 13.4 m, T = 294 K.b.) 

Spectra of vinyl chloride at ambient temperature for various path lengths. Black line 24 cm. 

Red line 224 cm. Green line 896 cm. Black sticks indicate the predicted transition 

frequencies and relative intensities for the 35Cl isotopologue calculated from the 

spectroscopic parameters fitted elsewhere [28]. 

a.        b. 

 

The OC34S transition at 521.7 GHz is distorted by an intense OCS line at 522.6 GHz. The O13CS 

transition is observed at 520.9 GHz and the line at 521.0 GHz is the excited symmetric stretching ν1 

mode. The O13CS line has a tabulated intensity of 2 × 10–23 cm–1/(molecule.cm–2), indicating that for 

pure gases the spectrometer is capable of resolving line intensities as weak as 10–25 cm–1/(molecule.cm–2). 

The sensitivity is also demonstrated by the pure rotational spectra of vinyl chloride (C2H3Cl) for 

various path lengths (Figure 3b) [27]. A single pass with a path length of 24 cm required a pressure  

of 29 mbar to obtain a reasonable absorption signal, at this pressure no individual lines can be 

resolved. As the path length is increased lower gas pressures can be used and the lines can be resolved, 

increasing from 224 cm to 896 cm reveals further transitions.  
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This spectrum is a result of the normalization of two frequency scans, one in the presence of the 

target molecule and the second with an empty measurements cell. This technique allows the removal 

of any systematic non-molecular signals such as Fabry Pérot etalons. The recording of two identical 

scans enables the quality of this normalization procedure to be assessed and the measurement of the 

minimum absorption and hence spectrometer sensitivity to be identified. A path length of 13.44 m 

yielded a minimum absorption of αmin = 2 × 10–5 cm–1, compared to a value of 10–8 cm–1 for an 

instrument limited only by the detector NEP and the source power [29].  

2.4. Frequency Metrology 

Standard laser stabilization techniques can easily provide a spectral purity of 1 MHz, in the case of 

a scanning Fabry Pérot etalon this is directly transferred to the frequency precision of the photomixing 

spectrometer. This kind of instrument has already shown its utility for absorption profile analysis but 

suffers from poor frequency accuracy and so cannot be used to determine molecular transition 

frequencies. To overcome this difficulty a reliable frequency reference is required. One solution is to 

lock both lasers onto two different modes of a single high finesse Fabry-Pérot cavity. This has the 

advantage of allowing locking techniques like Pound-Drever-Hall to be used reducing the ECLD 

linewidths to less than 100 kHz [30]. More importantly the use of a single etalon significantly reduces 

the system sensitivity to environmental influences like temperature, the frequency of the THz radiation 

is an integer multiple of the free spectral range (FSR) of the cavity. The disadvantages are that the FSR 

must be known with an excellent accuracy and that the THz frequency cannot be tuned. Two different 

methods have been proposed to overcome the lack of tunability. A third laser can be phase locked to a 

laser itself locked to the etalon, then frequency swept by tuning the oscillator in the phase lock loop. 

This type of system has successfully been applied to distributed Bragg reflector lasers yielding a final 

tuning range of 3 GHz and an accuracy of 10–7 [31]. The second method that has been demonstrated 

uses acousto-optic modulators to provide a tuning range in the order of 10 MHz [32].  

An alternative frequency reference that has recently emerged is a frequency comb that has the 

advantages of offering a stable reference with an excellent accuracy over a large range of frequencies. 

A train of short pulses from a mode locked laser generates the frequency comb, the length of the laser 

cavity and hence the repetition rate is stabilized by a phase locked loop (PLL) and can be easily 

referenced to a primary frequency source such as an atomic clock or a GPS signal. The frequency of an 

individual mode of the frequency comb is given by its mode number and the carrier envelope offset (1) 

that results from of the difference in phase and group velocity of the laser cavity [33]:  

cerepn ffnf += .       (1) 

In the context of a photomixing instrument the source lasers can be phase locked to two different 

modes resulting in a difference frequency independent of the carrier offset. The two-color source is 

mixed with the frequency comb and dispersed by a grating allowing a small photodiode to select the 

optical frequencies corresponding to one of the cw lasers and a small number of frequency comb 

modes (Figure 4). The beatnote between the cw laser and the nearest frequency comb mode is phase 

locked to an electronic oscillator. In this manner both lasers are coherently locked to the frequency 

comb and the quality of the THz frequency synthesized depends on the stability and accuracy of the 
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laser repetition rate (Figure 5). Measurement of the beatnote between the FC and the ECDL by a 

spectrum analyzer indicates a FWHM of approximately 100 kHz for an integration time of 100 ms. 

Figure 4. The frequency comb is mixed with the two-color beam each of the ECDLs are 

phase locked to the nearest mode of the frequency comb synthesizing the difference 

frequency between the ECDLs with an accuracy of 10–8. 

 

Figure 5. Optical frequency diagram containing the regularly spaced frequency comb 

modes and the two ECLD modes. Note that the lower frequency ECLD is locked to the low 

frequency side of the FC mode whereas the higher frequency ECLD is locked to the  

high side. 

 

In order to adapt this technique for the construction of a spectrometer a scanning mechanism is 

required the simplest approach is to slowly adjust the repetition rate of the frequency comb. This 

presents the disadvantage that as the mode separation increases the absolute frequency of a given mode 

increases rapidly, for example a pair of ECDL operating at 800 nm with a gain bandwidth of 10 GHz 

can provide a tuning range of only 2.5 MHz at 1 THz. To overcome this difficulty the beatnote 

frequencies of the two source lasers can be scanned, hence the frequency comb remains fixed. 

Although this strategy has proven successful for scans lengths of up to 10 MHz extending it 

significantly beyond this is not practical due to the electronic filtering required to isolate the beatnote 
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between a single frequency comb mode and a cw laser. To examine the performance of this system a 

number of well known molecular transitions were measured, the J = 67 ← 66 line of OCS at 813 GHz 

is suitable candidate as it has an intense THz signature and is one of the highest frequency transitions 

that has already benefited from position measurement with an accuracy of 60 kHz [34]. At a frequency 

of 813,353.733 MHz the value measured with the frequency comb photomixing spectrometer is  

within 30 kHz of the previous measurement.  

3. Application to Gas Phase Spectroscopy 

Pure rotational transitions of small polar compounds and the vibrational lines of low-frequency 

motions are located in the THz frequency domain. The sensitivity and spectral purity of cw-THz 

photomixing spectroscopy initially limited its application to pure rotational transitions of highly polar 

molecules such as hydracids, carbon sulphide, hydrogen sulphide and ammonia [29,35,36]. However, a 

larger variety of molecular transitions may be probed in the THz frequency range but their 

spectroscopic analysis encounters both theoretical and experimental difficulties: due to the internal 

rotation of methyl groups, the THz spectra of methanol, toluene or acetone present a high density of 

rotational lines and their assignment requires specific molecular Hamiltonians [37]. The skeletal 

deformation of polycyclic aromatic hydrocarbons (PAH) [38] as well as large amplitude motion of  

bio-molecules [39] are also observed in the THz frequency range but they both requires a highly 

sensitive instruments due to their low volatility and the weakness of the rovibrational line intensities. 

Moreover, due to the unique selectivity of the THz radiation, the conformational landscape of these 

highly flexible molecules has to be taken into account for the understanding of the THz spectra [40]. 

Generally for the analysis of gases an instrument capable of resolving transitions with a quality 

factor in the order of 106 is required, for example at 1 THz HCN has a Doppler width of 1 MHz 

FWHM at ambient temperature. The collisional broadening is around 3 MHz/mbar, hence an 

instrument with a spectral purity in the same order of magnitude is able to exploit the fineness of the 

transitions at low pressure to have an excellent discrimination between multiple species and provide a 

calibration free quantification at pressures above the Doppler limit. The advantages offered by the use 

of THz frequencies are the ability to make quantitative measurements in the presence of aerosols and a 

high level of discrimination between chemical species. At present there are only a small number of 

laboratories that are capable of undertaking high resolution THz spectroscopy above 1 THz. Among 

the techniques in this range photomixing does not require access to the frequency multiplication 

components and it is a reasonably modest installation compared to a synchrotron. Its disadvantage is 

the weak power level produced, around 1 μW at 1 THz, that necessitates the use of a sensitive 

detection system. 

3.1. Detection of Atmospheric Compounds 

The THz waveband is particularly rich in molecular transitions so it can provide the opportunity to 

measure many gas phase species. As the optical absorption is recorded the concentration can be easily 

determined using the transition intensity, the measurement is therefore direct and does not depend on a 

calibration procedure. At low pressure the absorption lines are narrow hence excellent discrimination 

between chemical species can be achieved allowing the simultaneous monitoring of multiple species. 
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The relatively long wavelength of the radiation permits samples, such as smoke, that are diffusive in 

the optical domain to be successfully probed. Although THz radiation has many attractive features for 

the analysis of industrial emissions the associated instrumentation is presently delicate and requires the 

controlled environment of a laboratory. Cigarette smoke is an ideal subject to demonstrate the potential 

of cw-THz as it can be easily generated, contains a large variety of compounds and aerosols. The use 

of a multiple pass cell providing path lengths up to 31 m allowed the chemical species in Table 1 to be 

identified and quantified in a sample of mainstream cigarette smoke, including for the first time to our 

knowledge the measurement of formic acid in the THz range, a typical spectrum for which is given in 

Figure 6. 

Figure 6. Measured spectrum of cigarette smoke at a pressure of 2 mbar, a transition of HCOOH 

is observed with a path length of 20.16 m. Line intensity = 2.2 × 10–22 cm–1/(molecule·cm–2).  

The measured datapoints (filled points) are fitted with a Lorentzian absorption profile 

(solid line). 

 

Table 1. Measured concentration of species contained in the cigarette smoke. 

Molecule Concentration Detection limit 
HCN 73 ppm 0.2 ppm 

HCOOH 29 ppm 2 ppm 
H2CO 37 ppm 3 ppm 

CO 1030 ppm 14 ppm 
NO 43 ppm 1.9 ppm 

To ensure a correct molecular identification multiple transitions were recorded at various pressures. 

A Lorentzian absorption profile is applied to determine the integrated line intensity and hence the 

species concentration. The detection limit is estimated for an absorption with a unity signal to noise 

ratio when compared to an identical measurement of an empty sample cell. At the present time the 

number of species that may be detected is limited only by the sensitivity of the instrument. The 

simultaneous measurement of multiple species is simply dependent on the continuous tunning range of 

the lasers used. Unlike ECDL that have a continuous tunning range of 10 GHz the use of a Distributed 
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FeedBack (DFB) diode laser allows a rapid tunability of around 1,000 GHz to be achieved and so is an 

ideal choice for the surveillance of multiple species.  

DiMethyl SulfOxyde (DMSO) is volatile organic compound (VOC) which is not only a mimic of 

the chemical warfare agent mustard gas, but also a solvent employed in certain biochemical 

procedures. Its detection in the gas phase presents both military and civilian applications. Unlike the 

other gases studied and despite being classified as a VOC under standard conditions, DMSO is in the 

liquid state. It presents a vapor pressure of only 0.56 mbar, its measurement here was conducted on a 

sample cell that is close to the saturation point of DMSO. Due to the lack of existing THz data for this 

molecule in the gas phase microwave measurements at frequencies up to 30 GHz form the starting 

point for its analysis by high resolution ro-vibrational spectroscopy [41]. The refinement of its 

spectroscopic parameters used in the microwave band and the addition of supplementary parameters 

will eventually allow its THz spectrum to be accurately predicted. This process requires the 

measurement of the center frequency of many transitions with an accuracy approaching that which can 

be achieved in the microwave region, i.e., 50 kHz or better. Its measurement at a synchrotron facility 

with a resolution of 150 MHz is insufficient to completely resolve the rotational structure of this 

asymmetric molecule characterized by a high density of rotational lines.  

Figure 7. Transmission spectra of DMSO at ambient temperature, with a pressure  

of 0.1 mbar, for path lengths of 896 cm (red) and 1,344 cm (black). 

 

The resolution offered by the photomixing source has allowed some of the most intense rotational 

lines of the DMSO to be measured (Figure 7), although without the frequency metrology scheme 

presented in section 2.4, hence the line positions suffer from an absolute accuracy in the region  

of 50 MHz and can not be used to refine the parameters. The combination of the multipass cell and the 

frequency metrology will provide an instrument with sufficient sensitivity and accuracy to pursue  

this topic. 
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3.2. Determination of Spectroscopic Parameters—Line Profile Analysis (HCN) 

The large tunability and good spectral resolution of the photomixing instrument ensures that it is an 

ideal for the measurement of absorption profiles of the small linear molecules with a large permanent 

dipole moment. Hydrogen cyanide is present in comets, interstellar clouds, and in the atmospheres of 

several planets and moons like Titan [42,43]. Knowledge of its spectral parameters is important for 

star forming models as well as for monitoring industrial pollution [35]. The transition profile 

parameters are therefore tabulated in many spectroscopic databases such as HITRAN 2004 [44] where 

the air broadening coefficients for the pure rotational transitions J ≤ 29 are given by a polynomial 

based on measurements of parallel bands in the infrared [45,46], for values above J = 29 a constant 

value is applied due to the lack of experimental data. The photomixing spectrometer can however 

directly measure the absorption profiles of these pure rotational transitions, an example of the  

J = 37 ←36 line at 3.26 THz is given in Figure 8 and represents the highest operational frequency of 

the instrument.  

Figure 8. Transmission spectra of HCN at ambient temperature for J = 37 ←36 . Red line 

fitted absorption profile. 

 

The collisional broadening of the lines at various pressures by oxygen and nitrogen allows the 

linewidth to be extracted from a fitted Voigt profile and the broadening coefficient determined. The air 

broadening coefficient is then calculated using the nitrogen and oxygen contributions. In this manner 

all the transitions from J = 5 to J = 36 (532 GHz to 3.26 THz) have been characterized [35]. The values 

up to J = 25 show a good agreement with previous work and the tabulated values. At high frequency a 

large difference is noted as the broadening coefficient continues to decrease, Figure 9. These  

knew measurement have been added to the existing data to generate an updated polynomial for  

HITRAN 2008 [47] release applicable for values up to J = 40. 
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Figure 9. Air broadening coefficient of HCN measured over the frequency range 530 GHz 

to 3.3 THz. Measured values (open points), HITRAN 2004 polynomial (dotted line), 

updated polynomial for HITRAN 2008 (solid line). 

 

7. Conclusions 

The large tunability and spectral purity of the photomixing source is ideal for the measurement of 

THz absorption profiles of volatile polar molecules, in particular over the frequency interval 1 THz  

to 3 THz where few alternatives can rival its performance. The potential of this instrument has been 

extended by increasing its sensitivity and adding a mechanism by which the THz frequency is 

accurately synthesized. The ability to measure weakly absorbing transitions has allowed a number of 

gas phase species to be quantified in a sample of unfiltered cigarette smoke, demonstrating the utility 

of THz radiation to probe normally diffuse media. Several transitions of two VOC molecules have also 

been resolved indicating that the THz frequency synthesizer will now unlock the spectroscopy of these 

larger molecules by the progressive refinement of their parameters with the position data at THz 

frequencies. The principal perspectives for the photomixing technique for the study of gas phase 

subjects are oriented in two directions. In the near term, high resolution laboratory based spectroscopy 

of molecular systems using technology around 800 nm and providing detailed molecular information 

for astrophysics or satellite data interpretation. In the longer term, simpler ‘light weight’ or maybe 

portable systems benefiting from the excellent choice of lasers at 1,550 nm that can meet the needs of 

industrial applications such as emission monitoring or trace detection. 

Acknowledgements 

The authors would like to thank Marc Fourmentin, Iouli E. Gordon and Francois Rohart for their 

assistance. This work was partially funded by Agence De l'ENnvironnement et de la Maîtrise de 



Sensors 2009, 9                    

 

 

9054

l'Energie (ADEME), the region of Nord Pas-de-Calais, the European Commission, and the Délégation 

Générale pour l’Armement (projet de Recherche Exploratoire et Innovation n°06.34.037). The 

Laboratoire de Physico-Chimie de l'Atmosphère is a member of the Centre d'Etudes et de Recherches 

Lasers et Applications (CERLA), and participates in the Institut de Recherches en ENvironment 

Industriel (IRENI) which is financed by the Communauté Urbaine de Dunkerque (CUD), the Région 

Nord—Pas de Calais, the Ministère de l’éducation nationale, de l’enseignement supérieur et de la 

recherche and european funds (FEDER). 

References and Notes 

1. Roy, P.; Rouzieres, M.; Qi, Z.M.; Chubar, O. The ailes infrared beamline on the third generation 

synchrotron radiation facility soleil. Infrared Phys. Techn. 2006, 49, 139-146. 

2. Ortega, J.M.; Glotin, F.; Prazeres, R. Extension in far-infrared of the CLIO free-electron laser. 

Infrared Phys. Techn. 2006, 49, 133-138. 

3. Blake, G.A.; Laughlin, K.B.; Cohen, R.C.; Busarow, K.L.; Gwo, D.H.; Schmuttenmaer, C.A.; 

Steyert, D.W.; Saykally, R.J. Tunable far infrared-laser spectrometers. Rev. Sci. Instrum. 1991, 

62, 1693-1700. 

4. Verhoeve, P.; Zwart, E.; Versluis, M.; Drabbels, M.; Termeulen, J.J.; Meerts, W.L.; Dymanus, A.; 

McLay, D.B. A far infrared-laser sideband spectrometer in the frequency region 550–2,700 GHZ. 

Rev. Sci. Instrum. 1990, 61, 1612-1625. 

5. Faist, J.; Capasso, F.; Sivco, D.L.; Sirtori, C.; Hutchinson, A.L.; Cho, A.Y. Quantum cascade 

laser. Science 1994, 264, 553-556. 

6. Hubers, H.W.; Pavlov, S.G.; Richter, H.; Semenov, A.D.; Mahler, L.; Tredicucci, A.; Beere, H.E.; 

Ritchie, D.A. High-resolution gas phase spectroscopy with a distributed feedback terahertz 

quantum cascade laser. Appl. Phys. Lett. 2006, 89, doi: 061115. 

7. Helminger, P.; Messer, J.K.; Delucia, F.C. Continuously tunable coherent spectroscopy for the 

0.1–1.0 THz region. Appl. Phys. Lett. 1983, 42, 309-310. 

8. Maestrini, A.; Ward, J.; Chattopadhyay, G.; Schlecht, E.; Mehdi, I. Terahertz sources based on 

frequency multiplication and their applications. Frequenz 2008, 62, 118-122. 

9. van Exter, M.; Fattinger, C.; Grischkowsky, D. High-brightness terahertz beams characterized 

with an ultrafast detector. Appl. Phys. Lett. 1989, 55, 337-339. 

10. Laman, N.; Harsha, S.S.; Grischkowsky, D.; Melinger, J.S. 7 GHz resolution waveguide THz 

spectroscopy of explosives related solids showing new features. Opt. Express 2008, 16,  

4094-4105. 

11. Robinson, L.C. Physical Principles of Far-Infrared Radiation. Academic Press: New York, NY, 

USA, 1973. 

12. Brown, E.R.; McIntosh, K.A.; Smith, F.W.; Manfra, M.J.; Dennis, C.L. Measurements of  

optical-heterodyne conversion in low-temperature-grown gaas. Appl. Phys. Lett. 1993, 62,  

1206-1208. 

13. Pine, A.S.; Suenram, R.D.; Brown, E.R.; McIntosh, K.A. A terahertz photomixing spectrometer: 

application to SO2 self broadening. J. Mol. Spectrosc. 1996, 175, 37-47. 



Sensors 2009, 9                    

 

 

9055

14. Mouret, G.; Matton, S.; Bocquet, R.; Hindle, F.; Peytavit, E.; Lampin, J.F.; Lippens, D.  

Far-infrared cw difference-frequency generation a using vertically integrated and planar low 

temperature grown GaAs photomixers: application to H2S rotational spectrum up to 3 THz. Appl. 

Phys. B—Lasers Opt. 2004, 79, 725-729. 

15. Mouret, G.; Matton, S.; Bocquet, R.; Bigourd, D.; Hindle, F.; Cuisset, A.; Lampin, J.F.; Lippens, 

D. Anomalous dispersion measurement in terahertz frequency region by photomixing. Appl. Phys. 

Lett. 2006, 88, 3. 

16. Brown, E.R.; McIntosh, K.A.; Nichols, K.B.; Dennis, C.L. Photomixing up to 3.8-THz in  

low-temperature-grown gaas. Appl. Phys. Lett. 1995, 66, 285-287. 

17. Alouini, M.; Brunel, M.; Bretenaker, F.; Vallet, M.; Le Floch, A. Dual tunable wavelength Er, 

Yb: glass laser for terahertz beat frequency generation. IEEE Photonic. Tech. L. 1998, 10,  

1554-1556. 

18. Brunel, M.; Bretenaker, F.; LeFloch, A. Tunable optical microwave source using spatially 

resolved laser eigenstates. Opt. Lett. 1997, 22, 384-386. 

19. Beck, A.; Ducournau, G.; Zaknoune, M.; Peytavit, E.; Akalin, T.; Lampin, J.F.; Mollot, F.; 

Hindle, F.; Yang, C.; Mouret, G. High-efficiency uni-travelling-carrier photomixer at 1.55 mu m 

and spectroscopy application up to 1.4 THz. Electron. Lett. 2008, 44, 1320-1345. 

20. Ito, H.; Furuta, T.; Nakajima, F.; Yoshino, K.; Ishibashi, T. Photonic generation of continuous 

THz wave using uni-traveling-carrier photodiode. J. Lightwave Technol. 2005, 23, 4016-4021. 

21. Duffy, S.M.; Verghese, S.; McIntosh, K.A.; Jackson, A.; Gossard, A.C.; Matsuura, S. Accurate 

modeling of dual dipole and slot elements used with photomixers for coherent terahertz output 

power. IEEE Trans. Microw. Theory Tech. 2001, 49, 1032-1038. 

22. Sukhotin, M.; Brown, E.R.; Gossard, A.C.; Driscoll, D.; Hanson, M.; Maker, P.; Muller, R. 

Photomixing and photoconductor measurements on ErAs/InGaAs at 1.55 mu m. Appl. Phys. Lett. 

2003, 82, 3116-3118. 

23. Mangeney, J.; Merigault, A.; Zerounian, N.; Crozat, P.; Blary, K.; Lampin, J.F. Continuous wave 

terahertz generation up to 2 THz by photomixing on ion-irradiated In[sub 0.53]Ga[sub 0.47]As at 

1.55 mu m wavelengths. Appl. Phys. Lett. 2007, 91, 241102. 

24. Peytavit, E.; Beck, A.; Akalin, T.; Lampin, J.F.; Hindle, F.; Yang, C.; Mouret, G. Continuous 

terahertz-wave generation using a monolithically integrated horn antenna. Appl. Phys. Lett. 2008,  

93, 111108. 

25. Podobedov, V.B.; Plusquellic, D.F.; Fraser, G.T. Investigation of the water-vapor continuum in 

the THz region using a multipass cell. J. Quant. Spectrosc. Radiat. Transf. 2005, 91, 287-295. 

26. Hoshina, H.; Seta, T.; Iwamoto, T.; Hosako, I.; Otani, C.; Kasai, Y. Precise measurement of 

pressure broadening parameters for water vapor with a terahertz time-domain spectrometer. J. 

Quant. Spectrosc. Radiat. Trans. 2008, 109, 2303-2314. 

27. Hindle, F.; Yang, C.; Cuisset, A.; Mouret, G.; Bocquet, R. Long path length cw-THz spectrometer 

using a multipass cell. In 33rd International Conference on Infrared, Millimeter and Terahertz 

Waves, Pasadena, CA, USA, September 15-19, 2008; pp. 621-622. 

28. Merke, I.; Poteau, L.; Wlodarczak, G.; Bouddou, A.; Demaison, J. The millimeter-wave spectrum 

and structure of vinyl chloride. J Mol. Spectrosc. 1996, 177, 232-239. 



Sensors 2009, 9                    

 

 

9056

29. Hindle, F.; Cuisset, A.; Bocquet, R.; Mouret, G. Continuous-wave terahertz by photomixing: 

applications to gas phase pollutant detection and quantification. C. R. Phys. 2008, 9, 262-275. 

30. Black, E.D. An introduction to Pound-Drever-Hall laser frequency stabilization. Am. J. Phys. 

2001, 69, 79-87. 

31. Matsuura, S.; Chen, P.; Blake, G.A.; Pearson, J.C.; Pickett, H.M. A tunable cavity-locked diode 

laser source for terahertz photomixing. IEEE Trans. Microw. Theory Tech. 2000, 48, 380-387. 

32. Aballea, L.; Constantin, L.F. Optoelectronic difference-frequency synthesiser: terahertz-waves for 

high-resolution spectroscopy. Eur. Phys. J-Appl. Phys. 2009, 45, 21201. 

33. Udem, T.; Holzwarth, R.; Hansch, T. Femtosecond optical frequency combs. Eur. Phys. J-Spec. 

Top. 2009, 172, 69-79. 

34. Pickett, H.M.; Poynter, R.L.; Cohen, E.A.; Delitsky, M.L.; Pearson, J.C.; Muller, H.S.P. 

Submillimeter, millimeter, and microwave spectral line catalog. J. Quant. Spectrosc. Radiat. 

Transf. 1998, 60, 883-890. 

35. Yang, C.; Buldyreva, J.; Gordon, I.E.; Rohart, F.; Cuisset, A.; Mouret, G.; Bocquet, R.; Hindle, F. 

Oxygen, nitrogen and air broadening of HCN spectral lines at terahertz frequencies. J. Quant. 

Spectrosc. Radiat. Transf. 2008, 109, 2857-2868. 

36. Chen, P.; Pearson, J.C.; Pickett, H.M.; Matsuura, S.; Blake, G.A. Measurements of (NH3)-N-14 in 

the nu(2) = 1 state by a solid-state, photomixing, THz spectrometer, and a simultaneous analysis 

of the microwave, terahertz, and infrared transitions between the ground and nu(2) inversion-

rotation levels. J. Mol. Spectrosc. 2006, 236, 116-126. 

37. Groner, P.; Medvedev, I.R.; De Lucia, F.C.; Drouin, B.J. Rotational spectrum of acetone, 

CH3COCH3, in the nu(17) torsional excited state. J. Mol. Spectrosc. 2008, 251, 180-184. 

38. Pirali, O.; Van-Oanh, N.T.; Parneix, P.; Vervloet, M.; Brechignac, P. Far-infrared spectroscopy of 

small polycyclic aromatic hydrocarbons. Phys. Chem. Chem. Phys. 2006, 8, 3707-3714. 

39. Plusquellic, D.F.; Siegrist, K.; Heilweil, E.J.; Esenturk, O. Applications of terahertz spectroscopy 

in biosystems. ChemPhysChem 2007, 8, 2412-2431. 

40. Cuisset, A.; Mouret, G.; Pirali, O.; Roy, P.; Cazier, F.; Nouali, H.; Demaison, J. Gas-phase 

vibrational spectroscopy and ab initio study of organophosphorous compounds: Discrimination 

between species and conformers. J. Phys. Chem. B. 2008, 112, 12516-12525. 

41. Typke, V.; Dakkouri, M. The force field and molecular structure of dimethylsulfoxide from 

spectroscopic and gas electron diffraction data and ab initio calculations. J. Mol. Struct. 2001, 

599, 177-193. 

42. Kim, S.J.; Geballe, T.R.; Noll, K.S.; Courtin, R. Clouds, haze, and CH4, CH3D, HCN, and C2H2 

in the atmosphere of Titan probed via 3 [mu]m spectroscopy. Icarus 2005, 173, 522-532. 

43. Teanby, N.A.; Irwin, P.G.J.; de Kok, R.; Vinatier, S.; Bézard, B.; Nixon, C.A.; Flasar, F.M.; 

Calcutt, S.B.; Bowles, N.E.; Fletcher, L.; Howett, C.; Taylor, F.W. Vertical profiles of HCN, 

HC3N, and C2H2 in Titan's atmosphere derived from Cassini/CIRS data. Icarus 2007, 186, 364-384. 



Sensors 2009, 9                    

 

 

9057

44. Rothman, L.S.; Jacquemart, D.; Barbe, A.; Chris Benner, D.; Birk, M.; Brown, L.R.; Carleer, 

M.R.; Chackerian, J.C.; Chance, K.; Coudert, L.H.; Dana, V.; Devi, V.M.; Flaud, J.M.; Gamache, 

R.R.; Goldman, A.; Hartmann, J.M.; Jucks, K.W.; Maki, A.G.; Mandin, J.Y.; Massie, S.T.; 

Orphal, J.; Perrin, A.; Rinsland, C.P.; Smith, M.A.H.; Tennyson, J.; Tolchenov, R.N.; Toth, R.A.; 

Vander Auwera, J.; Varanasi, P.; Wagner, G. The HITRAN 2004 molecular spectroscopic 

database. J. Quant. Spectrosc. Radiat. Trans. 2005, 96, 139-204. 

45. Rinsland, C.P.; Devi, V.M.; Smith, M.A.H.; Benner, D.C.; Sharpe, S.W.; Sams, R.L. A 

multispectrum analysis of the v(1) band of (HCN)-C-12-N-14: Part II. Air- and N-2-broadening, 

shifts and their temperature dependences. J. Quant. Spectrosc. Radiat. Trans. 2003, 82, 343-362. 

46. Devi, V.M.; Benner, D.C.; Smith, M.A.H.; Rinsland, C.P.; Sharpe, S.W.; Sams, R.L. A 

multispectrum analysis of the 2v(2) spectral region of (HCN)-C-12-N-14: intensities, broadening 

and pressure-shift coefficients. J. Quant. Spectrosc. Radiat. Trans. 2004, 87, 339-366. 

47. Rothman, L.S.; Gordon, I.E.; Barbe, A.; Benner, D.C.; Bernath, P.F.; Birk, M.; Boudon, V.; 

Brown, L.R.; Campargue, A.; Champion, J.P.; Chance, K.; Coudert, L.H.; Dana, V.; Devi, V.M.; 

Fally, S.; Flaud, J.M.; Gamache, R.R.; Goldman, A.; Jacquemart, D.; Kleiner, I.; Lacome, N.; 

Lafferty, W.J.; Mandin, J.Y.; Massie, S.T.; Mikhailenko, S.N.; Miller, C.E.; Moazzen-Ahmadi, 

N.; Naumenko, O.V.; Nikitin, A.V.; Orphal, J.; Perevalov, V.I.; Perrin, A.; Predoi-Cross, A.; 

Rinsland, C.P.; Rotger, M.; Simecková, M.; Smith, M.A.H.; Sung, K.; Tashkun, S.A.; Tennyson, 

J.; Toth, R.A.; Vandaele, A.C.; Vander Auwera, J. The HITRAN 2008 molecular spectroscopic 

database. J. Quant. Spectrosc. Radiat. Transf. 2009, 110, 533-572. 

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. 

This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution license (http://creativecommons.org/licenses/by/3.0/). 

 


