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NUAAPHOE 30HAUPOBAHMUE
MOJIEKYN WOLA B ATMOC®EPE

B.E.Ilpusanos, 0.d.-m.H., vaevpriv@yandex.ru;
B.I. lllemaHuH, 0.¢.-M.H.,
Cankm-Tlemepbypeckuil noAumexHu4eckuil yHusep-
cumem Ilempa Beaukozo

CopepXXaHue B BO3ayxe, B paioHe pacnosioXXeHus
34aHUM ADC MU UHBIX PAAMOXMMUYECKUX
npeanpusaTuin, Taxenoro nsotona moga ¥,
MOXeT C/IYXXUTb UHANKATOPOM PaAVMOaKTUBHOIO
3arpa3HeHus. JlasepHble MeTOAbl U3MepeHUun
KOHL,eHTpaLMu MOJIeKY/ISpHOro hoAa B rasoBbiX
cpefax onMpaloTCa Ha pe3ybTaTbl YUC/IEHHbIX
MeTOo40B MOAe/IMpoBaHuA. BnepBble NoKasaHo,
YTO y4YeT KOHEYHOM LWMPUHbI IMHUY FreHepauumn
Nasepa npu 30HAMPOBAHUN MOJIEKYA Noaa

B aTMocdepe NMAAPOM 3aMeTHO NposABAsSeTCs

B 3pPpeKkTe BOSHUKHOBEHUS CHUXEHUS ONTUYECKOMN
NAOTHOCTM C POCTOM PAaCcCTOSIHUA 30HAUPOBaHUS

M YBe/InYeHUsa KOHLEeHTpaLmm Mmonekyn noga. Tak,
ONg KOHUeHTpaumu monekyn noga 10'° cm—33T1o
CHUXXEHMe BefeT K pocTy B 1,7 pa3a OTHOCUTE/NIbHOM
NOrpewHoOCTU U3MEPEHU NPU YBEIUYEHUMN
NoNYWUPUHbI IMHUUN FreHepaLuum B NATb pas.

BBEAEHWE

B pabotax [1, 2] 6p110 TOKA3AHO, UTO TSISKEJIBIH K30-
ToIl Hona 3, MOXKeT CIYy>KUTh HHIUKATOPOM paju-
O0AKTHBHOIO 3arpsS3HeHU S, DTOT UHAUKATOP BaskeH
KaK IPHU OLleHKe COCTAaBa TeXHOJIOTMYEeCKHUX ra3oB,
TaK U IIPU MOHUTOPUHTe aTMocephl B parioHe A9C
UIW [APYTHX pPaJUuOXMMHUYECKUX IpefIpUsSTHH.
3TuM 06yC/IOBIeH MHTepec K JIa3ePHBIM MeToAaM
H3MepeHHUsl KOHLIeHTPAallMH MOJIeKYJSIPHOTO Hona
B Ta30BBIX Cpenax. [UCTAaHLIMOHHOE H3MepeHUe
KOHIIeHTPAalLlMU MOJIeKYJ HOfa B IIOTOKE pPeasibHBIX
OAHHBIX IpeAcCTaBisieT Cob0H CIOXKHYIO 3afmauy.
B pa60Tax [2, 3] 6bl1M BBIIIOIHEHBI OLIeHKU I[IOTeH-
LIHMaJbHBIX BO3MOXHOCTeH MeTofda IHUPPepeHIIH-
anpHOro mornomeHus [1, 4, 5]. IIpu sTom OBLII0
BBeJeHO IIpeJIIOJIOKeHHe, UTO JIMHUS TeHepaliuu
nasepa MoXeT OBITh ONMCaHa AenbTa-QyHKIIHeEH,
[I03TOMYy ee CIeKTpajbHasi WMHPHHA He BIUSET
Ha pe3yabTaThl 30HAUPOBaHHUSA. OJHAKO CIEKTPEHI
H3/1y4yeHHUs peajbHBIX Ja3epoB, HCIIOIb3yeMbIX
B JIUAAPHBIX H3MepeHHIX, 0071afaloT KOHEYHOM
IIHPUHON. B paboTe [6] HA OCHOBAaHUHU YHCIEHHBIX
pacyeToB NHUOAPHOrO ypaBHeHUS 1 ITubdepeH-
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Content of heavy isotope of iodine "3l, in the air in the
areas of nuclear power plants or other radiochemical
enterprises can serve as the indicator of radioactive
contamination. Laser methods of measurement of
molecular iodine concentration in gaseous media rely
upon the results of numerical simulation methods.

It is shown for the first time that recording of the
finite width of laser generation line during sounding
of iodine molecules in atmosphere by such lidar
noticeably demonstrates the decrease of optical
density with the growth of sounding distance and
increase of iodine molecule concentration. Thus,

for concentration of iodine molecules 10" cm3

such decrease results in the increase of relative
measurement error by 1.7 times at the increase of
generation line half-width by 5 times.

INTRODUCTION

It was shown in the papers [1, 2] that the heavy isotope
of iodine 1, can serve as the indicator of radioactive
contamination. This indicator is important during the
evaluation of structure of process gases and during
the monitoring of atmosphere around nuclear power
plants (NPP) or other radiochemical enterprises.
It is stipulated by the interest in laser methods of
measurement of molecular iodine concentration in
gas media. Remote measurement of iodine molecule
concentration on a real time basis is a complex task.
In the papers [2, 3], the estimations of potential
capabilities of the method of differential absorption
were performed [1, 4, 5]. The assumption was made
that the line of laser generation can be described
by delta function, therefore its spectral width
does not influence on sounding results. However,
radiation spectrums of actual lasers used in lidar
measurements have finite width. In the paper [6]
on the basis of numerical computations of the lidar
equation for differential absorption and scattering
by gas molecules in atmosphere using the genetic
algorithm it was shown that it is necessary to take
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LIMAJIBHOTO IOIJIOIEHUSI U PpaccessHHUS Ta30BBIMU
MOJIeKy/IaMH B aTMoCdepe C UCII0JIb30BAHHUEM IeHe-
THYeCKOT0 aJTOpHTMa OBIJIO0 IOKa3aHO, YTO s
HaJIM4YUS B Cpele O4YeHb MaJblX KOHIeHTpPal KU
NeTeKTHPYeMBIX MOJIEKYJ Y4eT KOHEeYHOM IIHPHHBL
JTUHHUMU TeHepallUM Jja3epa B pelleHHH TaKoro
JINIAPHOTO ypaBHEHUSI HEOOXOLHU M.

Llenplo HacTosLmeH paboTsl sBasSeTCsS y4er
LIMPUHBl JUHHUMU TeHepallMM Jjia3epa g yTO4YHe-
HUS TUJAPHOTO ypaBHeHUA A1 JUbdepeHIIHAIIB-
HOTO IOIVIOLeHUS M PacCesHUS MOJIeKYJISPHOTO
Hoza B aTMocdepe.

ITonockl MOI/NIOLIeHHUS MOJIeKY1 KHo4a B ONTH-
4ecKOM JHalla3oHe, COOTBETCTBYWOINHE IIepexony
M3 OCHOBHOIO COCTOSSHHMS X B IIepBOe 3JIeKTPOH-
HOe COCTOsIHHe B, 3aHMMAIOT HHTepBaa oT 499

no 670 HM. ABTOpEI paboTsl [7] 3aperucTpupoBaIu
npumepHo 47000 THUHHUI IOIJIO-

into account the finite width of laser generation
line in order to determine very low concentrations of
detectable molecules in medium.

The objective of this paper consists in taking into
account the width of laser generation line in order to
make the lidar equation for differential absorption
and scattering of molecular iodine in atmosphere
more precise.

The absorption bands of iodine molecules within
optical range, which correspond to the transition from
the ground state X to the first electronic state B, occupy
the interval from 499 to 670 nm. Authors of the paper [7]
recorded approximately 47000 absorption lines within
this range, and the wave numbers of about 23000 lines
are given in their atlas. Nowadays, these numbers are
significantly higher. The results of studies carried
out previously [8-10] allow assuming that in order

IeHHS B 3TOM OHalla30He, M HUX
BOJIHOBBIe ymcia (okomo 23000
JIMHUI) IPUBeJIeHBl B KX aTiace.

CerogHs 3THU YUC/IA 3HAUHUTEJbHO CeTodpunbTp doTonprueMHmUK
bospiIe. Pe3yanaTm BBITIO/IHEH- C3C-22 nnn NKC-1 Photodetector
Light filter [

HBIX paHee HcCIefoBaHUH [8-10]
[I03BOJISIIOT IIPeAIIONOXKUTh, UTO

SZS-22 or IKS-1 —

OJIs1 06Hapy>1<eHH9{ KOHLeH~-
TpalHK MOJIEKY/JISIPHOIO HOAA4 P - —_—_—_—_—_—_—\
nopsnka 1010 cm™3 B aTMOC(l)epe o E 1 ¥ InxpounyHoe 3epkasno 532/1064 HM
OTONPpUEMHUNK I H H i
Haubojee IpeaIIOYTHUTe/IbHBIM Photogetector L Dichroic mirror 532/1064 nm
OyoeT HCIIONb30BaHHE MeTola i ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
nuddepeHI[HATBHOTO IIOTJIOLe- 777 75 o
[ IR 1 Tnyxue 3epkana
HHUSA. B aTOoM cinydae 3¢ PekTUB- 2 | . byl pkana - MuLieHb
| N 1 1, Totally reflecting mirror Targét
HOe CedyeHMe IIOIJIOIeHHUus MOoJie- 1 ———————— /
Kyl Homa HKMeeT Hamubonbllee \ z
3HaYeHHe 10 CPABHEHHIO C cede- o\ 7 vz
\ LT Lens
HHUeM QJIyopeCLleHLIUH C yYeTOM O R -t
TyIIeHUsS U CcedyeHHEeM YIPY- Coepuyeckoe
3epkano —
roro paccegHus [11]. Hcmonb3ys Spherical MonynpospadHoe
ocinabneHne Ja3epHOTO H3Iyde- mirror 3epKano
Semi-reflecting mirror Nasep
HHUS C COOTBETCTBYIOUIMM BBIOO- Lacer
pPOoM IOIHHBI BOMHBI M3JIy4YeHHS, ";?]TO”S”EMHV'K Monynpo3payHoe
otodetector
MOXHO pa3paboTaTb YyBCTBU- sepkano
TenbHbIE METOZ, M3MepeHus «— Semi-reflecting CBeToPUNBLTP
mirror C3C-22 nnm NKC-1
KOHLUEHTpaLHH MOJIEKYJ HOO4 CBeTtodUAbLTP Light filter
B aTMOCq)epe [8]. C3C-22 nan NKC-1 SZS-22 or IKS-1
Light filter
o SZS-22 or IKS-1 doTonpremMHUK
SOKCMNEPUMEHTAJIbHbIU Photodetector

JINAAP

upap IuddepeHIIHMATBHOTO
IIOIJIOIIEHUSI U paCCesiHUS IIOf-
pasyMeBaeT HCIIOIb30BaHHE
IBYXBOJHOBOTO  H3JIy4aTes:
OfHAa [AJINHA BOJIHBL JIa3€pHOIO

Puc.1. Onmuyeckas cxema Audapa oupdepeHyuanbHo20 N02AOUWEHUS U paccesHusl
Fig. 1. Optical layout of lidar of differential absorption and scattering

Nasep
Laser
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M3JIy4eHU [I0IlafaeT B LIeHTP [10JIOCHL IIOTJIOMeH U I
MOJIeKy1 Hoja, a JApyras - BHe 3TOH IIOJIOCHI.
B HameMm BapHaHTe [OJIs 30HAUPOBAHHS MOJEKYII
HOZ,a UCII0/Ib3yeTCs Ia3epHOe U3JIyueHHe Ha BTOPOK
rapMoHuKe Jya3zepa Ha AUT: Nd Ha miIvHe BOJHBI
532 HM (MM yactoTe v, =5,639 TT11), KoTOpas Ioma-
JaeT B I10JIOCY IIOIVIOUIeHU S MOJIEKY/ Mofa B AHala-
30He JJIMH BOJIH 499-670 HM C MaKCHMYMOM OKOJIO
645 HM (unm vacToT 4,478-6,012 TT1] ¢ MAKCHMYMOM
okosio 5,245 TIum M HOAyWHPHHOM [;=767 ITw).
JIazepHOe H3Ay4YeHHe BHEe IIOJIOCHl IIOIJIOILEHUS
Homa HeoOXOMMMO JaTh Ha JJIHMHE BOJHBI, 60/bIlIeH
589,5 HM, 4YTO COOTBETCTBYeT MAaKCHMYMY IIOJIOCHI
dnyopecuennuu Moisexyn I, [1]. B KadecTBe omop-
HOTO KaHajJa B cxeMe JubdepeHIIMaIBHOTO IIOIJIO0-
IeHUsl BBHIOPAHO JIa3epHOe M3/yUYeHHe OCHOBHOM
FapMOHHKH Jiazepa Ha AUT: Nd Ha AjvHe BOTHBI
1064 M (unu yacTtoTe v, =2,8195 TT'1). PaccMmoTpuM
OIITUYeCKYI0 CXeMy TaKOoro nupapa gubdepeHIH-
AJIPHOTO IOIJIONIeHHU S U paccesiHUA (puc.l).

[lepemaromas cuCTeMa JHLAapa COCTOUT M3 OBYX
J1a3epoB, SHePIus JIa3epHOI0 M3JIyYeHHs I[epBOro
B UMIIYJIbCe JJIMTEJIbHOCTHIO 10 HC Ha A/IMHEe BOJIHEI
532 um (v,) paBHa 25 MK, a BTOporo - 40 M/IK
Ha JjIvHe BOJMHBL 1064 HM (v,). Ilmomans IpHueM-
HOM amlepTyprl Teneckoma S,=0,125 m2. MHTeHCHUB-
HOCTBH JIa3€pHOTO H3JIYYeHHsI Ha [JJIHHE BOJHBI
532 HM, Dpomefllero CKBo3b CJI0M aTMocdepsl
C MOJIeKyJaMH HoAa 3aJaHHOM KOHLEHTPal KU
TyZa U 06paTHO, yMeHbIIAeTCs 32 CUeT IIOIJIOMIeHU
B Hoge (3, 7], a 3aTeM 4Yepe3 CTeK/JSHHBIH CBeTO-
GUIBTP HammpaB/geTcsa Ha QOTONIPHUeMHHUK.

JINAAPHOE YPABHEHUE
ANOOEPEHLUAJIbBHOIO NMOIMJ1IOWEHUA

N PACCEAHUA

OnTHuyecKkHe OCH J1a3epoB M IIPHEMHOT0 TejlecKoIlla
HampaB/eHbl BOOMAb ocH Z (cM. puc.l). Kak u paHee
(12], mumarpaMMbl HaIpaBJeHHOCTH H3JIydaTess
0, u mpuemHoro Ttemeckomna 6 mansl 0 01074
1073, mO3TOMY TeJleCHBIM YIOJl PacXOLHMOCTH 30H-
OUPYIOLIero ja3epHOro HU3aydeHUs OymeT ompene-
nAThCSL KaK Q;=m6;2, a moje 3peHHs NPHEMHOIO
Teneckomna - Qp=mb2.

Onruyeckre XapaKTePUCTHKH aTMOCPepsl
Ha Tpacce 30HOHPOBAHUSA Z 3a4aAUM KO3PULIHeH-
ToM ocnabnenus k(v,z), a cBorcTBa Tomorpadpude-
CKOIM MHUIIeHU - KO3QOUIIMEeHTOM OTPakeHUs I
CyMMapHBIM KO3QPHUIIMEHTOM YIIPyroro paccessHUs
MU 1 MOJIeKy/ISIPHOrO paccessHUS Panest p(w,v). Kaxk-
OB K3 [ByX J1a3epoB Iepejamlier CHCTeMBbI
nupapa OymeT XapaKTepHU30BAaThCS MOIIHOCTBIO
IIOCBLJIA@MOr0 B aTMOChepy JIa3epHOTO H3JIyYeHU S
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to detect the concentrations of molecular iodine of
about 101° cm™ in atmosphere it is more preferable to
use the methods of differential absorption. In such
case the effective cross-section of iodine molecule
absorption has the highest value in comparison with
the cross-section of fluorescence taking into account
quenching and cross-section of elastic scattering [11].
Using the attenuation of laser radiation with the
relevant selection of radiation wavelength it is possible
to develop the sensitive method of measurement of
iodine molecule concentration in atmosphere [8].

EXPERIMENTAL LIDAR
The lidar for differential absorption and scattering
implies the use of two-wave emitter: one wavelength
of laser radiation gets into the center of absorption
band of iodine molecules and other wavelength is
outside this band. In our variant, the laser radiation
at the second harmonic of laser based on YAG: Nd at
the wavelength of 532 nm (or frequency v, = 5.639 THz)
is used for sounding of iodine molecules; it gets into
the absorption band of iodine molecules within the
wavelength range of 499-670 nm with the maximum
about 645 nm (or frequencies 4.478-6.012 THz with the
maximum about 5.245 THz and half-width G;=767 GHz).
Laser radiation outside the iodine absorption band
should be given at the wavelength longer than 589.5
nm, which corresponds to the maximum of
fluorescence of I, molecules [1]. The laser radiation of
the fundamental harmonic of laser based on YAG: Nd
at the wavelength of 1064 nm (or frequency v, =2.8195
THz) was selected as the reference channel in the
scheme of differential absorption. Let us consider the
optical layout of such lidar for differential absorption
and scattering (Fig. 1).

The lidar transmitting system consists of two lasers
8, the energy of the first laser radiation in the pulse
with duration of 10 ns at the wavelength of 532 nm
(v,) is equal to 25 mJ, and the energy of the second
laser radiation is equal to 40 mJ at the wavelength of
1064 nm (v,). The area of collecting aperture of
telescope 10 is S;=0.125 m?. The intensity of laser
radiation at the wavelength of 532 nm, which
propagates through the atmosphere layer with iodine
molecules of set concentration there and back, is
decreased at the expense of absorption in iodine [3, 7],
and then it is directed to photodetector 1 through glass
light filter 2.

LIDAR EQUATION OF DIFFERENTIAL
ABSORPTION AND SCATTERING

The optical axes of lasers and receiving telescope are
directed along the axis Z.As it was previously [12],
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P,unuP,, IUTeNpHOCTBIO UMITy/IbCA Ia3epa T, WK
T,, a JIMHUIO TeHepallMu Jasepa OyJemM CUMTaTh
rayccoBOM C MaKCHMYMOM Ha 4acToTe v, HIH V,
U HonymupuHaMmu I, unu I,. Torma MOLIHOCTB
nasepHoro usnydenus P; (unu P,) Ha doTompueM-
HUKe JINJapa MOKXHO IIPeJCTaBUTh B COOTBETCTBUU
c [4], uHTerpupys Mo BCel IIHPHHE JUHUU reHepa-
uu ot (v, -T') mo (v, +T'), B BUe

v+l

P(v,z)= C‘L —5:G(2)Py [ T (viz)p(mv)A(v)o(v)dv
v -T'
roe T(v,z) - OpONyCKaHKe Ha YacTOTe v yd4acTKa
TpacCel OT AHAApa [0 HccleayeMoro obbema, pas-
Hoe, coryiacHo [11],

T(v,z)= exp(—Zk(v,z')dz'), (2)

k(v,z) - ko3dpduLHeHT ocnabaeHKs 1a3epPHOr0 U3/y-
4yeHHUS B aTMocdepe, A(v) - CIIeKTPaNbHBIH K03dPu-
LIUeHT IIPONYCKAHUS I[IPUEMHON CHCTEMBI
aupapa [1, 11] unau ero amnmapaTHas OQYHKLHS,
p(m,v) - KO3QPULMEHT paccessHHMS Ha3aj TOIOrpa-
¢uveckor mumeHu [11] u G(z) - reomerpuueckas
oyHKuusa naugapa [4, 11] 7eXuUT B Ipefenax
0<G(z)<1.

IMoxcTaBasis B BeIpaskeHue (1) dopmyiny (2), okoH-
YaTeNbHO IIOJNYUYHMM JIHIApHOe YPaBHeHHUS s
YIIpyroro paccesiHWs B HAIIpaBAeHHWH Ha3af [JIs
JIMHUU TeHepaluH jla3epa KOHeUHOH 0y PUHBL
I B BULE

v+

P(v,z)=BGZ(Z) f(exp( ka(vz)dz) v-v,) /(er))x

vi-T'

xp(m,v)A(v)dv 3)

P,
0\/—1,

HHdopmanys o KOHLIeHTpPAallMM MOJeKy]l Hona
CofepXKUTCA B COMHOXHTene T(v,z) B (2), mpudem
Ko3¢dunueHT ocnabreHus B aTmocdepe k(v,z)
omnpepessieTCsl COOTHomeHueM Bua (1, 10]

rfe BBeJeHa JIMJapHas KOHCTaHTa B= —S

k(v,z)=k,(v,z)+0(v)N(z). @)

3meck IepBoe cCjaraeMoe SBAseTCd K03QOHUIIU-
eHTOM ocnabneHus aTMocdeprl Ha AJTMHE BOJIHBEI
JIa3epHOT0 HM3/Iy4eHHUs 3a BBIYETOM MCCIenmye-
MBIX MOJIEKYJI, & BTOpOe — IPOM3BeJeHHe CeUeHU s

i1

the directivity diagrams of emitter 8; and collecting
telescope 0; are low 0;~0;~107%-103, therefore the
solid angle of divergence of laser radiation will
be determined as Q;=m6;? and the field of view of
receiving telescope - Q=m0,2.

Let us designate the optical characteristics of
atmosphere at sounding route z through the
attenuation coefficient k(v,z), and the properties of
topographic target - through the reflection
coefficient or cumulative coefficient of Mie elastic
scattering and Rayleigh molecular scattering p(,v).
Each of two lasers of lidar transmitting system
shall be characterized by the power of laser
radiation P, or P, sent into atmosphere with the
laser pulse duration of =, or t,, and the line of laser
radiation shall be considered as Gaussian line with
maximum at the frequency v, or v, and half-
widths T, or I,. Then, the power of laser radiation
P, (or P,) at lidar photodetector can be represented in
accordance with [4] integrating at the full width of
generation line from (v,-T') to (v,+I') in the
form:

cr 1
P(v,z)=TL?SOC(Z) A m,v)A(v)®(v)dv
where T (v, z) is the transmission at the frequency v of
route section from lidar to studied volume, which is
equal to the following expression in accordance
with [11]

T(v,z)= exp(—Zk(v,z')dz'), )

and k(v,z) is the coefficient of attenuation of laser
radiation in atmosphere; A(v) - is the spectral
coefficient of transmission of lidar receiving system [1,
11] or its instrument function; p(=,v) is the coefficient
of backward scattering of topographic target [11] and
G(z) is lidar geometric function [4, 11], which is located
within the limits 0<G(z)<1.

Using the formula (2) in the expression (1) we will
finally obtain the lidar equation for elastic scattering
in backward direction for laser generation line with
finite half-width I in the following form:

P(v,z)=BG£Z)er(exp[ ka(vz)dz) Vv, ) /(ZFZ))x

vi-T'
xp(m,v)A(v)dv (3)
. P, .
where the lidar constant B_—S is
OJEF

introduced.
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PEe30HAHCHOTO IIOIJIOUIEHHUSI MOJIEKYI Hoja Ha HX
KOHILIeHTpallHIo.

s peanuszanuy Metona AJubdepeHIIHaTbHOTO
IIOIJIOIIeHU Sl U paccessHUS [13] Bo3pMeM [Ba JTUOAP-
HBIX ypaBHeHUs THINA (3) A1s ABYyX 4acToT Jjas3ep-
HOTO HM3JIy4YeHHUS v, U v, . byJeM CUuTaTh, 4YTO BTO-
pas I[JKMHA BOJHBI HAXOAUTCSL BHEe IIOJIOCH
IIOIJIOMeHHST MOJIeKy/Bl iHofa, 3aMeHHUM Kk(v,,z)
B IIepBOM ypaBHEHHH Ha BbIpaskeHHe (4) u pasge-
JIMM OFHO Ha Apyroe. B pesynbTaTe monydaem ypas-
HeHHe O caMoro obimero cnydas guddepeHIH-
alIbHOTO IOT/IOU[eH U A u paccessHHUS
B IIpPeLIIONIOKEeHUH O Pa3MUYUHU BCeX COMHOXKUTE-
7Ie¥, 3aBUCSIIUX OT YaCTOTHI 1a3ePHOI0 U3/IyUYeHUs,
Kak u B [10, 11].

ANNPOKCUMHUpPYeM allapaTHYoO QYHKLHIO rayc-
COBOM KPHBOM, a KOHTYpP IIOJIOCHl IIOIJIOMIeHHS
MoneKkyn Hoja - ¢yHkuHel JlopeHua [11]. Bymem
TaK>Ke CUMTATh, YTO aTMoChepa OLHOPOLHA U KO3b-
bunneHT ocinableHHUs Ja3epHOr0 H3JIy4YeHHUS
B aTMocdepe OymeT QYHKIIMEN TOIBKO HaCTOTHI
k(v,z)=k(v).

Hcnons3ys uHTerpan ommuboxk erf(I) u mepenns,
KakK U paHee B (8], K OIITHUYeCKOH IIJIOTHOCTH, 3aIllU-
IIeM OKOHYAaTeJIbHOE YpPaBHeHHE B BHIe:

2 2
E,G, (z)p(n,vz)erf[m

D=In : 2k (v,)z+

E,G, (Z)p(n,vl)erf[a

+2Ky (vy)2+ 0 () [ N(2')dz". (5)

PELLEHUWE TUAAPHOIO YPABHEHWUA

PaccMOTpPHUM IapaMeTphl 3TOM 3a[auM /15 Halllek
3KCIIepPUMEHTA/JIbHON CHUTYallMHU. bygeM CUHTAaTh,
4TO0 s Hamiero nupapa G,(z)=G,(z), a koaddunu-
eHTBl OTpa’keHHs p(m,v) I 060MX KaHAJIOB IIPH-
MepHO OJMHAKOBbL U paBHB 0,15 mnsa nuddysHon
MUIIeHH, a OJIs CYMMapHOIO YIIPYLOro a’po30Jib-
HOTO paccesiHUS B aTmocdepe 107 [4]. DHeprus E=1P
B UMIIyJIbCe MJIMTEeABHOCTBIO 10 HC J1a3epHOTO U3y~
YeHHS Ha AJuHe BOIHHI 532 HM (v, ) paBHa 25 M/IX,
a Ha J/1xHe BOIHBL 1064 HM (v, ) - 40 MIIK. ITonymu-
pHHA JTHHUM TeHepaluu [, 6yAyT H3MeHSThCS
B AuarasoHe 1-5 I'Tw, cooTBeTcTBeHHO [} - B fHaIma-
30He 2-10 ITu. BymeM CYMTAaTh, YTO IIONYIIMPHHA
amnmnapaTHoM QyHKIMMU Ha HOPSIAoK Oonblile, YeM
IMOJyIIMpHHA JIMHUU TeHepallMy Jasepa, 4UTo
BIIOJIHE JOMYCTHMO [/ IIPOMBIIIIEHHBIX J1a3epPOB
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Information on iodine molecule concentration is
contained in cofactor T(v,z) in the expression (2), and
the attenuation coefficient in atmosphere k(v,z) is
determined on the basis of correlation in the
form [1, 10]

k(v,z)=kq(v,2)+0(v)N(z). @)

here the first summand is the attenuation coefficient
of atmosphere at the laser radiation wavelength
after deduction of studied molecules, and the
second summand is the product of cross-section of
resonance absorption of iodine molecules and their
concentration.

In order to implement the method of differential
absorption and scattering [13], let us take two lidar
equations of the type (3) for two frequencies of laser
radiation v, and v,. Let us believe that the second
wavelength is outside the absorption band of iodine
molecule; let us substitute k(v,,z) in the first equation
for the expression (4) and divide one expression by
another one. As a result, we will obtain the equation
for the most general case of differential absorption
and scattering with the assumption on the difference
of all cofactors depending on laser radiation frequency
as in the papers [10, 11].

Let us approximate the instrument function by
Caussian curve and contour of iodine molecule
absorption band - by Lorentz function [I1]. Let us
believe that atmosphere is homogeneous and
coefficient of laser radiation attenuation in
atmosphere is the function of frequency only

k(v,z)=k(v).

— 10 11 —12 —13
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Puc.2. Pe3yabmambl 4UuCAeHHO20 pelueHus ypasHeHus (5) dns
duanasoHa KoHueHmpauuii monekyn uoda 10'0-10" cm3 u 3Ha-
yeHul noaywupunbl T =11y ul,=21Ty

Fig. 2 Results of numerical solution of equation (9) for the
range of iodine molecule concentrations 10'°-10" cm=3 and
values of half-widthT';=1GHzand T, =2 GHz
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U HHTepdepeHIIMOHHBIX CBETOQUILTPOB, UCIIONb3Y-
eMBIX B KauecTBe CIIeKTpoaHa/K3aTopa a1upgapa [3].
Bb16epeM ee paBHoM 100 I'Tu. 3HaueHUS Ko3bdULU-
eHTOB ocsabieHUs B aTMocdepe 6BIIH B3SATH U3 [4]
U PaBHSANMCh COOTBETCTBEHHO Kk(v;)=0,16 km!
k(v,)=0,12 xm!. s mosoCh IIOIJIOUeHHUS Hoja
MaKCHMaJjibHOe 3HaUeHHe CeUueHHUS IIOTJIOeHHS
Ha [JJMHe BOJHBI 532 HM IO JaHHBIM [11]
0y(v;)=4,6-10718 cM?2, a mONYUIMPHUHA 3TOH IIOTOCHL ~
I,=767 T [7].

BREIIIOJIHUM YHC/IeHHOe pellleHHe ypaBHeHUs (5)
[UISl 3Ha4eHMH IIONYIIHPUH I'; B AHamnasoHe 1-5 I'T,
a I'; - 3HaueHus 2-10 I'TL, paccTOSHUI 30HAHUPOBA-
HHS B guamna3oHe 100-5000 M, muamna3oHa KOHILIEH-
Tpanui ot 101 cm? go 10V cM™ u mpHBemeHHBIX
BBIIIEe OCTAJIBHBIX [IapaMeTpOB 3aauM. Pe3y1bTaThl
pellleHMsI ypaBHeHUs (5) IpefCTaBJIeHBl Ha PHC.2
IJIsl IpHBeleHHBIX BhIIIE IIapaMeTpoB, JHalla3oHa
KOHIleHTpauuu 101°-1013 cM3 U paccTosIHUS 30HIU-
POBaHHA 0 5 KM.

9To orpaHHUYeHHe IO BeIWYHHAM KOHIIEH-
TPALIMK U PACCTOSIHUM CBSI3aHO C TeM, YTO MeTO[,
CIIEKTPOCKONMKUHU AubbepeHIHABHOIO IIOrJIole-
Hu4 [11, 13], ©UMeeT orpaHHYeHHUS CHH3y U CBepXy
Ha JMalla3oH BO3MOXKHBIX 3HaueHHUN MpoH3BeJe-

i g

Using the error integral erf(I) [15] and having
proceeded to the optical density, as previously in
the paper [8], we can write the final equation in the
form:

' 2 2
E,G,(z)p(m,v,)erf NARIAN
J2T, :
D=In LTS | ok (vy) 2+
EG (2)o(m v, erf{“rZZJrri] el

12k, ()2 +00(v) 1 ZN \dz. (5)

SOLUTION OF LIDAR EQUATION

Let us consider the parameters of this task for our
experimental case. Let us believe that for our lidar
G,(2)=C,(2), and reflection coefficients p(x,v) are
approximately identical for both channels and equal
to 0.15 - for diffuse target and 107 - for total elastic
aerosol scattering in atmosphere [4]. The energy E=tP
in the pulse with duration of 10 ns of laser radiation at
the wavelength of 532 nm (v, ) is equal to 25 mJ, at the
wavelength of 1064 nm (v, ) - 40 mJ. The half-width of
generation line T, will vary within the range of 1-5
CHz and I'; - within the range of 2-10 GHz respectively.
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Puc.3. Pe3yabmamsbl YucAeHH020 pelueHus ypasHeHus (5)
9191 3HaYeHUl KOHUeHmMpauuu moAaekyA (ioda 1010 u 107 cm=3
u 3Havenul noaywuputsl I;=Tu 5 Iy u noaywupuHei
I[,=2ul0lTy

Fig. 3 Results of numerical solution of equation (9) for the
values of iodine molecule concentration of 10'° and 10" ¢cm™3
and values of half-width I, =Tand 5 GHz and half-width T, =
2and10 GHz
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Puc.4. 3asucumocms onmuyeckol naomHocmu D om noza-
pudma KoHUeHmpayuu moaekya tioda IgN 6 cnoe moaujuHou
10 u 20 cm u 08yx 3HaveHuli noaywupunbl I;=Tu 5 [Ty, u d8yx
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Fig. 4 Dependence of optical density D on the logarithm

of concentration of iodine molecules IgN in layers with the
thicknesses of 10 and 20 cm and two values of half-width T';=1
and 5 GHz and two values of half-width I',=2 and 10 GHz
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HUI BeJIMYMH KOHIIEHTPALIUK Ha TOIIIUHBE CJI0EB,
KOTOpBIe OIpefensoTCs OINTHUYECKOM CXeMOH
1 GOTOIIpHEeMHHUKOM JIKJapa.

IOng 3HaYeHHM ONTHYECKOH IIJIOTHOCTH D
6onbie 4,6 pacyeThl He IIPOBOAMIINCH, TaK KaK OBII
BbIOpaH QOTONpPHEMHUK C JHUHAMHYECKHUM LHalla-
30HO0M 10% B COOTBeTCTBUU C JAaHHBIMU [1, 10].

Ha puc.3 mpencTaBieHBl pe3yiabTaThl pelleHUs
ypaBHeHUS (5) AJIs TOM ke CUTYalMH, YTO Ha PUC.2,
HO [IJISL MHBIX 3HAaUYeHUH (/11 HONYLIHUPUHB '] = 1
u 5 IThy ¥ ABYX 3HAaYeHWUU MNONYWHUPUHE I, = 2
u 10 ITu). AHanu3 rpaduUecKoro mpencTaBleHUs
pemeHus (cM. puc.3) mokasasa, YTO yueT IIHMPHUHBI
JTMHUHU TeHepalluy ja3epa I103BoJIsLeT CHU3UTh 3Ha-
YeHHe ONTHUYeCKOM IJIOTHOCTH B pacueTe. [l KOH-
neHTpanuu 10 cm™ yMeHbIIeHHe 3aMeTHO: ¢ 1,66
JJ1s1 paccTostHUM 100 M 10 1,13 A7151 PacCTOSHUSA 5 KM,
a ois KoHOeHTpanuu 102 cm™ - B 1,6 pa3a nis pac-
ctosHUU 100 M u 1,07 pasa - 1O/ PacCTOSHUSA
5 KM.

SKCNMEPUMEHTAJIbHASA NMPOBEPKA

Janee BBHIIIOJIHUM IIPOBEPKY IMOJyUYeHHBIX pPe3yIbTa-
TOB. /I 3KCIIepDHMEeHTA/IbHOU IIPOBEPKU pe3yybTa-
TOB YMC/IeHHOIO MOJe/HPOBAHUS HaH[eM 3Haye-
HUe cedeHHs IOIVIOUIeHHUS MOJIeKyl HoJa Ijs
nabopatopHoro nuAgapa AuddepeHIHATBHOIO
IIOTNIOIeHHs. ['paduK 3aBUCMMOCTH ONTHYECKOH
IUIOTHOCTH D OT KOHLIeHTpallMK MOJeKysa Hojma N
B Cj10€ TONIKHOM 10 K 20 CM M [ByX 3HaUYeHHUH IOy~
MUPHUHBL =1 u 5 I'TI ¥ OABYX 3HaYeHUH IIOyIIH-
puHEH I',=2 1 10 IT1 (puc.4) oTpaskaeT pe3yabTaThl
SKCIIepuMeHTa. HMx 06paboTka I03BOIHIA IOJNY-
YUTh 3HAYEHHE CeYeHHS IIOIJIOIIEHHUS MOJIEKYII
voJa Ha AJMHMHe BOJHBL 532 HM, paBHOe
0y(v;)=(4,1£0,5)-1018 cm?. OHO HAXOAUTCS B YHOB-
JIeTBOPUTEJIBHOM COTJIACHM CO 3HAaYeHMSIMHU, IOy~
YeHHBIMH B paborax [1, 8]: 0=(1,88+0,37)-107'8 cm?
u B pabore [11]: 0=4,6-10718 cm?.

3AKJ/TIOMEHUE

TakuMm o6pa3oM, BIepBble II0OKa3aHO, YTO ydYer
KOHEeYHOM HMIMPHUHBI TMHHUHU T'eHepallkH Jla3epa IIpU
30HAUPOBAHHUHU MOJIeKy1 Hofa B aTMochepe nuia-
pPoM InuddepeHIMAJIBHOIO IIOIVIOIEHUST M pacce-
SHHS 3aMeTHO IposiBisgeTcsd B 3QPeKxTe BO3ZHHUK-
HOBEHHS YMEeHBIIEHHS 3HAa4YeHHS OITHUYECKOHU
IUIOTHOCTA C POCTOM PaCCTOSIHUSI 30HAHPOBAHUS
U yBeIMUYeHUSs KOHIeHTPalluu MoJIeKyl roja. Tak,
OJIs1 KOHLIeHTpPAallMM MojeKkysl #moma 10 cm3 3To
yMeHbIIIeHHe COCTaBasgeT 1,66 pa3a Iy pacCTOAHUSA
100 m u 1,13 pasa - )1 pacCTOSIHUSA 5 KM.
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Let us believe that the half-width of instrument
function is higher by order than the half-width of
laser generation line, and this assumption is quite
acceptable for industrial lasers and interference light
filters used in the capacity of lidar spectrum analyzers
[3]. Let us assume that it is equal to 100 CHz. The
values of coefficients of attenuation in atmosphere
were taken from the paper [4] and are equal to
k(v;)=0.16 km™, k(v,)=0.12 km™ respectively. The
maximum value of absorption cross-section at the
wavelength of 532 nm for iodine absorption band is
0o(v;)= 4.6108 cm?, and half-width of this band -
;=767 GHz [7] according to the data given in the paper
(11].

Let us perform the numerical solution of
equation (5) for the values of half-widths I'; within the
range of 1-5 GHz and I',- with the values of 2-10 CHz,
sounding distances within the range of 100-5000 m,
range of concentrations from 10'° cm™ to 10V cm™ and
remaining abovementioned parameters of the task.
Results of the solution of equation (5) are given in
Fig. 2 for aforementioned parameters, range of
concentrations of 101°-10* cm™ and sounding distance
up to 5 km.

This restriction by the values of concentrations and
distances is associated with the fact that the method
of spectroscopy of differential absorption [11, 13] has
lower and upper limits by the range of possible values
of products of concentrations and layer thicknesses,
which are determined on the basis of lidar optical
layout and photodetector.

For the values of optical density D, which are
higher than 4.6, the calculations were not performed
because the photodetector with dynamic range of 104
was selected in accordance with data in the papers [1,
10].

Results of the solution of equation (5) are given in
Fig. 3 for the same case as in Fig. 2 but for different
values (half-width r; =1 and 5 GHz and two values of
half-width T, = 2 and 10 CHz). Analysis of graphical
representation of solution (Fig. 3) showed that taking
into account the width of laser generation line allows
decreasing the value of optical density in calculations.
For the concentration of 10 cm™ such decrease is
noticeable: from 1.66 for the distances of 100 m to 1.13
for the distance of 5 km, and for the concentration of
102 cm™ - by 1.6 times for the distance of 100 m and
1.07 times - for the distance of 5 km.

EXPERIMENTAL CHECK

Let us further check obtained results. In order to check
the results of numerical simulation experimentally,
let us find the value of cross-section of iodine molecule
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absorption for laboratory lidar of differential
absorption. The diagram of dependence of optical
density D on concentration of iodine molecules N in
the layers with thicknesses of 10 and 20 cm and two
values of half-width I';=1 and 5 GHz and two values of
half-width 1,=2 and 10 CHz (Fig. 4) reflects the
experimental results. Their processing allowed
obtaining the value of cross-section of iodine
molecules at the wavelength of 532 nm, which is equal
to o,(v,)= (4.1£0.5) 10718 cm?. It is in agreement with
the values obtained in the paper [1, 8] 0=(1.88+0.37) 10718
cm?and in the paper [11] 0=4.6-10718 cm? to satisfactory
extent.

CONCLUSION

Thus, it was shown for the first time that taking
into account the finite width of laser generation line
during sounding of iodine molecules in atmosphere
by the lidar of differential absorption and scattering
noticeably demonstrates the decrease of optical
density value with the growth of sounding distance
and increase of iodine molecule concentration. Thus,
for the concentration of iodine molecules of 10! cm?
this decrease is equal to 1.66 times for the distance of
100 m and 1.13 times for the distance of 5 km.
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