


Snapshot: Laser spectroscopic techniques are powerful tools for monitoring 

real-world phenomena. A wide variety of methods for establishing spectroscopic 

contact with a species exist: Absorption, emission, fluorescence, Raman scat­

tering, acousto-optic, and opto-galvanic phenomena. Extreme sensitivity and 

specificity characterize the methods, which can be used for in situ monitoring 

and, in some cases, for remote sensing. Combustion diagnostics and atmospher­

ic pollution monitoring are examples of gas-phase applications, while vegeta­

tion studies and early cancer detection illustrate interactions with solids. 

Laser radiat ion can be used for chemical 
sensing based on the wavelength-depen­
dent interaction between electromagnetic 
radiation and matter. The narrow band­
w id th o f m o d e r n 
t u n a b l e 
l a s e r s 
makes the 
interaction 

ex t reme ly se lec t ive , 
based on the complex 
and sharp spectral fea­
tures of free atoms and 
mo lecu les . Fur the r -
more, the high spectral 
intensity available with 
pulsed, as well as C W , 
lasers makes saturation 
of the optical transition 
possible. Thus, individ­
ual atoms or molecules 
can absorb more than a 
m i l l i o n pho tons per 
second l ead ing to 
extreme sensitivity. Sin­
gle-atom or single-mol­
ecule detection is even 
poss ib le . In a fur ther 
deve lopmenta l t r end , 
ultrafast lasers provide a 
detailed assessment of 
the dynamics of chemi­
cal react ions ( femto-
chemis t ry ) . Th is f ield 
offers insight into the 
nature o f many basic 
chemical processes. 

Dur ing the last few 
years, the use of laser sources for real-world applications 
have become practical. Semiconductor diode lasers are 
more rel iable, easily accessible, and their range has 

F i g u r e 1. Experimental se tup a n d recorded signals in a 
capil lary e lec t rophores is study of the separat ion of c o m p o n e n t s in an 

ol igonucleot ide mix ture . 7 

extended higher into the visible region. Tunable crystal 
materials, such as t i tanium-doped sapphire, allow the 
construction of all-solid-state systems with considerable 
power. Diode-pumped solid-state materials have result­

ed in compact, reliable 
sources that are making 
f l ash - l amp p u m p i n g 
gradually obsolete. 

Practical sensing can 
readily be performed in 
situ with laser spectro­
scop ic techn iques . In 
this case, laser radiation 
is locally brought into 
contact with the sample 
either directly or after 
sample p repa ra t i on . 
S ince laser l ight is 
coherent and basically 
only diffraction limited 
in terms of beam prop­
agation, it can be used 
for remote sens ing , 
where the measurement 
device and the sample, 
frequently distr ibuted, 
are spatially separated. 
Absorption, and in par­
t icular dif ferential ab­
sorption, can be used in 
l o n g - p a t h measure­
ments, whereas elastic 
and inelastic backscat¬
tering, as well as f luo­
rescence, can be used 
for range - reso l ved , 
r ada r - l i ke measure­
ments ( l i da r ) . Laser 
l ight can also be ef f i ­

ciently focused into optical fibers and can be transport­
ed over large distances to a number of remotely located 
measurement sites. Fiber optic techniques provide a link 
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between truly local measurements and remote sensing. 
Various properties of the fiber which influence the laser 
light propagating through it also form the basis for fiber 
sensors. 

Applied laser spectroscopy is a vast field that is diffi­
cult to cover com­
prehens ive ly i n a 
review. Rather than 
at tempt ing such a 
review, this article 
uses examples from 
a variety of fields to 
illustrate the power 
o f a p p l i e d laser 
spectroscopy. Gen­
eral mater ia l per ­
ta in ing to app l ied 
laser spectroscopy 
can be f o u n d i n 
References 1-5. 

Analytical chemistry 
Laser spectroscopy 
has entered many 
t radi t ional fields of analyt ical spect roscopy, 5 , 6 (e.g., 
opto-galvanic spectroscopy on analytical flames increas­
es the sensitivity of absorption and emission flame spec­
troscopy). Extremely sensitive direct absorption mea­
surements w i t h C W 
lasers can be performed 
using f requency-modu­
lation spectroscopy with 
a 1:107 absorption sensi­
tivity. Small absorptions 
can also be detected in 
intracavity experiments. 

Resonance enhanced 
mult i-photon ionization 
( R E M P I ) or resonance 
i o n i z a t i o n mass spec­
t roscopy ( R I M S ) can 
detect small amounts of 
mater ia l us ing pu lsed , 
tunable lasers. In the first 
method, selectively pro­
duced ions o f the ele­
ment are detected 
through the ion current, 
whereas the second 
m e t h o d uses a mass 
spectrometer for added 
selectivity. 

The power o f s tan­
dard ana l y t i ca l - chem­
istry techniques can be 
further improved w i th 
laser spectroscopy. Laser-induced fluorescence (LIF) can 
detect the separated peaks passing the detector position 
in high performance l iqu id chromatography ( H P L C ) 
and capillary electrophoresis. In addition, a whole sec­

t ion of the column can be il luminated and the fluores­
cence along the column can be imaged on a linear array 
or C C D detector, providing simultaneous multi-species 
detection (See Fig. 1, page 17). 7 Differences in fluores­
cence spectra can also be used for further discrimina­

t ion . Fluorescence 
labeling can detect 
simultaneously four 
c h r o m o p h o r e s , 
binding to different 
p o s i t i o n s i n the 
D N A s t r and and 
with different fluo­
rescence character­
istics. 

Combustion 
diagnostics 
Laser spectroscopy 
prov ides n o n - i n ­
trusive measurement 
capability in reactive 
and aggressive me­
dia, such as burning 

or exploding combustion gases. A host of techniques has 
provided new possibilities to measure the concentration of 
species, including short-lived radicals, and the capability to 
measure temperature and flow.8 The measurements have 

allowed an interplay with 
the advanced kinetic com­
puter codes that are used 
to model combustion. 

LIF has been extensive­
ly used to m o n i t o r the 
distribution of molecules 
such as O H , C 2 , C H , and 
C N . Us ing a gated and 
image- in tens i f ied C C D 
detector the full distribu­
t i on can be cap tured 
using a single laser shot 
(=10 - 8 sec). In a similar 
way, temperature distrib­
utions can be obtained by 
recordings using transi­
t ions s tar t ing i n states 
w i t h a tempera tu re -
dependent popu la t i on . 
Flow velocities are evalu­
ated using Doppler shifts 
in the recorded signals. 

Coherent anti-Stokes 
Raman scattering (CARS) 
is a powerful technique, 
especial ly for tempera­
ture measurements i n 

realistic, strongly luminous media. A coherent, laser-like 
beam carries the signal making it largely immune to 
background l ight. By single-shot C A R S recordings, 
probabil i ty density functions (PDFs) for temperature 

Figure 2. Lidar monitoring of the S O 2 p lume from the Mt. Etna volcano obta ined in 
vertical sound ings from a sh ipborne lidar s y s t e m . The flux is about 6 0 t o n n e s / h . 1 2 

Figure 3. S imul taneous imaging of a s p r u c e tree in three f luorescence 
bands us ing laser- induced f luorescence , where a horizontal streak of UV 
laser light was s c a n n e d over the tree f rom root to top . Se lec ted f luores­

c e n c e spect ra are a lso i n c l u d e d . 1 4 
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can be determined that yield important information on 
statistical fluctuations in turbulent combustion. Polar­
ization spectroscopy and degenerate four-wave mixing 
( D F W M ) spectroscopy are other powerful techniques in 
combust ion diagnostics, wh ich a im at an improved 
understanding of pollution and soot formation as well 
as engine ignition and knock. 

The methods developed for combustion diagnostics 
are also applicable for monitoring other reactive media 
such as those used in plasma etching or metal organic 
chemical vapor deposition ( M O C V D ) for semiconduc­
tor processing. 9 

Atmospheric remote sensing 
The atmosphere can be monitored by laser techniques 
using absorption and laser-induced fluorescence. 1 0 The 
light detection and ranging (LIDAR) technique which 
uses a pulsed laser as a transmitter and an optical tele­
scope as a receiver in a radar-l ike manner allows for 
three-dimensional mapping of pollution concentrations 
and also meteorological parameters, such as tempera­
ture, humidity, and wind velocity. 

At atmospheric pressures LIF cannot be used for 
species mon i to r i ng because of a strong quench ing. 
C o m b u s t i o n diagnost ics w i th L IF are st i l l feasible 
because the optical transitions can be saturated even in 
the presence of co l l is ional t ransi t ions. Mesospher ic 
monitoring of meteorite-derived L i , Na, K, and Ca lay­
ers using LIF lidar is still possible because of low pres­
sures, and powerful applications related to the use of 
laser guide-stars have emerged. Tropospheric pol lut ion 
monitoring is most frequently performed using differ­
ential absorption lidar (D IAL) . 1 1 Range-resolved optical 
t ransients resul t ing f rom elastic backscat ter ing of 
aerosol particles are recorded for a laser wavelength set 
on a characteristic absorption line and just off it for ref­
erence, in alternating laser shots. By dividing the result­
ing curves, unknown atmospheric parameters are el imi­
nated and the concentration of the particular species 
can be evaluated. Typical ranges for S O 2 , O3, N O 2 , N O , 
and H g monitor ing are 0.5-5 km. The techniques are 
particularly valuable for urban and industrial monitor­
ing. Total fluxes from an industrial complex can be eval­
uated in near-real time. Lidar techniques have also been 
used for monitoring gases of geophysical origin, such as 
emissions from geothermal fields and active volcanoes 
(See Fig. 2 ) . 1 2 

Hydrospheric and vegetation remote monitoring 
If an ultraviolet pulsed laser beam from a lidar system is 
directed onto a water surface or vegetation, fluorescence 
is induced and can be collected and analyzed at the site 
of the l idar sys tem. 1 0 , 1 3 Fluorescence data f rom the 
Earth's surface can complement reflectance data widely 
collected by multi-spectral sensors installed in satellites 
such as L A N D S A T or SPOT. LIF lidar is under develop­
ment and can presently only be used in test experiments 
at kilometer ranges (truck, helicopter, or airplane instal­
lations). Water laser-induced signals include a sharp 
OH-stretch Raman signal that is valuable for referenc­

ing, a broad bluish fluorescence light distribution due to 
distr ibuted organic matter ( D O M ) , and rather sharp 
peaks in the near-IR region (685 and 740 nm) due to 
chlorophyll. The technique is particularly valuable for 
monitoring oi l spills and algal blooms. 

Land vegetation fluorescence features clear chloro­
phyll signals (the ratio between the two peaks allows an 
evaluation of the chlorophyll concentration) as well as a 
blue distribution due to a variety of molecules present in 
the leaves. 1 3 Recently, a considerable effort has been 
devoted to assessing the possibilities of early detection of 
forest decline in the fluorescence signals (i.e., the Euro­
pean L A S F L E U R project). By expanding the laser beam, 
a certain area can be illuminated, and by a fluorescence 
imaging system the whole scene can be captured in 
properly selected wavelength bands (See Fig. 3 ) . 1 4 

Medical fluorescence diagnostics 
Laser spectroscopy has an impact on medical research 
through its use in various analyt ical-chemistry tech­
niques. However, more direct applications in medical 
diagnostics have emerged dur ing the last few years. 
Thus , t issue L IF has been extensively s tud ied and 
applied for early detection of malignant tumors and for 
studies of atherosclerotic plaque. 1 5 , 1 6 Tissue exhibits a 
natural fluorescence when excited by U V or violet light. 
Important natural chromophores emitting fluorescence 
are elastin, collagen, N A D H , and N A D + . They all yield 
broad, but somewhat different d is t r ibut ions, i n the 
b lue-green spectra l reg ion . However , exogenously 
administered agents, such as porphyrins or phthalocya¬
nines, which are selectively retained in tumor cells, .yield 
sharp and characteristic peaks in the dark red wave­
length reg ion, s ignal ing the presence of cancer. A n 
increase in red fluorescence is frequently accompanied 
by a decrease in blue-green fluorescence. Using the ratio 
the tumor can be differentiated from normal tissue. In 
addit ion, moni tor ing a dimensionless quantity makes 
the data immune to changes in geometry, i l lumination, 
and detection efficiency. Fiber optic probes, through 
which both excitation light and induced fluorescence 
are conducted, have been developed and used for con­
struction of a spectral l ibrary for tumors in different 
organ systems. Mul t i -co lor imaging devices have also 
been constructed making the presentation of an image 
processed for cancer detection possible. This image is 
video mixed wi th the normal white-l ight reflectance 
image obtained through an endoscope. Tumors detected 
can be treated by photodynamic therapy (PDT) using 
red laser light, which excites the administered sensitizer 
molecules w i th subsequent transfer of ground-state 
t r ip let oxygen to the toxic singlet state. A selective 
necrosis of tumor cells results. 

Fiber optics can detect atherosclerotic plaque in in 
vivo transluminal monitoring in vessels. A change in the 
elastin/collagen balance characterizes atherosclerotic 
plaque and can be observed in time-integrated or time-
resolved LIF measurements. A guidance device for the 
safe use of a fiber optic laser coronary angioplasty sys­
tem would be of considerable interest. 
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Raman spectroscopy is also being tested for tissue 
diagnostics. M u c h sharper, but weak signal features, are 
obtained. To suppress competing fluorescence, the laser 
irradition wavelength is chosen in the near-IR region. 

Scattering spectroscopy in turbid media 
Red light penetrates tissue particularly well due to the 
reduced hemoglobin absorption. This is used to achieve 
PDT over tissue thicknesses of 
a few mi l l imeters. The weak 
penetration of red l ight also 
through thicker tissue layers 
wou ld suggest opt ical m a m ­
mography w i thout i on i z i ng 
radiation. However, the heavy 
mul t ip le scattering in tissue 
leads to image blurring, reduc­
ing the value of this technique. 
By t ransmi t t ing p icosecond 
laser pulses through tissue and 
electronical ly detecting only 
the first emerging photons, it is 
possible to reject the scattered 
light and retain an image with 
good contrast. Many different 
techniques addressing this gen­
eral pr incip le are now being 
pursued for breast cancer 
detection. 1 7 Prototype systems 
for optical mammography are 
under development. S imi lar 
technology can also be used for 
oxygenation measurements in 
the brain, and also possibly for 
localizing hematoma, following 
trauma to the skull. A n exam­
ple of gated viewing detection 
of a breast cancer tumor (in 
vitro) is shown in Figure 4, in 

which a pulsed near-IR diode laser and time-correlated 
single-photon counting were used. 1 8 

Spectroscopy in strongly scattering media can also be 
used in applications such as studies of light propagation 
in green leaves (photosynthesis) or sheets of paper (e.g., 
quality assessment through information of fibers etc.). 

Conclusions 
Appl ied laser spectroscopy is a rapidly evolving field, 
where new applications appear all the time. The meth­
ods can be expected to make their way into everyday 
applications at an increased rate with the fast develop­
ment of cheap and reliable laser sources, fiber opt ic 
components, and computers. 
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Figure 4. Transil lumination imaging of a ductal cancer in a 
mastec tomy s p e c i m e n . By gated viewing of the early arriving 
photons only the tumor e m e r g e s . No contrast is obta ined if 

all t ransmitted light is a c c e p t e d . A pu lsed near-IR diode laser 
and t ime-correlated single-photon count ing were u s e d . 1 8 
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