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The paper analyses some equipment and methodological aspects of atmospheric pollution monitoring by infrared lidars.
Features of optical parametric oscillators (including our created two-stage system) operating in the spectral ranges of molec-
ular fundamental vibrations are discussed. The environment protection and industry demands for this remote monitoring
technology are considered. Despite the progress in the technology and low detection limits achieved, the reliable and fast
identification of pollutants is far from perfection. Inner and outer factors worsening the lidar performance, i.e. stability of
the transmitted pulse energy, atmospheric turbulence, and irregularity of the pollutant plume near the source, are examined.
A lidaric measurement model implying pulse stability was developed and applied to the.8+add 0.5 mJ per pulse lidar
operating in the topographic target mode with the 0.05tatescope and the mercury cadmium telluride detector. It has been
found that the laser pulse energy instability (energy dispersion paraBetssentially worsens the detection limit in shorter
ranges €2 km for D =1%). Adaptation of lidar technology to the fast varying irregular plumes was tested experimentally.
Plume detection events were processed using the probabilistic model, and the probability of false alarm was evaluated.
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1. Introduction (>0.05 n¥/h) can be detected on the flight with this
equipment|[]. Remote detection of chemical and bio-
Lidaric sensing is a mature technology of atmo- |ogical hazards both of industridl|[8] and military ori-
spheric pollution monitoring. The ability of remote gin [9,/10] is also possible.
monitoring of minor atmospheric constituents was Remote sensors operating in the infrared (IR) region
demonstrated more than three decades ago [1]. Sincg8—15.m) ensure the lowest substance detection limit
then a huge variety of lidar systems operating in thedue to the largest cross-sections of spectral signatures.
spectral range from the UV to long-wavelength infrared Additionally, the “fingerprint” region (8—1%:m) pos-
(LWIR, 8-151m) were developed [2]. sesses high specificity advance because of absorption
A lidar is an innovative component of atmospheric features of the characteristic molecular groups. Despite
dynamics and chemistry monitoring| [3] and of moni- the achievements there remain some unresolved equip-
toring the major greenhouse gases and criteria pollument and methodological issues of IR lidars. Inner and
tants [4] as well as effective tool for solving climatolog- outer factors worsening the lidar performance, i. e. in-
ical and meteorological tasks| [S]. This remote sensingstability of the transmitted pulse energy, atmospheric
technology offers real time covering of large urban or turbulence, and irregularity of the pollutant plume near
country areas. In the case of range-resolved measurehe source, are examined in this work. A lidaric mea-
ment it allows two-dimensional mapping of pollutant surement model implying the pulse stability was devel-
plumes. In the petrochemical industries, the monitor-oped. The adaptation of lidar technology to the fast
ing of the leaks of gaseous hydrocarbons is importantvarying plumes was tested experimentally.
for preventing loss of raw materials and avoiding ex-  Features of lidar laser sources, including those of our
plosion hazards [6]. The monitoring of pipeline leaks developed system, analytical model of remote detec-
with the airborn infrared lidar [7] prevents gas lossestion with the IR lidar, and the outer measurement fac-
and pipeline damages due to explosions. Minor leakstors, turbulence and pollutant plume irregularity, were
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considered in Section 2. The analytical model was ap-on the nonlinear conversion of radiation are character-
plied to the 8-14,m and 0.5 mJ per pulse lidar [11] op- ized by the wide tuning range. In turn, the optical para-
erating in the topographic target mode with the 0.5 m metric oscillator (OPO) sources with the adequate con-
telescope and the mercury cadmium telluride detectorversion efficiencies ensure tuning capabilities both in
The fog jet plume experiment has been carried out tothe LWIR and in mid-wavelength infrared (MWIR, 3—
probe the detection of the irregular plume. In Section 38 ;m) ranges.

the environment protection and industry demands for

the IR lidar technology are reported. 2.1. OPO laser sources for IR lidars

The MWIR and LWIR ranges are of primary impor-
2. Equipment and meteorological aspects of remote  tance because they carry frequencies of the fundamen-
sensing with the lidar tal molecular vibrations. Absorption cross-sections of
fundamental vibrations are by some orders larger than
A key component of a IR lidar is an appropriate cross-sections of overtone and combination vibrations.
laser operating in the spectral region where target gasegeatures of parametric oscillators operating in these
possess absorption bands. The lidar transmitter hagpectral ranges will be considered in this subsection.
to follow requirements for the wavelength and spec-  One of the key factors that determines radiation pa-
tral bandwidth. The wavelength must be tunable torameters of OPO is a pump source. Nd:YAG lasers,
match appropriate absorption lines or bands of the targenerating 1.064um wavelength radiation, or higher
get molecule and the generation bandwidth should benarmonics of this radiation, are among the most com-
smaller than the line width of the absorption feature mon pump sources. In addition to good energy and
[12]. spectral properties of these lasers, their high popu-
Long-range laser measurements impose strong retarity is due to the fact that their technology is well
quirements for equipment and registration methods.tested, they are reliable and there are many commer-
The meteorological effects worsen the propagatingcially available models of this type of lasers. Dealing
beam quality and the lidar performance, respectively.with the parametric generator pump pulse duration, the
On the other hand, the pollutant plume is not regular butbest performance and price ratio is achieved with the
is formed by the changing wind direction and speed. nanosecond lasers. Picosecond and femtosecond laser
The non-regularity of the received signal and the pollu- systems are much more expensive. In addition, very
tant plume adds complexity to the lidaric measurement.short pulse systems are sensitive to external interfer-
Moreover, besides the target pollutants (gas or vapourknces and require frequent maintenance.
there are many spectrally interfering compounds which  As semiconductor diode lasers with the adequate ra-
are present in the atmosphere, therefore the scan of theiation characteristics are becoming available, they are
sufficiently wide spectrum is needed for reliable iden- used for pumping solid-state Nd:YAG lasers. Com-
tification of the pollutant. pared to the conventional discharge lamp pumped
For more than two decades the €@asers are lasers the diode pumped solid state (DPSS) lasers have
workhorses of lidaric chemical remote sensors. Thisexceptional compactness and much higher energetic ef-
is because of the inherently high discharge-to-radiationficiency. DPSS lasers do not require bulky cooling sys-
energetic conversion efficiency of GQasers. This tems, their service-free operation period is much longer
property allows the transmission of tkd00 mJ LWIR  than that of discharge lamps. These are advantages of
pulses with the repetition rate of hundreds of Hz. Thethe DPSS laser pump sources.
fundamental drawback of GQOasers is their discrete However, the replacement of the laser diode or the
lasing spectrum. The use of about twenty of generationdiode array is expensive and labour-intensive compared
lines in the 9—11um range does not allow perform- to the lamp change process. Thus, to choose a pump
ing a continuous spectral scan. With the origin of the source for OPQO, it is necessary to take into account the
sufficiently powerful quantum cascade lasers (QCL) following factors. The lamp pumping is more suitable
they entered the field of remote sensing. Lidars withfor tasks that do not require mobility, but high energy
QCL transmitters showed the detection limit of about is an advantage as in the case of atmospheric pollutant
~1 ppmm for ozone [13] and 46 [14]. Despite the detection. If compactness and rare maintenance are de-
compactness the deficiency of QCLs is the narrow tun-cisive factors, then DPSS laser source is preferable.
ing range. A separate laser should be operated for al- Pumping the OPO directly with the 1.0p4n wave-
most each target gas or vapour. Infrared sources basel@ngth radiation does not provide large efficiency of
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Table 1. Specifications of some tunable OPOs which can be used in the IR lidar applications.

First cascade Tuning Maximum  Second Tuning range, Maximum Pulse Bandwidth,
crystal range, energy, cascade pm energy, repetition cm' Ref.
Lm mJ crystal mJ rate, Hz
KTP 1.95-2.2 52 ZGP 5-10 0.9 30 6 15]
PPKTP 2.008 0.72 ZGP 3.3-5.2 0.17 20 very wide| |[16]

KTP 2.02 43 ZGP 5.5-9.3 1.3 30 no data [17]
KTP 2.02 43 AGSE 5.5-10.5 0.32 30 no data [17]
PPLN 2.3-3.7 no data ZGP 3.7-10.2 0.023 310 5-6 18]

LN 15-4 40 AGSE 4-5 25 100 no data [19]
KTP 2.13 2.65 ZGP 3.7-4.1,4.4-4.8 0.7 %1 very wide  [20]
KTP 1.54 1.2 AGSE 3.71 0.12 28 no data [21]
KTP 1.4-1.55 0.1 AGSE 3.679-5.71 0.06-0.095 15 no data [21]
KTP 1.54 1.2 AGSE 4 0.0187 18° no data [22]
KTA 2.99,3.18,3.45 50 CDSE 4.68-5.12,8.31-10.58 4.5 no data no data [23]
KTP 1.57 35 AGSE 6.1-14.1 11 5 5 [24]
KTP 1.57 100-120 AGSE 8.5 6.8 10 3.5-5 [25]
KTP 1.57 100 AGSE 8.2-6.8 5 10 3.5-5 [26]
KTP 2.6 no data CDSE 9 0.07 120 no data [27]
KTP 2-2.134 1 ZGP 2.9-6.2 0.6 5 no data [28]
KTP 2.08;2.18 140; 80 ZGP 3-5 21 no data no data [29]
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Fig. 1. Experimental layout of the tandem OPO scheme.

parametric generation in the MWIR/LWIR region. Ap- The energy of the common DPSS laser pump source
proach of a cascaded two-stage optical parametric genis at a level of a few millijoules. This energy is too
eration scheme is employed in this case [15-29]. In thelow for pumping the bulk crystal based OPO but is suf-
first stage, the OPO incorporating the KTP, KTA, or LN ficient for pumping the periodically poled OPO crys-
crystals pumped by the Nd:YAG laser generates radiatals. The quasi-phase matching in periodically poled
tion in the near-infrared (NIR) spectral region. In the crystals|[16] 18] ensures larger interaction lengths and
second cascade, NIR radiation of the first OPO is usedsmaller parametric generation thresholds as compared
for pumping the second OPO, whose radiation fallsto the bulk crystals. The most common periodically
within the LWIR region. Such a scheme can be used forpoled crystal is oriented lithium niobate (PPLN). High
the high quality, high nonlinearity AgGageZnGeR, parametric interaction efficiency is achieved in this
and CdSe crystals possessing a high damage thresholdrystal, even for a low interacting wave intensity.
Experimentally tested cascaded OPO schemes includ-

ing wavelengths of stages and used nonlinear crystal® 2. Set-up of LWIR range lidar

are given in Table 1. These parametric sources are po-

tentially suitable for applications in the MWIR/LWIR We developed a LWIR lidar transmitter operating
range lidar systems. in the 6-12um range. The mid-IR laser source was
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based on the tandem OPO scheme (Fig. 1). The pumghe normal atmosphere), however bandwidths of nu-
source was a commercial Nd: YAG actively Q-switched merous complex molecules are of the order of tens of
nanosecond laser (NL303G, EKSPLA Ltd). This pump cm~!. Besides, a moderate bandwidth of the source ef-
laser produced up to 500 mJ of 1.06#h pulsed (dura- fectively integrates the background clutter rising from
tion 3-6 ns) radiation and the profile of the beam wasfine structure of atmospheric absorption found in atmo-
hat-top. The half-wave plates/2, polarizersP1, P2, spheric windows. Thus, this type of OPO could be re-
Faraday rotatoFR were applied to avoid back reflec- garded as a cost-effective source for spectroscopy of
tions from OPO to the pump laser. Then the radiationcomplex molecules of chemical agents.

was directed to the first OPO cavity by two steering

mirrors M1 and M2. The beam diameter was com- 2.3. Modelling of the lidaric measurements

pressed by the telescope consisting of leriskand
L2.

The first stage of OPO was based on the KTP
(5x5x25 mm?) nonlinear crystal (EKSMA Ltd). The
crystal was anti-reflection coated for 1.064 and 1.6V
wavelengths and was cut @t = 90°, ¢ = 0° (z-cut).

In the lidaric sensing the interrogating laser pulse is
transmitted into the open path of interest. Negligible
part of the pulse is backscattered by the atmospheric
aerosols. The lidar pulse is scattered completely if the
beam hits the topographic object. It can be walls of
1 > i buildings, towers, chimneys, downhills, foliage, water
This allowed non-critical phase-matchmg.(ll type) at surfaces, etc. Aerosol and topographic photosignals
1.57 um when pumped by 1.064m radiation. The — .,n he separated by the appropriate temporal gates in
first stage OPO cavity was singly-resonant for the Sig-ye registration channel. Part of the pulse is absorbed

nal wave. Two sets of mirrors14 andM5 were used 1o target and the remaining part is scattered mainly
for the first stage OPO. The first set consisted of two;, he diffuse mode. The ratio of the scattered radia-

flat mirrors. The rear mirror was highly reflective at oy hower to the hitting one is called the target diffuse
1.57 um and no special coatings for other wavelengths afiection coefficient.

were used. The output coupler was highly reflective at  1he packscattered and collected laser pulse energy
the_pL_Jmp wavelength and 50%_ref|ective qt the signal,g very low, therefore the signal-to-noise rat&iNR)
radiation. The second set of mirrors consisted of tWO analysis is a mandatory part of lidaric measurements.
spherical mirrors. The radius of the curvature of the o, the one hand, the analysis of the noise sources and
concave rear mirror was 40 cm and that of the convexngise minimization is an important task of the opera-
output coupler was 30 cm. The latter was made as &jonal characteristics improvement. On the other hand,
zero meniscus lens. This choice of mirrors resulted injy the infrared range the topographic photosignal is by
the unstable positive-branch cavity with the magnifica- many orders larger than the aerosol photosignal. Larger

tion factorM = 1.33. signals give betteBNR and, correspondingly, better
The second stage of the tandem OPO system wagetection characteristics. Thus, the topographic target
based on the AgGagenonlinear crystal (810x jllumination is the mostly used mode of MWIR/LWIR

20 mn?). This crystal was cut for type | critical |igars.

phase-matching in the 6-}#m range, when pumped  Aerosol creates a sufficient photosignal for the reli-
at 1.57um. The second stage OPO cavity was alsoaple infrared remote detection and identification in the
singly resonant for the signal wave (1.8—2:2). The  case of dense and multiphase pollutant plumes. Then
cavity consisted of two flat mirrors: the rear mirror was simultaneous ranging and spectrochemical analysis be-
highly transmitting at 1.57:m and highly reflective  come possible with one IR tunable lidar system. So,
in the 1.8-2.2um range, whereas the output coupler in [30] the toxic aerosols were identified and their spec-
reflected 50% of 1.8-2.2m radiation, it was highly  tral backscatter coefficients were determined with the
transmitting in the 6-1Z:m range. A separator was aid of the discrete wavelength set of the Cifdlar. In
placed outside the OPO cavity to separate pump andhe MWIR range the two-dimensional mapping of hy-
signal waves from an idler wave. The measured diver-drocarbon leaks in the oil refinery plumes was done [6].
gence of the idler radiation was 20 mrad atr,, which  Our primary goal was to detect as small as possible
corresponded td/? = 16. amount of gas or vapour pollutant in the visibly clear
The spectral bandwidth of the mid-IR radiation was atmosphere, i.e. our basic operation mode is linked
less than 10 cm' in the wavelength tuning range, with the topographic targets or retroreflectors.
with typical values of 7-8 cm!. Although some light The concentration is not range-resolved in the case
molecules possess narrow linewidths0(3 cnt! in of the topographic target. Topographic lidar measure-
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ments deliver the path integrated concentratiBi(Y) the reference signal magnitude considerably improves
of the compound [31]. Definition of this parameter is the reproducibility of measurement. This is because

as follows: the collected energy is highly correlated with the refer-
Ry ence photosignal. As an example, the correlation coef-

PIC = /N(z) dz, (1) ficient between the received photosignal and the refer-

5 ence photosignal of our IR lidar [11] can exceed 0.95

under the favourable conditions of a shorter range and
the negligible atmospheric turbulence.

Further the detection limits of the lidaric sensor will
be determined by analysing the values of the informa-
tive photosignal and all photodetector noise sources.
For theSNR analysis it is practical to operate with the
laboratory spectral analysis parameters, that is, trans-
mittance and absorbance. By neglecting absorption at
Eoff the transmittanc&’ of an open path can be written

whereR; is the distance to the target scatterer afd)
is the distribution of the pollutant concentration along
the beam path. The ppm (part-per-million, £9 and
ppb (part-per-billion, 10%) concentration units are em-
ployed in this work. In the case of widespread and
evenly distributed pollution the needed concentration is
thePIC parameter divided b¥;. If a pollutant is emit-
ted as a plume, then the average concentration can b
obtained from the measurddC value with the eval-
uation of the pollutant plume width at the laser beam
cross-place. T =exp(—2- Ao - PIC). 4)
Experimentally theP?IC parameter can be obtained

from the spectral records as given below [2]: Th? dimensionless neperian absorbaAbe = —In T.
is linearly related to the target pollutant concentration:
1 _ 8()\ ﬁ‘) E()\ ﬂ‘)
PIC=_-Ac !|In =22 1 ° —2.Ac-
C i [ n o) n Evn) Abs =2 Ao - PIC. (5)

According to the spectral analysis conventions, for reli-
p()\oﬂ)} @) able detection of the substance the analytical signal has
p(Aon) to exceed the photocurrent noise level threefold, that is,

Here all parameters on the right side depend on the SNR > 3 . (6)
wavelength\. The differential absorption coefficient is

Ao = (Aon) — o(Aogr). E()) is the transmitter pulse On the other handSNR is the ratio of the photo-
energy,s()) is the collected backscattered energy, andsignal current to the noise current. The photocurrent
p()\) is the target reflection coefficient. The indices is the product of the detector responsitivityand the

on andoff in Eq. (2) correspond to wavelengths of the power P> of the collected radiation. Thus, the informa-
molecule absorption maximum and minimum’ respec-tive photosignal i P - Abs. Photocurrent is the source
tively. According to the recommendations for testing Of the shot noise| [2]. In addition to the photocurrent
and evaluation of lidar detectofs [32], the spectra of re-the dark current and the Johnson’s thermal noise are
flection coefficients of selected targets have to be meaalways present in the signal [2]. These two dark noise
sured at the working wavelengths and included into thefactors are included in the list of detector specifications
lidar database prior to the plume detection. as the noise equivalent powé¥.P’) parameter.

As a rule, the reference optical channel with the There also exists one more kind of noise which is
reference photodetector are incorporated into a lidarrarely taken into consideration. This noise stems from
scheme to measure the transmitted pulse enétgy the laser pulse-to-pulse energy irreproducibility. In
Then, the returned and transmitted pulse energies aréhe case of the frequency modulated diode laser spec-
not recorded separately but the ratio of energj&s is troscopy this noise was included in the relative intensity
digitized. Then the integrated concentration is noise (RIN) term[[3B]. In the pulsed lidar applications

this term is proportional to the transmitted pulse energy
e(Aoff) . £(Aon) ) - : I .
—1In instability. Pulse instability is characterized by the en-
E(Qof) E(Aon) ergy dispersion parameté). Thus, the magnitude of
Oot) the photocurrent noise caused by the pulse energy dis-
— I A2 } : (3)  persionisD - rP.
p(Aon) It is useful to define the noise equivalent current
Two parameters(/ E andp) should be measured attwo (NEC) parameter aSEC = NEP -r. Then, with ther
wavelengths. The normalization of return energy to time constant of registration, the electron chargand

—1In

PIC = %Aa‘l {m
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the number of the collected pulsesthe noise current chemicals are harmful at the concentration levels of
can be expressed as tens to hundreds ppDb [34].

Calculations of the detection limit prove the signif-
_ 2 2,.2p2 0.5

n.c. = (NEC*/7 + 2erP/m + D*r"P%) /n)™. (7) " icance of the laser pulse energy stability and the ne-

In Eq. (7) the first term is the dark noise, the secondCessity of proper rationing of transmitter output to the
term is the shot noise, and the third term expresses &€ference photosignal. The taken 1% value of the trans-
laser pulse energy instability contribution to the total Mitted energy fluctuation is low. Itis hardly achievable
noise. With the introduced notations tHNR parame- ~ Without the transmitted pulse rationing. Fluctuations of

ter can be expressed as the bare OPO output are usually in the range of tens of
percent. Thus, rationing of the transmitted pulse is a
rP - Abs . .
SNR = ] necessary measure for the lidar performance improve-
\/(NEC2/T + +2e rP/7 4+ D%r2P?)/n ment. This remedy reduces the effectilevalue by

(8)  one order of magnitude and reduction Bfincreases
The lidar performance is largely determined by the the SNR and decreases the detection limit in the same
returned and collected pulse energy value. The largeproportion.
collected energy, the better is tB&R and the lower Fluctuations of the lidar transmitter output are the
is the detection limit. The collected laser pulse energyinner factors influencing the performance of remote
¢ is a product of the transmitted pulse eneigy the

lidar telescope mirror ared, the reflection coefficient |
of the topographic target, divided by the square of the - f
range: 100 L
EAp EF

€= - 9 § :
For simplicity, in Eq. (9) the absorption by the pollutant 3: -
is neglected. Neglected absorption is the desired case i 10 L /
of low concentrations at the detection limit. The power &
of collected radiation” needed for th&NR calcula- [ .
tion is E divided by the laser pulse duration which is [ T )

taken optimal, that is, equal to the registration constant 100 1000 10000
T Range (m)

Equations (5), (6), and (8) give the needed lidar ca-  Fig 2. The calculated detection limit dependence on range.
pacity as a function of range. In the modelling the
71073 ppm ! m~! differential absorption coefficient
was taken. Values of the parametérsr, NEC, 7, D,
A, andp included in the calculation are 0.5 mJ, YW, .
510 A/Hz!/2, 10 ns, 1%, 0.05 &) and 0.3, respec-
tively. The range dependence of the detection limit ex-
pressed in the form d?IC - (n)%° is shown in Fig. 2. 0

Calculations show the invariable detection limit in
the shorter ranges te.2 km. Constancy of the de-
tection limit expresses the dominance of thér? P2
pulse energy fluctuation term in the noise sum (Eq. (7)).
In the ranges larger than 2 km the dark noise term o2l 1
NEC?/r exceeds the other terms and thEC:(n)"°

-

oo

06|

Voltage

0

-

n

grows with the range a&?. In the short ranges the of
PIC - (n)%® value is 3(n)°® ppmm. Assuming the ;“I""I‘gs | - ‘
100 m plume width the 3 ppb detection limit can be ~ °% 05 1 15 2 25 3 35 4 45 5

Time (s)

obtained by averaging = 100 pulses. The detec-
tion limit of the lower ppb level satisfies the needs of Fig. 3. Atmospheric turbulence data for July 18, 2003 at 6:30 AM
hazardous chemical vapour sensing. Most hazardous (upper record) and 1:05 PM (lower record) [14].
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Table 2. Potential detection limits for air pollutants using infrared DIAL [40].

Pollutant Detection limitug/m®  Detection range, m

Acetylene (GH2) 50 800

Ethane (GHs) 20 800

Ethylene (GH4) 10 800

Higher alkanes (€Hx) 40 800

Hydrogen chloride (HCI) 20 1000

Methane (CH) 50 1000

Methanol (CHOH) 200 500

Nitrous oxide (NO) 100 800
10 ing of these beam characteristics, part of the returned

radiation misses the lidar collection optics apertures,

08l that is, the photosignal undergoes sequence of perma-

nent random drops.

The turbulence effect reveals itself in the range of
06 a kilometre and more. The irregularity of the lidar
return signal depends on the daytime. As an exam-
ple, the photosignal temporal run of the 8 li-
dar recorded from the 2.25 km distant retroreflector is
shown in Fig. 3[[14]. The autocorrelation timescales
02 of shown signals are 68 and 25 ms for the morning
and day records, respectively. Obviously the signal in

00 . , , , , the morning is less noisy than that one hour after mid-
6 7 wavelength . 9 10 day. The indicator of signal irregularity, the scintilla-
' tion indexc?, was 0.00872 at 6:30 AM and 0.495 at

Fig. 4. Remqte absorption spectrum of fog cor_nprising a mixture 1:05 PM, that is, an increase by more than a factor of
of water with hydroxyalkanes. Fog was kept in the chamber. fifty was observed [14]. When working with the beam

sensing. Along with inner factors a set of the outer Path of some kilometres and choosing propitious hours,

-logT

04

factors should be considered. the daily variation of turbulence has to be taken into ac-
count.

2.4. Atmospheric turbulence effect and detection of One more outer factor in the lidaric detection should

variable plumes be considered. This is the irregularity of the pollutant

plume because of random variation of the wind speed

Lidaric measurements are to some degree influence@dnd direction. This irregularity reveals itself locally
by outer factors such as fog, precipitation, or the beamnear the pollutant emission source. The release spread
path interrupting objects. The manifestations of theseis governed by the local wind gusts. On the larger scale
factors are rare and obvious, and they can easily banore regular wind and more pronounced plume are ex-
eliminated from the records. But there exists a less ob-pected.
vious factor, atmospheric turbulence, that can perma- The experiment was done with the pollutant release
nently worsen the lidar performance. simulation using the fog jet generator. The “Antari”

Turbulence is defined as the nonsystematic motionX515G fog generator was located 5 metres away from
of air [35]. The steady state wind is not a turbulent the beam path. The sequence of 1-second long fog
motion but the gusts in the wind are. Gusts are accom-emissions of the superheated mixture of water with
panied by the stochastic local variations of air density the unspecified hydroxyalkanes was done with the 10-
and temperature. The refractive index depends on aiseconds period. The reference absorption spectrum of
density and temperature, so the optical density gradifog shown in Fig. 4 was measured in the cylindrical
ent varies stochastically along the beam path. Duringchamber mounted on the lidar beam path. The cylinder
propagation the laser beam undergoes chain of randonwas tightened by the polyethylene film at the ends.
scatterings and refractions. As a result, (i) the radiation The emission jet contains both fog and vapour frac-
spot loses primary integrity, and (ii) the beam propaga-tions of water and hydroxyalkanes. The absorption
tion direction varies to a small degree. Due to worsen-band centred at &um corresponds to water and two
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The plume detection events can be processed by prob-
abilistic models. The histogram of fog release spectral
records is given in Fig. 6. The histogram comprises two
peaks, one located at 0.0 (noise) and the other located
at 0.076 (plume). The first peak corresponds to the
Ho hypothesis (no plume) and the second peak to the
Hy hypothesis (the plume crosses the beam path) [36].
The area of the peak overlap indicates the probability
of false alarm|[[36]. The 2% false alarm probability fol-
lows from the results of the hydroxyalkanes-water fog
remote detection. This value is obtained for one ab-
sorption spike. If the alarm time tolerance allows, one
80 o4 o8 92 96 can use several successive spikes for decision making.
wavelength, um For example, the false alarm probability for two succes-
Fig. 5. Remote spectrum records of the water/hydroxyalkanes fogSive spikes is 0.02= 0.04% and that for three spikes
obtained in the free release mode. is 0.02 = 0.0008%.

02F

00F

80 |
ol 3. The environmental protection and industry
I demands
60 |
sl 3.1. Measurements in the upper atmosphere
40 The lidar has historically been used in the environ-
mental field for measuring criteria pollutants in the
upper atmosphere. As the equipment becomes more
portable and less expensive, itis gaining acceptance for
I industrial and commercial applications. The proper de-
of tection and identification of chemicals using a differen-
ol tial absorption lidar (DIAL) are directly dependent on it
02 -0 °-°_,ogT 0.1 0.2 0.3 having a unique absorption frequency over the path be-
_ ) _ ing measured (i. e. there are no other chemicals present
Fig. 6. Histogram of magnitudes of spectral records. Recordedtha1t have the same absorption frequency). In the past,

data are least square fitted with two Gaussian functions. The left . T .
the lack of laser sources that emit specific bands lim-

function centred at 0.0 includes blank records corresponding to no
plume on the path. The right function centred at 0.076 includes fogited the number of chemicals that this technology can
records. identify; however, as more reliable tunable lasers be-
come available, the list of detectable chemicals should
bands centred at 8.8 and Q.6 should be attributed to  jncrease.
hydroxyalkanes. Remote spectrum records of the same OPO was used in the lidar system developed by
kind fog obtained in the free release mode are shown inAmoruso et al.[[I2]. A distinctive feature of this sys-
Fig. 5. The 3-6 rjis south wind, the 88% relative hu- tem is a narrow bandwidth of the light source. A
midity and 2°C temperature real time data were taken seed generated by the dye laser was used to achieve
from the internet. The free release records were donehe 0.04 cm! spectral width in the 1-2m region.
in the 8-9.8:m range. This line width is close to gas absorption line widths
It should be noted that our developed lidar systemunder tropospheric conditions. Water vapour concen-
has the 10 Hz pulse repetition rate and this rate istration was mapped at the 1 km working distance in
far from the ability to record the plume spectra in the the vertical direction. Two wavelengths of 1187.896
real time. The duration of the 8-9,8n range scan and 1187.716 nm were used for differential absorption
was 160 s, whereas the plume variation timescale wasneasurements.
of the order of seconds. Therefore, the events of the There are only a few lidar systems that employ
beam crossing by the plume were observed as absorgMWIR OPO in the troposhperic measurements. One
tion spikes grouped over the 8.8 and %6 bands. of them was constructed by Fastig et al.|[26]. Together

counts

30|
20 |
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Fig. 7. Positions of absorption bands of atmospheric gases in the spectral range Qr2%38p Os(1), CHs(2), CO(3), NQ(4), C:Hs(5),
CsHs(6), SG:(7), CO:(8), C3Hs(9), NO(10), GH4(11), N2O(12), GHs(13), NH3(14), GH2(15), CHs(16), CH;OH (17), GH5CI(18),
C2HCl5(19), G;H5;OH(20), GHs(21), G:CL4(22).

with IR DIAL the system included the fluorescence li- berg[41]. The OPO together with second harmonic and
dar and the aerosol lidar. All three detection modesdifference frequency generation stages allowed cover-
used the same main mirrors and depending on the modang the 0.22—4.3:m wavelength range. As a result both
being used the light was directed to the correspondingspatially resolved DIAL and fluorescence lidar modes
detector. Aerosol scattering in the near IR region waswere implemented. UV DIAL was used to detect Hg
observed and light coming from the topographical ob- and SQ. Mercury flow from the factory chimney was

ject 10 km away was detected. evaluated to be 6:603 g/s. The flow was mapped
in the vertical direction with the working distance of
3.2. Urban and land pollution monitoring 4 km. The system demonstrated its capability to map

the flow and monitor its variation in time. The fluo-
rescence lidar was used both for water and solid state
targets. Chlorophyll peak at 685 nm was detected to-
gether with broadband fluorescence radiation from or-
ganic materials. Methane, ethane, and propene gases
were used for the experiments in the IR region. Back-
ground methane concentration of 2 ppm was measured.

Major pollutants (such as freons, dioxins, CO,MN
VOCs, CH,, HCI, NHs, SF;, O3, CoHy, NoHy, CO;,
HNOg, fuel of missiles, and military toxic gases) dis-
play absorption lines that are suitable for application of
the DIAL technique in the IR spectral region (Fig. 7)
[38].

A typical example of IR DIAL applications possess-
ing a precise selectivity of different interferings was 3 3 petection of pollution sources and industrial
presented in [39]. In this work the concept of a multi- product leaks
wavelength lidar system with multivariate analysing
techniques for measuring hydrocarbon gas mixtures DIAL lidars operating in the infrared region have
has been successfully implemented and tested. Théeen used to monitor chemical emissions from chem-
tests were carried out with the light hydrocarbons: ical plants and refineries. Shell Global Systems used
methane, ethane, propane, and butane. When largex DIAL system to examine fugitive emissions from
hydrocarbons such as heptane, hexane, and octane afleating roof storage tank$ [42]. In 2006 the Alberta
measured, the spectral overlap will be more severe andResearch Council published the results of a study to
it can be difficult to determine the individual concentra- demonstrate the applicability of remote sensing tech-
tions of different hydrocarbons without increasing the nologies to ascertain hydrocarbon emissions at a refin-
number of wavelengths substantially. An examinationery [43]. The effort involved the use of an infrared
of the literature indicates that sub-ppm levels of a vari-imaging camera and a DIAL system. The DIAL sys-
ety of chemicals in the ranges of one kilometre or moretem was used to estimate the rate of loss of methane,
are routine[[40]. Table 2 contains detection limits and aliphatic hydrocarbons with two or more carbon atoms
effective ranges for commonly measured chemicals. (C..), and benzene. The study found that approx-

The outstanding example of the OPO based UV/VIS/imately 1240 kg of G, hydrocarbons, 300 kg of
IR lidar system was developed by Weibring and Svan-methane, and 5 kg of benzene were escaping from
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the refinery every hour. Chambers and Strosher [43]volatile organics and to determine the feasibility of the
reported on the utility of using DIAL for measuring sensor for standoff detection of aerosolized biological
fugitive emissions from natural gas plants and com-warfare agents.

pared the actual measurements with emission factor

estimates. Actual emissions were four to eight times _

higher than values calculated using emission factor es4: Concluding remarks

timates.

Other OPO based DIAL systems operating in the
MWIR region were built for detection of light hydro-
carbons for Phillips Petroleum Co. [44] and Gasprom
Russian Joint Stock Co|. [45]. The Institut National
d’Optique has developed and demonstrated a lidar sys

tem for monitoring industrial particulates [46]. The . o .
opments, higher sensitivity and selectivity are needed

demonstrations were at port facilities where variousf toring th llutant back q trati
ores were being unloaded and fugitive dust control was or monitoring the pofiutant background concentration.
progress can be achieved by the development of new

required. The system successfully imaged particulat L
release and was used to identify and correct loadin aser sources and detectors operating in the LWIR re-

practices to reduce emissions. The value of the systeng:on (st,)o—call_ed ngerptLlnt regtlr(]) n)r,]yvrr:er(: th_l(? molr(]a.c—
over high volume stationary air samplers is that itgivesu ar absorption strengins are the highest. 10 achieve

real time data of (i) how far particulates are spread frombetter results it is important to create compact milli-

the source, (ii) total average release, and (iii) WhereJOUIe pulse energy cqntlnuously t“r.“’?‘b'e MWIR and
“hotspots” are([46]. Heiser and SedlacEKI[47] reported LWIR sources with a high pulse repetition rate. Resolv-

on the development of a DIAL to determine the in-

ing of the exposed problems will allow creation of a
tegrity of caps and covers. For wastes capped in placé:,marter remote monitoring equipment with the accept-
or for older landfills, where a leachate collection sys-

ably small detection limits and low false alarm proba-
tem is absent and there is no generation of methane ga

In this paper we described how the infrared differen-
tial absorption lidar techniques can be applied in solu-
tion of industry and environmental tasks. The combina-
tion of high power and high monochromacity, specific
modulation techniques, and long path permits extreme
sensitivities of this method. However, in future devel-

gilities.

the authors propose injecting a perfluorocarbon tracer

into the_ ca_pped area and using the open path lidar teferences
determine if any of the gas escapes.

A demonstration of the ability of airborne DIAL to  [1] |R.A. Baumgartner and R.L. Byer, Continuously fun-
detect gas leaking from underground pipelines is pre- able IR lidar with applications to remote measurements
sented in[[4B]. The airborne natural gas emission lidar  [of SO, and CH,, Appl. Opt.17, 3555-3561 (197€).
(ANGEL) system operates from a fixed-wing aircraft. [2] R-M. Measuresl.aser Remote Sensing. Fundamentals
It has two DIAL lasers tuned to detect methane and and ApplicationgKrieger, Malabar, Florida, 1992).
ethane. The system has a scanning component that iSIS] A. Clericetti, B.» Calpini, E. Duneux,_H. van _den_Bergh,

. o . and M.J. Rossi, Pump-and-probe lidar for in-situ prob-
pre-programmed with the pipeline location data show-

. . . ing of atmospheric chemistry, Proc. SP1IF14 291--
ing the exact location of any gas leaks and an estimate 355 (1992)

of their concentration. A portable and less complex [4) bR Pendieton, Air toxics: Sources and monitoring in
system was also tested [49]. This system, which canbe  Texas, Environ. Health Perspect. SudfiXS6), 223+~
mounted on the undercarriage of a helicopter, consists 228 (1995).
of a methane-detecting DIAL, digital imaging camera, [5] [R.J. Hogan, A.J. lllingworth, E.J. O’connor, and
and GPS unit. J.P.V.P. Baptista, Characteristics of mixed-phase
A compact mid-infrared DIAL named Lidar Il was clouds. Il: A climatology from ground-based lidar,
created by LaSen Inc company for ground-based and ~ Quart. J. Roy. Meteorolog. Socl29 211/-2134
airborne monitoring of leaks in natural gas pipeline sys- (2003). )
; . [6] /A. Chambers,Optical Measurement Technology |[for
tems [?]. It can be used on the ground in a topographic = = ,
. . Fugitive Emissions from Upstream OIl and Gas |Fa-
mode or in a look-down mode from a helicopter plat-

X X i cilities, Alberta Research Council Report, Project No.
form. The sensor operates in the intracavity OPO mode CEM - P004.03 (2004).

continuously tunable in the 3.2-3.4fn range withthe 7] D.G. Murdock, S.V. Stearns, R.T. Lines, D. Lénz,

maximum spectral resolution of 2 cth. The primary M.D. Brown, and C.R. Philbrick, Applications of real-
focus of the device was directed on hydrocarbons and world gas detection: Airborne Natural Gas Emission
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INFRARAUDONUJY LIDARINIY ATMOSFEROS JUTIKLIY PRITAIKYMAS APLINKOSAUGOS IR
PRAMONES POREIKIAMS

V. Svedag, V. Vaitikauskag, M. Kaugikas®

# Fizikos institutas, Fiziniy ir technologijos moksly centras, Vilnius, Lietuva
" UAB EKSPLA, Vilnius, Lietuva

Santrauka Salo pliupsniy netaisyklingas pasklidimas. Pateikiamas lidarinio

Aptariami atmosferos tarsos stsenos infraraudonosios srities matavimo modelis, atsizvelgiantis | spinduli@stimpulse nestabi-
lidarais jrangos ir metodologiniai aspektai, o taip pat optiniy para- lUma. Modelis pritaikytas 8-14m srities ir 0,5 mJ impulso ener-
metriniy osciliatoriy (tame tarpe musy dvipaisfonversijos sis-  9il0s lidarui, matuojagiam topografinio taikinio metodu 0,05%m
temos), veikiatiy molekuliy fundamentiniy virpesiy srityje, ypa- teleskopu ir gyvsidabrio kadmio tel urido fotodetektoriumi. Nusta-
tumai. Nagrirgjami aplinkosaugos ir prames poreikiai ir tech- & _kad Ia;erio_impulse nestabi_lumas, chargkterizuojamas energi-
niniai reikalavimai &iai nuotolinei technologijai. NeZitrint pazan- 10S dispersijaD, i esnes pablogina detektavimo sleitis vertes
gos Sioje srityje ir pasiekty Zemy detektavimo sléksdar ne- dirbant maZesniais atstumaisZ km, kai D = 1%). Eksperimen-
imanoma vienareiksmiskai ir greitai identifikuosi patekusius ter- iSkai iSbandyta lidaro adaptacija detektuojant greitai kiéitasir
Salus. Tiriami detektavimo charakteristikas bloginantys vidiniai ir Netaisyklingus tersalo simulianto pli upsnius. Sklireiaupli ups-
iSoriniai veiksniai, tokie kaip siifiamo impulso energijos nesta- NiU Susikirtimo su lidaro spinduliu atvejams pritaikytas tikimybinis
bilumas, atmosferos turbulentiskumas & g Usiy keliamas ter- modelis, leidZiantis jvertinti klaidingo aliarmo tikimybe.
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