
Concern over environmental pollutants has 

spurred the use of trace species sensors in 

site characterization and field monitoring 

applications. This article reports on the 

current uses of these devices. 

SPECTROSCOPIC 
ENVIRONMENTAL 
TRACE SPECIES 

SENSORS 
By E.R. Cespedes and C.E. Kolb 



The detection and quantification of pol lu
tants and natura l trace env i ronmenta l 
chemicals is an important sub-area of ana
lytical chemistry. A n d like much of tradi
tional analytical chemistry, environmental 
chemistry started with the "grab and lab" 
strategy of sample processing. After sam
pling acquisition, temporary storage of the 

sample was followed by transport to the laboratory and 
eventual analysis, often using laborious traditional wet 
chemical and/or chromatographic techniques. These 
procedures frequently resulted in delays of many weeks 
or months, and therefore often raised doubts about the 
reliability of analyses involving biologically consumable, 
chemically labile, or physically fragile samples. They also 
made environmental characterization or process studies 
labor intensive and expensive. 

While some relief is achieved by replacing traditional 
laboratory analysis techniques with faster instrumental 
methods based on spectroscopic and/or mass spectro
metric analyses, the basic inefficiency of the batch sam
pling and processing "grab and lab" strategy remains. It 
has been clear for some time that, to raise the efficiency 
and lower the expense of environmental chemistry stud
ies, a new generation of field analytical instruments must 
be developed and deployed. Not only must these sensors 
be small and rugged enough to be compatible with a 
wide range of mobile platforms (e.g., vans, trailers, boats, 
aircraft, and balloons), but ideally they must also have 
the following qualities 

low power consumption 

ablility to operate in real time (or measurement times 
of ~0.1 to ~100 s) 
require no sample preparation 
highly sensitive (accurately quantifying target species 
at mixing ratios or mass fractions of parts per million 
to sub parts per trillion) 
chemically specific (measuring only the compounds 
of interest among several to hundreds of chemically 
similar species). 

Table 1 summarizes the desired evolution of environ
mental measurement technology. 

The intrinsic measurement rapidity, chemical speci
ficity, and potential sensitivity of analytical techniques 
based on various spectroscopies make these techniques 
prime candidates to meet many of the desired environ
mental instrument specifications. Furthermore, contin
uing advances in electro-optical technologies, including 
tunable laser sources, mirror coatings, optical fibers, 
multipass cell geometries, lightweight optics, high quan
tum efficiency detectors, microelectronics, and signal 
processing can be exploited to produce far more capa
ble, portable, and reliable instruments. This article high
lights a range of spectroscopic environmental trace 

species sensors that are currently being developed and 
used in research and field monitoring applications. 

Table 1. Environmental trace species measurement evolution. 

Since photons over a large range of the spectrum are 
not absorbed by the major components of the atmos
p h e r e — N 2 , O2, and A r — m a n y types of spectroscopic 
sensors have been developed for atmospheric applica
tions. Discussed first, atmospheric sensor examples will 
be restricted to instruments based on single point 
sampling, single point in situ, or short atmospheric path 
(typically < 100 m) measurement strategies. Due to 
space restrictions, active (e.g., lidar or very long path 
laser absorption) and 
passive (e.g., solar or 
lunar a b s o r p t i o n or 
backscatter) remote 
sensing instrumenta
tion that can measure 
over paths of a few to 
h u n d r e d s o f k i l o 
meters w i l l n o t be 
addressed. 

Since c o n d e n s e d 
phase environmental 
media (ocean, fresh, 
a n d g r o u n d water, 
and soil and rocks) are 
far less t r a n s p a r e n t 
than air, fewer water 
or earth spectroscopic 
field analytical tech
niques are under de
velopment. However, 
innovat ive m e t h o d s 
of transport ing pho
tons into these media 
are a v a i l a b l e a n d 
progress in the devel
o p m e n t o f se lected 
condensed media spec
troscopic environmen
tal sensors will also be 
discussed. 

The intrinsic 
measurement 
rapidity, chemical 
specificity, and 
potential sensitivity 
of analytical 
techniques based 
on various spectro
scopies make these 
techniques prime 
candidates to meet 
many of the desired 
environmental 
instrument 
specifications. 

Optics & Photonics News/August 1998 39 
1047-6938/98/8/0038/07-$0015.00 © OSA 



Atmospheric trace species sensors 
Most of the development effort for real-time spectro
scopic sensors for atmospheric pollutants has focused on 
gaseous trace species. The level of sensitivity required 
ranges from hundreds to thousands of parts per million 
(mixing ratios of 10-3-10-4) for abundant trace gases such 
as CO 2 and H 2O vapor to hundredths or thousandths of 
parts per trillion (mixing ratios of 10 - 14-10 - 15) for free 

radical species such as OH or atomic Cl. Several recent 
reviews have discussed the various classes of instruments 
currently used to measure atmospheric gaseous trace 
species and the challenges of improving their performance 
to match atmospheric research and/or pollutant monitor
ing requirements.1-4 Measurement techniques based on 
various spectroscopic properties are now widely used in 
research investigations and are also being used in some 
routine pollutant monitoring applications. 

Measurement techniques 
The range of spectroscopic techniques used to monitor 
local (versus remote) trace gas concentrations is quite 
impressive. Absorption measurements are performed at 
wavelengths from the long wavelength IR well into the 
UV, spanning wavelengths from ~20-0.2 μm. The sim
plest absorption measurements are nondispersive, typi
cally using optical or gas correlation filters to isolate 
absorptions due to specific trace species. More sensitive 
and specific techniques are dispersive—relying on grat
ing, Fourier transform, or other types of spectrometers 
to spectrally isolate specific molecular absorption fea
tures—or differential—relying on tunable lasers or two 
or more fixed frequency lasers or incoherent emission 
lines to provide absorption values within and outside 
molecular absorption features. Most trace atmospheric 
gases of interest have relatively strong fundamental 
vibrational/rotational features of interest in the long-
wavelength IR (8-20 μm) and/or the mid- to short-
wavelength IR (2-8 μm). Of course it helps if their 
strongest absorption features don't overlap those of rel
atively abundant IR active atmospheric species such as 

CH 4 , CO 2 , and H2O vapor. Fortunately, the major 
atmospheric gases (N 2,O 2, and Ar) cause virtually no IR 
absorbance. Some important trace atmospheric species 
also have absorption features in the visible and UV. 
These include NO, NO 2, NO 3 , HONO, O3, SO 2, OH, 
H 2CO, CO, and aromatic volatile organic compounds 
(VOCs) such as benzene, toluene, and the xylenes. These 
species can be monitored by various visible or UV dif
ferential absorption methods, and a few—including 
NO, NO 2, OH, and CO—with strong, nondissociative 
visible or UV absorption features can be measured via 
laser induced fluorescence (LIF). Reviews that focus on 
a range of spectroscopic atmospheric trace gas measure
ment techniques are available.5-7 

In addition to LIF, the most widely used techniques 
have achieved acronym status. These include Fourier 
transform IR (FTIR) absorption used from ~0.7-20 μm 
[although FT techniques are also useful in the visible 
and near-UV (0.7 to ~0.25 μm)]; differential optical 
absorption spectroscopy (DOAS) using broadband visi
ble and near-UV light sources or tunable visible/UV 
lasers; nondispersive IR (NDIR); and less frequently, 
nondispersive UV (NDUV) absorption. 

However, perhaps the most common high resolution 
spectroscopic technique is tunable IR laser differential 
absorption spectroscopy (TILDAS), which can currently 
use a number of laser sources, including Zeeman-tuned 
rare gas lasers, difference frequency light sources 
pumped by tunable near-IR diode and/or other solid 
state or dye laser sources. However, TILDAS is usually 
implemented with tunable lead salt diode lasers in the 
3-20 μm region and with III-V diode lasers7 in the 
0.7-2.0 μm near-IR. Applications of both of these laser 
sources are often labeled tunable diode laser absorption 
spectroscopy (TDLAS). Because trace gas fundamental 
vibrational/rotational band/line absorbances that occur 
in the short- to long-wavelength IR are typically 
20-1,000 times stronger than the overtone and combi
nation bands found in the near-IR, most ambient trace 
gas measurements (which usually require detection of 

Figure 1. Schematic of two-color TILDAS instrument with a 295-m multiple 
pass absorption cell for sampling atmospheric trace gases. The two laser 
beams pass through the cell on independent beam paths to separate detectors. 
Both diodes and detectors are contained in the same liquid nitrogen cooled 
dewar. 

Figure 2. TILDAS spectrum of gas phase nitric acid sampled from 
an urban atmosphere. The data is shown along with the calculated 
least squares fit to a synthetic spectrum computed from a compila
tion of molecular line parameters for 40 overlapping lines using the 
measured pressure, temperature, and path length of the absorption 
cell. This high signal-to-noise spectrum is the result of co-averaging 
for six hours to obtain an average nitric acid concentration in the 
atmosphere of 150 ppt by volume. 
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mixing ratios less than 10-100 ppb) use longer wave
length lasers. However, some measurements of pollutant 
emission sources that feature higher trace gas concen
trations, can be made with near-IR diodes taking advan
tage of their higher power, non-
cryogenic operating temperatures, 
greater reliability, and (sometimes) 
lower cost. Atmospheric scientists are 
following, with great interest, devel
opment efforts that may yield longer 
wavelength tunable, continuous wave 
sources with these virtues. These 
emerging technologies include quan
tum cascade lasers, near-IR diode 
laser pumped difference frequency 
sources, and longer wavelength III-V 
and IV-VI diode lasers.8 

Atmospheric applications of 
longer wavelength tunable IR lasers8 

and near-IR diodes were recently 
reviewed in O P N ; 9 other recent 
reviews of diode laser atmospheric 
applications have been published.10-13 

TILDAS systems can be configured as 
point measurement systems using 
innovative multipass sample cells to 
enhance sensitivity space 8 , 1 3 and 
dropping the sample pressure to 
reduce interference from water vapor 
absorption without losing sensitivity.7 

A state-of-the-art dual lead salt diode 
laser TILDAS instrument is shown 
schematically in Figure 1. Typical 
TILDAS spectral data and analyses 
illustrating the detection and qualifi
cation of atmospheric HNO 3 (nitric 
acid) vapor are shown in Figure 2. 
Alternatively, they can be set up with 
open atmospheric paths to sample 
fence line emissions from industrial 
facilities, and emissions from other 
distributed sources like landfills or 
swamps, or beamed across roads to 
measure exhaust emissions from pass
ing vehicles.8 Like TILDAS systems, 
visible- and UV-DOAS and FTIR sys
tems can also be deployed in either 
single- or multi-pass configurations. Thorough reviews 
of DOAS and FTIR techniques and applications are pre
sented in References 14 and 15, respectively. 

Tabulating gas phase techniques 
The higher concentrations found at or near pollutant 
emission sources often make them suitable for generally 
less sensitive, non-laser spectroscopic techniques, includ
ing nondispersive IR and nondispersive UV. For a given 
wavelength region, FTIR spectroscopy is also less sensi
tive than TILDAS techniques for small or highly sym
metric molecules with resolvable line or narrow-band 
spectra. However, FTIR becomes the spectral method of 
choice for larger gaseous species, including many 

VOCs.5-7, 15 Table 2 shows typical target molecules and 
achievable real time detection levels for the spectroscopic 
trace gas spectral methods currently used for research 
and, in some cases, monitoring applications. 

The techniques listed in Table 2 generally rely on 
direct spectroscopic interrogation of the target species of 
interest, although in the case of LIF detection of the HO 2 

radical, a rapid chemical reaction with NO to form the 
more easily detected OH radical is used. This reaction/ 
spectroscopic product detection technique is also used 
to detect important radicals such as ClO and BrO in the 
stratosphere. There is a second class of sensitive com
bined chemical reaction/electro-optical detection trace 
gas instruments based on measuring the optical emis
sions from selected fast chemical reactions. These 
include detection of both NO and O3 from their chemi
luminescent reaction, the detection of unsaturated 
VOCs from their chemiluminescence with O3, and the 

Table 2. Typ ica l ta rget s p e c i e s and d e t e c t i o n l imits for a t m o s p h e r i c s p e c t r o s c o p i c s e n s o r s . 

Chemical Key 
Ar—Argon 
BrO—Bromine monoxide 
Cl—Chlorine 
ClO—Chlorine monoxide 
CH4—Methane 
CO—Carbon monoxide 
CO2—Carbon dioxide 

Hg—Mercury 
H2O—Water 
H2CO—Formaldehyde 
HNO3—Nitric acid 
HONO—Nitrous acid 
N2—Nitrogen 
NO—Nitric oxide 

NO2—Nitrogen dioxide 
NO3—Nitrogen trioxide 
O2—Oxygen 
O3—Ozone 
OH—Hydroxyl 
SO2—Sulfur dioxide 
XeCl—Xenon chloride 
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detection of NO 2 via its reaction 
with liquid phase luminol solu
tions.2, 4 

Sensing aerosols 
While most spectral sensors for 
atmospheric pollutants are designed 
for gaseous species, the number 
density, size distributions, and 
chemical content of atmospheric 
aerosols are of increasing interest 
for both human health and climate 
related reasons. The development of 
real-time sensors to measure atmos
pheric aerosol chemical content is in 
its infancy, although the develop
ment of laser and other light scatter

ing devices, which count aerosol particles and/or 
measure particle size distributions, is well advanced.16 

While real-time chemical analyses of atmospheric 
aerosols rely on mass spectrometric principles, electro-
optical components can play key roles. Several of the 
more advanced instruments use low-power laser light 
scattered signals to detect the presence of individual 
target aerosols, measure their aerodynamic size in 
time-of-flight configurations, and trigger high-power 
laser pulses that both vaporize and ionize aerosol 
chemical components.16 

Spectroscopic sensors for condensed phase media 
The development of optical sensors for detecting envi
ronmental contaminants in water bodies (fresh and 
salt) has been an active area of research for a number of 
years. In 1990, the development and testing of a fiber 
optic-based LIF system for in situ detection and map
ping of petroleum hydrocarbons in seawater was 
described. Field tests of the system, based on an N 2 laser 
operating at 337 nm, showed the capability to detect 
diesel fuel marine at low ppb levels.17, 1 8 Success in this 
area led others19 to adapt this technology for subsurface 
(soil and groundwater) contaminant detection. 

The approach consists of integrating the LIF system 
in a cone penetrometer rod commonly used for measur
ing geotechnical properties. The probe (see Fig. 3), is 
pushed into the ground by means of a truck-mounted 
system and can reach depths of 50 m. In addition to col
lecting soil stratigraphy information (by means of load 
cells mounted near the tip), the system is able to collect 
LIF spectra of subsurface contaminants with excellent 

sensitivity (ppm level) and spatial resolution (on the 
order of 2 cm). Figure 4 shows a visualization of the 
underground petroleum contaminant plume that was 
developed using the fluorescence and soil stratigraphy 
information collected by the LIF penetrometer probe.20 

This penetrometer-based LIF system has been used 
in numerous site characterization operations, such as in 
identifying leaking underground storage tanks. A num
ber of U.S. government and commercial companies are 
currently operating similar systems. The successful 
development and fielding of this technology has led to 
the development of a number of LIF penetrometer sys
tems based at different single wavelength sources (XeCl 
at 308 nm, microchip laser at 266 nm, and Hg lamp at 
254 nm), as well as variable sources using tunable dye 
lasers and multiple wavelength excitation using Raman 
shifters. Data collected by these sensors range from sin
gle point fluorescence measurements that are useful for 
qualitative screening, to multiple wavelength-time decay 
and multiple excitation-emission matrices that are 
quantitative and selective for a wide range of petroleum 
based products.21 

After the original N 2 LIF systems demonstrated the 
capability to cost effectively characterize sites contami
nated with petroleum-based products, a number of 
efforts were initiated to develop additional penetrome
ter sensors for other environmental contaminants. Cur
rently, there are penetrometer sensors in various stages 
of development for detecting heavy metals, volatile 
organic compounds, explosive compounds, and 
radionuclides. These emerging technologies are dis
cussed in detail in Reference 22. Due to space con
straints, only a few of the spectroscopic techniques 
currently in use will be discussed here. 

Laser induced breakdown spectroscopy (LIBS) and x-ray 
fluorescence (XRF) 
U.S. Army and Navy researchers have recently developed 
penetrometer probes for detecting toxic metals in soils 
and groundwater.23 Probes equipped with LIBS sensors 
are capable of simultaneously detecting multiple metal 
contaminants at concentrations as low as 1 ppm. LIBS 
probes have been tested in a variety of soil conditions 
and proved to be very selective (free from interferences) 
but their measurements are affected by soil moisture 
and soil particle size variations. Additional sensors to 
measure and compensate for these variations, and 
improve the quantitative capabilities, are being incorpo
rated into the LIBS probes. 

The XRF sensor is capable of detecting all metals 
heavier than calcium, regardless of soil type and mois
ture conditions. Probes have proven to be free of inter
ferences and capable of detecting metals at concentra
tions as low as 100 ppm.24 

Other probes 
Penetrometer probes based on Raman sensing (both res
onance and surface enhanced Raman) are under devel
opment by the Navy, Air Force, and commercial firms for 
detecting non-fluorescing liquid-phase contaminants 
such as volatile organic compounds including light and 
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Figure 3. Cross sectional view 
of penetrometer-based LIF 
probe. 



dense non-aqueous phase liquids.22 These sensors have 
been found to have fairly poor sensitivities, but are useful 
for mapping plumes that contain very high concentra
tions of dense non-aqueous phase liquids. 

Probes for mapping the extent of subsurface 
radioactive wastes are being developed by DOE and 
the U.S. Army. These probes incorporate gamma ray 
detectors such as NaI scintillation crystals to collect 
spectra in the range of 100-2,000 keV. A prototype 
spectral gamma probe was recently deployed to the 
DOE's Savannah River Site, S.C. to detect subsurface 
C s 1 3 7 contamination.25 

Performance capabilities 
Due to the vast number of 
possible combinations of soil 
types, moisture contents, and 
contaminant states, as well as 
the highly heterogenous nature 
of subsurface contamination, it 
is difficult to provide a sum
mary of performance capabili
ties (such as those presented in 
Table 2) for the in situ sensing 
technologies described above. 
Instead, we can summarize the 
current state of these technolo
gies by stating that laboratory 
and field evaluations have 
demonstrated the capability to 
achieve sensitivities below the 
action levels specified by regu
latory agencies (federal and 
state) for soils and groundwa
ter. These action levels range 
from single ppb in the case of drinking water standards, 
to several hundred ppm in the case of soils. 

The future 
Driven by the need for sensitive, accurate real-time 
sensors on aircraft and mobile surface platforms, the 
development and deployment of spectroscopic atmos
pheric trace species sensors for air quality and climate 
change research will continue at a rapid pace. As 
advances in electro-optical technology provide improved 
components—particularly robust, lightweight, efficient 
solid-state lasers—spectroscopic sensors will be capable 
of more routine air quality monitoring tasks, gradually 
displacing older, slower, analytical techniques. 

A number of development and demonstration 
efforts are underway to improve the performance of in 
situ condensed phase sensors for trace contaminant 
detection and to obtain regulatory approval for their use 
in actual environmental site characterization and reme
diation applications. In the case of cone penetrometer 
sensors, efforts are concentrating on mitigating the 
effects of the heterogeneous subsurface conditions such 
as varying soil particle distributions, moisture condi
tions, and contaminant state and mix. These efforts 
include interfacing additional sensors such as time 
domain reflectometry for soil moisture, a miniature 

video microscope for particle size determination,26 and 
developing analysis methods for calibrating the chemi
cal sensors on the fly. 
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PARALLEL PROCESSING 
tools for today's optiker 

the quantum states of individual opti
cal photons. A practical future appli
cation of QKD may be transmission 
of key data over optical fiber networks 
using telecommunications wave
lengths (1.3 and 1.55 μm). One road
block is the scrambling of phases and 
polarizations of transmitted photons 
that occurs in transit over standard 
optical fiber. This scrambling de
grades the interferometric detection 
required to measure photon states. 

The IBM investigators developed 
a design that overcomes this prob
lem using Faraday orthoconjugation 
to make an autocompensating QKD 
system. Their design is based on 
polarization splitting of light rather 
than amplitude splitting using a nor
mal beamsplitter. Advantages of the 
system include optical efficiency; no 
extra pulses are generated, unlike an 
alternative design that uses a Faraday 
(FM) pair; the use of a single-

polarization phase modulator with 
the FM to equally modulate both 
polariztion components of the arriv
ing pulses; the detection of photons 
with either bit value; and no strong 
pulses hit the detectors before the 
single photon pulses. The team is 
currently working to implement the 
full protocol for key transmission. 
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