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(57) ABSTRACT 

A method and apparatus architecture for detecting gases, 
particularly hazardous gases which should be detected in 
miniscule amounts. High sensitivity detection of chemical 
warfare agents (CWAS) is set forth with very low probability 
of false positives (PFP) by the use of an innovative laser 
photoacoustic spectrometer (L-PAS). Detection of diisopro 
pyl methylphosphonate (DIMP), a decomposition product of 
Sarin and a relatively harmless Surrogate for the nerve gases, 
is made in the presence of other gases that are expected to 
be interferences in an urban setting. Detection sensitivity for 
DIMP in the presence of these interferences of better than 
0.45 ppb, which satisfies current homeland and military 
security requirements is shown as well as the first analysis 
of optical techniques for the detection of chemical warfare 
agents (CWAS) and toxic industrial chemicals (TICs) in real 
world conditions. 
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Figure 11 
Measured photoacoustic absorption spectra for ammonia, toluene, isopropanol, ethylene, ethanol, 

methanol, DIMP, and CO2. 
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SYSTEMAND METHOD FOR HIGH SENSTIVITY 
OPTICAL DETECTION OF GASES 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

0001. This patent application is related to and claims 
priority from U.S. Provisional Patent Application Ser. No. 
60/621,099 filed Oct. 22, 2004 entitled GAS DETECTOR 
(aka SYSTEMAND METHOD FOR HIGH SENSITIVITY 
OPTICAL DETECTION OF GASES) which application is 
incorporated herein by this reference thereto. 

COPYRIGHT AUTHORIZATION 

0002 Portions of the disclosure of this patent document 
may contain material which is Subject to copyright and/or 
mask work protection. The copyright and/or mask work 
owner has no objection to the facsimile reproduction by 
anyone of the patent document or the patent disclosure, as it 
appears in the Patent and Trademark Office patent file or 
records, but otherwise reserves all copyright and/or mask 
work rights whatsoever. 
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arenas, etc., have received much less attention. Such civilian 
sensors may require different performance than those 
deployed in battlefields. 

0007 For example, in public settings there is a need for 
the early detection of CWAS so that parts of buildings can be 
isolated or evacuated, while a low probability of false 
positives (PFP) is a necessity to avoid the adverse economic 
impact caused by false alarms leading to unnecessary evacu 
ations. 

0008. A brief background on photoacoustic IR spectros 
copy begins with the observation that IR absorption spec 
troscopy is a powerful tool for trace gas detection because a 
vast majority of polyatomic molecules, including CWAS, 
TICs and explosives, absorb light in the wavelength region 
from 3 to 14 um. FIG. 1 shows the IR spectra of nerve gases, 
mustards gases, and TNT, illustrating that the most promi 
nent features for many species of interest lie between 3 and 
11.5 lum. Table 1 lists some of the pertinent species that can 
be detected in different wavelength regions. 

TABLE 1. 

CWAS, TICs and Explosives that can be Detected in Specific Spectral Regions 

9-11.5 m CWAs 

BACKGROUND OF THE INVENTION 

0003) 1. Field of the Invention 
0004. This invention relates to the detection of hazardous 
and/or toxic gases, including warfare gases, and more par 
ticularly to a method and apparatus for detecting Such gases 
using optical systems such as laser photoacoustic spectros 
copy (LPAS). 
0005 2. Description of the Related Art 
0006. The terrorist events of Sep. 11, 2001, subsequent 
anthrax mailings, and the 1995 Tokyo subway Sarin attack 
by the Aum Shinrikyo cult has heightened worldwide aware 
ness of catastrophic Social impact of potential large scale 
attacks using chemical warfare agents (CWAS), and has 
exposed the critical need for the reliable, unambiguous and 
early detection of trace CWAS and toxic industrial chemicals 
(TICs) in the air. Despite the fact that all countries world 
wide are signatories to the Chemical Weapons Convention, 
which bans the use of CWAS, the U.S. defense establish 
ments have considered their use possible and thus have 
developed battlefield sensors for the ambient detection of 
CWAS to protect troops. However, CWA sensors suitable for 
civilian use in places Such as airports, railroads stations, 
large public and private office buildings, theaters, sports 

Lewisite, Nitrogen Mustard (H–N), Sulfur mustard (HD), 4 
Dithiane, Diisopropyl methylphosphonate (DIMP), Dimethyl 
methylphosphonate (DMMP), Isoamyl alcohol, 
Methylphosphonic difluoride (DIFLUOR), Cyclosarin (GF), 
Sarin (GB), Soman (GD), Tabun (GA), VX, Triethyl phosphate, 
2-diisopropylaminoethanol (DIPAE) 

TICs Ammonia, Arsine, Boron trichloride, Ethylene oxide, Nitric acid 
Mustard (H–N), Sulfur mustard (HD), 4-Dithiane, 

TICS Boron Trifluoride, Carbon Disulfide, Diborane, Formaldehyde, 
Hydrogen Cyanide, Hydrogen Sulfide, Nitric Acid, Phosgene, 
Sulfur Dioxide, Tungsten Hexafluoride 

Explosives TNT, PETN 
TICs HBr, HCI, HF 

0009. When evaluating an optical detection technology, 
certain performance characteristics are important and 
include: sensitivity, specificity, probability of false positives 
(PFPs) probability of false negatives (PFNs), response time, 
and recovery time. 

0010 Detection sensitivity is a key indicator of overall 
sensor performance and relates to the minimum gas con 
centrations that are reliably detected. A good sensitivity 
enables detecting CWAS or TICs before the concentration 
rises to dangerous levels, monitoring at low levels for long 
term exposure problems, and determining when an attack 
site is safe to reenter. 

0011 Specificity, i.e., ability to distinguish between dif 
ferent CWAS, is important to first responders in order to 
provide appropriate treatments Subsequent to the exposure. 
Specificity yields information not only about how much of 
a toxic gas is present, but also which gas is present. 

0012 Probability of false positives (PFP) provides a 
number that represents the fraction of measurements that 
falsely indicate a toxic gas is present when in reality it is not. 
Such false alarms often arise from interfering gases that 
might also be present in the indoor or outdoor environment 
and typically represent the most significant operational 
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difficulty for field-deployed sensors. Very low PFP is desir 
able since false alarms cause Substantial and expensive 
disruption in the normal routine of those at the measurement 
site. 

0013 Probability of false negatives (PFN) produces a 
number that reflects the fraction of measurements that 
falsely indicate a toxic gas is not present even though it is 
present at or above the set threshold level. A low PFN is 
desired in order to prevent unknown exposure to toxic air. 
0014) Response time relates to near real-time function 
ality (response times 60 seconds) which is necessary to 
provide warnings that are useful for protecting people and 
evacuating attack sites. 
0.015 The recovery time parameter reflects the time that 
a sensor requires to recover from a high reading, whether 
after an exposure to CWAS and/or TICs or a false reading 
prompted by the presence of an interfering gas. 
0016 Designing a sensor to simultaneously satisfy these 
standards requires a quantitative understanding of the sen 
Sor's operational characteristics as well as the nature of 
interferences expected in realistic environment and their 
impact on the sensor's operational characteristics. 
0017. The required sensitivity for CWA detection can be 
determined by the toxicity levels of particular agents, most 
of which have been reasonably well documented. With the 
1995 Tokyo scare, Sarin (GB), a typical nerve agent CWA, 
has received interest within the scientific community; the 
concentrations and related health effects for it are Summa 
rized in Table 2. 

TABLE 2 

Summary of Allowable Sarin Dose for Different Health Effects 

Health Effect Dose Remarks 

Lethal (50%) 
Incapacitation (50%) 
Miosis 
Occupational Limit 

100 mg-min/m Resting 
75 mg-min/m Resting 
1 mg-min/m 

40 hours/week, 40 years 
General Population 12.96 Lig-min/m 

0018 For a 30 minute exposure to Sarin, the lethal 
concentration is approximately 575 parts-per-billion (ppb). 
or 3.3 mg/m, while the first noticeable health effect (miosis) 
occurs at 33.3 g/m (5.8 ppb). For the general population, 
the suggested limit would be 27 ng/m (4.7 ppt) for an 8 hour 
exposure. Thus, to protect population from harm in the event 
of a Sarin attack, reasonable design targets for CWA sensors 
include 1) a sensitivity of approximately 1 ppb (well below 
the harm threshold for 30-minute exposure), and 2) a mea 
surement time shorter than 1 minute to allow reasonable 
time for evacuation. The thresholds for harm from the other 
CWAS are similar. 

0019. The CWAs have absorption strengths of -3-6x10 
ppm.meter' (FIG. 1). For illustration, VX may be used as 
a typical CWA, having a peak absorption of 2x10 ppm 
meter' at 9.6 um. Consequently, the infrared absorption at 
9.6 um from 1 ppb of VX would be 2x10 cm. Thus, 
detecting typical CWAS at ppb and Sub-ppb levels using 
optical absorption techniques requires an absorption mea 
surement capability as low as 10 cm'. 
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0020 Though sensitivity is a key parameter for a trace 
gas detection sensor, it is the selectivity (the ability to 
discriminate the target from interferences to avoid false 
alarms) that becomes the limiting performance factor when 
the sensors are used in real-world settings. In these envi 
ronments, the ambient air can often be heavily contaminated 
with potential interferences. 
0021 Traditionally, absorption spectroscopy sensors 
avoid the effect of interferences by measuring absorption 
either at a single wavelength or over narrow wavelength 
region where the target gas absorbs, but the other gases in 
the sample do not absorb. This approach has been Successful 
for the detection of smaller molecules in relatively clean 
samples, where the target spectra are sharp and the potential 
interferences are minimal. However, because CWAS and a 
majority of interferences that occur in realistic air samples 
are relatively large polyatomic molecules, their IR spectra 
are characterized by broad absorption features as seen from 
FIG. 2 that shows the infrared absorption spectrum of VX 
and an interference, butyl acetate. The spectra are several 
hundred nanometers wide, which is typical of CWAS and 
interferences, and overlap significantly between 9.5 and 9.9 
um. Since the targets and interferences absorb the probe 
light at many of the same wavelengths, selective spectro 
scopic detection of the target requires the acquisition of the 
spectrum over a broad wavelength range followed by quan 
titative decomposition into the contributing spectral signa 
tures of the targets and interferences. Thus absorption sen 
sors that operate over a narrow wavelength range would not 
be able to adequately distinguish these two species. 
0022. A sensor's selectivity is typically explained quan 
titatively through the PFP (or false alarm rate). For a sensor 
that has a one-minute measurement time, a reasonable 
design target is to achieve a PFP less than 2x10, which 
corresponds to a false alarm rate of <1 per year. The design 
targets for 10 second and 1 second measurement times 
would be a PFP of 3x107 and 3x10, respectively in order 
to keep the false alarm rate at less than 1 (one) per year. 
0023. As described above, sensors need to detect absorp 
tions as small as 10 cm. There are a number of optical 
techniques that permit measurements of Such Small absorp 
tions, the most common of which are long path absorption 
measurements (e.g., multipass cells and cavity ring-down 
spectroscopy) and calorimetric techniques (e.g., photoa 
coustics). 

SUMMARY OF THE INVENTION 

0024. In view of the foregoing disadvantages inherent in 
the known types of gas detectors now present in the prior art, 
the present invention provides a new methodology and 
architecture for gas detectors wherein gases, particularly 
hazardous gases, can be detected and determined. 
0025 The general purpose of the present invention, 
which will be described subsequently in greater detail, is to 
provide gas detection technology which is not anticipated, 
rendered obvious, Suggested, taught, or even implied by any 
of the prior art gas detectors, either alone or in any combi 
nation thereof. 

0026. Problems arise in the detecting of a target species 
in the presence of a multitude of interferences that are often 
are stochastic. Provided is a broadly applicable technique for 
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evaluating the sensitivity, probability of false positives 
(PFP) and probability of false negatives (PFN) for a sensor 
through the illustrative example of a laser photoacoustic 
spectrometer (L-PAS). This methodology includes: 1) a 
model of real-world air composition, 2) an analytical model 
of an actual field-deployed L-PAS, 3) stochasticity in instru 
ment response and air composition, 4) repeated detection 
calculations to obtain statistics and receiver operating char 
acteristic (ROC) curves, and 5) analyzing these statistics to 
determine the sensor's sensitivity, PFP and PFN. This meth 
odology was used to analyze variations in sensor design and 
ambient conditions, and can be utilized as a framework for 
comparing different sensors. 
0027. The simulation model developed to evaluate the 
sensor performance, includes a model of realistically con 
taminated air, a model of actual sensor performance, and 
quantitative spectral libraries. The results of an L-PAS 
sensor performance simulation for CWA detection are set 
forth with the analysis extended to predict performance of 
notional sensors with different operational characteristics 
and different levels of air contamination, thus, providing 
“scaling laws' for optical sensors and permitting sensor 
performance evaluations in extreme situations. 
0028. Using laser photoacoustic spectroscopy (L-PAS) as 
an example, optical techniques may be used for the detection 
of CWAS (chemical warfare agents) and TICs (toxic indus 
trial chemicals) by explicitly incorporating the stochastic 
nature of sensor noise characteristics and interferences in a 
real world situation. Based on a model developed to simulate 
an actual trace gas sensor, theoretical receiver operational 
characteristic (ROC) curves may be determined, which 
include quantitative sensitivity, selectivity, PFP and PFN as 
a function of instrument noise characteristics, spectrometer 
spectral coverage, and air composition. Thus, a universal 
road map for optimizing the performance of trace gas 
sensors in the presence of interferences and for performing 
useful intercomparisons of different techniques is provided. 
0029) L-PAS (laser-photoacoustic spectroscopy) (as one 
of possibly many alternatives) illustrates the analytical 
methodology by 1) simulating real-world air that represents 
a complicated mix of potential interferences, 2) creating an 
analytical model of the L-PAS sensor, 3) incorporating 
stochasticity to the model by adding random noise propor 
tional the instrument's precision and varying interference 
concentrations, 4) simulating the operation of the sensor 
model by performing repeated Sample calculations to yield 
useful statistics and ROC curves, and then 5) analyzing these 
statistics to determine the sensor's replicate precision (sen 
sitivity), PFP (selectivity), and PFN (reliability). 
0030. In this way, an improved gas detector may be 
provided generally along the lines of the optical/electromag 
netic frequency regimes available. 
0031. In one embodiment, a gas detector has an optical 
analyzer detecting in a sample of gas optical absorbance of 
the sample at a plurality of wavelengths. The optical ana 
lyZer then transmits an absorbancy signal representative of 
optical absorbancy for each respective one of the plurality of 
wavelengths. A spectral library of gas species absorbing one 
or more of the plurality of wavelengths is provided that 
includes determined absorptions for expected gases and 
target gases. In conjunction with this library, a processor 
receives the absorbancy signals from the optical analyzer 
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and applies pattern recognition (such as least squares fitting) 
using the absorbancy signals and the determined absorptions 
to provide mole fraction quantities for each of the expected 
gases and each of the target gases. In this way, the sample 
of gas may be analyzed for presence and quantity of 
expected gases and target gases. 

0032. In another embodiment, a high sensitivity gas 
detector for detection of hazardous gases with reduced 
probability of false positive and false negative signals uses 
a light source transmitting modulated tunable radiation to 
illuminate a photoacoustic test cell. The photoacoustic test 
cell has a microphone system that transmits a photoacoustic 
signal to a signal receiver that receives the microphone 
signal. The signal receiver transmits a normalized signal to 
a signal processor which analyzes the normalized signal in 
conjunction with at least one entry in a library for signal 
signatures for gases detectable by the radiation. The signal 
processor transmits a resulting signal indicating a quantity of 
the hazardous gases in the test cell. In this way, detection of 
known hazardous gases can be made by illuminating sample 
air or other gas in the photoacoustic test cell. 
0033. In a further embodiment, a method for detecting 
gases is set forth herein that includes the initial step of 
providing a gas sample to be tested. An optical analyzer is 
provided that transmits a signal proportional to optical 
absorbance. The step of analyzing the gas sample with the 
optical analyzer to obtain an absorbancy signal is then 
performed. The absorbancy signal for the gas sample as a 
whole is then analyzed in conjunction with a spectral library 
of determined absorptions for expected gases and target 
gases. The mole fractions for the expected gases and the 
target gases is then determined. In this way, the gas sample 
may be analyzed for presence and quantity of expected gases 
and target gases. Generally, such expected gases are those of 
the air ambient the detector which are usually the same from 
day to day and so can generally be determined in advance. 
The target gases are those hazardous ones which could be 
expected from either a foe or adversary in the case of 
chemical warfare agents (CWAS) or explosives, or from an 
industrial accident in the case of toxic industrial chemicals 
(TICs). 
0034. The technology set forth herein is generally not 
hampered by a large spectral library as the same can be 
contained on an updatable chip, EEPROM, or the like. The 
same could be updated in all ways now known or later 
developed so that a central laboratory could update units in 
the field, battlefield or otherwise. The anticipated develop 
ment of low-energy high-capacity microprocessors could 
provide a universal gas detector and/or provide the basis for 
gas detection based upon optical detection of the chemical 
bonds present in the gas and constructing mathematically or 
otherwise the resulting molecules from the detected chemi 
cal bonds. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0035 FIG. 1 is a graph of IR spectra for CWAS, mustards, 
and TNT. 

0036 FIG. 2 is a graph of IR absorption spectra of VX 
and a potentially interfering species, butyl acetate. 

0037 FIG. 3 is a spectra of nerve agents and ''CO and 
'CO, laser wavelengths. 
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0038 FIG. 4 is a graph of simulations of 10 ppbv DIMP 
detection in contaminated air overlaid with the results from 

measurements of DIMP in clean, dry air. 
0.039 FIG. 5 (top panel) is a sensor reading of a simulated 
sensor response to zero ppb DIMP in contaminated air. The 
PFP for an alarm threshold of 1.5 ppb is the area A divided 
by the sum areas A and A. The bottom panel is a sensory 
reading of a simulated sensor response to 2 ppb DIMP in 
contaminated air. The PFN is obtained by analyzing the 
number of sensor readings that are below a particular alarm 
threshold even though DIMP is present at higher concen 
trations and this case (where the threshold level is 1 ppb), the 
PFN is the area A divided by the total area under the curve 
(A1+A2). 
0040 FIG. 6 is a graph of PFP for simulated measure 
ments of 10 ppbv DIMP in heavily contaminated air. A PFP 
of 1x10' is achieved for a detection threshold of 4.15 ppb. 
0041 FIG. 7 is a plot of PFP and PFN versus detection 
threshold obtained from simulations. 

0.042 FIG. 8 (top panel) is a graph of simulated ROC 
curves illustrating improvement in the PFP of L-PAS detec 
tion with improving precision of the sensor. The bottom 
panel is a graph of simulations demonstrating the impact of 
reducing contamination on the performance of the sensor. 
Typical indoor air has a total VOC (TVOC) density of <0.5 
mg/m. 
0.043 FIG. 9 shows absorption spectra for Tabun (GA), 
Sarin (GB). Soman (GD), Cyclolsarin (GF), VX, triethyl 
phosphate (TEP), dimethyl methylphosphate (DMMP) and 
diisoprophyl methylphosphonate (DIMP) in the 9-11.5 um 
region (top panel). The bottom panel features positions and 
relative power levels of the 'CO laser output on the lasing 
transitions as a function of the wavelength. 

0044 FIG. 10 is a schematic portrayal of an L-PAS 
analyzer for CWA and other gas detection. 

0045 FIG. 11 are graphs of measured photoacoustic 
absorption spectra for ammonia, toluene, isopropanol, eth 
ylene, ethanol, methanol, DIMP and CO. 
0046 FIG. 12 is a graph of L-PAS analyzer measure 
ments for: 1) synthetic clean air. 2) Santa Monica city street 
air, 3) synthetic contaminated air no DIMP, 4) synthetic 
contaminated air with 14.3 ppb DIMP present, and 5) 
synthetic contaminated air with no DIMP. 

0047 FIG. 13 is a sensory reading of measurements of 
DIMP in synthetic contaminated air and Santa Monica air 
over 12 hours on different days to determine the sensitivity 
of PFP. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT(S) 

0.048. The detailed description set forth below in connec 
tion with the appended drawings is intended as a description 
of presently-preferred embodiments of the invention and is 
not intended to represent the only forms in which the present 
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invention may be constructed and/or utilized. The descrip 
tion sets forth the functions and the sequence of steps for 
constructing and operating the invention in connection with 
the illustrated embodiments. However, it is to be understood 
that the same or equivalent functions and sequences may be 
accomplished by different embodiments that are also 
intended to be encompassed within the spirit and scope of 
the invention. 

0049. As set forth herein, the use by example of L-PAS 
is advantageous because reliable instruments based on this 
technique are commercially available for ppb (parts per 
billion) and sub-ppb detection of a variety of relevant trace 
gases and because it meets important sensitivity require 
mentS. 

0050. However, a wide variety of optical detection tech 
niques, instrument, and devices may be advantageously used 
in conjunction with the present system and method. These 
include: tunable laser systems; laser photoacoustic systems 
including a L-PAS system using a CO laser, long path 
optical absorption measuring systems; cavity ring-down 
spectroscopy systems; FTIR systems; a L-PAS using one or 
several tunable quantum cascade lasers; a L-PAS using a 
tunable parametric oscillator, a L-PAS using one or several 
direct bandgap recombination type semiconductor lasers; a 
L-PAS using any combination of CO lasers, quantum cas 
cade lasers, parametric oscillators, and direct bandgap 
recombination type semiconductor lasers; a tunable CO 
laser; a tunable CO laser tunable to wavelengths inclusively 
between 9.0 um and 11.5 um; one or more tunable quantum 
cascade lasers; a tunable quantum cascade laser tunable to 
wavelengths inclusively between 3.0 Lum and 15 um; a 
tunable parametric oscillator; a tunable parametric oscillator 
tunable to wavelengths inclusively between 2.0 Lum and 15 
um; one or more tunable direct bandgap recombination type 
semiconductor lasers; a tunable direct bandgap recombina 
tion type semiconductor laser tunable between wavelengths 
inclusively between 1.0 Lum and 15 m; any combination of 
CO lasers, quantum cascade lasers, parametric oscillators, 
and direct bandgap recombination type semiconductor 
lasers; any tunable combination of CO lasers, quantum 
cascade lasers, parametric oscillators, and direct bandgap 
recombination type semiconductor lasers. Such tunable com 
bination tunable between wavelengths inclusively between 
1.0 um and 15 um; and any combinations of the foregoing. 
0051 L-PAS is often used with high-power CO lasers 
that provide 1) wide tunability necessary for measuring 
CWAS in the presence of interferences (interfering agents/ 
chemicals/gases), 2) high resolution for distinguishing sharp 
spectral features, and 3) spectral overlap with the wave 
length region where most CWAS and many TICs absorb. 
Though L-PAS is used for illustrative purposes, the analysis 
and disclosure presented here is independent of the specific 
absorption measurement technique. 

0.052 Specifically, L-PAS involves absorption of the 
modulated laser radiation followed by deactivation of the 
excited molecule via collisions, which convert the absorbed 
energy into periodic local heating at the modulation fre 
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quency, and generate acoustic waves that can be monitored 
using low-noise microphones. 

0053. The photoacoustic signal, S, in volts is: 
S=SPCC, (1) 

0054 where the microphone sensitivity, S, is in units of 
volts per Pascal; the power, P is in watts; the absorption 
coefficient C. is in cm; and the cell factor, C, has units of 
Pascal per inverse centimeters per watt. The photoacoustic 
signal is linearly proportional to the incident laser power and 
absorption coefficient at the laser wavelength. Thus, pho 
toacoustic detection of trace gases derives sensitivity benefit 
from the use of as much laser power as is appropriate. To 
first order, L-PAS is a Zero baseline technique (i.e., if no 
gases are present to absorb the light, then the transducer 
yields no signal) and is typically linear over 5 orders of 
magnitude, and thus shows magnificent dynamic range. 

0055. A model of a tunable CO, laser L-PAS sensor was 
created using (1) characteristics of an actual field-deployed 
unit and the spectral information of relevant CWAS, TICs 
and (2) potential interferents that might be present. This 
model was then used repeatedly to simulate CWA detection 
in the presence of interferences to yield statistics that could 
be used to estimate the L-PAS sensor's sensitivity, PFN and 
PFP. The model incorporates the stochastic nature of sensor 
instrumentation by adding appropriate noise to the simulated 
L-PAS spectrum, while the stochastic nature of the interfer 
ence composition is accounted for by varying the calculated 
contamination in different air samples. The model presented 
herein simulates sensor performance as a function of three 
parameters: 

0056 1) Spectral range available from the laser; 
0057 2) The stochastic noise characteristics of an actual 
L-PAS sensor, including floor noise, precision, and integra 
tion time; and 

0.058 3) List of targets and probable interferences with 
their expected concentrations and their quantitative spectra 
(i.e., the spectral libraries). 
0059. The sensor model uses actual performance charac 

teristics of a practical field instrument that measures ambient 
ammonia in the presence of interferences using a line 
tunable CO laser based L-PAS sensor. This sensor uses a 
13CO laser with 5 W of average output power operating on 
its 10R(18) transition near 10.784 um to interrogate ammo 
nia's strong Q(6), transition. Interferences from CO2, 
HO continuum and window absorptions are subtracted by 
Switching to neighboring laser lines, yielding a replicate 
precision of 32 ppt. This detectivity corresponds to a mini 
mum detectable fractional absorbance of 8.8x10, and a 
minimum detectable absorption coefficient of 9.6x10' 
cm', thereby satisfying sensitivity requirements. The line 
Switching algorithm can be extended over many laser lines 
and combined with linear (and possibly other) pattern rec 
ognition techniques to detect many species in the presence 
of a vast majority of interferences encountered in contami 
nated or indoor air. From measurements with clean air we 
derive the stochastic instrument noise to be 0.2% of the 
signal amplitude. 

0060. Because interferences are an important part of 
actual sensor performance in the field, realistic measurement 
conditions are simulated by developing a model of heavily 
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contaminated air that contains a number of trace constituents 
of anthropogenic and biogenic origin. For example, outdoor 
air, even in unpolluted areas contains CH, higher alkanes, 
NO SO. NH, O, CO and CO. Urban polluted air 
contains fuel vapors, numerous VOCs (volatile organic 
chemicals) resulting from incomplete combustion in car 
engines and Smoke Stack emissions, as well as an array of 
intermediates resulting from their atmospheric degradation. 
Rural air may be contaminated by emissions from agricul 
tural operations leading to significant concentrations of 
ammonia and Sulfur-containing compounds. The Sources of 
indoor air contamination are even more diverse and include 
cleaning agents, products of out gassing of common con 
struction materials, paints, solvents, perfumes, food, and 
tobacco Smoke. 

0061 Since there is no single reference source that com 
prehensively quantifies realistic air constituents, an exhaus 
tive list of documented pollutants was compiled. Where both 
mean and instantaneous (spike) concentration levels are 
reported in the literature, the higher spike values were 
chosen to be representative of the highest possible contami 
nation and to serve as a stricter test. For most chemicals, 
however, only average values over multi-hour measurement 
periods are available. To estimate the highest possible spike 
values, resulting from spills, use is made of the results of an 
analytical model, which considers a vapor diffusion process 
from a point Source in a reasonably ventilated indoor area. 
According to this model, the highest concentration reached 
in the vicinity (one meter away) of the spill is 4 (four) times 
the steady-state value established after the evaporation rate 
becomes equal to the rate of removal of the vapor via 
ventilation. Therefore, in the cases where only mean con 
centrations were reported, we multiplied the highest 
reported value by a factor of four to achieve the expected 
spike value. The list includes more than 300 species and 
represents, possibly, the most complete compilation of pub 
lished data on the topic and, thus, is the best practical 
starting point for evaluating a sensor's performance in 
realistic air. The complete list of documented compounds, 
their largest reported concentrations, and references to origi 
nal literature sources are not reported here, but may be 
obtained from publicly-available sources. We have also 
assembled a digital quantitative, high resolution (0.25 cm) 
library of absorption spectra of each of these potential 
interferences by using published databases and commer 
cially available databases. 

0062) This list of some three hundred species is imprac 
tically large and is truncated for the present analysis by 
removing a chemical from further consideration if: 

0063 it has been reported in indoor air in negligible 
quantities such that its optical absorption is less than the 
equivalent of 1 ppb of Sarin. 1 ppb of Sarin is used as a 
cutoff since this number is well below the harm threshold of 
5.8 ppb for a 30 minute exposure as seen above, and 

0064 if the species does not absorb light appreciably at 
any wavelength within the range of the carbon dioxide laser, 
and therefore would not interfere with a target gas even if 
present in Substantial quantities. 

0065 Table 3 lists 45 species that meet the criteria and 
are part of the interference library. 
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TABLE 3 

CO, laser based L-PAS sensor interference list 
Species Concentration ppb Species Concentration ppb Species Concentration ppb. 

H2O 4.OOE-07 Formaldehyde 400 aPinene 60 
EthyleneGlycol 491 Ozone 15 Acrolein 11 
Toluene 2.382 TCTFE 3 2Butanone 42 
CO2 55OOOO pDCB 13 Freon12 370 
Ethanol 146 Butanol 21 Isobutanol 2 
Ammonia 22 2Butoxyethanol 15 TMB 17 
Isopropanol 212 2Ethylhexanol 8 dLimonene 23 
Methanol 16 Benzene 34 13Butadiene 5 
pXylene 649 Trichloroethane 148 ODCB 2 
Acetic Acid 92 Styrene 14 MTBE 13 
mXylene 649 Naphthalene 71 Butane 33 
Ethylbenzene 252 Ethylene 10 Freon11 28 
EthylAcetate 16 Chloroethane 2O oXylene 16 
Texanol 25 Acrylonitrile 11 EEACET 2 
ButylAcetate 14 Propylene 10 Chloroform 38 

0.066 FIG. 3, showing the absorption spectra of eight 
target nerve agents and Surrogates at wavelengths accessible 
with 'CO, and 'CO, lasers, indicates that the spectrum of 
DIMP (a surrogate for nerve agents) has excellent overlap 
with the 'CO, laser. Consequently, the modeling was per 
formed for a 'CO, laser L-PAS sensor for DIMP detection. 
The libraries of spectra were converted into the spectra 
specific to a CO, L-PAS by evaluating the absorption 
coefficients at the 87 discrete 'CO laser wavelengths in the 
9.6-11.5 um range. The spectral signatures of the 46 inter 
ferents were then used to evaluate matrix elements involved 
in the least squares fit (LSF) spectral decomposition as 
described herein. 

0067. In realistic air, both targets and interferents con 
tribute to the measured L-PAS spectrum. The mathematical 
problem of decomposition of multi-component spectrum 
may be solved using the least square fitting (LSF) technique. 

(1) 

0068. Using Equation 1, a L-PAS spectrum of the air 
containing multiple contaminants can be simulated. 

S=SPCC. 

0069. In the gas mixture the absorption coefficient, C, at 
each wavelength is given by, 

if species if species 

Absorption Coefficiently, = a1 = X. a.i.a = X. X; * CIA, 
i=l i=l 

(2) 

0070) where O, is the absorbance for species i at wave 
length , and X, is the mole fraction of the species i. 
According to Equation 1, if S is the measured photoacous 
tic signal and P is the measured laser power at given 
wavelength, the L-PAS spectrum (the set of values of 
absorption coefficients, C, vs. wavelength, ) may be 
obtained using Equation 3. 

Sa: f 
Carmeasured F SP in PC 

(3) 

0071 Combining Equation 2 and Equation 3, and noting 
that in any real sensor a measured absorption coefficient, 
O. inevitably contains instrumentation noise, yields: measure 

if species 

Carmeasured F X. X, 3 oria + Noise, 
i=l 

(4) 

0072 The L-PAS spectrum of a multi-component mix 
ture is a linear combination of the known spectra of indi 
vidual constituents, with the coefficients being the mole 
fractions of individual components, X, plus a stochastic 
term due to instrumental noise of the sensor. During mea 
Surements, the sensor acquires an L-PAS spectrum of a 
sample. The unknown mole fractions for each species are 
Subsequently determined via the linear list square fit, i.e., 
from the requirement that the sum of squares of the differ 
ences between measured and simulated absorption coeffi 
cients (so-called merit function, X) over all wavelengths is 
minimum: 

2 (5) 

= min 
it iies if species 

2- X = |-- X. X, 3 Cia, i=1 i 

0073. Using vector-matrix notation Equation 4 may be 
represented as: 

Spectral Coefficients Molefactions Noise Measured Absorbance ( 
CA. O.2 CAM X fil Cl 

Oa2.1 Ca2.2 Ca2M X2 in2 O2 
-- 

Oaw. Ov.2 Oaw.M XM fif C 

0074 The LSF values of individual mole fractions, X. 
which are the Solutions of Equation 5 are given by Equation 
7. 
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Modefractions -l (7) 
X OO1 O2O1 ... ON O1 

OOM O2O1 ON Of 

Spectral Coefficients isfeasisired Absorbace 

Ca.1 Ca2.1 Oay.1 d 

Oa2 Ca2.2 Oay.2 O2 

OA.M CA.M OA.M C 

0075) The LSF algorithm for an ideal sensor (with zero 
noise), yields the concentration of the target species even in 
the presence of multiple interferences if: 1) a quantitative 
L-PAS spectral library for all expected targets and interfer 
ences exists, 2) the number of wavelengths used for the 
measurement is greater than the number of absorbing spe 
cies and 3) the individual spectra are linearly independent. 
A stochastic noise term in Equations 5 and 6 introduces error 
in the measured absorption coefficients and consequently in 
the best-fit values of X, as obtained from Equation 7. Sensor 
model simulations based on Equations 4-7, described below, 
reveal quantitative limitation imposed by stochastic noise on 
the performance of practical sensors. 
0.076 To quantitatively analyze the performance of 
L-PAS for CWA detection (sensitivity, specificity, PFN and 
PFP), one needs to understand the sources and evaluate the 
magnitude of noise in the detection scheme of the actual 
L-PAS based instrumentation. The L-PAS sensor has two 
critical transducers that introduce noise; a microphone (or 
microphone system) measuring the photoacoustic signal, 
S. and a power meter measuring the laser power, P. 
Outputs from these two sensors are used to obtain the 
absorbance values, C., using Equation 2. For constant 
ambient conditions (temperature, pressure) of the sample in 
the photoacoustic cell, the uncertainty in the measured 
absorption coefficient arises from the sensor noise. 

0077. The sensor noise is a sum of noise independent of 
signal amplitude (the floor noise) and noise proportional to 
the total measured PAS signal amplitude scaled by the 
instrument precision, B. 

2 2 Noise=Vn, precision (8) 

precision-Oxf (9) 
0078. The fundamental noise floor on photoacoustic 
detection arises from the Brownian noise created by the gas 
molecules in the photoacoustic sensor and is given by an 
equivalent absorbed optical power of about 10' W Hz' 
at room temperature. For actual instruments, the lowest 
possible floor noise value is determined by the specifications 
of the transducers, i.e., the power meter and the microphone. 
The instrument precision is, in turn, determined by the 
quality, i.e., linearity, digitization resolution, etc. of the 
signal conditioning and data acquisition electronics. Floor 
noise and the precision values were determined from a field 
deployed L-PAS sensor, and, yielded a precision of approxi 
mately B=0.002 with roughly Gaussian stochastic properties 
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and no obvious systematic components. At this level, the 
precision noise exceeds the floor noise by almost three 
orders of magnitude and the latter can thus be disregarded. 
0079 Thus, an absorption spectrum of an air sample 
containing a particular mixture of trace gases (both targets 
and interferences) acquired with CO, L-PAS sensor may be 
simulated using Equation 4 with the noise term governed by 
limited sensor precision: 

if species (10) 

a = 2, X. Oi. (1 + B. gauSS) 

0080 where B is the sensor precision, and gauss is the 
function generating Gaussian-distributed random numbers 
with a mean value of 0 and variance (one standard deviation) 
of 1. If there is no instrumental noise, B=0, i.e. no stochas 
ticity, the best fit values, X, best-fit, practically coincide with 
the values of X, used to simulate air in Equation 10. As the 
stochastic instrumental noise is added, the LSF produces 
values of X, best-fit which differ from the value X, from 
Equation 10. The statistical distribution of this difference 
allows one to quantitatively measure the sensor perfor 
aCC. 

0081. Simulations can, now, be performed using the 
analytical model to predict the PFN., PFP and sensitivity for 
the sensor. The steps leading to the generation of ROC 
CUWCS a 

0082 Generate a synthetic photoacoustic spectrum of the 
“contaminated air” by adding up the absorption spectra of all 
interferents at their highest concentrations and imposing a 
stochastic noise according to Equation 10. 

0083) Determine the best-fit mole fraction of a particular 
target species (DIMP), XMP by the LSF analysis of 
the synthetic spectrum using Equation 7 (with all involved 
matrix elements evaluated using the absorbance values O, 
from spectral library). 

0084 Repeat the simulation large number of times 
(~10), each time generating different spectrum due to 
stochastic nature of the gauss function. The resulting distri 
bution of the best-fit concentration values, XMP. f. 
yields instrument sensitivity, PFP and PFN versus detection 
threshold and challenge respectively. 

0085. The simulation was first performed for the case of 
10 ppbv DIMP challenge in clean, dry air yielding a histo 
gram of results with a deduced average measurement of 
10.00 ppbv and a standard deviation of 20 ppt. These results 
agree well with the field sensor tests for ammonia, which has 
a similar peak absorption coefficient as DIMP. The simula 
tion for 10 ppbv DIMP was repeated with interferences from 
a worst-case air model (Table 4), including high humidity 
(4% HO), 550 ppm CO, and high VOC density of 23.7 
mg/m, which is nearly two orders of magnitude greater 
contamination than that in nominal conditions. For this 
simulation, the average deduced value is 10.00 ppbv with a 
standard deviation of 840 pptv, illustrating that the impact of 
the interfering species. The histograms of results for the two 
simulations are overlaid in FIG. 4. The impact of the 
interferences on the measurement precision is due to the 
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increased absorption coefficients measured by the sensor 
leading to an increase in their absolute uncertainty due to 
limited instrumental precision (Eq. 10), which leads to an 
increased uncertainty in the results of the spectral decom 
position algorithm. 

0.086 FIG. 4 shows simulations of 10 ppbv DIMP detec 
tion in contaminated air overlaid with the results from 
measurements of DIMP in clean, dry air. 
0087 To determine the sensitivity and detection thresh 
old versus PFP (the ROC curve), the simulations must be 
performed with the interferences present but the target gas 
absent. The standard deviation of this distribution is the 
sensitivity. The PFP (for a given threshold) is determined 
from the same distribution by evaluating how often the 
sensor mistakenly yields a reading above a predetermined 
threshold. The simulations with the “worst case” contami 
nated air and no DIMP yielded a histogram (FIG. 5, top 
panel) centered at 0.01 ppbv, with a standard deviation of 
850 pptv, which defines the instrument’s sensitivity. The 
PFP at a particular alarm threshold is determined from the 
histogram as the number of readings above the threshold 
normalized by the total number of simulations. For example, 
for a threshold of 1.5 ppbv, the PFP is the ratio of the 
integrated area under the curve above 1.5 ppbv (shown as A 
on the plot) and the total integrated area (shown as the Sum 
of A and A on the plot), indicating that 7.7% of the 
readings will surpass the threshold and thereby falsely set off 
an alarm. Similarly, for an alarm threshold of 4.15 ppb, only 
1 in every million sensor readings will falsely trigger the 
alarm when no DIMP is present. And, of course, for an alarm 
threshold of 0 ppb, all measurements will set off the alarm, 
yielding a PFP of 100%. 
0088. To obtain the ROC curve, i.e., the PFP as a function 
of different thresholds, the process is repeated for of differ 
ent alarm levels. The result, plotted in FIG. 6, indicates that 
as the threshold level increases the PFP decreases rapidly, 
and for the 4 ppb threshold the PFP reaches the value of 
-10°. 

0089 FIG. 6 shows the PFP for simulated measurements 
of 10 ppbv DIMP in heavily contaminated air. A PFP of 
1x10 is achieved for a detection threshold of 4.15 ppb. 
0090. To evaluate the sensor PFN, the instrument perfor 
mance must be modeled when challenging the system with 
DIMP at a level exceeding the alarm threshold and deter 
mining the normalized portion of the histogram below an 
alarm threshold (area A divided by area A+A). In FIG. 5, 
the bottom panel illustrates PFN calculation for the “worst 
case' air. With an alarm threshold of 1 ppbv and a challenge 
of 2 ppbv DIMP, the distribution reveals that 11.3% of the 
sensor readings will falsely indicate that DIMP is not 
present. 

0.091 By evaluating the PFN at a range of alarm thresh 
olds, the PFP curve from FIG. 6 can be color-coded to reflect 
PFP and PFN simultaneously, as shown in FIG. 7. Combined 
display such as the one in FIG. 7 represents an important tool 
that allows users to specify alarm settings based on the 
priorities of their applications. 
0092. The simulation model provides the tools for explor 
ing ways by which the CWA detection performance may be 
improved or for testing the limits of the instrument usability 
in the case of extreme situations. The model has three input 
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parameters: air composition, instrument precision, and laser 
spectral coverage. Effects of improving the precision of the 
photoacoustic detection and varying the total volatile 
organic compound interference load were studied. The 
effects of varying the spectral coverage are not set forth 
herein because the tuning range afforded by a CO laser is 
fixed. However, further research regarding Such variation in 
the spectral coverage may yield results similar to those set 
forth herein. 

0093. As can be deduced from above, limitations to the 
sensitivity for a desired PFN and PFP comes from the 
“noise' from the photoacoustic sensor. As described above, 
the limiting factor for the field deployed L-PAS sensor was 
its precision, which is the result of the instrument's 10 bit 
digitizer (9 bits plus sign). The 9 digitization bits give a 
maximum resolution of 1:512, or approximately 0.002 times 
the maximum signal for a precision B=0.2%. By using a 
sixteen bit digitizer (15 bits plus sign) the resolution can be 
improved to 1:32,768, yielding B=0.003%. With this 
improvement, the noise due to limited precision is still larger 
than the floor noise, but only by a factor of ten. The 
improvement in overall system performance that can be 
obtained by reducing the total noise is shown in FIG. 8 (top 
panel) which plots the results for different values of preci 
sion. For example, an improvement of a factor of 60 in 
precision (going from a 10 bit digitizer to a 16 bit digitizer) 
will improve the detection sensitivity by about the same 
factor, i.e., 60. 

0094) In FIG. 8, the bottom panel shows the results of 
simulations for the worst-case contaminated air, with a total 
VOC (TVOC) density of 23.7 mg/m, and for air samples 
with 2x and 10x less contamination. As the total contami 
nation decreases, the sensor's selectivity improves. For the 
worst-case contamination, a PFP of 1x10 can be achieved 
for a detection threshold of 4.15 ppb. Reducing the con 
tamination by a factor of 10 to 2.37 mg/m lowers that 
threshold to 0.74 ppb. 
0.095 The problem of sensitively detecting CWAS and 
TICs in the presence of a realistic array of interferences is set 
forth in the analysis above by illustrative use of an L-PAS 
system. An analytical model for optical detection of CWAS 
and TICs has been developed that can be used for ab initio 
calculations of L-PAS to determine optimum designs, and 
was used to evaluate the sensitivity, PFP and PFN. Ulti 
mately, the performance of a L-PAS sensor depends on the 
availability of high power broadly tunable laser sources, 
high precision instrumentation, and quantitative spectral 
libraries. 

0096) This L-PAS performance (sensitivity and PFP) can 
be improved substantially through systematic optimization 
that includes improvements in the performance of instru 
ment components and design, for example using higher laser 
output power and tuning range, as well as systematic engi 
neering improvements, such as using better precision A/D 
converters, transducers, and conditioning electronics. 
0097. The approach set forth herein may be used for 
comparing and optimizing the use of other optical detection 
technologies for the measurement of CWAS and TICs. The 
vehicle for the analysis set forth above is the L-PAS. 
However, the fundamental property measured is the optical 
absorption. Any other technique that yields the optical 
absorption signatures, such as long path optical absorption 
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measurements, cavity ring-down spectroscopy or FTIR 
(Fourier Transform Infrared Spectroscopy) is also equally 
well described by the analysis presented in this paper. In 
carrying out the analysis for other modalities of absorption 
measurements, the photoacoustic signal, S that is directly 
proportional to the absorption, can be substituted by the 
actual measured absorption values. The appropriate “noise' 
for the system must be added to these measurements to 
derive a stochastically dependent variation of sensitivity 
With PFP and PFN. 

0.098 As mentioned above, recent terrorist acts, includ 
ing the 1995 Sarin attack carried out in a Tokyo subway 
station by the Aum Shinrikyo cult, have accelerated the 
search for reliable and sensitive detection of chemical war 
fare agents to permit a safe and effective evacuation of 
personnel from buildings and other structures after an attack, 
to determine safe evacuation perimeters and to evaluate 
when an attack site is safe to reenter by first responders or 
other personnel. Moreover, because buildings and public 
places need 30-60 minutes for evacuation, sensors that can 
give measurement updates on a minute-by-minute basis 
while retaining the appropriate sensitivity and selectivity are 
critical for saving lives and preventing panic. 

0099 Optical spectroscopy has long been used for iden 
tifying chemical compounds. The CWAS have strong optical 
absorption features in the infrared in the 9-11.5um region 
(FIG.9, top panel), with typical decadic absorption strengths 
1 of 1-6x10 (ppm-meter). Despite the relatively large 
magnitude of the absorption coefficients for these CWAS, for 
detection at the levels of interest (e.g., 1 ppb), these gases 
will have a maximum absorption coefficient of 1-6x10 
cm. Therefore, ultrasensitive techniques are required. The 
two most commonly employed are long path measurements 
and calorimetric methods. Long path absorption measure 
ments include cavity ring down spectroscopy or FTIR with 
multi-pass optical cells, both of which use the long path 
lengths to compensate for weak absorption coefficients. 
L-PAS is a typical example of the latter method, which 
achieves suitable detectivity despite short optical path 
lengths due to quiet and sensitive transducers (microphones) 
and the technique’s Zero-baseline characteristics. L-PAS has 
been shown to be a robust technique for weak gas phase 
optical absorption measurements with minimum detectable 
absorption coefficients in the range of 10' cm. Because 
high power (>1 W) CO lasers are available with wide 
tunability (FIG. 9, bottom panel) throughout the 9-11.5 um 
where the CWAS absorb, they are ideal laser sources for 
L-PAS systems for the detection of the CWAs. 
0100 However, high sensitivity for detecting small 
absorptions by itself is not sufficient for detecting CWAS in 
real environments. A sensor is needed that has very few false 
alarms. Many trace gas species, normally present in the 
ambient air, have strong absorption features in the same 
wavelength region and interfere with the measurements. 
Obtaining a low probability of false alarms requires effective 
interference rejection. The problem of interference rejection 
is severe because the broad absorption features of interfer 
ents overlap with the broad absorption features of the target 
CWA. In normal indoor or outdoor environments, hundreds 
of gases are present, of which a few dozen need special 
consideration because of their ambient concentrations, 
absorption magnitudes, and spectral overlap with the CWAs. 
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0101 FIG. 10 shows a block diagram of the L-PAS 
analyzer 100 for the measurements of DIMP in the presence 
interferents. The photoacoustic spectrometer includes a 
13CO laser 102 that is tuned across 34 transitions in the P 
and R branches of the 00' 1-10'0, 02°0). band, covering 9.6 
um to 10.2 um in ~40 seconds. The normalized photoacous 
tic signal on a transition is proportional to the cumulative 
optical absorption caused by all of the gases present in the 
cell 104 including DIMP. The individual contribution from 
DIMP and the other species is extracted using a linear (or 
possibly other) pattern recognition algorithm along with the 
spectral libraries recorded with the spectrometer. The L-PAS 
sensor was calibrated by introducing into the cell known 
concentrations of DIMP (see FIG. 11, bottom left panel). 
0102 FIG. 11 shows exemplary spectral libraries used to 
evaluate C, the absorption coefficient of species i at 
wavelength i. Three additional vectors were added to 
account for the offset, slope and curve of the background 
signals. When a mixture of trace gases is present in the 
photoacoustic cell, the total absorption, C, at a specific 
wavelength, , is given (as above) by 

it of species it of species (2) 

Absorption Coefficiently, = ax = X. ai,A = X. Oi. X. 
i=l i=1 

(0103) where O, is the absorbance for species i at wave 
length , and X, is the mole fraction of the species i. The 
signal is linear for over five orders of magnitude until the 
cumulative optical density approaches 6% or greater, and the 
combined absorbance at any particular wavelength is a 
linear combination of different contributing absorbers. 
Finally, from the measured absorption matrix, C, the 
concentration of the specific component is derived. 

0.104) A series of measurements were carried out to assess 
the capability of the L-PAS analyzer to measure DIMP in the 
presence of eight species that were determined to be the 
worst expected interferents: water, carbon dioxide, pro 
panol, ethylene glycol, toluene, methanol, ammonia and 
ethanol. The analyzer's capability is a combination of its 
sensitivity and selectivity (low false alarms when DIMP is 
not present). Four different measurement scenarios were 
used: (1) 0 ppb DIMP in synthetic clean air to determine 
best-case sensitivity; (2) 0 ppb DIMP in real outdoor Santa 
Monica, Calif. air to establish a benchmark for sensitivity 
and selectivity in nominal urban conditions; (3) 0 ppb DIMP 
in synthetic, highly contaminated air to establish sensitivity 
and selectivity under extreme conditions; and (4) 14.3 ppb 
DIMP in synthetic contaminated air to establish accuracy. 
0105 The component gases and concentrations for each 
case are listed in Table 4. The results of these four test cases 
are plotted in FIG. 12 with five different test segments (Case 
3 is conducted twice), and summarized in Table 5. This case 
is used to establish a benchmark for sensitivity with syn 
thetic clean air (O, N, 1% HO, 500 ppm CO) and no 
DIMP present. For this case, the analyzer produced a reading 
of -0.09 ppb DIMP with a 1 O replicate precision of 0.07 ppb 
over approximately 120 successive measurements (see the 
first segment of FIG. 5). Thus, the best-case sensitivity for 
the system is approximately 70 ppt (0.51 ug/m) and the 
Zero-level is within 100 ppt of true Zero. 
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TABLE 4 

Gas components and concentrations used in the present study for 
synthetic clean air (second column), outdoor Santa Monica air 
third column), and synthetic contaminated air (fourth column). 

Concentrations 
for Synthetic 
Contaminated 

Concentrations 
for Synthetic Concentrations for 

Component Clean Air Santa Monica Air Air 

Nitrogen 79% 79% 79% 
Oxygen 20% 20% 20% 
Water 190 1-2% 196 
Carbon Dioxide 500 ppm 300-550 ppm 500 ppm 
n-propanol None Unknown 730 ppm 
Ethylene Glycol None Unknown 360 ppm 
Toluene None Unknown 3.6 ppm 
Methanol None Unknown 850 ppb 
Ammonia None Unknown 700 ppb 
Ethanol None Unknown 330 ppb 
All others None Unknown None 

0106) 

TABLE 5 

Results for each test segment 

Seg- Actual DIMP Measured DIMP 
ment Test Conditions Concentration Concentration 

Synthetic Clean Air 0 ppb –0.09 + 0.07 ppb 
Santa Monica 0 ppb -0.04 + 0.37 ppb 
Outdoor Air (day time) 

(3) Synthetic Contaminated Air 0 ppb 0.91 + 0.45 ppb 
(4) Synthetic Contaminated Air 14.3 ppb 14.1 + 0.69 ppb 
(S) Synthetic Contaminated Air 0 ppb 0.97 + 0.36 ppb 

0107 Testing the L-PAS system 100 under nominal con 
tamination levels conditions was achieved in case 2 by 
measuring daytime outdoor Santa Monica air with no DIMP 
present (Table 4). For these tests (segment 2 of FIG. 12) 
approximately 110 Successive measurements yielded a read 
ing of -0.04 ppb DIMP with a 11 replicate precision of 0.37 
ppb (2.7 g/m). The cumulative effect of the interferences 
is a degradation of the sensitivity by a factor of ~6, but with 
no effect on the Zero level, which remained within 100 ppt 
of true Zero. 

0108) A controlled sensitivity test in highly contaminated 
conditions was conducted by creating a synthetic air mixture 
(Table 4), the components of which are expected to be 
significant interferences. The concentration for each species 
was picked to be at levels exceeding those expected to be 
found in indoor contaminated air. The results, shown in the 
segments 3 and 5 (FIG. 12) reveal that for the synthetic 
contaminated air, the interferences cause the Zero-level 
increase to an average reading of 0.91 and 0.97 ppb DIMP 
for the two respective segments, and degrade the 1 O repli 
cate precision to 0.45 and 0.36 ppb (3.3 and 2.7 ug/m), 
respectively. For reference, a typical CWA (Sarin) exposure 
that causes the first noticeable health effect (miosis) is 1 
mg-min/m, i.e., a permissible concentration 10-12 of about 
33 g/m (5.8 ppb) for a 30 minutes exposure and 16 g/m 
(2.9 ppb) for a 60 minute exposure. Thus, the sensitivities 
obtained in these studies are well Suited for safeguarding 
populations in an urban setting. 
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0.109 The L-PAS accuracy in the presence of interfer 
ences was established in case 4, where 14.3 ppb of DIMP 
was added to the synthetic contaminated air mixture. The 
L-PAS analyzer yielded an average reading of 14.1+0.69 
ppb (segment 4, FIG. 12) yielding a relative accuracy better 
than 2% and a precision better than 5%. 

0110. The data for apparent DIMP values when it is not 
present permits an estimate of the PFP for a particular alarm 
threshold (sometimes referred to as the sensitivity). The PFP 
is the number of times the sensor indicates that DIMP is 
present above the alarm threshold even when no DIMP is 
present. The PFP is evaluated using the statistical noise 
characteristics of the observed “Zero DIMP signal. The 
statistical variation of sensor readings over 12 hours of 
Successive measurements for the cases 2 and 3 are shown in 
FIG. 13. The average sensor reading in Synthetic contami 
nated air over the 12-hour period on Day 2 was 1.45 ppb 
with a standard deviation of 0.47 ppb (the offset is the result 
of interferences, rather than from residual DIMP). The 
average measurements in Santa Monica outdoor air over the 
12-hour period on Day 3 was 0.02 ppb with a standard 
deviation of 0.43 ppb, again achieving a Zero value within 
100 ppt of true Zero. 

0.111 Each case has over 700 measurements, and the 
measurement histograms are shown as insets. The PFP is 
calculated by performing a Gaussian fit to the histograms 
and then comparing the area under the curve above the alarm 
level with the total area under the curve. For the case of 
synthetic contaminated air, a false alarm will occur once for 
every million measurements if the alarm threshold is set for 
3.0 ppb, while for the Santa Monica outdoor air a PFP of 
1:106 is achieved with a threshold of 1.2 ppb. Because the 
measurement duration is approximately one minute, a PFP 
of 1:106 corresponds to one false alarm approximately every 
23 months. Both of these alarm settings are better than the 
30 minute exposure threshold for miosis (33 g/m or 5.8 
ppb), and are satisfactory for the 60 minute threshold (16 
ug/m or 2.9 ppb). This level of PFP should be acceptable for 
general application to warn the population about a CWA 
attack, with sufficient time to evacuate the attack site before 
miosis exposure threshold is exceeded. 

0.112. In conclusion, an innovative L-PAS technique is 
very suitable for sensing the presence of DIMP, a CWA 
nerve gas Surrogate, in the presence of interferences in 
outdoor air and synthetic contaminated air. The analyzers 
sensitivity of 70 ppt in clean air and better than 450 ppt in 
nominal outdoor air and synthetic contaminated air easily 
meet the requirements for protecting personnel from terrorist 
CWA attacks even in urban settings. 

0113 While the present invention has been described 
with regards to particular embodiments, it is recognized that 
additional variations of the present invention may be devised 
without departing from the inventive concept. The gas 
detection systems and methods disclosed herein provide 
several goals, not the least of which are the detection of 
gases in a precise and accurate manner, but also in a manner 
that is reliable and from a device that could be very portable 
and easy to use. These and other objects and advantages of 
the present invention will be apparent from a review of the 
foregoing specification and accompanying drawings. The 
foregoing objects are some of but a few of the goals sought 
to be attained by the present invention. 
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What is claimed is: 
1. A gas detector, comprising: 
an optical analyzer detecting in a sample of gas optical 

absorbance of said sample at a plurality of wave 
lengths, said optical analyzer transmitting an absor 
bency signal representative of optical absorbency for 
each respective one of said plurality of wavelengths; 

a spectral library of gas species absorbing one or more of 
said plurality of wavelengths including determined 
absorptions for expected gases and target gases; and 

a processor receiving said absorbency signals and apply 
ing pattern recognition with said absorbency signals 
and said determined absorptions to provide mole frac 
tion quantities for said expected gases and said target 
gases; whereby 

said sample of gas may be analyzed for presence and 
quantity of expected gases and target gases. 

2. A gas detector as set forth in claim 1, further compris 
ing: 

said optical analyzer including an optical analyzer 
Selected from the group consisting of tunable laser 
systems, laser photoacoustic detection systems 
(L-PAS), long path optical absorption measuring sys 
tems, cavity ring-down spectroscopy systems, FTIR 
systems, and any combinations thereof. 

3. A gas detector as set forth in claim 1, further compris 
1ng: 

said optical analyzer including a L-PAS system using a 
CO, laser. 

4. A gas detector as set forth in claim 1, further compris 
ing: 

said optical analyzer including a L-PAS using one or 
several tunable quantum cascade lasers. 

5. A gas detector as set forth in claim 1, further compris 
ing: 

said optical analyzer including a L-PAS using a tunable 
parametric oscillator. 

6. A gas detector as set forth in claim 1, further compris 
ing: 

said optical analyzer including a L-PAS using one or 
several direct bandgap recombination type semicon 
ductor lasers. 

7. A gas detector as set forth in claim 1, further compris 
1ng: 

said optical analyzer including a L-PAS using any com 
bination of CO lasers, quantum cascade lasers, para 
metric oscillators, and direct bandgap recombination 
type semiconductor lasers. 

8. A gas detector as set forth in claim 1, further compris 
1ng: 

said plurality of wavelengths being equal or greater in 
number than the number of absorbing gas species. 

9. A gas detector as set forth in claim 1, further compris 
ing: 

said spectral library derived from optical analysis of said 
expected gases and said target gases by said optical 
analyzer. 
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10. A gas detector as set forth in claim 1, further com 
prising: 

said pattern recognition algorithms including use of a 
least squares fitting technique. 

11. A gas detector, comprising: 
an optical analyzer detecting in a sample of gas optical 

absorbance of said sample at a plurality of wave 
lengths, said optical analyzer transmitting an absor 
bency signal representative of optical absorbency for 
each respective one of said plurality of wavelengths, 
said optical analyzer selected from the group consisting 
of: 

tunable laser systems; 
laser photoacoustic systems including a L-PAS system 

using a CO laser; 
long path optical absorption measuring systems; 
cavity ring-down spectroscopy systems; 
FTIR systems: 
a L-PAS using one or several tunable quantum cascade 

lasers; 
a L-PAS using a tunable parametric oscillator; 
a L-PAS using one or several direct bandgap recombi 

nation type semiconductor lasers; 
a L-PAS using any combination of CO lasers, quantum 

cascade lasers, parametric oscillators, and direct 
bandgap recombination type semiconductor lasers; 
and 

any combinations thereof; 
a spectral library of gas species absorbing one or more of 

said plurality of wavelengths including determined 
absorptions for expected gases and target gases, said 
spectral library derived from optical analysis of said 
expected gases and said target gases by said optical 
analyzer, said plurality of wavelengths of said optical 
analyzer being equal or greater in number than the 
number of absorbing gas species; and 

a processor receiving said absorbency signals and apply 
ing a least squares fitting technique with said absor 
bency signals and said determined absorptions to pro 
vide mole fraction quantities for said expected gases 
and said target gases; whereby 

said sample of gas may be analyzed for presence and 
quantity of said expected gases and said target gases. 

12. A high sensitivity gas detector for detection of haz 
ardous gases with reduced probability of false positive and 
false negative signals, comprising: 

a light source transmitting modulated tunable radiation; 
a photoacoustic test cell illuminated by said radiation, 

said photoacoustic test cell having a microphone sys 
tem transmitting a photoacoustic signal; 

a signal receiver receiving said microphone signal and 
transmitting a normalized signal; and 

a signal processor receiving said normalized signal, ana 
lyzing said normalized signal in conjunction with at 
least one entry in a library for signal signatures for 
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gases detectable by said radiation, said signal processor 
transmitting a resulting signal indicating a quantity of 
the hazardous gases in said test cell; whereby 

detection of known hazardous gases can be made by 
illuminating sample air or other gas in said photoa 
coustic test cell. 

13. A high sensitivity gas detector for detection of haz 
ardous gases as set forth in claim 12, wherein said light 
Source transmitting modulated tunable radiation further 
comprises: 

a tunable CO laser. 
14. A high sensitivity gas detector for detection of haz 

ardous gases as set forth in claim 13, wherein said tunable 
CO laser further comprises: 

a tunable CO laser tunable to wavelengths inclusively 
between 9.0 um and 11.5 Lum. 

15. A high sensitivity gas detector for detection of haz 
ardous gases as set forth in claim 12, wherein said light 
Source transmitting modulated tunable radiation further 
comprises: 

one or more tunable quantum cascade lasers. 
16. A high sensitivity gas detector for detection of haz 

ardous gases as set forth in claim 15, wherein at least one of 
said one or more tunable tunable quantum cascade lasers 
further comprises: 

a tunable quantum cascade laser tunable to wavelengths 
inclusively between 3.0 um and 15 um. 

17. A high sensitivity gas detector for detection of haz 
ardous gases as set forth in claim 12, wherein said light 
Source transmitting modulated tunable radiation further 
comprises: 

a tunable parametric oscillator. 
18. A high sensitivity gas detector for detection of haz 

ardous gases as set forth in claim 17, wherein said tunable 
parametric oscillator further comprises: 

a tunable parametric oscillator tunable to wavelengths 
inclusively between 2.0 um and 15 lum. 

19. A high sensitivity gas detector for detection of haz 
ardous gases as set forth in claim 12, wherein said light 
Source transmitting modulated tunable radiation further 
comprises: 

one or more tunable direct bandgap recombination type 
semiconductor lasers. 

20. A high sensitivity gas detector for detection of haz 
ardous gases as set forth in claim 19, wherein at least one of 
said one or more tunable direct bandgap recombination type 
semiconductor lasers further comprises: 

a tunable direct bandgap recombination type semiconduc 
tor laser tunable between wavelengths inclusively 
between 1.0 um and 15 lum. 

21. A high sensitivity gas detector for detection of haz 
ardous gases as set forth in claim 12, wherein said light 
Source transmitting modulated tunable radiation further 
comprises: 

any combination of CO lasers, quantum cascade lasers, 
parametric oscillators, and direct bandgap recombina 
tion type semiconductor lasers. 

22. A high sensitivity gas detector for detection of haz 
ardous gases as set forth in claim 21, wherein said any 
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combination of CO lasers, quantum cascade lasers, para 
metric oscillators, and direct bandgap recombination type 
semiconductor lasers further comprises: 

any tunable combination of CO lasers, quantum cascade 
lasers, parametric oscillators, and direct bandgap 
recombination type semiconductor lasers, such tunable 
combination tunable between wavelengths inclusively 
between 1.0 um and 15 lum. 

23. A high sensitivity gas detector for detection of haz 
ardous gases as set forth in claim 12, further comprising: 

a detector detecting said radiation and a characteristic 
thereof, said detector transmitting a reference signal; 
and 

a beam splitter splitting said radiation to illuminate both 
said test cell and said detector. 

24. A high sensitivity gas detector for detection of haz 
ardous gases as set forth in claim 23, further comprising: 

said signal receiver receiving said reference signal and 
said photoacoustic signal; and 

said signal receiver communicating bi-directionally with 
said light Source. 

25. A high sensitivity gas detector for detection of haz 
ardous gases as set forth in claim 12, further comprising: 

said library having entries for analysis with said normal 
ized signal, said entries including signal signatures for 
chemical warfare agents (CWAS): Lewisite, Nitrogen 
Mustard (H N3), Sulfur mustard (HD), 4-dithiane, 
diisopropyl methylphosphonate (DIMP), dimethyl 
methylphosphonate (DMMP), isoamyl alcohol, meth 
ylphosphonic difluoride (DIFLUOR), Cyclosarin (GF), 
Sarin (GB). Soman (GD), Tabun (GA), VX, triethyl 
phosphate, and 2-diisopropy laminoethanol (DIPAE); 
and 

said library having entries for comparison with said 
normalized signal, said entries including signal signa 
tures for toxic industrial chemicals (TICs): ammonia, 
arsine, boron trichloride, ethylene oxide, and nitric 
acid. 

26. A high sensitivity gas detector for detection of haz 
ardous gases as set forth in claim 12, further comprising: 

said library having entries for comparison with said 
normalized signal, said entries including signal signa 
tures for chemical warfare agents (CWAS): Mustard 
(H N3), Sulfur mustard (HD), 4-Dithiane; 

said library having entries for comparison with said 
normalized signal, said entries including signal signa 
tures for toxic industrial chemicals (TICs); boron trif 
luoride, carbon disulfide, diborane, formaldehyde, 
hydrogen cyamide, hydrogen Sulfide, nitric acid, phos 
gene, Sulfur dioxide, tungsten hexafluoride; and 

said library having entries for comparison with said 
normalized signal, said entries including signal signa 
tures for explosives: TNT and PETN. 

27. A high sensitivity gas detector for detection of haz 
ardous gases as set forth in claim 12, further comprising: 

said library having entries for comparison with said 
normalized signal, said entries including signal signa 
tures for toxic industrial chemicals (TICs); HBr, HCl, 
and HF. 
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28. A high sensitivity gas detector for detection of haz 
ardous gases with reduced probability of false positive and 
false negative signals, comprising: 

a light source transmitting modulated tunable radiation, 
said light source selected from the group consisting of: 
a tunable CO laser; 
a tunable CO, laser tunable to wavelengths inclusively 

between 9.0 Lum and 11.5 um; 
one or more tunable quantum cascade lasers; 
a tunable quantum cascade laser tunable to wavelengths 

inclusively between 3.0 um and 15 um; 
a tunable parametric oscillator, 
a tunable parametric oscillator tunable to wavelengths 

inclusively between 2.0 um and 15 um; 
one or more tunable direct bandgap recombination type 

semiconductor lasers; 
a tunable direct bandgap recombination type semicon 

ductor laser tunable between wavelengths inclu 
sively between 1.0 Lim and 15 um; 

any combination of CO2 lasers, quantum cascade 
lasers, parametric oscillators, and direct bandgap 
recombination type semiconductor lasers; 

any tunable combination of CO lasers, quantum cas 
cade lasers, parametric oscillators, and direct band 
gap recombination type semiconductor lasers, such 
tunable combination tunable between wavelengths 
inclusively between 1.0 um and 15 um; and 

any combinations thereof; 
a photoacoustic test cell illuminated by said radiation, 

said photoacoustic test cell having a microphone sys 
tem transmitting a photoacoustic signal; 

a detector detecting said radiation and a characteristic 
thereof, said detector transmitting a reference signal; 

a beam splitter splitting said radiation to illuminate both 
said test cell and said detector, 

a signal receiver receiving said microphone signal and 
transmitting a normalized signal; 

said signal receiver receiving said reference signal and 
said photoacoustic signal; 

said signal receiver communicating bi-directionally with 
said light Source; 

a signal processor receiving said normalized signal, ana 
lyzing said normalized signal in conjunction with at 
least one entry in a library for signal signatures for 
gases detectable by said radiation, said signal processor 
transmitting a resulting signal indicating a quantity of 
the hazardous gases in said test cell 

said library having entries for analysis with said normal 
ized signal, said entries including signal signatures for 
chemical warfare agents (CWAS): Lewisite, Nitrogen 
Mustard (H N3), Sulfur mustard (HD), 4-dithiane, 
diisopropyl methylphosphonate (DIMP), dimethyl 
methylphosphonate (DMMP), isoamyl alcohol, meth 
ylphosphonic difluoride (DIFLUOR), Cyclosarin (GF), 
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Sarin (GB). Soman (GD), Tabun (GA), VX, triethyl 
phosphate, and 2-diisopropylaminoethanol (DIPAE); 

said library having entries for analysis with said normal 
ized signal, said entries including signal signatures for 
toxic industrial chemicals (TICs):ammonia, arsine, 
boron trichloride, ethylene oxide, nitric acid, borontri 
fluoride, carbon disulfide, diborane, formaldehyde, 
hydrogen cyamide, hydrogen Sulfide, nitric acid, phos 
gene, sulfur dioxide, tungsten hexafluoride, HBr, HCl, 
and HF; and 

said library having entries for analysis with said normal 
ized signal, said entries including signal signatures for 
explosives: TNT and PETN; whereby 

detection of known hazardous gases can be made by 
illuminating sample air or other gas in said photoa 
coustic test cell. 

29. A high sensitivity gas detector for detection of haz 
ardous gases as set forth in claim 28, wherein said light 
Source transmitting modulated tunable radiation further 
comprises: 

a light Source transmitting modulated tunable radiation 
tunable to wavelengths including those between 1 Jum 
and 15 um, inclusively; 

30. A method for detecting gases, comprising: 

providing a gas sample to be tested; 

providing an optical analyzer which transmits a signal 
proportional to optical absorbance; 

analyzing said gas sample with said optical analyzer to 
obtain an absorbency signal 

analyzing said absorbency signal in conjunction with a 
spectral library of determined absorptions for expected 
gases and target gases; and 

determining mole fractions of said expected gases and 
said target gases; whereby 

said gas sample may be analyzed for presence and quan 
tity of expected gases and target gases. 

31. A method for detecting gases as set forth in claim 30, 
further comprising: 

wherein said optical analyzer includes an optical analyzer 
detecting in a sample of gas optical absorbance of said 
sample at a plurality of wavelengths, said optical ana 
lyZer transmitting said absorbency signal representative 
of optical absorbency for each respective one of said 
plurality of wavelengths. 

32. A method for detecting gases as set. forth in claim 31, 
further comprising: 

said spectral library includes a spectral library of gas 
species absorbing one or more of said plurality of 
wavelengths including determined absorptions for 
expected gases and target gases. 

33. A method for detecting gases as set forth in claim 31, 
further comprising: 

said step of analyzing said absorbency signal and said step 
of determining mole fractions achieved by providing a 
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processor receiving said absorbency signals and apply- determining the probability that the gas detector will 
ing pattern recognition with said absorbency signals transmit a false positive (PFP) signal for a first gas; 
and said determined absorptions to provide mole frac- - 
tion quantities for said expected gases and said target determining the probability that the gaS detector will 
gases transmit a false negative (PFN) signal for said first gas; 

34. A method for detecting gases as set forth in claim 30, and 
further comprising: selecting a sensitivity for said optical analyzer according 

said gas sample being a sample of ambient or other air. to Said PFP and PFN. 
35. A method for detecting gases as set forth in claim 30, 

further comprising: k . . . . 


