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Development and testing of a frequency-agile optical parametric oscillator
system for differential absorption lidar

P. Weibring, J. N. Smith,a) H. Edner,b) and S. Svanberg
Department of Physics, Lund Institute of Technology, S-221 00 Lund, Sweden

~Received 23 July 2002; accepted 11 June 2003!

An all-solid-state fast-tuning lidar transmitter for range- and temporally resolved atmospheric gas
concentration measurements has been developed and thoroughly tested. The instrument is based on
a commercial optical parametric oscillator~OPO! laser system, which has been redesigned with
piezoelectric transducers mounted on the wavelength-tuning mirror and on the crystal angle tuning
element in the OPO. Piezoelectric transducers similarly control a frequency-mixing stage and
doubling stage, which have been incorporated to extend system capabilities to the mid-IR and UV
regions. The construction allows the system to be tuned to any wavelength, in any order, in the range
of the piezoelectric transducers on a shot-to-shot basis. This extends the measurement capabilities
far beyond the two-wavelength differential absorption lidar method and enables simultaneous
measurements of several gases. The system performance in terms of wavelength, linewidth, and
power stability is monitored in real time by an e´talon-based wave meter and gas cells. The tests
showed that the system was able to produce radiation in the 220–4300-nm-wavelength region, with
an average linewidth better than 0.2 cm21 and a shot-to-shot tunability up to 160 cm21 within 20 ms.
The utility of real-time linewidth and wavelength measurements is demonstrated by the ability to
identify occasional poor quality laser shots and disregard these measurements. Also, absorption cell
measurements of methane and mercury demonstrate the performance in obtaining stable wavelength
and linewidth during rapid scans in the mid-IR and UV regions. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1599065#
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I. INTRODUCTION

With the growing awareness of the serious environm
tal impact of certain industrial activity, and more stringe
regulations on emissions, the need for powerful meas
ment techniques for air pollutant emission is increasing. O
tical remote sensing techniques are particularly adva
geous, allowing large-area monitoring and avoiding sam
extraction and preparation difficulties.1 Three-dimensiona
measurements can be performed with the lidar technique
using pulsed lasers and detecting the backscattered
from molecules and aerosols in the atmosphere in a ra
like mode. If the wavelength of the laser is varied from
absorption line of a certain gas to a nearby wavelength
sition with less absorption, the detected changes in the b
scattered light intensity can be used to evaluate the gas
centration profile along the laser beam. This techniq
called differential absorption lidar~DIAL !, is operational for
many pollutants and several mobile DIAL systems have b
developed.2,3 The ability to remotely measure the flux of
specific gas from different sources is particularly useful. T
is achieved by combining wind data with a mapping of t
concentration distribution in a vertical section downwi
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from the source.4 In this way, several sources can be studi
and the total pollutant flux from an industrial area can
measured.

The laser source in a DIAL system optimized for mon
toring of several different gases must be tunable over a la
spectral region. Many systems have been based on dy
sers, which can cover the entire visible region with differe
dyes. However, each dye is normally limited to a rather sm
spectral interval and a larger wavelength switch requi
cleaning and dye changes. In addition, some dyes are
stable over longer laser runs and have to be frequently
changed. These procedures severely hamper the possib
of measurements of more than one species at a time. T
an all-solid-state laser system that can be rapidly and c
tinuously scanned in different wavelength regions would
much preferred. One approach is to use a Ti:sapphire l
system, tunable in, e.g., the 700–1000 nm region, which
be extended using frequency doubling and tripling. T
drawback is the broad linewidth, which can be handled
specific wavelengths by injection seeding.5 A larger and
nearly continuous tuning range can be produced with an
tical parametric oscillator~OPO! laser system, which ha
been investigated in this study. An OPO system pumped b
frequency-tripled Nd:YAG laser can be tuned from 440
1800 nm with the signal and idler output, and the regi
covered can be expanded to 220–4300 nm with freque
doubling and mixing techniques.

The capability of rapid and accurate wavelength sc
ning is critical in a DIAL system based on a single las
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8 © 2003 American Institute of Physics
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source. In a two-wavelength DIAL measurement the diff
ent wavelengths must be produced in alternating laser s
in order to minimize the noise due to atmospheric turbule
~large-scale movements in the aerosol distribution!. In a
commercial OPO system the wavelength is changed by m
ing the tuning mirror and crystal angle with stepper moto
which are too slow for this purpose. One way to achiev
rapid tuning within a smaller region is to seed the OPO w
an additional laser source, such as a diode laser.6,7 However,
it is difficult to use this technique in several wavelength
gions. We have chosen to modify a commercial OPO sys
with piezoelectric transducers mounted on the wavelen
tuning mirror, the crystal angle tuning element, a
frequency-mixing/doubling stages. All these elements
now actively positioned by a fast feedback system with
sensitive position sensor. This approach also enables the
of a rapid-switching multiwavelength DIAL scheme wit
more than two wavelengths. This is often necessary for
curate determination of the concentration of different co
pounds in a mixture. In certain IR regions there is also in
ference due to H2O and CO2 bands, which can make th
normal two-wavelength DIAL method difficult to apply
Measurements of hydrocarbon mixtures in the IR are part
larly challenging due to overlapping spectral features a
interference with water. In these cases, DIAL measurem
can advantageously be combined with multivariate statist
techniques in order to separate the contributions from in
vidual species.

II. SYSTEM DESCRIPTION

A diagram of the fast-tuning lidar transmitter is pr
sented in Fig. 1. The main components include a Nd:YA
pump laser, an OPO, and optional doubling and differe
frequency generation stages depending on the wavele
required. Two real-time diagnostic and calibration syste
are included: a Fabry–Pe´rot interferometer and a multiga
absorption cell system. All functions are controlled by a p
sonal computer using software written in the LabVIEW pr
graming language.8

FIG. 1. Schematic view of the lidar transmitter, control, and diagno
systems. The transmitter~dotted box! consists of an OPO, and doubling an
difference frequency generation stages, which are pumped by two Nd:Y
pump lasers. The real-time diagnostic and calibration system consists
Fabry–Pe´rot interferometer and a multigas absorption cell system. All fu
tions are controlled by a personal computer using software written in
LabVIEW programing language.
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The pump lasers are two Spectra Physics GCR-290
jection seeded Nd:YAG lasers, with a linewidth of,0.003
cm21 and a pulse repetition rate of 20 Hz. The output ene
is 1800 mJ at 1064 nm, and after passing through a harm
ics generator the output is 500–600 mJ at 355 nm. One
the lasers, which is beam and divergence locked, is use
pump the OPO system and the other one is used as a p
source in the difference frequency generation~DFG! of IR
radiation in the 3–4-mm-wavelength region.

The OPO is based on a commercial Spectra Phy
MOPO 730,9 which with the frequency-tripled Nd:YAG lase
pump produces tunable radiation in the 440–690 nm~signal!
and 730–1800 nm~idler! regions with a pulse energy of u
to 100 mJ. The OPO usesb-barium borate~BBO! crystals. A
control unit is included that handles all basic functions, su
as making large wavelength shifts, providing energy read
and setting up calibration tables for crystal angles. The O
has been redesigned with piezoelectric transducers mou
on the wavelength tuning mirror in the master oscillator ca
ity and on the crystal angle tuning element in the master
power oscillator cavities, as shown in Fig. 2. The piezoel
tric transducers ~Physik Instrumente; Waldbronn! are
mounted in such a way as to leave the original state of
OPO unchanged when the piezoelectric controller
switched off. To allow high short- and long-term stabili
and absolute wavelength accuracy, the piezoelectric tra
ducer on the tuning mirror is actively positioned by a fee
back system consisting of a linear variable differential tra
former ~LVDT ! position sensor. A maximum wavelengt
change of 160 cm21 can be induced by the piezoelectr
system in,20 ms. The absolute positioning of the mirro
has an uncertainty of 0,02 cm21, corresponding to 10% o
the OPO linewidth. Also, the crystal angles are actively co
trolled by a similar system as for the tuning mirror to allo

c

G
f a
-
e

FIG. 2. Optical arrangement for the modified optical parametric oscilla
~OPO! and the mixing unit. The upper-right part of the figure shows a lay
of the OPO. It consists of a Littman cavity~MO!, creating narrow band
photons, which are seeded into an instable cavity~PO!, generating high
output power. The output radiation can either be sent out directly or
quency doubled in an integrated doubling stage. The upper-left part of
figure shows the mixing unit consisting of a difference frequency genera
~DFG! stage, followed by an optical parametric amplifier~OPA! stage. To
enable fast tuning the Littman cavity mirror in the OPO is modified acco
ing to the lower-right part of the figure while all crystal holders are modifi
according to the lower-left part of the figure.
se or copyright; see http://rsi.aip.org/about/rights_and_permissions
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high-power stability and fast wavelength tuning. The acc
tance angle of the BBO crystal, determining the demands
crystal readjustment, is approximately 0.3 mrad cm or gre
depending on the wavelength region, and the closeness t
degeneracy point. Thus, the needed accuracy for the p
tioning of the crystals is not as critical as the positioning
the tuning mirror.

To produce radiation in the wavelength range of 260
4300 nm, the idler output at 1370–1800 nm is mixed w
the Nd:YAG fundamental at 1064 nm in a difference fr
quency generation unit~see Fig. 2!. The 1064 nm beam is
either produced from the residual from the pump laser,
from a separate Nd:YAG laser. In the latter case a time de
unit synchronizes the firing of the two lasers. The DFG m
ing unit is built up of two 35-mm-long LiNbO3 crystals
working in series, mounted in such a way that beam d
placement caused by the rotation of one crystal is comp
sated for in the other. Also, by using two crystals, walk-
effects in the phase matching process could be partly c
pensated. The phase matching angle is controlled by a s
per motor system for large movements and an active pie
electric system, similar to that described above, for crea
small, rapid movements. In the first mixing crystal, radiati
from the OPO idler beam is mixed with the 1064 nm resu
ing in a DFG of radiation in the region around 2600–43
nm. The depleted 1064 nm beam and the primary idler
diation are split off the beamline. Only the generated 260
4300 nm radiation then passes through a second LiN3
crystal where optical parametric amplification~OPA! with a
fresh 1064 nm beam gives an energy output of up to 20 m
2600–4300 nm. The doubling stage inserted in the OPO
also modified by piezoelectric transducers, which enab
rapidly tunable radiation in the 220–440-nm-wavelength
gion with an energy output of up to 12 mJ, either by do
bling the signal or the idler from the OPO in a BBO cryst

The entire system, which includes communication w
the OPO and piezoelectric transducer controller, online d
nostics, and data acquisition system, is controlled by th
personal computers. A calibration procedure was develo
for optimizing the positioning of the piezoelectric transdu
ers at each wavelength in the piezocontrolled scan range~i.e.,
160 cm21!. It allows for minor ~vertical! displacements of
the pump beam, due to temperature-induced expansion
mirror holders, etc., to be compensated for without a need
time-consuming realignment. This calibration procedure
sults in a linear wavelength–voltage relationship for ea
transducer, and completes the task in less than 20 s wit
user intervention. The procedure can be run in an autom
recalibration mode, which is triggered on time, temperatu
or output power parameters. The operator can control wa
length, number of shots, order in the wavelength select
etc., for the measurement with a user interface such as sh
in Fig. 3. Displayed are the absorption spectra of some s
cies of interest obtained from a database10 to aid in the wave-
length selection.

Due to the amplification profile of the Littman cavity i
the OPO, several modes are allowed to be amplified at
same time, and due to quantum fluctuations in the BBO c
tal, the mode quality of the emitted light is a convolution
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randomly amplified modes. The result is pulses with a ran
of linewidths from 0.07 to 0.4 cm21, with an average of less
than 0.2 cm21. This does not present a problem when t
absorption profiles of the species of interest are broad c
pared to the emitted radiation. However, for some trace ga
there is a need for a linewidth less then 0.2 cm21, or at least
a good control of the actual linewidth of the laser puls
emitted during the measurement. To address these iss
online diagnostic and calibration systems have been im
mented, which monitor wavelength, linewidth, and power
real time. If preestablished requirements are not met fo
specific pulse, the system discards the corresponding
lected data and repeats the measurement until the req
ments are fulfilled. The system can alternately allow the c
lected data to be categorized according to their linewidth
this way changes in the effective absorption coefficient c
be compensated for without losing any shots. The two di
nostic systems used are a wave-meter system and a mu
absorption cell system.

Since the linewidth and wavelength stability are prim
rily determined by the performance of the OPO, the OP
signal output~440–690 nm! is monitored in real time, by a
wave meter~Burleigh, WA-4500!. The wave meter incorpo
rates an internal calibration system using a frequen
stabilized HeNe laser allowing a relative accuracy of60.02
cm21. This accuracy can be turned into an absolute valu
the wave meter is recently calibrated by external source
the appropriate wavelength region. The measurement of l
width is performed in the software by transferring the e´talon
signal to a data acquisition card inside the PC. An algorit
has been written to isolate each successive order of the
distribution pattern and characterize each in terms of
number of modes and the overall width of the pattern. In
case of single mode output of the laser, each order of
Airy distribution corresponds to a single peak in the e´talon
pattern and the linewidth measurement is straightforward
multiple modes are present then the measurement is com
cated by the ambiguous definition of linewidth under su
conditions. An algorithm was developed in which the to

FIG. 3. Measurement and wavelength selection menu from where the
erator can control wavelength, number of shots, order in the wavele
selection, averaging type, etc. Displayed are the absorption spectra of
hydrocarbon species obtained from a database, providing aid in the w
length selection.
se or copyright; see http://rsi.aip.org/about/rights_and_permissions



ut
am
a
or

te
o
in
-
h
ve
tio

b
im
s.
i

l t
h
a
n
t

to
en
cc
se
se

ig
g
ho
Th
n
y
c-
io
m
w
d
ee
a

th
th
he

fo
th
il-
of
n
r

am
b
i
d
th

ed

d
sult
ali-

nits,
and

in
u-

ec-
ni-

s on

ys-

the
the
lot
the
ini-

on-
the

hift
V-
to
nt of

in

s
n it
hot.

re,
d in
ts at
ents
s of

the
n of
pre-

4481Rev. Sci. Instrum., Vol. 74, No. 10, October 2003 Frequency-Agile OPO

Down
integrated peak area in a given spectral order is comp
and an equivalent Gaussian profile assigned with the s
peak intensity and integrated area. The full width at h
maximum of this ‘‘equivalent Gaussian’’ is then used f
calculating a characteristic linewidth.

A second online calibration system was implemen
consisting of a set of interchangeable absorption cells c
taining gases of known concentration that are introduced
a split-off portion of the output beam.11 This allows measure
ment of the absorption cross section with every laser s
and enables the possibility to correct deviations in wa
length and linewidth. Since the calibration gas concentra
is known, then its absorption at any given wavelength can
directly compared to the atmospheric measurement to
prove the quantification of atmospheric gas concentration
small portion of the beam is directed into the unit, and
automatically attenuated by a neutral density filter whee
an appropriate level to insure linearity of the detector. T
beam is then divided into a signal and reference beam
cording to standard practice in absorption cell measureme
The gas cells can be automatically exchanged by rotating
mount when measuring different species. Also, the detec
are automatically exchanged when measuring in differ
wavelength regions. This system can also be used for a
rate wavelength calibration of the OPO wavelength if ga
with accurately known peaks are available in the cho
wavelength region.

III. SYSTEM PERFORMANCE

To verify the system performance, the same Burle
wave meter described earlier was utilized. The wavelen
measurement is performed immediately following each s
and transferred to a computer via an RS232 interface.
measurement of linewidth, which the wave meter does
perform in real time, is performed in LabVIEW software b
transferring the e´talon signal from the wave meter to a se
ond PC. The same algorithm as described in the prev
section is used for the evaluation of the linewidth. For co
parison purposes the Burleigh acquire utility was used allo
ing 100 sequential shots to be stored and postevaluate
terms of linewidth and wavelength. The comparison betw
our and the Burleigh algorithm for the linewidth shows
good agreement. All diagnostic information such as
wavelength from the Burleigh system, the linewidth, and
power from our own evaluation system, is merged toget
and displayed on a computer screen as shown in Fig. 4.

Several tests were performed to determine the per
mance of the modified OPO system and compare it with
original design.12 These comprised monitoring of the stab
ity of wavelength, linewidth, and power as a function
time. Both shot-to-shot fluctuations and long-term variatio
were tested. All of these parameters were validated at th
wavelengths in the 440–690-nm-wavelength region to ex
ine the wavelength dependence. Tests were made at
static conditions, with zero and maximum extension, and
dynamic operation of the piezoelectric transducers. In ad
tion to testing the OPO output in the visible waveleng
range, the IR-mixing and UV-doubling units were validat
loaded 04 Jul 2011 to 130.235.188.104. Redistribution subject to AIP licen
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for pulse energy stability. No direct tests for linewidth an
wavelength were performed for these units, since they re
from the incoming laser beams that already have been v
dated. In the place of direct measurements for these u
absorption cell measurements were performed in the IR
UV regions on isolated peaks of methane and mercury
order to infer wavelength and linewidth stability and acc
racy.

The performance tests were divided up in several s
tions in order to understand the impact of both the mecha
cal modifications and associated electrical control system
overall performance. The tests were performed for theorigi-
nal design, static operation, and dynamic operation. The
complete modified system was tested without the piezos
tems turned on, which is refereed to asoriginal design. The
reason for this denotation is that it was concluded that
mechanical modifications between the unmodified and
modified systems did not effect the performance. Also, a
of realignment would have been required between tests if
mechanical setup of the unmodified system had to be re
tialized for every wavelength. Thestatic operationtests were
performed with the piezoelectric controller and system c
trol computer turned on, applying a nonzero voltage on
piezoelectric transducers. In thedynamic operationtests the
piezoelectric transducers performed a 1-nm-wavelength s
between each shot. The tests for the IR-mixing and U
doubling units were limited to energy stability according
the procedures described above. Due to the large amou
data, we choose to present only the most critical parts
diagrams.

Figure 5 shows short-term comparisons of~a! wave-
length, ~b! linewidth, and ~c! output power characteristic
between the original design and the modified design whe
is undergoing a wavelength shift of 1 nm between each s
In every comparison, theoriginal designis shown to the left
and the modified to the right. In the upper left of each figu
100 sequential shots for the original design are shown an
the upper-right part 100 shots at 454.290 nm and 100 sho
453.237 nm are shown. Each point in the figures repres
one laser pulse. In the lower part, histogram comparison
the same data are presented.

FIG. 4. Realtime data screen dump from the surveillance system. In
upper part, wavelength, linewidth, and power are shown as a functio
time. In the lower part, histograms and statistics of the same data are
sented.
se or copyright; see http://rsi.aip.org/about/rights_and_permissions
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Figure 6 shows a 4-min-long-wavelength performan
test of the modified design, when it is undergoing the sa
wavelength shift as above and where each point in the fig
represents 100 averaged laser shots. The results for the
tests of linewidth and energy stability are presented in Ta
I. The difference in wavelength between zero voltage of
piezostack and the original design is due to a slight off
that is applied onto the piezostack at zero control volta
which is necessary for keeping the spring tension consta

FIG. 5. Short-term comparison between original and modified system o~a!
wavelength,~b! linewidth, and~c! output power characteristics between t
original design and the modified design when it is undergoing a wavele
shift of 1 nm between each shot. In every comparison, theoriginal designis
shown to the left and the modified to the right. In the upper left of ea
figure, 100 sequential shots for the original design are shown and in
upper-right part 100 shots at 454.290 nm and 100 shots at 453.237 nm
shown. Each point in the figure represents one laser pulse. In the lower
histogram comparisons of the same data are presented.
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The results of the UV and IR mixing tests are included
the lower part of Table I, which presents the energy meas
ments averaged over a 4 min period in addition to shot
shot fluctuations. The incoming mixed wavelengths we
1624.26 and 1064 nm, corresponding to an output wa
length of 3084.65 nm, and 1637.87 and 1064 nm, co
sponding to an output wavelength of 3036.75 nm. As can
seen in Table I, the performance of the system in the swit
ing mode corresponds well to the original design. In revie
ing the results of the different tests over the whole wa
length region, no significant difference between the origi
design and the modified one can be detected. The chang
linewidth between close-lying wavelengths is explained
the fact that, for even small differences in wavelength, mo
ment of the tuning mirror angle can cause the circumstan
for the amplification process in the master oscillator
change. A lower gain profile, for example, will lower th
linewidth of the laser light by allowing fewer laser modes
reach laser threshold. During the tests it was found out
by mismatching the tuning mirror angle and the master
cillator ~MO! crystal acceptance angle slightly, keeping t
power oscillator~PO! crystal at the correct orientation wit
respect to the tuning mirror, the linewidth could be decrea
in a controlled way. This narrowed linewidth did not signifi
cantly affect the energy level in the wavelength regio
where little seeding of the PO oscillator is needed~i.e., the
blue region!. In the red wavelength region the linewidt
could be decreased but at a cost of less energy output.
ergy differences between the tests for the same ‘‘wa
length’’ are due to long-term changes in pump laser ene
and the fact that the Burleigh wave meter had to be realig

th

h
e

are
rt,

FIG. 6. Four minute wavelength stability measurement of the modified s
tem, when it is undergoing a wavelength shift of 1 nm between each s
Each point in the upper figure represents 100 averaged laser shots. I
lower part, a histogram of the same data is presented.
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TABLE I. Test results of wavelength, linewidth, and power stability for different wavelength regions dur
4 min period of time: 1: original design; 2: static operation~piezosystem turned on and control comput
connected but no wavelength shift!; and 3: dynamic operation~piezosystem turned on and control comput
connected inducing a 1-nm-wavelength shift between each laser shot!.

Test

Wavelength Linewidth Energy

Average
~nm!

St. dev.
~nm!

Average
~cm21!

St. dev.
~cm21!

Average
~arb. unit!

St. dev.
~arb. unit!

Shot to
shot ~%!

1 454.340 0.001 0.19 0.07 147 17 9
2 454.334 0.001 0.16 0.05 117 19 14
3 ~WL1! 454.290 0.001 0.19 0.07 119 12 9
3 ~WL2! 453.237 0.001 0.19 0.06 120 11 8

1 494.731 0.002 0.15 0.07 220 20 13
2 494.729 0.002 0.14 0.07 177 14 7
3 ~WL1! 494.922 0.001 0.15 0.06 280 25 11
3 ~WL2! 493.904 0.002 0.13 0.06 221 28 15

1 659.063 0.002 0.12 0.05 121 19 13
2 659.064 0.002 0.12 0.05 102 19 16
3 ~WL1! 659.062 0.002 0.11 0.05 121 16 17
3 ~WL2! 658.385 0.002 0.11 0.06 85 18 15

1 253.399 n.a. n.a. n.a. 133 15 15
3 ~WL1! 252.399 n.a. n.a. n.a. 131 20 19
3 ~WL2! 252.650 n.a. n.a. n.a. 134 9 8

1 3084.67 n.a. n.a. n.a. 44 8 12
3 ~WL1! 3084.67 n.a. n.a. n.a. 45 11 15
3 ~WL2! 3036.75 n.a. n.a. n.a. 38 9 15
d

rp
tc
s

re-
ws
n of
les,
ults
nce

he
be

a

. 8,
s a
a-

n
rd
ce
to e-
between tests. The energy values are consistent for the
ferent setups and wavelength regions.

A critical second test was performed using the abso
tion in a methane cell with the wavelengths selected to ma
sharp peaks in the absorption spectrum. In Fig. 7, the

FIG. 7. Scan of five methane peaks in an absorption cell as a functio
time. The selected wavelengths are indicated in an experimentally reco
spectrum of methane. The lower part of the figure shows the absorban
the marked wavelengths as a function of time. Every point corresponds
average of ten cycles, with one shot at each wavelength in one cycle.
 130.235.188.104. Redistribution subject to AIP licen
if-

-
h
e-

lected wavelengths are indicated in the experimentally
corded spectrum of methane. The lower part of Fig. 7 sho
the absorbance at the marked wavelengths as a functio
time. Every point corresponds to an average of ten cyc
with one shot at each wavelength in one cycle. The res
show that the system is able to emit a wavelength seque
with a good precision. No indication of degradation of t
original OPO performance after the modifications could
found.

To investigate the influence of the outliers in linewidth
wavelength scan of a separated mercury isotope (202Hg) line
was performed at 253.652 nm. The result is shown in Fig
where the absorption profile of mercury is recorded a
function of different linewidths. When performing a me

of
ed
at

an
FIG. 8. Wavelength scan of a separated mercury isotope (202Hg) in an ab-
sorption cell. Transmission profile is shown as a function of different lin
widths.
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Down
surement the system measures the actual linewidth of e
shot and categorizes and stores the acquired data in the
responding cross section. When the concentration of a
cies is evaluated every linewidth category is calculated se
rately and then summed up with the other linewid
categories. In this way a greater fraction of the shots can
utilized.

IV. DISCUSSION

The fast tuning solid-state lidar transmitter describ
here extends the measurement capabilities far beyond
standard two-wavelength DIAL method and enables simu
neous measurement of multiple species or resolving inter
ence effects between compounds of interest and backgro
gases such as carbon dioxide or water vapor. Especiall
the mid-IR wavelength region there are many hydrocarb
which have overlapping rotational–vibrational transitio
that require a multiwavelength approach.

The quantitative identification of multiple, coexistin
compounds from their combined spectrum requires not o
a measurement system, which has the ability to transmit
detect light at multiple wavelengths, but also the implem
tation of the right evaluation tools. To manage these requ
ments, statistical multivariate techniques will be explored
the field of pollution monitoring, spectrometers have lo
been used for multiple-species detection, utilizing differe
multivariate techniques, ranging from multiple linear regre
sion ~MLR! to multivariate partial least-squares~PLS!
algorithms.13,14 In these cases, the whole spectral signatu
containing hundreds of measurement wavelengths, is util
for the detection. The whole spectral region could be scan
by a tunable pulsed lidar system, but due to the limited r
etition rate of the system, this is not feasible. Here, gen
algorithms in combination with multivariate methods will b
explored for reducing the number of measurement wa
lengths to the most important ones.

The concept of a multiwavelength mobile lidar syste
with multivariate techniques and genetic algorithms is attr
loaded 04 Jul 2011 to 130.235.188.104. Redistribution subject to AIP licen
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tive for several applications such as the monitoring of pet
chemical industries, pipeline leakage detection and surv
lance monitoring of diffuse emissions in urban areas. T
integration and performance of the new transmitter in a m
bile lidar system is discussed in a forthcoming publication15
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