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Abstra ct. Overtone absorption lines of acetylene in the regIons arollnd 12700 and 

11800 cm- 1 have been examined by the usc of t unable diode lasers in fn.-'L'-nmning mode. 

T he diode laser em ission wavelength wa." scanned around the ga..<; resonances by simply 

sWL'Cping its injection current , pcn nitting a direct observation of the absorp t iolllinc-shapcs. 

Weak overtone absorption lines have bL'Cll detected by using the wavelength modulation 

(WM) spectroscopy with 2nd harmonic detection technique and the colli.qional broadening 

a nd shift coefficients have been obtained. The high resolving power a nd accuracy of the 

sp ectrometer permitted a wavenumber error of less t ha n 0.01 cm - 1 . The correct interpre

tation of t he absorp tion signals when detecting the second harmonic in the presence of a 

sloping background is discussed. 

PACS: 07.65.Gj, 3:J.70 . .Jg 
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The double heterostructure diode lasers (DLs) based on ternary and quaternary compounds 

emit in the inter val between 650 and 1500 nm. 1n this range the overtone bands of spc'Cic'S 

like CH4 ) C2H2 , Cr,Hr" CO, CO2 , HCI, HCN , HF, H20 , NH3 , N0 2 , O2 , etc. are located, 

Compared to the lead salt diodes these sources show much simplCl' operation, mainly bc'

cause they work at room temperature. On the other hand they cover only the overtone 

part of the re-vibrational spectra of the molecules , where t he a bsorption is much weaker 

than in the fundamental t ransitions. Over tone and combination of overtone re-vibrational 

sp ectra in the visible and in the ncar- infrared have been studic-ci more than sixty yea.rs 

ago [I J a nd recently, by using tunable la.<;er sources, there has been an increasing interest 

on the spectroscopy of such resonance.'; [2-6]. \Vhen a small path-length is a IK'Ccssity, 

these weak lines can be still detected by using noise-reduction techniques. For example 

the frequency modulation (FM) technique (71 can be applied to DLs without any specia l 

problem: the modulation of the injection current brings directly to a corresponding emis

sion wavelength variation. "Vhen the amplitude of t he FM is chosen much lower than t he 

r eSOnance line-width, the F IVI spectroscopy is usually called wavelength modulation ("VIVI) 

sp ectroscopy. Absorptions as weak as from overtone resonances have bc'Cn successfully 

observed by using AIGaAs diode lasers [8J by \\lM spectroscopy and harmonic detection 

techniques [9j, 

The gross t uning of these sources is obtained by changing their working tempCHl.ture 

from tens of degrees centigrade below zero to tens of degrec'ti above zero. In some cases this 

p ermits a tuning t hrough about 10 nm, even if not continuously bc'Cause of the many DLs 

mode hops. Unfortunately a change in the injection current causes not only a change in the 
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emis.<;ion frequency, but also a V'"d.Tiation of the emission power, inducing a typical s loping 

background where the absorption features have to be extracted from. This inevitably 

brings to an asymmetry of t he collected shapes that must be properly taken into account 

when fitting the data. In this work the diode la,ser spectroscopy of some 12C2H2 overtone 

absorption lines is reported , and a critical study of t he right analytical approach to the fit 

or the 2 11([ harmonic detection of the absorption line-shape is pre.')Bnted . The interpretation 

of the results when varying the linc'-width is shown. 

1 Experimental Apparatus 

Direct absorption and wavelength modulation spectroscopy techniques have been adopted 

here for pressure broadening a nd sh ift measurements, The experimental apparatus for the 

WM technique i...<; shown in Fig. 1. For this experiment two types of cw diode lasers have 

been utilizcu: the SHARP mod. LT024MDO for the //1 + 3//3 and 1/2 + 31/3 + 2//4 bands 

(790 nm), the STC mod. LT50A-03U for the 21/1 + 1/2 + 1/3 band (850 nm). These diode 

la .. 'iers have both single transverse and longitudinal modes. Their current is driven by a. 

stabilized low-noise current generator. The scan of the emission frequency is obtained by 

adding to the driving current an attenuated low frequency ("'-' 1Hz) sawtooth signal coming 

from an oscilloscope, the same used to display the collected absorption signals. The DL 

is temperature controlled within 0.002 J{ by a high-stability temperat ure controller. The 

temperature dependence of the diode lasers emission wavelength is linear (......,0.2 nm/ K L 

bllt with mode hops and, for small cnrrent. vari at.ions, t he cnrrent. depe ndence can be 

considered linear too (rvO.01 nm/ mA). The adoptcd mcasurement cell is cylindrical, 1 m 

long a nd 5 cm in diameter; the laser probe passes up to five t imes through this cell to 
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reach a maximum path-length of 5 m. A confocal [) cm Fabry-Perot interferometer is 

adopted to mark the frequency scan. A half-meter monochromator is employed for t he 

rough wavelength reading. A sam ple gas is kept at a fixed pressure in the referencL'--cell 

when the system is lL'ied for the line-shift meaSlll'cments. Silicon photodiodcs collect t he 

signals, which are then displaYL-rl by the oscilloscope. The data acq uisition system consL..:;ts 

or a desk-top computer equipped with a data acquisition board. It collects, stores and 

elaborates the measured data. 

_For the W M spectroscopy a sinusoidal modulation at a frequency of 10 KHz is mixed 

with the DL injection Clll'rent. The transmittance is collected by the photodiodes and sent 

to a single channel lock-in amp lifier to extract t he first or the second harmonic signal. 

2 Line Shape Analysis 

The linL'--shape knowledge is important when studying the pressurL'--broadening and shift 

of the absorption features. Thereforc let us analyze in detail what are the expected signals 

when usingWM and harmonic detection techniqucs. 

The radiation I (v) transmitted through an absorbing ga.'i sample can be describL'<i accord

ing to t he Lambert-Beer equation: 

l ev) = l o(v)cxp[- a(v)a;[ (1 ) 

where [o{v) is the incoming radiation intelL.:;ity at frequency v , x is the optical density that 

is the product of the density of the gas by the radiation path-length) 0:(1/) is the absorption 

coefficient. Its shape is heavily influenced by two main phenomena that occur during the 

absorption process: namely the Doppler-broadening and pressure broadening. The easiest 
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way to get informations about the absorption line-shape is to apply the DA spectroscopy 

technique and then to fit the transmitted signal by (1), describing a(v) by a function that 

takes into account the contribution of thc Doppler-broadening and the collisional (pressure) 

broadening altogether. Such a function is the Voigt function , a convolution of the Lorentz 

and thc Gauss curvcs) given by: 

(2) 

where v is the detuning from the gas resonancc, r G and r L are the gaussian and lorentzian 

full-width at half the maximum (FWHM) respectively. In some cases the absorption 

is so weak t hat DA spectroscopy docs not give enough signal, therefore noise reduction 

techniques have to be adopted. The WM spectroscopy detc'Cts a signal that is not directly 

the absorption shape) but a funct ion of it. Let us a nalyze now this funct ional relation. 

The intensity of the dctecte-.d radia.tion CIU} be described by: 

I = F (v + ksin21rv't) 

where v' is the modulation frequency and k is the bandwidth. Keeping k « F\¥HM, the 

(3) can be expanded in Taylor serie'S: 

2 .3 
T F() kF(" ') kF2("2 ') k Fl ("3 ') . = 'v +' '1 sm 2-rrv l +~ sm 211"I.Il + 31 sm" 211"11l + ... (4 ) 

here Fn(lI) is the n-deriV"d.tive of F (v). By using trigonomctrical excmplifications the (4) 

can be reduced in terms of sin(n2JTI/t)) with n = 1, 2,3, .... The multipliers factors for 

these terms arc: 

n=l ==} 
k 3 2k5 

kF,(v) + - FJ(v) + -F5(V) + "" 
8" 960 

(5 ) 
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n= 2 (6) 

(7) 

They represent t he inteIL.-',ity signal when revealing in-phase on the l ilt) 2nd and Wd har-

monies respectively. In the followings) the absorption features detected by WlvI technique 

have been fitted by functions containing the 1st ) 2nd derivat ive of a good analytical ap-

proximation of t he Voigt function [lOJ in order to get the collisional (lorentzian) FWH1if 

and the line center p osition parameters. The fitting procedure uses It computer program 

"LINEFIT" set up by D ' Amato a nd one of the authors Ill] . 

The amplitude modulation, which is associated with t he emission frequency modula~ 

tion, results in a sloping background of the direct absorption signal) and in an asymmetry 

of the 2nd derivative shape in the 2nd harmonic signal. Such an asymmetry involves an 

apparent displacement of the center of the line, which depends on both the sloping back~ 

ground and the width of the line itself. In particular , the wider is thc linc, the larger is thc 

apparent displacement , and for instance, in presence of pressure-broadening, an apparent 

pressure-sh ift can occur. In order to avoid this "pseudo-shi ft" and to determine the correct 

value of the pressure-shift by fitting the experimental data, a proper function that ta.kes 

into account t his emission character istic of t he ia.')er must be used . For this purpose it is 

lL.'icful to better understand how the fL.-'iymmetry of the signal arises. Let us assume that 

the sloping signal is the result of multiplying t he absorption funct ion a(v) by the sloping 

ramp of t he laser power. This is valid only in case of weak absorptions, that is o(v)x « 1, 

for which the (1) can be approximated by the expansion: 

l tv) - lo(v )[l - a(v)x) (8) 
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Thu,-", in case of a linear background: 

(9) 

where 1 0 is the background intensity at v = 0 and S 1S the fra.ctional change 111 t he 

background. Then 2nd derivative of t he total signal will be: 

(10) 

where a'(v) and al/(v} are the first and the second derivative of the absorption function. 

It can be verified that the two terms within square brackets have opposite effects on the 

asymmetry and the second one is predominant. Indeed, when fitting the experimental 

data, one can be inclined to use simply the 2nd derivative of the absorption function ~ mul

tiplying it by a sloping linear function in order to match the asymmetry of the experimenta.l 

signaL The slope of such function has no relation with the physical sloping background, 

but it is just a mathematical dodge. Although at first sight the quality of the fit could 

seem satisfactory, i.e . good matching, small residuals, etc. , the resulting line parameters 

(intensity, width and lim. '--center position) could be wrong. In particular the position of the 

center of the line could be strongly affected by the pseudo-shift. Instead, by using the 2nd 

derivative of t he whole signal (10) as the fitting function , the fit process. gives the conect 

value for t.he absorpt.ion line center, even when the parameters of t.he linear ramp are not 

well known. An evidence of the above mentioned misleading results is reported in the next 

section. 

On the contrary, due to the size of the effect , the pressure broadening measurement 

did not show any strong dependence on which of the fitting function above considered has 

been taken into account. 
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3 Experimental Results 

Ivhmy acetylene absorption lines have been detc'Cted by DL spectroscopy. 'l'hcir wavelengths 

have been obtained from the meas ured wavenumbers by using the index of refraction of 

the air ll .. " calculated in the work of Edlcn [12[. One example is shown in Fig. 2, where ncar 

a well know line a small absorption is present. This could be a rotational line splitting 

of the R21 by a local perturber via a Coriolis interaction [13]. As already mentioned, it 

is t he amplitude variation of the laser emission that causes the strong a.symmetry in the 

2n d derivative signal visible in t he figure. Two lists of the obscrv<..,xi ro-vibn:ttiomtl G.}H'J 

absorpt ion lines are reported in Tables 1 and 2 ) where the hand attributions foHow th e work 

done by Hedfcld and Lueg [11. The corresponding vibrational tran sitions arc VI + 3V3 a nd 

2//} + //2 + //3 respectively. Considering C2 H2 a linear symmetric molecule, ro-vibrational 

transitions between E ; -4 Et with ~J = 0 are not IW.J'Jlli tted and only transition where 

.6.J = ±1 should occur. Indeed we observed a very weak line at 12675.62 nm, which is 

shown in Table 1. This is right at the head of the series and can only be attributed to 

a. Q(O). It has heen observed in the pa .. st by Hedfeld and Lueg [IL even if they classified 

it as P (O). This can therefore be considered an evidence of a non-perfect linearity of the 

acetylene molecule. 

The 2Vl + V2 + V3 combination overtone has bC'Cll previously observed and analyzed by 

I-Ialonen and co-workers [15] by photoacollstic spectroscopy, and widely analyzed by Tel1l

samani and I-Ierman by using the vibrational dOUBter model [16]. They did not observe any 

Q branch there. Unfortunately our very sensitive system could not verify it bL'Cause of the 

diode la .. -";er mode hops. In Table 3 two lines belonging to the V2 + 3V3 + 2114 are reported. 
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Because of their weakness they have been obscrved only by the aid of the WM technique. 

The values of their absorption coefficients at the maximum of the absorption signals arc 

listed in the table in STP conditions. In Fig. 3 three absorption lines arc shown as col~ 

lected by "VM and 2m! harmonic technique in the 786 nm range. Two lines arc ncar the 

12736.61 cm- 1 line listed in Table 3, and even if they certainly are acetylene resonancc'S, 

their origin and band attribution cannot ea..'iily ascribed. 

The diode laser spectrometer p ermits a locaJization of the resonances with less than 

0.01 cm- 1 . This has bc..'Cn vCl'ified m any times by multiple measurements of the same 

sp ectra and it showed an excellent accuracy. Unfortunately not all the lines belonging to 

the bands have been found, because of the many mode hops of the diode la..'iers that have 

been adopted in t hese measurements. This characteristic is the major drawback of these 

sources when usc'fl. in frec'-running mode. This problem can be overcome by using external-

cavity continuously t unable diode laser systems II7], which we arc actually working on. 

In our knowledge collisional broadening coefficients for these overtones have not yet 

been measured, with the exception of the interesting paper of P avone I6l. Pres..'iure

broadening in air, nitrogen, helium) and the self-broadening coefficients have been mea

sured at room temperature for the isolated and intense 12706.36 (RI5) and 12688.71 cm-1 

(R5) acetylene lines belonging to the VI + 3V3 band. The results arc shown in Table 4. In 

all the measurements the maximum error in pressure ha.'3 been estimated to he 5 Ton", 

For the 12692.67 (R7) and 12703.31 cm-1 (RI 3) lines the self-broadening coefficients have 

been obtained too, giving respectively: 

'Yo("' ) ~ (9.4 ± 0.6) MHz/ Tol't' 

9 



'!o(RI3) ~ (12.4 ± 0.5) MHz/ Torr 

The result fo r R7 line is shown in Fig. 4) where an extremely "clean" linear slope can 

be noted. Self and air-broadening coefficients have also been obtained by P avone a nd 

colleagues [61 in the VI + 3V3 band. In particular for R5 they show similar values within 

the error. rvleasurcmcnts on t he 11765.60 cm- I (P7) line, belonging to the 2Vl + V2 + V3 

band) gave the self-broadening coefficient: 

'!o(P7) ~ (13.2 ± 0.5) MHz/Torr 

Self-collisional shift of some acetylene lin(.'S has also b(''Cll measured; the coefficients 

for R7, R13, 12652.52 (P9) and 12649.82 cm- l (PlO) lines being respectively: 

SR!3 ~ (-0.7 ± 0.4) MHz/Torr 

Sm ~ ( -1.0 ± 0.1) MHz/Torr 

Spg ~ (- 0.6 ± 0.1) MHz/Torr 

SPlO ~ (- 0.5 ± 0.1) MHz/Torr 

In Fig. 5 t he result of the measurements for R7 line is shown. A check of the goodness 

of the fit adopted when using t he vV!vl with 2nd harmonic dctcction technique hl1.-" bccn 

p erformed on t he H11 line shown in Fig. '2. Pressure· shift mea.surements have been done 

by using either DA and ';YM techniques and the results are plotted together in Fig. 6. In 

this figure t he almost p erfect pa.rallelism of the best linear fits of the two sets of data shows 

that they have equal shift coefficients: 

S1121 ~ (-0.7 ± 0.2) MHz/Torr 
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The drift of the \:vrv[ data to lower frc'quency is ought to a systematic phase difference 

between t he two lock-ins used for the differential measurements and it is constan t over all 

the pres..'mre range. The WM data have also been fitted by us ing the wrong fit funct ion 

for comparison, in the way described in t he previous section. In t his case t he effect of 

the pseudo-shift leads to a considerable different value of the shift coefficient , namely 

-1.1 MHz/Torr. 

The 12714.39 cm-1 line shown in Fig. 2 is so weak tha.t neither the pressure broad

ening, nor the shift can be measured by DA. T he WM technique comes to help in this 

situation) but, as said before, the right function along with the best fitting procedure have 

t o be adopted. Therefore for this weak acetylene resonance a sinusoidal 10 KHz modu

la.tion ha.,> been applied to the DL injection current , and pressure-broadening and shift 

coefficients have been obtained from the fit of the 2nd hanl10nic signal coming from the 

lock-in amplifier: 

'Yo = (12 ± 1) MHz/ Torr 

5 = (-0.8 ± 0.5) MHz/ Torr 
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4 S ummar y and Con clusion s 

By Ils ing the diode laser spectroscopy it is possible to reveal weak a bsorptions and abo 

to make specific line-shape mea.'3urements under different environmental conditions . Care 

must be put in correctly analyzing the absorption data, removing the amplitude modu lation 

that comes with the frequency modulation of t hese source'S. The advantage of 1L.<;ing DLs 

fl.':' spectro..';;copic sources lies in the compact dimensions, casy operational eharactcrl."itics, 

including the tuning, and the low cost. Compared to t he more expensive dye lasers, they 

show much less noise and better long-time stability. Moreover the resolving power ( ....... 107 

in free running mode) permits to discriminate different gases in a complex atmosphere, 

with response t imes of a fe w hundreds of milliseconds. Since DLs can be modulated up to 

about 1010 Hertz, the velocity can be greatly increased with the choice of fastcr electronics. 

This can be also a good challenging characteristic for the so lid state gas sensors that often 

need some seconds or even minutes before a quantitati ve de tection result. 

W :rvl spectroscopy technique has been used for a sensitivity c..<)timat ion of the spec

trometer constructed in our laboratory. In the wavelength range covered by AIGaAs diode 

ia.'3ers used in this work, the lowest value of the absorption coefficient observable has been 

0' = 1 X ]0- 6 cm - ( and the minimum detection limit for C ZH2 was 2 x 10( 2 molecules 

. cm- 3 . In favorable conditions, that is at low prc.%ure in a closed cell , and tuning the 

sp ectroscopic a pparatus on t he l{l5 line of the VI + 3V:l band, some pa rt per million per 

meter of path-length has been detected; in a ir at atmospheric pressure 70 ppm per meter 

of optical len gth have been revealed. Pressure-broadening and shift meas urements have 

b een p erformed on some of t.he more intense lines. 
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