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SUMMARY 

A novel gas chromarographic detector is described which measures the infrared 
absorption of an eluting molecule by monitoring the photothermal perturbation in 
an intracavity laser. Laser intracavity photothermal spectroscopy is a non-destructive 
technique which can be highly selective by using specific infrared absorptions which 
are characteristic of the molecule or class of compounds of interest to the analyst. 
Gas chromatography-laser intracavity photothermal spectroscopy detection has 
comparable sensitivity and selectivity to the previously reported gas chromatographic 
use of phase-fluctuation optical heterodyne spectroscopy. Thus, absorption sensitiv- 
ity of ca. 10-s cm-l and detection limits of ca. 1 .O pg s- l (30 cc min- I) are antici- 
pated for species with absorption cross-sections of 10 cm-’ atm-’ (a typical ab- 
sorption coefficient for the strongest infrared bands of most molecules). Analyses of 
sulfur hexafluoride and ethylene are presented which demonstrate the capabilities of 
this technique: the simplicity of the detector makes it attractive for non-destructive 
analyses, especially in the area of atmospheric trace gas analysis. 

INTRODUCTION 

The analysis of complex mixtures, particularly in trace gas monitoring, has led 
to the search for selective, sensitive, (and when possible) non-destructive detectors 
for chromatographic applications. The use of selective detector fingerprinting of these 
mixtures leads to increased reliability with regard to compound identification and 
quantification, since the detector response is directly related to a physical or chemical 
molecular characteristic (e.g., IR absorption, mass, reaction with a specific reagent, 
etc.). Thus, gas chromatographic (GC) analysis based upon specific molecular prop- 
erty detection simplifies the work by increasing the instrumental response for the 
molecule@) of concern while reducing the number of potential interferences. This 
approach to improving GC analyses will have applications in geochemistry, bio- 
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chemistry, environmental chemistry, and any other discipline where specific mole- 
cules or classes of compounds need to be characterized in complex mixtures, 

Although a number of highly sensitive detectors are available for GC analyses, 
few are selective, and fewer still are non-destructivel. Optical methods (IR, visible, 
ultraviolet) all have the potential for obtaining selectivity and sensitivity, while main- 
taining the sample integrity’-*. This is especially true with the advent of high-power 
tunable lasers, particularly in the IR region. GC-IR detection has been of interest 
due to the selective non-destructive nature of the technique2. A major drawback of 
many GC-IR detection schemes has been sensitivity (most IR band strengths of gases 
are very weak)z-4. Photoacoustic spectroscopy (PAS) has been used in conjunction 
with laser sources to improve detection sensitivities3. Recently, we described use of 
phase-fluctuation optical heterodyne spectroscopy (PFLOHS) as an alternative 
method of photothermal detection for GC analyses*. Presented here is the use of 
laser intracavity photothermal spectroscopy (LIPS)5 as a simpler alternative to 
PFLOHV detection in GC work. LIPS can be considered as a new detector for 
photothermal beam deflection spectroscopoy 7,8. The angular deflection in LIPS is 
measured by modulating the probe laser cavity gain, i.e. laser power output, instead 
of a position detector as in the conventional beam deflection spectroscopy. Analyses 
of sulfur hexafluoride and ethylene were performed on gas samples using this method 
for direct comparison to the PFLOHS technique. 

THEORY 

In principle, both LIPS and PFLOHV are calorimetric detection methods 
and yield a signal proportional to the energy absorbed by the sample. This absorbed 
energy is related to the absorption coefficient, the detector path length and the laser 
intensity. Collisional quenching of the excited species results in heating of the carrier 
gas, subsequent gas expansion and change in density and index of refraction. This 
latter quantity can be measured by sensitive detection methods such as PFLOHS and 
LIPS. 

In the absence of saturated absorption and thermal diffusion effects, the in- 
duced change of index of refraction dn in the PFLOHS method is given by4: 

An = 
(n - l)Ioa 

2wC,Tp 

where n is the index of refraction, IO is the laser intensity, a is the absorption coef- 
ficient of the trace species, w is the modulation frequency, C, is the specific heat at 
constant pressure, T is the temperature and p is the density of the sample. Boccara 
et a1.g have derived general expressions for the deflection of a laser beam by an 
absorbing medium. The corresponding expression for the deflection angle cp is: 

[l - exp( - al)] [-2(x0/a’) exp( - xi/a2)] 

where P is the incident laser power, a is the radius of the pump beam at l/e intensity, 
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x0 is the separation between the intensity maxima of the pump and probe beams, 
and I is the optical path length in the absorbing medium. It is found that cp exhibits 
a maximum near x0/a w 1. For weak absorbing samples, i.e. ai 4 1, the expression 
can be simplified to the following: 

dn P 
P =- 

dT (opC,n”a”) 

Using the Clausius-Mossotti equation, which states 

An = -(n - 1) $ 
and IO = P/za2, the expression for the deflection angle becomes 

(3) 

(5) 

One can now compare expressions for deflection angle q and the induced 
change of index of refraction. The distinction between the two quantities lies in the 
additional deflection angle parameters, namely I and x0. It is instructive to compare 
and estimate the magnitude of the various quantities involved in LIPS and PFLOHS. 
For samples in nitrogen, typical values are o = 22 . 27 Hz, T = 293K, (n - 1) = 
2.92 - 10m4, p = 1.165. 10e3 g cmm3, VP = 1.006 J K-l g-l and IO = 250 W cmm2. 
An amount of 5 ppb* ethylene in 1 atm nitrogen, which represents the present LIPS 
detection limit, excited by the P(14) line of a IO-pm band COz laser [a = 32.14 (cm 
atm-I] will yield a value of lo- lo for dn. With 1 = 3 cm and x0 = 10 pm, a 
deflection angle of cu. 0.4 prad can be obtained, which is in good agreement with the 
experimental results. 

In terms of its utility for chromatography, the minimum detectable amount of 
material is approximately394: 

W 
M amin 

min = - - 
24.21 agas 

7ta$L 

where M is the molecular weight, amin is the minimum detectable absorption coeffi- 
cient, agas is the absorption coefficient of the species of interest, a0 is the radius of the 
sample cell and L is the sample length. For realistic experimental conditions (e.g. 
a0 = 1.5 mm, L = 5 cm, a,in = 5 * lo-’ cm- ‘) Wmin is typically in the picogram 
range, Assuming an absorption coefficient of 10 cm ’ and a flow-rate of 30 ml min- ‘, 
the LIPS sensitivity would typically correspond to 1 pg s-l, which is quite competi- 
tive with the detection limit of the PFLOHS method. 

* Throughout this article, the American billion (lo!‘) is meant. 
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EXPERIMENTAL 

The basic experimental system has been described previously for the GC- 
PFLOHS method4. The GC-LIPS detection system indicating the essential modifi- 
cations is schematically represented in Fig, 1. The excitation source is a cw COz laser 
(Molectron IR-250), which is line tunable (9.2-10.8 ,um). The beam from this laser 
is amplitude modulated using a mechanical beam chopper (PAR Model 25). The 
He-Ne laser plasma tube (rated 1 mW, 6328A) equipped with a Brewster window 
and a high reflector (M2) is obtained from Melles Griot (Model 05-LHB-270). The 
probe laser resonator consists of a flat high reflector (M2: transmittance less than 
0.03% at 6328A) and a partial transmitting concave reflector (M 1: transmittance = 
30% at 6328A, 600-m radius of curvature). The laser cavity length is typically 50 cm, 
which in effect provides a space for the sample cell of ca. 25-28 cm in length between 
the Brewster window and the output coupler Ml. The sample cell is a windowless 
Pyrex tube (20 cm x 5 mm I.D.). Both the probe laser and the excitation are aligned 
to be centered within this tube and overlap spatially over a length of ca. 3 cm. The 
crossing angle of the laser beams is no greater than 8 mrad. Carrier gas flow-rates 
were varied from 20 ml mine1 to ca. 40 ml min- r. The intensity modulation of the 
probe He-Ne laser due to changes in the refractive index is monitored through the 
leakage in the flat output coupler, M2 (see Fig. 1). Its typical leakage power is cu. 
10 pW, which is cu. 2% of the curved coupler (Ml) outpout power level. The mod- 
ulated probe laser intensity is detected by a photomultiplier (Hamamatsu R-508) and 
is demodulated by a phase-sensitive lock-in amplifier (PAR-124A). The present LIPS 
experimental setup is isolated from mechanical vibrations by means of an air sus- 
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Fig. 1. Schematic diagram for GC-LIPS experiment: AM = aluminum mirror; BS = beam splitter; 
L = focusing lens; Ml and M2 = laser resonator mirrors; PMT = photomultiplier; S = beam stop; 
ST = tubular sample cell. 
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pension table (NRC Model RS-510-8). A simple enclosure made out of 2.5-cm thick 
styrofoam is employed to cut down the air turbulence in the immediate vicinity of 
the LIPS detector. 

The gas chromatograph used in this experiment consists of a 6 ft. x l/8 in. 
I.D. stainless-steel column packed with either Porapak Q (at 24°C) or Porapak PS 
(at OC). Ultrapure nitrogen (99.999%) was employed as the carrier gas. Test gas 
samples were prepared by volumetric dilution and subsequently calibrated using 
flame ionization detection (FID) and electron-capture detection (ECD) analysis. Sam- 
ples were delivered into the gas chromatograph through an injection port by means 
of gastight syringes. With the exception of the gas chromatograph column, both the 
injector and the detection (LIPS) system were kept at ambient temperature. 

RESULTS AND DISCUSSION 

Dilute samples of sulfurhexafluoride (SF,) and ethylene (C&H+) in nitrogen 
were employed to demonstrate the sensitivity of the present GC-LIPS apparatus. 

-_I I----lmin 

(b) 

TIME- 

Fig. 2. (a) CC-LIPS signal versus time for replicate 5-ml injections of 3 ppb SF6 in nitrogen samples 
excited by a CO, laser [250 W cm-’ Pi416) line]. The GC column was Porapak Q at 24°C. The carrier 
gas was nitrogen and the detection time constant is 3 s. (b) GC-PFLOHS signal versus time for replicate 
2.5ml injections of 3 ppb SF6 in nitrogen sample. The GC cohmm was packed with Porapak N at - 15°C 
and the detection time constant is 10 s. Other conditions were the same as in (a). 
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The signal corresponding to replicate 5-ml injections of a 3 ppb SF6 in nitrogen 
sample excited by the P(16) line of a 001-100 (10 pm) band CO2 laser [i.e., Pl0(16)] 
is shown in Fig. 2a. A carrier gas flow-rate of 42 ml min ~ ’ and a time constant of 3 s 
were used. Each injection contains cu. 90 pg of SFs. The peak of the signal in Fig. 
2a represents a flow-rate of 3.0 pg s -I of SF,. This implies a detection limit (signal- 
to-noise ratio = 1) of 0.3 pg s-l can be obtained at this flow-rate. With the present 
experimental configuration the lowest detectable concentration of SF6 in nitrogen is 
ca. 60 ppt (which is equivalent to a change in index of refraction of 5 . lo-’ err- ‘). 
In Fig. 2b, the previoiusly reported PFLOHS analysis of the SF6 (3 ppb) in nitrogen 
sample is given for direct comparison 4. The lowest detectable concentration for 
PFLOHS was 28 ppt SF6 and the ultimate sensitivity is ca. 10e8 cm- ‘. The laser 
power was maintained at approximately the same level for the two measurements. 
The present result indicates that the GC-LIPS has comparable sensitivity with the 
previously developed GC-PFLOHS technique4. It is important to note here that the 
LIPS method is much simpler and requires less hardware than the PFLOHS inter- 
ferometer apparatus. Thus, LIPS method can yield comparable detection limits with 
a simpler and less expensive configuration. 

As described in the Experimental section, a windowless cell was employed in 
the GC-LIPS apparatus. The main reason is to offset background signal due to 
infrared window absorption. In principle, a closed cell can be used in place of the 
windowless system. However, this should be done with careful consideration. First 
of all, any overlap of the probe (He-Ne laser) and pump (IR laser) beams should be 
minimized on the window. Secondly, since GC-LIPS is an intracavity experiment, 
these cell windows must be at the appropriate Brewster angle in order to maximize 
the cavity gain. One can expect some trade-off of the ultimate sensitivity with installed 
windows, e.g. increasing noise due to the windows, etc. 

LIPS linearity has been found to be good to excellent. A plot of injection 
volume versus instrumental response (peak height) for a 700 ppb SF6 in nitrogen 
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Fig. 3. Gc-LIPS signal (peak height) versus injection volume for 700 ppb SFs in nitrogen sample using 
P&16) COa laser line for excitation. porapak Q at 24”C, carrier gas (nitrogen) flow 42 ml min-‘.I 
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sample and P10(16) COz laser excitation is given in Fig. 3. For the range that was 
investigated, the result illustrates typical linearity of LIPS response. In both Figs. 2 
and 3, ca. 2 W of COz laser power was focused into the sample to yield power density 
of cu. 250 W cm -?. The variation and slight deviation of the experimental data from 
linearity are most certainly due to uncertainties in the syringe injection volume. 
Under similar conditions, no absorption saturation effects were observed for the 
instrumental response ver.sus COz laser power, which is in agreement with our LIPS 
results. 

Chromatographic runs for triplicate 5-ml injections of a mixture of 1 ppm SF6 
and 1 ppm C2H4 in nitrogen using the P,,(14) CO2 laser line for excitation are shown 
in Fig. 4a. The excellent reproducibility is typical of this scheme. For analysis of 
compounds with similar retention times, it is possible to use selective excitation in 
discriminating one from another as demonstrated in previous work using PFLOHS4. 

f c2H4 

-_-A 1 
Fig. 4. (a) GC-LIPS run for triplicate 5-ml injections of a mixture of 1 ppm SF6 and 1 ppm C2H4 in 
nitrogen using PJl4) CO2 laser line for excitation. The GC column was Porapak PS at 0°C and the 
detection time constant is 1 s. (b) GC-PFLOHS triplicate O.l-ml injections of a mixture of 10 ppm SF6 
and 76 ppm ethylene in nitrogen using Pie(14) CO2 laser excitation. The column was Porapak N at 
- 15°C. 
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In Fig. 4b, a plot for triplicate O.l-ml injections of a mixture of 10 ppm SF6 and 76 
ppm C2H4 in nitrogen using PFLOHS detection is shown for comparison4. 

The absorption sensitivity measured using LIPS is comparable to that mea- 
sured using PFLOHS. Both LIPS and PFLOHS are photothermal detection schemes. 
The former uses a “mirage” beam deflection, while the latter takes a Mach-Zehnder 
interferometer to measure the heat-induced change of index of refraction in the me- 
dium. The detection limit of a conventional beam deflection technique is very often 
controlled by the probe beam (He-Ne Laser) diameter and the angular resolving 
power of the detector, such as in the case of position detector. In LIPS, this deflection 
is measured as modulation in the probe laser cavity gain. Based on experimental 
data, it indicates that LIPS has improved detection capability over the convention 
beam deflection by a factor of cu. 10. As a result, LIPS becomes very competitive 
with PFLOHS. 

In terms of instrumentation, LIPS is extremely easy to set up in comparison 
with PFLOHS4. LIPS has eliminated all the interferometric stabilization devices such 
as the mirror transducer (PZT), PIN photodiode and high voltage op-amp. The single 
frequency He-Ne laser used in PFLOHS is now replaced by a multi-mode He-Ne 
laser in LIPS. However, the excellent sensitivity of PFLOHS is nearly maintained in 
our new GC-LIPS detector, as illustrated by our sensitivity measurement on the 3 
ppb SF6 in nitrogen sample (see Fig. 2). 

Unlike PAS, both LIPS and PFLOHS suffer interference from mechanical 
vibrations and air turbulence. This type of noise can be easily corrected by employing 
an air suspension table and some simple box enclosures. In PAS, the problem of 
improving sensitivity is centered around the design of the acoustic sample cell. The 
interference from the windows, which are almost permanent features of a resonant 
PAS cell, can be quite high (w 10e7 cm- 1)3. Previous studies indicate that the ul- 
timate anticipated sensitivity of PFLOHS can be superior to that of PASOJ l, With 
the present results, one can visualize that LIPS would be yet more attractive to use 
in view of operational costs, simplicity and sensitivity than PFLOHS. 

The GC-LIPS experiment here is to demonstrate its capabilities in its relation 
to our previous developed technique GC-PFLOHS4. The major noise source appears 
to be fluctuations in the probe laser intensity which can be cause by vibrations and 
air turbulence. Improvement can be made towards suppression of low frequency 
noises by stabilizing the probe HeNe laser. One can also reduce the dead volume 
in the GC-LIPS detector for better instrumental response. With the above consider- 
ations, ppt sensitivity can be expected in the near future. 

CONCLUSION 

LIPS detection has demonstrated that it has comparable sensitivity and species 
selectivity as the previously developed technique PFLOHS in GC4. Absorption sen- 
sitivity of GIL. lo-* cm- ’ has been obtained for SF+ The simplicity and low opera- 
tional cost make this new technique attractive for non-destructive analyses. 
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