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analytical performance. Special attention should be given to 
the construction of these electrodes (in comparison to readily 
available glassy-carbon substrates). These (and similar) 
composite materials are thus expected to play a growing role 
in stripping analysis. 
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The Instrumental flgure of performance, F ,  of a windowless, 
gas-phase photoacoustic cell, defined as the ratio of the 
normalized photoacoustic signal to the absorbance, is shown 
to be dependent on the sample, in contrast to prevlous as- 
sumptions. However, for a particular gas, F is Independent 
of concentration in the ppm range. A method of calibration 
of such a cell Is outllned In the absorbance range from 2 X 
IO-’ to 5 X The estimated detection limits at a slgnal 
to noise ratio of unity were 7.4 ppm, 0.43 ppb, and 1.3 ppb 
for carbon dioxide, ammonia, and ethylene, respectlveiy. 

INTRODUCTION 
Photoacoustic (PA) spectroscopy is a sensitive method for 

the detection of gases a t  low concentration and as such appears 
to be a very attractive means of studying atmospheric pollu- 
tion. The use of the photoacoustic (or, as it is often termed, 
the optoacoustic) effect, originally discovered by Bell ( I ) ,  in 
combination with a strong laser infrared source was initially 
applied to detect weak absorption in gases (2). Technological 
developments in the field of lasers and high-sensitivity 
pressure detectors contributed to the substantial progress of 
photoacoustic spectroscopy (3 ,4 ) .  In recent years numerous 

* Current address: Department of Chemistry, University of Ari- 
zona, Tucson, A2 85721. 

studies have demonstrated the feasibility of infrared-laser 
photoacoustic spectroscopy in environmental applications and 
in agriculture (5-11). In our recent experiments a step tunable 
C02 laser radiation source-since its emission spectrum 
(9.4-10.6 pm) overlaps ( 1 1 )  with the absorption fingerprint 
of various pollutants-was used in conjunction with a win- 
dowless (open) resonant cell with a high acoustic quality factor 
designed for trace analysis of ambient air (12). 

In the recently reported calibration procedure of the 
above-mentioned windowless cell, the PA system was con- 
sidered as an analytical detector and the calibration itself was 
performed by conventional methods. In order to facilitate the 
comparison of various analytical PA systems, we suggest the 
introduction of a different quantity characterizing the PA 
instrument. This new parameter is consistent with the tra- 
ditional terminology of analytical absorption spectroscopy, 
enabling direct comparison of PA spectroscopy with other 
spectroscopic methods. 

Terminology. The intensity I, absorbed by the sample 
can easily be calculated from Bouguer-Lambert-Beer’s law 
as 

I, = Io[l - 10-A] = It[loA - 11 
where Io and It are the incident and transmitted powers, 
respectively (in watts), while A is absorbance. If A << 1, I ,  
can be approximated by a simpler expression: 

I ,  = I,A In 10 (2) 
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In several PA reports (13-18) the experimentally obtained 
plots of calibration curves were found to be linear. Theoretical 
calculation predicts the linearity of the signal response S (in 
volts) over the concentration range as broad as 7 orders of 
magnitude (6). We can therefore assume that the photoa- 
coustic signal S is directly proportional to the absorbed ra- 
diation power I,, i.e. 

S 0: I,A In 10 (3) 
In photoacoustic experiments the normalized microphone 
signal SN = S/Zt (volts per watt) is commonly measured. Sx 
is thus directly related to absorbance A by a proportionality 
factor known as the instrumental figure F (volts per watt) since 

(4) 
The widely used parameter “cell constant” C (volt centim- 

eters per watt) (6) is defined through 

S = CItNu (5) 
where N (number of moles per cubic centimeter) is the number 
of sample molecules in unit volume and u (square centimeters) 
is the absorption cross section of the sample a t  the given 
wavelength. By comparison of the natural and common 
logarithmic form of Bouguer-Lambert-Beer’s law, absorbance 
A can be calculated: 

(6) 
from which the relationship between C and F can be obtained: 

A = Nud log e 

F = C / d  In 10 

where d (centimeters) is the interaction path length. 
The quantity F can be expressed in terms of the physical 

parameters of the cell and the gas species using the cell 
constant relationship known from the literature (6), viz. 

where cp and c, represent specific heats of the given acoustic 
wave propagation substance at constant pressure and volume, 
G denotes a geometric factor, V is the volume of the cell, w1 
is the acoustic resonance frequency, RM represents the mi- 
crophone sensitivity, and p 1  is the normalized pressure am- 
plitude of the first acoustic mode at  the location of the mi- 
crophone. 

In the parts per million concentration range (ppm) the 
contribution of the absorbing substance to the cp and c, values 
of the mixture is negligible compared to that of nitrogen. All 
other parameters in eq 8 are constant for the given experi- 
mental assembly. 

For a multicomponent sample the calculation becomes more 
complicated due to different phases of photoacoustic signals 
generated by the individual constituents of the mixture (7). 

EXPERIMENTAL SECTION 
Laser. The laser was a homemade grating-tuned infrared C 0 2  

waveguide laser operating on a flowing mixture of helium, nitrogen, 
and carbon dioxide (18:3:1) at 75-mbar pressure in the plasma 
tube. In comparison with the conventional C 0 2  laser, the wav- 
eguide laser is more compact (50-cm overall length) and has a 
much smaller bore (3 mm). The power output is typically of the 
order of several watts on more than 80 discrete laser transitions. 
The laser was equipped with a dither frequency stabilization 
system operated with the piezo bimorph plates mounted on the 
back of the grating. The laser power was monitored by a 
homemade PVDF foil thermal light detector and a lock-in am- 
plifier (Type 128A, Princeton Applied Research, Princeton, NJ). 
The emitting transition of the laser was monitored by means of 
a C02 laser spectrum analyzer (Optical Engineering, Santa Rosa, 
CA). 

Photoacoustic Cell. A windowless resonant photoacoustic 
cell manufactured from brass was provided with an electronic 
resonance locking circuitry which has been described in detail 

h/4 
1 

Figure 1. Longitudinal cross section of windowless acoustic chamber: 
( I , )  incident light; (FT) filter tubing; (M) microphone; (FP) filtering buffer: 
(P) piezo sound generator; (A) acoustic wavelength. 

Figure 2. Experimental arrangement for COP laser photoacoustic 
spectroscopy in conjunction with windowless cell: (ST) dither stabi- 
lizatian; (CH) chopper; (SA) spectrum analyzer: (BS) beam splitter: (D) 
PVDF light detector; (CC) chopper controller: (LI1, LI2) lock-in de- 
tectors; (RT) resonance tracking. 

elsewhere (19). The cross section of the acoustic chamber is shown 
in Figure 1. Theoretically, the windowless cell design has the 
potential to considerably improve the detection sensitivity limit 
in the infrared region since neither the window material nor the 
gases adsorbed on the surface of the window could contribute to 
the generation of unwanted signals. 

The chamber is essentially a cylinder provided with two 
small-diameter tubes, one on each side of the cylinder (Figure 
1). The length of these tubes is the quarter of the acoustic 
wavelength of the resonance. They convert the soft acoustic 
termination of the ambient air at their open end to a high acoustic 
impedance at their chamber side; such an approach results in an 
almost perfect acoustic blocking of the cell, thus enabling cell 
operation at high quality factor (Q approximately 400). The first 
azimuthal resonant mode of the cylinder (close to 2 kHz) was 
excited by the absorbed energy. Additional suppression of the 
external acoustic noises was achieved by the specially designed 
additive acoustic fiiter system. A reasonable degree of vibrational 
insulation was obtained by packing the cell and the microphone 
in an aluminum container filled with polyurethane foam. 

Electronic Resonance Locking System (ERLS). The 
acoustic amplification of the resonant chamber is a sensitive 
function of temperature and gas composition, since these influence 
the speed of sound and hence the resonance frequency. In order 
to eliminate the signal degradation due to the uncontrolled drifting 
of the cell’s resonance frequency, we constructed active electronic 
circuitry capable of adjusting the chopper modulation frequency 
(19). Such an electronic resonance locking system (ERLS) was 
designed by taking advantage of the fact that the ratios of different 
mode frequencies of the cell are independent of gas composition 
as well as of the operating temperature. A longitudinal mode 
resonance peak of 4.67 kHz was selected, and an acoustic oscillator 
consisting of microphone, electronic amplifier, piezo sound gen- 
erator, and the cell itself was built for that frequency. The ratio 
of the oscillator and the azimuthal resonance frequencies was 
examined carefully and a multiplier/divider circuit was con- 
structed to tune the chopper frequency to the instantaneous 
resonance frequency of the cell. 

Experimental Assembly. The schematic diagram of the 
experimental setup is shown in Figure 2. The amplitude mod- 
ulation (2 kHz) was accomplished by means of a mechanical 
chopper in front of the laser output mirror. The chopper fre- 
quency was held on the given frequency by phase-lock-loop-like 
feedback circuitry. The acoustic signals were detected by a 
condenser microphone (Type 4176, Bruel and Kjaer, Naerum, 
Denmark) placed at the pressure maximum of the cell’s first 
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Flgure 3. Absorbance versus concentration plot of carbon dloxide; 
(0) measured points; (A) calculated points. 

azimuthal mode. The sensitivity of the microphone was 50 mV/Pa 
under normal operating conditions. Following the preamplification 
(Type 2645, Brfiel and Kjaer, Naerum, Denmark) the signal was 
fed into a lock-in amplifier (Type 3961, Ithaco, Ithaca, NY) 
equipped with a band-pass preamplifier with a quality factor of 
5; the integration time was 10 s. The achieved noise level was 
100 nV in all measurements. The filtered and amplified micro- 
phone signal was monitored by an oscilloscope. All amplitudes 
of the photoacoustic signal were registered on the chart recorder 
and normalized to the transmitted power of the laser. 

Gas Handling. Gas mixtures were prepared from reagent 
grade gases and used without further purification. Very clean 
nitrogen (Hoekloos 5.0) was used as a diluting gas. Pure COB 
(Hoekloos 9.8) served as one test gas. Certified precision gaseous 
mixtures of COz (550 ppm, 348 ppmv) and C4H4 (136 ppm) in 
nitrogen were used (Hoekloos, The Netherlands); the NH3 in 
nitrogen (100 ppmv) was provided by UCAR Specialty Gases 
(Union Carbide, Nieuw Vennep, The Netherlands). Further 
dilutions of these mixtures were carried out dynamically in the 
separate buffering reservoir before admission into the photoa- 
coustic cell. The total flow rate of the mixtures was kept to below 
1 l/min in order to eliminate the acoustic noise of the gas flow 
(20). The flow of each gas was controlled by means of a calibrated 
flow meter (Model 1355, Sho-Rate, Brooks Instrument, BV, 
Veenendaal, The Netherlands); all measurements were carried 
out with the cell at atmospheric pressure. 

RESULTS 
C02 Calibration. Mixtures containing 292-550 ppm and 

&12% carbon dioxide in nitrogen were studied at  the 9R(16) 
laser line (9.29 pm). A plot of measured absorbance versus 
carbon dioxide concentration is shown in Figure 3. A linear 
least-squares fit to the measured data yields a correlation 
coefficient of 0.998 and a 7.4 ppm extrapolated detection limit 
a t  a signal to noise ratio of unity. 

Ammonia Calibration. The dependence of the PA signal 
on the concentration of ammonia at the 9R(30) laser line (9.22 
pm) was measured in the 1.5-15.7 ppm range. A plot of 
measured absorbance (Figure 4) versus the ammonia con- 
centration for the data is linear (R coefficient 0.998), and the 
extrapolated detection limit corresponding to a signal to noise 
ratio of 1 is 0.43 ppb. 

Ethylene Calibration. Measurements were made using 
sample concentrations varying between 1.3 and 13.9 ppm 
ethylene in nitrogen. As expected, the plot of the measured 
absorbance at the selected laser line lOP(14) (10.53 pm) versus 
ethylene concentrations (shown in Figure 5) exhibited a linear 
dependence with a correlation coefficient of 0.998 and a de- 
rived detection limit of 1.3 ppb. 

Instrumental Figure. As stated above, mixtures of var- 
ious composition were used to calibrate the system. The 
normalized photoacoustic signal was recorded; simultaneously, 

I bl 

2.0 
n 
? 

0 . o I  I I I I ,  I I I I I I I I I I I I I I t 
0 5 10 15 20 

NH3 concentration (ppm) 
Flgure 4. Absorbance versus concentration plot of ammonia: (0) 
measured points; (A) calculated points. 
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Flgure 5. Absorbance versus concentration plot of ethylene: (0) 
measured points; (A) calculated points. 

the magnitude of absorbance (A, = Nod log e) was computed 
at  each concentration using the literature data of the ab- 
sorption cross sections (21). The measured data could be 
linearly fitted with high correlation factors. Obviously, the 
plot of measured absorbance versus concentration depends 
on the supposed value of the instrumental figure because, by 
definition, the measured absorbance is the ratio of SN, the 
normalized photoacoustic signal, and F, the instrumental 
figure. The appropriate instrumental figure could be deter- 
mined by minimizing the difference between the fitted curve 
and the computed absorbance values. The coincidence of the 
fitted and computed lines was calculated by the Student test. 
When this procedure was followed, the instrumental figures 
were determined independently for ethylene, ammonia, and 
carbon dioxide. The dependence of the instrumental figure 
on the gaseous species is displayed in Figure 6. The three 
instrumental figures were found to be different (with a sig- 
nificance of 99.9%): 0.98 V/W for carbon dioxide, 1.68 V/W 
for ethylene, and 2.4 V/W for ammonia. The instrumental 
figure of carbon dioxide was determined for the absorbance 
ranging from 1.9 X lo4 to 4.6 X lo4 and 0.62 X to 0.93 
X corresponding to the concentrations 292-550 and 8.1 
x lo4 to 12.0 X lo4 ppm. The quality of the linear best fit 
was 98% (by the F test) in the entire concentration region 
(292 to 12.0 X lo4 ppm). The gradient of the fitted curve was 
zero with very high significance. 

CONCLUSIONS 
Contrary to the reported literature data (5,6) and to eq 8, 

this research provides evidence that the instrumental figure 
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Figure 6. Dependence of instrumental figure F on absorbance of (0) 
carbon dioxide, (0) ammonia, and (A) ethylene. 

(related to the more familiar cell constant) is not independent 
of the absorbing gas. The cell constant cannot unambiguously 
be determined by a calibration measurement using a single 
absorbing species, indicating the "nonabsolute" character of 
photoacoustic spectroscopy. This implies that accurate and 
reliable results, similarly to other spectroscopic methods, can 
only be obtained through the appropriate standardization of 
our instrument for each sample material. 

This experiment confirms the suitability of laser photoa- 
coustic spectroscopy for accurate gas detection. The instru- 
mental figure appears to be constant in a wide range of ab- 
sorbances (concentrations); i.e. the calibration curves are 
straight lines-in good agreement with our original assump- 
tion. The absorbance as low as 2 x could be measured 
with about 1 W of laser power and a coherent background level 
of 1 /IV. The absorbance of was measured by the dif- 
ferential optical absorption (DOAS) system (221, and the value 
of about 2 X was achieved by the tunable diode laser 
spectroscopy (TDLS) (23). 

In future experiments the amount of IR exciting power 
could be increased substantially (for example by using an 
intracavity arrangement). In addition, the level of unwanted 
background noise can further be reduced by means of acoustic 
and electronic filters (the background noise level exceeds that 
of electronic noise by 1 order of magnitude). 

In conclusion, the concept of a windowless photoacoustic 
chamber was proved effective, a result that is in good agree- 
ment with the theoretical predictions and acoustic measure- 
ments (19). In general the detection limits achieved are 
comparable to or even better than those obtained for common 
closed cells. For ammonia, some published detection limits 
are 0.4 ppbv ( 5 ) ,  3 ppbv (B) ,  and 1 ppbv (7). For ethylene, 
a characteristic detection limit is 0.7 ppbv (6). The long-term 

stability and the reproducibility of measurements were good, 
indicating the proper functioning of the electronic tracking 
system (ERLS). A unique advantage of the windowless design 
(apart from its potential to eliminate the unwanted window 
background) is its integrity and universality, since it allows 
the photoacoustic measurements across the virtually unlimited 
range of wavelengths without the need to replace the window 
or any other component. 
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