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CAVITY RING-DOWN SPECTROSCOPYFOR TRACE GAS ANALYSIS�A. Czy»ewskia, K. Ernsta, G. Karasi«skia, H. LangebP. Rairoux, W. Skubiszaka, and T. StaewizaaInstitute of Experimental Physis, Warsaw UniversityHo»a 69, 00-681 Warsaw, PolandbDepartment of Chemistry, Warsaw UniversityL. Pasteura 1, 02-093 Warsaw, PolandUniversity Lyon I, LASIM, Bat KastlerBvd. du 11 Novembre 1918, 4369622 Villeurbanne, Frane(Reeived June 3, 2002)Cavity Ring-Down Spetrosopy (CRDS) is a novel tehnique of mea-surement of the absorption oe�ient based on determination of theQ-fator of an optial resonator whih ontains the investigated absorber.We present a modi�ed CRDS method (so alled CRD-Spetrography) inwhih the signal is simultaneously analysed within a broad spetral range.This tehnique was used for monitoring of trae gases (nitrogen oxides) inthe atmosphere. Another modi�ation of CRDS tehnique allows to de-termine the transient absorption oe�ient. This method was applied forstudies of kinetis of CH radial produed by pulsed eletri disharge inmethane.PACS numbers: 07.57.Ty, 33.20.�t, 42.25.Bs, 42.79.Gn1. IntrodutionCavity Ring-Down Spetrosopy (CRDS) is an optial tehnique devel-oped in early 1980s. The method is based on the phenomenon of lighttrapping in an optial resonator of a high Q-fator. Initially Herbelin [1℄used it for investigations of mirrors of high re�etivity. Then O'Keefe andDeaon in 1988 [2℄ applied it for measurements of absorption spetra of agas �lling the avity.� Presented at the Photons, Atoms and All That, PAAT 2002 Conferene, CraowPoland, May 31�June 1, 2002. (2255)



2256 A. Czy»ewski et al.The derease of light intensity I(t) in a resonator is aused by losses onmirrors and by extintion ourring in the matter �lling the avity. Gener-ally, the intensity evolution an be desribed by the equation [1℄:dI(t)dt = �I(t)� 1�0 + �� ; (1)where �0 denotes a time onstant of the radiation deay in the ase of emptyavity, � is the extintion oe�ient, and  is the speed of light. Under theassumption of su�iently short light pulse entering the avity, the solutionof the above equation an formally be given by:I = I0 exp ��Z dt1 + �0��0 � ; (2)where I0 is the initial intensity of the light pulse. In the ase of the stationaryabsorption in the ell the light intensity dereases exponentially:I = I0 exp�� t�� : (3)Then the absorption oe�ient an be expressed by two deay time on-stants. One of them (�0) is measured when the avity is empty, and theother one (�) when the avity is �lled with the investigated absorber:� = 1 �1� � 1�0� : (4)The result does not depend neither of the light soure intensity �utua-tions nor of the spetral sensitivity of the detetor. When high re�etivity(R > 0:9999) mirrors are applied the absorption oe�ients as low as10�8m�1 an be measured [3℄. For this reason the CRDS has found manyappliations, for example in monitoring of atmospheri impurities, detetionof trae gases, et. 2. Typial CRDS systemTypial experimental setup for CRDS is shown in Fig. 1. It onsists ofthe pulsed tunable laser, optial avity, light detetor and transient digitiser(digital osillosope). In our experiments the light pulses were generatedeither in an optial parametri osillator or in a dye laser, both pumped bythe third harmoni of a pulsed Nd:YAG laser. Duration time of the laserpulse was about 7 ns, while the repetition rate was about 10 Hz. The laserlight was direted to the avity omposed of two mirrors. Their radius of



Cavity Ring-Down Spetrosopy for Trae Gas Analysis 2257urvature was 1 m and the re�etion oe�ient in the spetral range of415�440 nm was higher than 0.997. The mirrors were 0.8 m apart. In orderto exite mostly the TEM00 mode, and thereby to redue the ontribution ofhigher modes in the CRDS signal, the laser beam passed through a spatial�lter made of two lenses of 5 m foal length and through an iris diaphragm.As a light detetor the photomultiplier or intensi�ed CCD amera equippedwith a spetral �lter was used.
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Fig. 1. Typial experimental setup for CRDSThis system was applied for detetion of NO2. Results are shown inFig. 2. The upper urve presents the absorption spetrum ahieved by meansof CRDS method. The referene absorption spetrum of NO2 ahieved usinga lassial spetrophotometer at high densities is shown as the bottom urve.
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wavelength [nm]Fig. 2. Absorption spetrum of the air with 10 ppb NO2 registered with CRDSmethod ompared to the referene spetrum.



2258 A. Czy»ewski et al.It is worth to point out that this spetrum was reorded for the mixing ratioas small as 10 ppb, i.e. orresponding to a typial NO2 onentration in theatmosphere. A good oinidene between both spetra is easily seen. Theexperiment shows that the CRDS tehnique an be suessfully applied formonitoring the NO2 in the atmosphere. One an evaluate that when themirrors of re�etivity oe�ient as high as 0.9999 are used the lower limitof the NO2 detetion reahes about 0.1 ppb, whih is better than sensitivityobtained by means of ommonly used hemial detetors.In pratie the experimental di�ulties an disorder appliation of thismethod for the useful trae gases detetors. The sanning of the absorptionspetrum beomes time onsuming. The onseutive tuning of the laser tothe seleted wavelength, the signal averaging over many laser pulses (in orderto get a proper signal to noise ratio) is laborious and takes quite a long-time,even when the experimental system is fully automated. In some ases, atlong lasting measurements, the problem of the sample stability an our,espeially in the ase of environmental monitoring appliations.3. Cavity Ring-Down SpetrographyWe found that many of the problems mentioned above an be solvedby modi�ation of the onventional setup. In our modi�ed system we usedspetrally broadband light soure. Here the dye laser onsisting of single dyeell (with Stilbene 3) without tuning elements as well as without the outputmirror was applied. The FWHM of the laser spetrum as large as 15 nmwas ahieved. Then the output signal was analysed with a spetrograph anda CCD amera equipped with gated image intensi�er (PCO, DICAM-3). Itwas used to register the time-dependent spetrum of the light leaving theavity. The gate width as low as 50 ns was applied.
λ Fig. 3. Spetrogram of the CRDS signal observed on TV monitor at the gate delay50 ns.An example of the piture observed on the monitor onneted to theICCD amera, within 50 ns just after the laser pulse, is shown in Fig. 3.Sine the horizontal axis orresponds to the wavelength, the light spetruman be registered by measuring the signal intensity along a single TV line bymeans the osillosope operating with the TV-trigger modus. The TV line(in Fig. 3 shown by dashed markers) orresponding to the most intense part



Cavity Ring-Down Spetrosopy for Trae Gas Analysis 2259of the spetrum piture was seleted for analysis. The gate was onseu-tively delayed with respet to the triggering laser pulse and at eah step thespetrum was registered. Then, using this data set, the deay time onstantfor eah wavelength was determined.An example of the time dependent CRDS spetrum is shown in the Fig. 4.The spetrum onsists of two maxima. The maximum loalised at longerwavelengths (441 nm) orresponds to the wing of the laser line. Due torelatively high transmission oe�ient of the mirrors at this spetral rangethe avity Q-fator was lower, so at these wavelengths the deay time of thelight trapped in the avity was equal to about 250 ns only. The seond peakloalised at 426 nm orresponds to the maximum of the dye laser generation.Here the re�etion oe�ient of the avity mirrors is muh higher, so thispeak is strongly depressed. However in this spetral range Q-fator of theavity is good enough to register the deay time � of the signal as longas 1.5 �s.

wavelength [nm] Fig. 4. Time dependent spetrum of CRDS signal.Cavity Ring-Down Spetrography was hek for the absorption of NO2at pressure of 0.01 Torr, whih orresponded to the mixing ratio of about10 ppm of NO2. The results are presented in Fig. 5. The absorption wasinvestigated within the spetral range between 410 and 435 nm. Due to highampli�ation of the image intensi�er the investigations ould be performedeven at far wings of the laser line. The spetrum is ompared with thespetrum of NO2 ahieved by means of onventional absorption tehnique.One an notie a good agreement between both methods; some disrepaniesan be explained by low purity of our NO2 sample whih in this ase was



2260 A. Czy»ewski et al.produed diretly through the reation between opper and nitri aid. Weevaluate that the relative unertainty in determination of the absorptionoe�ient was about 5% within 50 ns just after the laser pulse.
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wavelength [nm]Fig. 5. Absorption spetrum of NO2 registered with the Cavity Ring-Down Spe-trography.This method o�ers new advantages in investigations of the absorptionspetra. Due to simultaneous registration of the signal on all wavelengths itis muh faster than a ommonly used CRDS tehnique. Using the spetro-graphi method at su�iently strong signals the omplete absorption spe-trum an be found even with two laser shots. At the �rst pulse the avityoutput spetrum should be registered just after the laser shot. At the seondlaser pulse the spetrum should be registered with a delay whih is su�ientto alulate the avity deay onstant. Allying the speed of this methodwith the advantages of onventional Cavity Ring-Down Spetrosopy wefound that this tehnique provides opportunity to study dynami hanges ofthe absorption oe�ients even at their low values. The temporal resolutionof these studies is limited by repetition rate of the pulsed lasers, whih atnowadays an reah even tens of kilohertz. This new spetrosopi methodmay lead to very promising and useful appliations like time-dependent en-vironmental monitoring, as well as the observation of kinetis of hemialreations in long time sale.4. Measurements of transient absorptionReently Brown et al. [4, 5℄ have shown that observing the time depen-dent avity loss the CRDS method an be also applied for kineti studies inmiroseond time sale. This method, alled by the authors SimultaneousKinetis and Ring-down (SKaR), was applied for investigation of the evolu-



Cavity Ring-Down Spetrosopy for Trae Gas Analysis 2261tion of NO3 and OH moleules produed by �ash photolysis. In this workwe present the appliation of SKaR for kineti studies of the deay proessof CH radials formed during a pulse disharge in methane.For non-stationary onditions, i.e. when the absorption oe�ient de-pends on time (� = �(t)), transforming the equation (2) one obtains:�(t) = �1 � 1�0 + d ln(I(t))dt � : (5)Substituting in the above equation the light intensity I(t) registered dur-ing the experiment one an get information about kinetis of the absorberhanges.The experiment was performed with a onventional set up (Fig. 2). Thelight pulses were generated by a tunable dye laser working on Stilbene 3. Thelaser light was direted to a avity. The avity mirrors were attahed to aquartz tube with the inner diameter and the length of about 2 m and 20 m,respetively. The eletri disharge took plae between two eletrodes plaedin the tube near both mirrors. The urrent pulse with FWHM duration timeof about 300 ns was swithed by a thyratron disharging a apaitane of15 nF harged to 17 kV. The methane �ow through the tube was induedby a pumping system, and was adjusted to ativate eah pulse in a fresh gasportion. The pressure of methane was about 4 Torr.The ring-down signal whih leaked out of the avity mirror was reordedwith a photomultiplier and the digital osillosope (HP 54522A). The signalwas averaged over 256 laser shots. As the optial �lter we used a double glassprism monohromator (tuned to the laser line) whih allowed to mitigate astrong luminesene light emitted by the plasma. In order to obtain the purering-down signal, we used a di�erential tehnique, i.e. the noise related tothe disharge (both eletrial and luminesene) was reorded without ou-pling laser pulse to the avity, and then it was subtrated from the measuredsignal.The eletroni transition A2��X2� (431.4 nm) was hosen for monitor-ing the presene of CH radial. The measurements were performed withinR(0�0) branh around the wavelength 426 nm using transitions from therotational levels with K 00 = (9! 10).The representative signals reorded in our experiment are shown in Fig. 6.The upper urve (dashed line) represents the exponential deay of the ra-diation in the ell �lled with methane when the eletri disharge was notapplied. In suh a ase the derease of the radiation intensity is hara-terised by the deay time onstant equal to �0=0.92 �s, whih orrespondsto the mirror losses, sine methane pratially does not absorb radiationfrom our dye laser. Similar signal was observed with the presene of theeletri disharge when the laser was tuned out of the CH absorption line.



2262 A. Czy»ewski et al.The lower urve shows the evolution of the radiation intensity when thelaser wavelength orresponded to the seleted CH transition and the eletridisharge was ignited. The disharge started approximately 400 ns after thelaser shot. At this moment an evident strong derease of the avity Q-fatorould be observed, as manifested by a drop of the output signal. Obviously,the CH radials that are generated in methane by the disharge aused thise�et [6�11℄. The proess of the CH formation is too fast to be time resolvedin this experiment.
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time [µs]Fig. 6. CRDS signals registered in methane in presene of the disharge (a), andretrieved hanges of CH radial onentration (b). The laser pulse starts at zeroon the time sale.From the slopes of the tangent (solid urve) at the moment of the dis-harge initiation (t0 = 0:4 �s), using equation (4), one an determine theabsorption oe�ients �0. Few miroseonds after the initiation of the dis-harge the CH onentration beomes so low that the deay rate of thelight intensity is nearly as fast as the deay rate harateristi for the emptyavity. As a onsequene both urves in Fig. 6(a) beome parallel.It has already been established that, under similar onditions, only 20%of methane undergo to deomposition [7℄. In our ase the deompositiondegree an even be lower beause of the lower energy density. Therefore, weassume that the main proess responsible for CH savenging after the pulse



Cavity Ring-Down Spetrosopy for Trae Gas Analysis 2263disharge is the pseudo-�rst order reation with methane:CH+CH4 ! C2H4 +H : (6)The respetive equation desribing the evolution of the CH onentration isas follows: dNCHdt = �NCHkCH;CH4NCH4 ; (7)where NCH and NCH4 denote the CH radial and the methane onentra-tions, respetively, while kCH;CH4 is the rate onstant for the reation pro-ess. This reation was investigated by Braun et al. [8℄. They found thatthe rate onstant for this proess is equal to 2.5�10�12 m3s�1. Under theassumption that the CH4 onentration does not hange signi�antly, theradial's onentration dereases exponentially (Fig. 6(b)):NCH(t) = NCH(t0) exp[�(t� t0)kCH;CH4NCH4 ℄; (8)where t0 denotes the moment of the disharge initiation. The absorbane ofthe gas olumn is:�0NCH(t)z = �0zNCH(t0) exp[�(t� t0)kCH;CH4NCH4 ℄; (9)where z is the distane between the eletrodes and �0 is the absorption rosssetion. Substituting the above formula into equation (5), one obtains thedi�erential equation for hanges of the light intensity inside the avity. Itssolution gives the output signal:ln� I(t)I(t0)� = � t� t0�0 + �0zNCH(t0)kCH;CH4NCH4 fexp[�(t� t0)kCH;CH4NCH4 ℄� 1g ;(10)where I(t0) denotes the signal intensity at the moment of the dishargeignition. This funtion was �tted to the experimental data (solid urve inFig. 6(a)). It was found that the deay time of the CH radials is equal to�CH = (kCH;CH4NCH4)�1 = 0:86 �s. Sine the methane onentration wasabout NCH4 = 7 � 1016 m�3, one an �nd that the rate onstant for theCH radials destrution was kCH;CH4 = 1:7 � 10�11 m3s�1.The di�erene between our result for kCH;CH4 and the data by Braunet al. [8℄ an be explained by ontributions of other reations also possible forthe CH destrution. Under the prevailing disharge onditions the amountof hydrogen an reah even 20% of the methane number density [9, 10℄.The rate onstant destrution of the CH radials in reation with hydrogenmoleules is about �ve times larger than kCH;CH4 . Lange [10℄ and Bekeret al. [11℄ have determined the rate onstant as equal to kCH;CH4 =



2264 A. Czy»ewski et al.1:2�10�11 m3s�1 and kCH;CH4 = 1:4�10�11 m3s�1, respetively. Other re-ations like aetylene formation due to ollisions of two CH radials (whih isalso haraterised by a large rate onstant: kCH;CH4 = 2�10�11 m3s�1 [8℄),seem to be negligible beause of very low CH onentration. One has to ad-mit that shok waves whih usually our during eletri pulse dishargesan also signi�antly aelerate removal of the CH radials from the tubeaxis towards the wall where reombination proesses is muh faster.5. ConlusionWe presented two modi�ations of the CRDS method. One of them,Cavity Ring-Down Spetrography, o�ers new advantages in investigationsof the absorption spetra. It is muh faster than a ommonly used CRDStehnique. Using the spetrographi method at su�iently strong signals theomplete absorption spetrum an be found even with two laser shots. Atthe �rst pulse the avity output spetrum should be registered just after thelaser shot. At the seond laser pulse the spetrum should be registered witha delay that is su�ient to alulate the avity deay onstant �0(!). Thismethod uni�es high sensitivity of CRDS with speed of registration whihis useful for onstrution of new detetors of trae gases. We found thatthis tehnique provides also opportunity to study dynami hanges of theabsorption oe�ients even at their low values.We present also another modi�ation of the CRDS method that is use-ful for investigations of transient proesses. Using the mirrors of high re-�etivities it provides opportunity to measure weak (10�6 m�1) absorptionvariations with a temporal resolution of 10�7 s. The method is useful forinvestigation of hemial reations kinetis in milliseond and miroseondtime sale.This work was supported by the Polish State Committee for Sienti�Researh (KBN), grant no 2 P03B 036 22.REFERENCES[1℄ J.M. Herbelin, J.A. MKay, M.A. Kwok, R.H. Uenten, D.S. Urevig,D.J. Spener, D.J. Benard, Appl. Optis. 19, 144 (1980).[2℄ A. O'Keefe, D.A.G. Deaon, Rev. Si. Instrum. 59, 2544 (1988).[3℄ Cavity-Ringdown Spetrosopy, eds Kenneth W. Bush, Marianna A. Bush,ACS Symposium series, Amerian Chemial Soiety, Washington DC 1999.[4℄ S.S. Brown, A.R. Ravishakara, H. Stark, J. Phys. Chem. A104, 7044 (2000).[5℄ S.S. Brown, A.R. Ravishakara, H. Stark, J. Phys. Chem. A104, 8600 (2000).[6℄ H. Lange, Polish J. Chem. 55, 897 (1981).
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