05007Tol B HGMLMszgXrol Lobgedfogm »bogg®LodgEo

B0H035-0509953030L5 s 330G ghe 99360gHgdsMs Bo3MEEIEHO
B0B030ol ©g3smGs096GH0

b9cmbspgmol wyemgdoor

Jobo GoboMmodg

9653500 JMo© 33536gMEo gagdd®mdsgbodmemo Gswwmgdols
BBOGOLGH0ZNMO Bobslosmgdamgdols dglfogams
GHM3LRIOHML Lodsmemggdby

139(05¢MdS—50BOIs
sbm@osgos

§9m 96005 BoBo3ol md@mmol
5350099099M0 bomolbol dcmbisdmzgders

ds0vdo
2018

bosolghGogom bsdmmdo Fglervergdreos dsmndol dmms  Gbmsggeols bsbgwdfonm
©6039MLOEIBHOL B0D0-05009353030Ls s 3MIZ0GHIOIE Fg3bogMgdsms BO3MWEIGOL
30D03oL 935G GH396& 0. LsOLYOEGOM  Bod®MIol  9dudgModgbGmo  bofowo
FguOMEWgdos  dmms  OLbosgzgrol  ghmabawo  bsdggboghm  gmbool  doge
©580656bgd@o LogMbGHM 3GmgdBgdol: 1. ,35M0mb Moom L3OO EOSRBMLE03S
Logboaols s 29Mgdml  EoL3YOLoME  FobsbosMPIMGIL TGOl  3MOYWLFOIOO
MOD09M073538000L Logzmdzgebg” (Log®ab@m byedg3degds #31/33) ©s 2. ™3¢ 03M>©
9336030, Tgdmbggzomo  BobM@o 930060l BWMMOLEIbEoo  Bsbsliosmgdwgdol
5mE9bmMdMH030 s A9dBIMo WYMo godmlboggdol 0bEHgblogmdol 3mGgwsiom®o
®}1Bdgool  LEHGOLHOZMNMo  FmIgbBIOOL  L3gIBHMew Mo  BowoBo  (Lop®bGHm
bgwg36agds NeFR-152-9-240-14) 3ot wgddo.
1559936096 bgemddemgsbgmo:
6abst mdody
30B030L MIEGHMMO, 3OHMBILMOO
“sbmgeo Jg0g35L9dgo:
3600M90 ©EIAGH0MI30
53090 35-05009053 0300 393609690505 396osE0,
3.6. 356M5B0bol Labgermdol bsgombswm®mo Mboggmlo@g@ob, 33sbGHmmo
5000M530D030L, M300MmB0HB03oL b3MEo, domMbsdyoEobm gugd@mmbozols s
303309939Mv9o LoLEYIGOOL I35MEFI6EHO. SLMm30MHIOO 3MMABILMOO

390835bgdEgdo: 799965 ©osbsd0dy
130D030L MIGHMGO,

350730l dmms OHbmsggarol Labgadhogm Mbogg®LoEg®Go, 3MMBgLbm®o

X900 bydegs

130D030L MIGHMGO,

Lodo@mzgaml §omamdsygbgao 9dudg®odghed) ,,o@@oldo”, JsMmmwo abool
©OEIM0, 3OMBILMOO

%05 oslisdody

30B03oL MJGHMMmO

d5m¥980L Lobgedfogm Lsbegsm 53509805, SbME0MIOIO 3HMBILMOO

Loomd@m®mm Bs8Omdol oazs d9agds 2018 fiemol 26 :gdgMzswl, 15:00 Losm'by,
350730L Bmms GlmsggEol Labgedfogm MBoggBlo@yEol BoB0s-050905¢030Ls ©s
3930mBHme 3g360gMHdsms B93MeG B0l LsolgB@ssom bsdFmb doge 8gdobogn
LsolLyMEsEoM 3ndoLool Lbemdsby.
60396boGIEOU II 3nM3ML0, GBI SdLYE0dol $9EEOGHMGM0s Ne 234
00b53sOMOo: d50v)do, Bobmdzowol J. N 35, 6010
LoMJGHMOM b5dMMIOL 3536Mds 9g0dgds d50v)dol Fmms MMLmsgzgEol Labgardfozm

160396L0GHIGHOL dOdLWOMmMY3sLs s 39d—a39M©BY: www.bsu.edu.ge

LoOolgHGoEom LsdFml dEogsbo,
LM E3069dM0 3OMBILMOO Q50 F9boMsdy



dglsgsemo

33030l 5JBHvYsEmds.  BHOwmo  dmgagbgdol  3aslogozsos
069060305 93930009005 065303 MMO  0Mm(356900L  OLBSLSE.
GOWONMO  59m3567d0L  Bo3zdoMobs®  FosBM  Jeobo  BmOHINOMEOYdS
8990093650650 37930 S Bgs3060m JgBMFSGYWI@O ibgrwo (56
Lbgmmos bolEgds) 8mmogligduEos JMHMAZMMZb 96 SMogMmMY350MM36
39Mgdmdo, MmIgedog 3MEIWEIYds 935 v 03 d6gdOL  Bowrmado
(9e09dHO™AsxboGMM0,  53MLGH0ZMNMO, MY, L30bwGmo s  5.8.).
3md35m, (053030, ©0xgMgbE05wGmo b 0bEgaMHm—ongmgbiosw®o
GOXWONMH0  M3GOOGHMOO  5MOL -L. GG  A5BBHMEgdSL 08 s0gdo,
HIgE0E 0930LR0s FOWOOL figsMmgdolog s, 9dbgds Laby:

Lu=0,

Loog U- Gowom@o 39wos, HmIgeog d90degds ogmb b3swsvyeo, 56
39J6™OMo. 08 8g0mbggzsdo, Gmas ol 39dGHMOMEos L M3965GHMM0
A96DmO Mo LoEowyo.

.........

A

ek

Ll

2396099m, MMIGETOIEG GOLNIO0
90mGRogd0s6 Lt =0

30015 M0 Fysmrmgdo , 23963MEgdsl

Bogowoms Hy /Sy

el el

.-.-.-.-.-.-.-.-.-.-'.-
A R A PR e

]

65b. 1. B 0900580 s3mEsbol GHo3omGo slsds

-3-

300M39wo@O GOy  dooegds b Ggowmcmo g igsdmgdom, 96
300G Oo  [gsmmgdom (Bsb.1). Togooms, 300390 GO
9900mgds ogml U, G®mIgmog bo6 Fgdmbggzsdo dMEYIo  Gowmos,
boem b53d0gdgeo 5™l - 250bgmeo 39wo. FysHmgdol I dsMgmdols s
25906930 Lbbgweol gm®dol 56 LEFoMmMs As6OLIBEOIOML LELsDLIOHM
3060mds 25386930 Lbgmaol 890mdgstagegmo S Bgosdomolsmgol,
03Mg3g  39dmbboggdol  30MHMmds  (b)  JoMMds  MULLOEMDSF0).

©939M30b0MgdMw 5dmEsbsdo dmigdmwo 239d690m©s 3oM3gmso U,
3900 S Bgs306HBY. 306390 390l LEGOLEH0ZS BoLIBLZOHIDS
dbmerm dgmeg Hogol dmdgb@oom:
To2) = (U, 0y (2)) -

™33H035do sl Igmeg Hoaol 3m3gMH96EmdOL 3630l Mfmgdab.
d9L5dgdgEos FmEgdmeEro 33dmbogl 30M39eEO 390l MBROM oMo
Mogol 9mdgbBHgdog. dv969d6M030s, U g9wol bOwmo LEIEGLEH0ZMMO
o0fgts bogds n(N=12.) - Goaol seds0mdsms Lod3zm0399d0m.
306309@ Mo 59mEsbol 30mmdgddo, dgdmbggzomo dgodagds ogmb: o)
695Oo 4 §goOmgdo; d) 306G O0 fgsdmgdo (u,/S; ) ) S

LoBE3MOL OIS s FEYIMYMD; ©) F9MYIML M30LGd, 9.0. MZ0M L-
Mm39M5GHMmM0.  sdo@Gmd  dgodwgds  d90mzo0mm  mobo  JOMHOMSEO
LEOGHOLGH0ZMNMO Bdgds, OMIWGBLOE 30MMBOMOE 3M)MEIO 306H39MS©
UEsGoLE03w6 Lidgdgdl. dm3zwgE @ogsbslosmmm 59 30M39wawo lidgdgdol
05093530360 bsfoo.

1. 390l 50365 d98mbgg3000 §gsOMBom. 53 3ersbol sdmEsbgdo
500(9M905 565963503560 2obEHmergdoom:

Li=q,

0390w dgdmbggzsdo  GHowEsmo  s©bodbyos dgdmbggzomo

L0OYYd0. gugbos: [ Fysmmgdo s mzom U 39wo. ds@EHog 9gdmbggzsdo

BoLsBOZOM J0OHMBS S BgEs306HDY ©s 390l 306HMBs ML MdSTO
d9boderms Gbg3gmmdsdo 56 Jo300Mom.

2. 399:b393000 3990l dod6935. 53 Jesbol s3mEbYdO sofgMgds
JOMNY350HM3560 2obBHMEgdom:

—»
<
o



0993s  LobobEgm™m  30MMmdJdo  sbsbogl U, 3g9wol  dgdmbzgzom

balosmb.

3. 2906935 Ggdmbgggomo gmMIol 56 () dgdsdgmdols Lbgmmby.
LobobE3OH™M 30MHMBdJO0 JoblsBLIGMos S Fgdmbzgz0m HgEsdoMDy. Mo
8995905 BOoOWE 456@MEgdsL, ol F90degds 0gmb sMgMMY35M™3560 (

Li=0) ©@1®9m30botgdmmo Ggomn®o Fysdmgdol 998mbggzsdo, b

9O0A350MM3560 (La=0), 05600 959 35MMm3s60  LELLBOZOM
3060009000.

4. GH5Ogdol  g93M3Egmgds  9980bggl0mo 3059M0335M0M356
39099m8o. dmEgdver  Jgdombgzgzedo  Logdg @30d3u dgdobzggzom [ -
M3965¢MM056, H™Igeoi S0FgOb Gowemol go3MEgargdsl gomgdmdo.

3000g5©, dm3gdme cmob  30639ws@  Uggdshy  ©s0y35690s
365J3H03Mes©  93gems  LGHsGHoLA0INOOo  Gommmmo  s8m@Esbs.  mMdge
©ob5839005 Loddg 33dmbgl FgMmgmeo GHodol s8mEsbgdmabss, Fogsd gl
M35651369wbo 3MgE0zMmsE 96 oblbgds 50935¢0399M0 LoOHMWEYIdOL
PRGION

00m3560L @abids XgM 3093 96 4EolbdMdlL Fglsdodolo dgomEydol
396LsBOZOL, HMYmOE oo 53 IgomEIdL FomTmMoagbgb dosbamgdomo
390mEY00.  OPoEMESE 535 o) 00 356599BHM0L b gbdzool
RMIH930900 dgodwgds 0yml oo s d3oMy, dpmeg - Bawo, b6
3060gdom LGoxgo ©s 833900605 400mbo@wo. 3mMmgmoEos d90dwgds
0ymb dgogho 96 LYULEGHO s 9.8. 58MEs6gd0L BoDOIMMO dMbdOL SLgmo
Lbgoolibgomds  2565306MHMmd9dL  bbgoslbgs dgomols s  doymdol
39093539050, LHmMg  sdo@md Bbgds IMszscmoEbmgsbo  9gmMswo
Udgdgd0, MMIWgdoE 9337 ©939380MJdMWbO  5M0B oM  sTMm 3560l
OLAoLMSD, 9539 Fo0d FoFY3gEHLMB. TgmMowo bdgdgdol IMogoem-
MoEbmgbgds  9MmMMgdl BowreMo  bBHGOLGH0IL  Lsgombgddo
M6096G0M905b.

D900 Lobdomwe (BL) EO535BMbIo Logbswrgdol s3dsg9d0L
3b5EMmaM©HO FgMYO0 39O SMOL 3bMBOWO. sbsermammo dgommgdo
300390  gobyeo  bo3Mbol 50-056 Fangddo odbs  gsdmyggbgdwo
139dBH®oL  bowwa  ©E0535BMbTo,  op™Msd  Lobsmwrol  WsbgH Mo
0gomHmgdol  4o8mambgdosb  olobo 339 BohmmE  4odMm0oygbgds
139dBHOML3IM305003. M3 Fggbgds Logbswgdol ©sdTsgzgdol Moisbzom
3900mEYOL, GHMIGILSE Lsmd@mdm FOHmdsdo  4sbgzobowegm, olbobo

-5-

096350 33006 Tgoddbs. MoEbgz0mTs  TgoMmgdTs  godmygbgds  33m3o
RmEMb6go0lL  ©Im3wol  gdudgmodgbdgdosb, OMIgdLLE 9BIMYd©bYL
bbgoslbgs  @sBgho  Fyodml  LEGSGOLBHOZMMO  M30L7dYdOL
d9LHogeobsmgol.  Logboegdol  sdmdsgzgdol  Gogbgomo  Igom@IdoL
Lo3ydzgeby  899dsggdyemo  odbs  FomowgxngddImo  Mosbgzomo,
L6008 d9©0  933M3MOIWOGME0, OMmIgeog  39FomdEs  MHYoE
950030, 5 HMIgeog LodwYoEgdsl 0dEIMEs FoBMIZYdO BoGMYOIMOYM
BOom  LobBommem ©0s35Bmbo 1 - 10° g3z, 93¢MIMMIWHGHMOOL
©ob0dbagds ogm 1 0333-Bg ©@idswo  LobdoMHyeo  ©0s35BMbol
39BIOMMYS. Qb 3OMdWTs OE 0049 OO bbb Fobsm oMo BsdEMO-
3960 0b@gORIOMIgEHMOm.

33930L 30Bsbo: LamgBHmOm BsdOGMIoL ,dM35¢0XIMS® FsdBgMEo
993BOH@I260BHMO0  GH3emgdol  BEIGHOLGH03MMmo  obslosmgdagdol
AglPagams® dobsbos dglfsgeroo 0gbsl Bgdsmswwlobdomvyeo m3@Eo3meo
Logbogdol  Foboloomgdgdol (3300 dJOOL  39BMbBMI0gMHgdgd0,
OMAMOHE  MomIbmdM030,  sbg3g  M30LMdOO30  MZoLIBOOLOM,
&ODdM9BEGHMOHO 2oMgIML LEGIEHOLE03MMO 356509BHMYIOL (33E0gddOL
Log3mdzga®y M35 x MO godbg3zol  3oMmdgddo  Igdombzgzomo
3sBOHo 930M60L Jmywby.

Losmg@mem mgdol 33eggol 58masbst Ho®dmaygbl m3EH03wMa
0330030 099000b3930000 FSBNMO 939606  As0bgMo  sByMH o
23590mbboggool  LEHIGHOLEZMOO  IMIg6EJOOL  SBowobmEmo  Jggsligds,
6ogbg30m0  ImEYomgds ©@s 3bmdow  gdudgmodgbdmer  8909aq0msb
990006900.

3309306 060m35301MHMds dymTsMgmdl Lbogolb ABCD ds@®oEswo
0gMOHO0b, 0gomml  dobeErmdws  dgdmbggzomo  gobmmo  93Msbol
09mOHo0b, b5fowmd®og 3m39096¢ Mo GHowmgdol mgm®mool 9539JGwO0
39659000, MYO@DO0GOHMIM3JOHIDEHMLMdOL Bbdiz0ols s bzobGowsgool
0b@gdbol  MomEYbmd®0gz0  Jgnoligdol  Fgboadwgdwmdsdo  LLGo
5GHIMLBIOMWOo GHMOHBdMEI6EHMIOL 306HMdJdT0.

3309306 ™m309dBL HoMImaagbl LybBo GHwOdMEIbGHMdOL ddmby
99000b3930005©0  9M5gMOMRZ5MMZ960  5GHIMLBIOM, 5xMgMN3) M3BH0IMMISQ
0336030 GMHdYWgbEH Mo omgdm.

Losmg@memem 9Omdsdo 990m30850egd00 dgmnmbg Godol sdmEsbol
39bbowgom, 3gMdmo asbzobowsgm dgdombggzomo  BIBMMO 936560l

-6-



dmEgwlb s dg30bfogom  gdbgmmo  WsbgMmwo  gsdmliboggdols
LEBHOGOLGH0ZMOO IMIGEHIOOL dobsfogdsls.

50m3sbol  @obds:  igndzem, Z=0 LodeEygby  dmEgdnwos
30039Wo®0 Uy 390l bAsGobGogs, 9.0.  dmEgdmwos  dobo
LEBOGOLGHOZMMO BMIYBE OO (3M3gHgbEwmdol Bwbd309d0). bsFoMms
253Mm350330mm  BHMpm® 033wgds 9 BbJgogdo Z=0 LodGHEHYo©b
dm8mmgdom, v gHobHg 3gwo 85 v 03  @oModdbsl  oborol

65b.2. gsBMHO 9g3MsbOL 35300 J0NIIO BIMMOL I (x) 06®gbbogmdols
3565§joggdo.
(053905, GOW®S FoEOL OsGBMYT, WobBIL 6 bbgs.).
RO MMo© gl 5mEsbs JoME0gz5 0blbYds: v 36MdOOS BrrayMmE

0(33g0s ©YBHIMToboMgdmwo (LOms© 3m39M96EMwo) GHows, d5dob
15335Mm0OLOs 96LHTOPOM Yog5LoT M EMM® U, 39eol 9@ Mdobomadweo

50mbobLbo. Toa®sd gl gbo, GMYMOE gbo, OPWWL©  Fodmbomzgmgen
06930593580 ©OOL.  Fogowomo, 0b6GIPLOZMBSMS  BIMMBOMO
B BH1309d0L  gedmmgmolsl S =< 1°=< 17 >>/< 12> (0p0ggs M3
»UE0bGHOWSE00L 0b@gduo®)  LsFodms  OZoxIMO©O  0bGHIYMIwOl

-7-

300mmgms, Mg 3M9JGH03MNWe©  99dgdgos 49856 EH0390I0
dmEowol  d90mbggzsdos  30. 2505MGH0390wo  brgzmwo  dmgeo
39obbdMdL, MMd g9gbsl g39ds dOAEYIO GHo®s e'. 936960l dgmerg
Y s Y (XY) -
39000b3930000 BsDHos. 936M56Dg BB LBOEBHOLEH0IOL M©bs Fobs3oMHMBYOL
390l bAsBOLAZOL  goblsbgesl Z=0  Lod®EYgby. ,LolEgds*,
O™MIJoE  »39Mddbol  g3Msbosb  fodmlen  ggwl,  dm3gdven
9900mbgg35d0 MOMIWM® Mo30LvBsE0 LOZM(3Ys. OBMIJ300L TgEIYS©
GO, ®MIGE0E 390L Jombm®o GoBMMO 93Mbol gogwom Asbozol
BN BGHo3ogdL (bob. 2, ). mwdEs 030m GFobM® 9306y 0bF9bLogMd.
000305 (Bob. 2, s).

53003900 0350bsBOHOLOM, 390500 Bodmysodgdveo
50m356900L5mM30L  Im0dgdbgds Mo, TFMIZ9eORIOSO  0BEJYMg-

bl 390 ©gdMEmdl  Lsbgl: U, =€

oc=<—<>/<">
A

4

0 >

65b.3. LgobGoEHEool  0bEyduol baMolbmdmogo bgwmms
Jombry®o 930560l dgmeg dbsb.

1-bogbiho gerddrsgogdo < i° ><< |

2 —9d¢g0g60 BB ms30goo < I ? 5551
00Lom30L  JosbEMgdOmO PodmmzEol IgomEgdo. 3gMdm dgdmbggzsdo,
RBBNOO  930M6oLsM30L ,LEobGHOWsEo0l  0bEgduolb® s b gedmmgs
d9Lodgdge0s Bobol bLLBHO BerdEoE0gdobsl <Y 2> «<1. deogto

-8-



B@dH1G0gdol gdmbggzsdo <y > >2>1 - 30 s -U gs9mloogEnms©
9oty Z— 9s6dogdbg 890dergds sdmgoygbmm Ggdgmogdols dgommeo
(0bgggemdsdo  doowgds, MM g3Mebol dods 0b@gblogmdol gevwyd-
AGP309d0  9306M95), bmem oo  Z  3sbdoggdolomgol  dgodangds
259mygbgdmo  0dbsl  ggeol  BmGdomgdol  JgmMEO.  SWBIMMBOIMS
3965fowgdol  bm®mdsgryHo  Jobmbo  gmaolbdmdl, ®md oo  Z
056d0egd0obol 9330603900 HgdGowdo  saowo  5d3b  93Msbol
bbgo0Lbgs dboID IMH350 9M30MHIOMGIIOO FOOOL Fo®Imgdbsl.
50 869006 Ty MBds6To - 9.§. BMIMLOMYdOL MB56T0 Fgodegds
3030300 3900l sb0d3GHMEGH035 BsHBOL OO BEMJEHO30900L MU, 9.0.
OmEd> <y 2>>>1. 99095 803009000 S (2) 8OwmERL, H@Iol
bseobbmdMm0gz0 boby b5B3969d05 bsb.3—bg.

Lsmd@HmGm  3O™Aob  3oGzgge 05380 ,M3G03Nc0  Logbsengdols
LEIGHOLEGHOIMOO TobslosMYdEGdO“ 683969005, MM doMomswo Hxzozo
UBASGOLGH0IYO-BOOMOHO  59mEsbgdo  ©50g4z3969ds  mmb  3oM3z9gee©
1d9g35%g, OMIGEMS 2597Y39GOLIMZOLSE FMsg35wMHOEbM3sb0 FgmMowo
bdgdgdo  9.f.  dosbermgdomo  FgoomEgdo  sTMESbsms  250sfY39E 0L
96535 x3gMHM3560 4Bgdol Lsdowgdsls 0derg3s, GogMsd 53539 ML Jabols
90350  Jombl  LAGHOLEH0IZWOO  58mEsbgdol  A5sfY39BOL  bBmyswo
9Q09335¢M0  mgmeool dgddbol 3Mmbom. BsgBHos, GMI SO SOLYOdMBL
900560 MBoggMLowMo  sboobMo ImEgwo, sdo@mad  gedbgeo
299mlboggdol dgbsbgd 0bxgm®mdsgos dgbsdwgdgwos d03000M00 MHYsEMmO
99b3960096@0sb 96 Hogbzomo 9ldgModgb@gdol bogydzgwBy.

Po®dmpqbowo  Bomgds@ognmo  m®IowoBdob  Logdzgwby,
99000b3930000 (330©JOOL LEIGHOLE03WOO s©FgMol dobbom, 3HmEglol
93MEM@MdOLy s BEIG0MbIM™MdOL  30MMdIddo  FomgdME0s
3390M5GHMWo  ©IHIIBHMO0L  godmbogocbg  Logbosol  gobsfoargdols
0009953039600 bBHGHOLE0IS ©IGIIBHMMOL TglobgaErgeby Folvyo s
@mm3630LbgmEo bdomeol dofim@gdolslb. BoBgzgbgdos, ®md Logbswgdol
Fobsli0s0gdWGO0: brMHIoMIOS®O 953G MIMOGo30wM0 Bdbcos Gt ) :

TI2

G(t)=(s(0)stt))= T"El% [ (ss(t+t))dt

-T/2

Lboaboerol Loddgreg®mol Lodzgmogg Sw) (bsb. 4)

T2 .
j s(t)e ™ dt

-T/2

S(w) :T|IL130<% >= ZG(t Ye ™ dt

5 35096 F00gdMEo MMH0IOHNIGMMWgdo BmbJ30gd0:

0.6 =]

S(m)

0
0
m

Bsb.4. mOgbi3oLgrEo gm®dol Logbserols LloddansgMol
103330030l 2sbsfoggds Lobdotmol dobgpgzom

g(t)=<s(0)—;s(t)>, -l<g(t)<1
s

(<)

F(S) = (exp(iSs)) = T exp(iSs)W(s)ds

—o0

Q(S) = (exp(-Sp)) = T exp(-Ss)W(s)ds, 0<s<oo

d n
() X l5)
36039Lgd0L MomEIbmMdM030 Tgrsligdol Logwdzguos.

-10 -



Mm33039900  Logbosmgdol  ™m30Lgdgd0  sbbowwos  oEgewM©O,

1Go00EYMHO, JOMNIMPOIBO WSBIHMEO [fgo@mlb Togowomby:
S(t) =<, cos(W,t +j )

3oBoL BB ys30900L  SOLIOMBOL  ©sd390s  49B30MMBYOL
259mbboggdol  B3gdBHOOL  gogo60gMgdL  F0ad3gH3s0y W m3Eozmeo
Lobdomol FodoMo. 4506930l 3MM3gLdo YOO 53l TMELIES3EOL,
BBMOO 936560L Jgdmbzg30m0 BLEIGOLE0ZS FobIOMMBIOL M3 MOl
98399B0L-Fobo33egdol  Fo®dmgdbsl  m3EozmMo Lobdo®ol  J0TsGr0.
Loaboewol Loddwsgzmol b3gdEHMo b 93EHMIMOIWOE0OO BwbJz0s 3960
0dwy3s 50md[ms3 s LOMYMBOE 0bFMOTo30sL Fodbgzol 3Mmgliols
dglisbgd, Bogsd LHimMg 9l LoEOWYJdo 9d390YdIMYds 9Ju3gM0TIBEG M
39HmAzsL, 5d0FMA 53 356509GHMIOOL MIMMOMwo s 9JudgHodgbdraro
29BMdz5 JqLodErms 2obEIL 9Y335GIM0 MgMMOoWEwo dmEgwol d9ddbols
boggmdggero.  LmMg o0  035bsBOHobom, 250bgmwo  Logbserols
139gdBH®oLs s 0bEHIBLOZMBOL 3MMHGES309M0 BbJ309d0L Boggrd3zge By
fom3mygbomos 30H3gmo s 8gmeg Mool bGsGoLE03WOo Bmdgb@gdo,
O3 9Jb39M 0BG FoHBMIZ5000 BOBO3MMHO LOWOYIdO:

s (0)s (t
9“)(t)=—< © 2( )>’ g‘”(t)=—<|(0)'(t)>,
m 0

Loog, |(t) =s"(t)s (t) - Fo®Bmoygbl Lowogl, MMIGWUBsE SOMOEbIZL
©939dEHMM0. 3356@™-0996037900 035¢LBOHOLOM YodmBEObsMgmdL, H™I
©9H9JEHMM0,  GmIgwog  0dsmdl  gm@GHMbol  HgaobGMoostby
(80@™B59M53w0ols 5 BMEHMEOMPOL LsFsMgdom), 50MmObZL LHimMgo
50 LooYL. s'(t) Qo s (t) 9608059l Logbocols 3m33mbgbEgdL,

MIgdog  9ggLbodsdgds  GgLodsdobO®  OWIOOM S MOMYMTBO
LobdoMggdlL s AoBOLIBOZMGDdS BMMOgL 3F3MO30L Lodwswgdom:

TI2

s=2 ae™+> e =sO+s 1), a, % [ ste™ =a,.

w>0 w20 12

g”t) © g@t) LEGOLEZNG 8:8gbEHMRE ©IHIJHMODY gobMAZs
9939909856985 FbmmE  dgmeg Gogol g@ ) LEHGOLGZNGO dmdgbEo.
500™3 5J@romdal 0dgbL sdmEsbs g?t) s gPt) LEsGOLGONG
3m396¢39dL ImMol 303806M0L 3360l dglsbgd. gl 3938060 bBoEOLE03MM©
58030009090 90mbzg300m0  (33WoEIdOLom3ol  Badmgbo  0dbs

-11 -

dBSMMOOL  mgmMool  Loxgdzgerby s ©oyzsbowo  odbs
299mbabengdsby, GHIgEos 39050 3bmdogo DoagmEHOL
5655350H@MBL  FoMTmoagbl s  Omdgwoi  LsdMogdsl  0dwg3zs
3003900 M00L 139dBHOIWMOmO FsbslosmMdEGO0 gsTIMMZOowo 0gbsls
39067 Hodol MBsMEGH039L0 B3gdGMowwIHo Jobslosmgdwom:

<I@IE+t)>=g? (t)=<1>? (l+|g(1) (t )|2)

365 Ma0MMH0 259MmmM3wgd0 Bo@sMmdWMwos 3mb3MgEHYwo sdm3Esbolamzol,
6HmEQLsE odbgMo 3gmo s 30M39wso Hgomlb 3gwo LogMEol ghmo
5 03039 §90GH00sb godmliboggds:
S (t) = s, exp[ —i (Wot +] o (1)) ]+ f(t)s exp[ —i (wyt+j , (1)) ]
@5 dddmmgwowo  0dbs  063H9gblogmdol  3mGgmsgom®o  gmbdsoo,
Omdgwog gY () s g?(t) 8mBgbEgdol gmbdgoss:
g"1)=(1O )
g® ) =(f*)f*¢))
0639bLogMdOL 3MMYWsE0MO BMBJ300L Fodmbsbrmwgdsdo:
(1O =(st+s) +s'[99¢)-1]+
+257579® (t ) (cos(Aw -t +Aj (0)-Aj (t)))

©M3wghol  B3gdBHemolb  ©™IobsbBHo  goodzgze  0b6GIbLogMmdOL
3dBHMo3gool  b3gdGH®momsb  80dsMmgdsdo  BMHoL  Logbswo/bdsmeo
0565835MmMd0L 36033690 MdsL ©YEIJBHMOOL 250Mmbog5w By

(ChN YO 9Ju396m0d96GTo 3003500 ooy NGl
2L58mO@mgdMo  0bEBgBlogmdss,  98wgbs  8golo  0bE9blogmdols
3600369 mds dglodenms sb5¢robdms 0dbsl eygbowo. bgdobdogmo
390 06393000900l Br3sMdo, Gmas T >0  3m3gMH9bEGMwo bogds.
50009bs WsBgHMEo godmlboggdol 3m3gMgbGwyemdol 3o6HMdSL dolo
0b@9bLomGo  godbgzs  Foddmoagbl.  Bowgdmwo odbs  gP(t;T)-U

psBobsbawgds  g2) b wongeawe (g )| = exp(-2rt)) @
2ob6o0 (|g@ )| = exp(-a ’t ?)) goBobsogol

@y 1, SA(ITL)
g @t;T)=1+ )

exp(-2It), t>T,

-12 -



exp[—az(t 2+T2)]
a2-|—2
{t+Terflat +T)]+ -Terf[ag +T)]-2 erf at)},

g?t:T)=1+ sh(2at T) +

+

1
aT?
299m563560390o 0dbs MMomo 0b6EJAMH0MmJBOL gogzengbs Loabswgdols
39306 gbgiostby 299bM0  Logbswrobosmgo, (CIOTeH
1399 BHOOWMOO bsHgdoL gobsforgdsl 3Jmbs wmMgbigmwo gm®mds:

N Q(s)Q(s)
Q(S, S) - 1_M|g(l) (t )|2 ’
P(s)P(s) ™"
Boo@:
Q(s) =exp(I'T){ch((I'T)* +2(I' T)s< | >)“2 L1 T .\

2| (T +2rs<1 >)

-1

1/2

.\ ((FT) +2(FT)S< l >) Sh((FT)Z +2(FT)S< | >) )

I'T

e |2 T _((rT)2+2(rT)s,<|>)”2 )
2| (T +2rs<1 ) rT '

-1

xsh((FTY +2(0CT)s < | >)“2}

299m03wqd0  BoBHoMgdmmo  0gbs  MHmamM3  LswsMwyo  3gerol
OMOMO  LAGHOLEOIOL  FobbolabMzmsgs, sbggg 39wol  LogmEomo
LBEHOMIHIOL  gsblobmg®ol  doBbom (TP (F,F) =<x"(F)x (") >,
O =<I1{IF)>). R Gsombols 8Jmby FHomwo  Fyserml
LogMEOMO 3MYES3099H0 BwY6300L5MZ30L F0WYdIMEI0S JoTmbobmEgds:
Rie o
oy BTl i (o)

<l> @F,_F,' P 2Z
Z

50 LOEOIL WOEHIMOBHMHST0 339M9BEGMWMdOL 3MI3gJbwyMHo bomolbol
Lobgefmgdom dmoblgbgdgb. 3m3gMab@mwo bobsmeyg bsfowmdmog

-13 -

0.8

0.6]

0.4

0.2

0 2 4 6 8 10

65b.5. ©BIIOMHOL BoBMOOL §53¢06s BurmdEysE0gdol 06BBlogMdOL 3gdBHby
J(S) (fiugace, Foogero Goo) @ emerghob b3gdandy f,(S) (Fygadowo,
@GR FoMo) 39mbrGo Lobsmeobsmgol.

3M39006¢ Mo bgds. gl 989dBHo  9Mob  LmGg  3sdmygbgdyero
05039bmbob 30013336 0bEIOBIOHMAgEHOTo.
297901M0  LobsmErobsM3zol  Fgxsbgdmo  odbs  gBHIIBHMMOL

RFOOMOOL  493wqbs  FadBHgeEogdol  0b@gblogmdol  L3gdBHMmbg o
©@M3gMHoL B3gdBHOBY (65b.5):

f(S)=i{ (2R+2)! ](—DR(%cR’j

| [(R+D1] (R+2)!

2R

ZJE of Jl(c\/rf +r7 =2r, 1, cosf )
0 c\/rl2 +17 = 2r, 1, cosf

4 R' R
f5(S) oRT ! ! r,r,dr.dr,

boog: € =kR/Z, R- §6ommo §yo®mlb Goonbos, bmwme R’ -
©9393HMOH0L BnEMZINMEOL HBJI30MHOL HOEOLO0s.

-14 -



»03300000 ©OMMoL“ 9839dBHBY ©oYgMbmdom bskgzgbgdo ogbs, G™I
RGMIMEDBY  Logboswol  Bgdmddggdom  gugdEH®™bgdol  gdobool
5Ed50MB0L 35Lmbobgmo asbsforgds dobobyx gds:

al " al n t, t, 2
(Fj exp(—al)_{ﬁj exp(—al){1+ n@al —n+1)?+0-(?J }

390M03E0W0s 29996960 Lobsmerolsmgzol 3965foengdol
906D B0gd0sb0 Qo8mbsbryangds s b5B396980 0dbs, GMA gsbmdzswo
LOMWOo  93GMIMOIWIG0MOH0  Bb30s 9330500  EMMOL  9B9]GHOL
39009390 ©535380607d)05 Agbsdg MOPOL JNOGEsE0E BbIE0sL:

@y_1_| LK N \P (Lo |@+K) w2
g’ (t) =1 {Hﬁojmk @ [Tj—(mo)zlgk @

x{2+2ﬁo—k+(k—2ﬁ0)|g§>(t)|2}.

00 396EMgd0sb Bsbl, MM bmysw dgdmbggzedo, Mmas 93300500
©OHMoLb  gx39dBo  00bs0sdmdl  96003bgemzsb  Gml,  FomBmoddbgds
3MO9E30IO0 BJ300L ©Bbobxgds 9P (), o3 ob30OMdIdMOs
g t ) b Agmmby baolbol 3G@3mGE0M@o F93m9d00m. Mdis dgody i, -
Lsm30L gb 9539JG0 3069 0469ds.

36594303500 933050 ©OMOL 989JGHO0  3OHYOEGHMOOL  FMFomdols
960383690 m3560 99B0©3900L Loggdlzgeo 56 Ggodwgds gobgl, Jog®s0,
0Y)  5ME0WYOI0s  250DMIML  Foddwome  139JGHgMsMEmOo  bsbgdols
Logobg, GMIgwms Lobdomwo Eos3sHmbo  MsdmEgbodg Tgae39mEoL
LOBMLEHOM MBbEs  9ZOMZOWM®,  SFOWGOII0S  FoMZoeobfiobgd o
0965b 59 9839JGHOL 3531965 3MOGEs30e BMbJ30sBY.

@OobgMEHE00L BgmMg 05330 ,bYEI3oMmmo gmgd@®mdsybodmmo
AoSOgdol 369308 06039B®OLgdIOL  Fglifagams”  gobbormos
bbgoolibgs 3mmwotmobogool dJmby bgwsdo®mwo gwgd@®mmdsgbod®o
GogdoL 3586935 IMIMO30 3esbdol ,BogobrE™ sMsgMmA35MM369d93%bY.
O0amOE  3ghdm  dgdmbggzs,  ©oxBmOol  OHmEdo  gobboweos
dOGYILIOIWICYOO  ©OIXIIHO0ZIwo  Bgbs s  Bgbffsgwowwos
390690 HBgsd0H Mo Gowmgdol godbgzol 0bozs@moligdo.

©OBYBMO0 Fo6dmaygbl dGGYIL 3G IL OO OILIIHO0IN

506x50¢L 2l boljoom, €, € >>1 ogmad@tHoznmwo dgufgzemdoo.

-15 -

3) 8)

B5b.6. grabyrmemo 3mbols 3386930l 05585 EoBTbMmob Bymsdnmy dgothy Lokdstom (M >> Vh)
8mdfogo 3esbBob .goyobeym” shogGompgsmegbydnb®y. 5) @ =7/ 2 bobGdyBod) p =7 /2

3) B)

Bab.7. enaBgfeo 3mbob aebbygol @osgsds ogbmmol Bypadofty oo oBdsfhom dmndfagn
3emsBBol Ragobue™ sPaghoagshngbydydhy (@ = Il - bobjembobaol By8mbgggs). ») & =1/ 2
LodHEY)Bo ) ¢ = 7/ 2 LobBHBygdo.

X 0gMdo 90056M0mwos  dOEHYILI39MmICIOH0  FoOHBoGHOL LOdGEYOL
39039603msOmms@ - << x<<I. BoOGBoG oMl 53093 (3030
AMODMgbEHMMO 3¢sBds, HMIJEoE FMdMoMdL Y LoRsG0m Z ©g®adol

23Lf3603, ©oggdEHH03Mwo B9bs MLslOwME gobGMbINwos Y ©s Z
©gMdgdol  aolH3Mog, bmwmm  EogwgdBHMO3Mwo  Bgbol  Bgsdom by

-16 -



303IQEJI¥S JEgdHOMspbodOo Gowrwgdo. 898abgdrwos B3O )-
o TE  3m@o®mobogool WwsbgeMmo  3mbol 3936039¢gd0l
053009071M90900 dOGYIL 35C10EGIH0 OGN DMMOOL AoLF3MO3.

0odlggol  2obGHMmEgdoms LolLEgdols, dob3zmglizol do@gMosew Mo
056585ME™0900L s LobEBLIOM 30MHMBYIOL:

dE(x) dE(x)
E(x)|, =EMX), | =

299mygbgdom, 9996005 5¢aqdMwME 456EMEgdms LobEgds. Loosbsg
396LsBOZOHMEOoS ©oL3gmLowwo 396G ™mgdgd0 bgs3oH o
999 GHOMTAB0GHWOHO GO mgdobsm3zol.

3M0bol  gmbjsool  Igom©ol  asdmyabgdom  BHWMBMWIBEHMMO
3eaBIol ImdGomdol 330y Lobdsggdols (W >>Vh) s Lobdombobdol
99dmbggzedo  (w>>Vh) dogdmmos s0bgmwo  39wol  Lobdodrwo
139dBHMOL BMPsO A5TMLELHYGds s FoU LogdzgEDBY F9WIMIOME0S
2906930L  ©053Ms8s  BHMHdINMYIBGHMMO 3¢eoBTol IMIMOMBOL, GrMYMOG
83069 LoRJs®ggd0lL (65b.6), 21939 LobJOMBbODBAOL Ygdmbggzsdo (69b.7).
BoBg9b9005, HMA dgoMg LobdeMggdol dgdmbggzsdo TE  3meo®mobaool
DgI30OH Mo Goweol 46935 3M0dGH03Mws® 80dEobsmgmdl dmgwl
LbogMEgdo, 95906 GmEglbsg LobOHMbobIol Fgdmbggzsdo  osyMsdol
0058397 qdM0g0  Lobg  49630MHMdGdMwos 0dom, MG®I ByEs3oMH)o
ool Hgdmddggdom 39wolb  3mbigb@®mogool  898xgmmgds  dewoge
0bMEIds s  gadbg30L  FghGHowdo  omsdagso  bgds  odbygol
3063993 M0 9gbogzmgdo. TgmMeo  ©O3MEgdo  L3MmsMo  ©gMdgdol
239LF3M03 o6 sbb03ggd9b.

©OoLYOHGHO300l  8glsdg 930 ,sBIOHMEOo Lbogol  ys3MEIEgdol
gbfogems  BHH@3MLBIOML  gegdBOH@o  356G539GHMgdol  Lsgwmdggwmbg*
99036905 WsbgMmwo 30mbol go3M3gmgdol Mo30LgdYMgdgdoL glfogersls
AOM3mLRgOHMmIo  IgGHIMOMEM™MA0MOH0 ©d  JEIJAHOWVWO  356M0dgEBHMIOOL
MOMN0JOMIIZA0OHOL  Logwdzgwwdg.  obbormeos  s@IMLEgHIeo
dmggbgdol §o®mdmddbol 1oB0o3MmOo Logwydzwgdo @s Tomo Ad3e9bs
@sBgOH o Lbogol  2o3M3gwgdatbg  (Lbogol  qo86wgds, 3006930
GHM3bRgOML 50590 My35MmM369090bY, Gobonddo, 24006930
30M™IgEHmMgdbY).

AOHM30LGRIOMT0 BOEgOol FMI35¢RIMSO 306935 29dmfi3gMmeos
M9BROIE0Mo  3MMEILId0m. A3MEIGIboL  FoB3969dw0l  aGo09gbEHOL
33Womgds,  5GHIMLGPIMML  bligoolibgs 396530,  2oblsBMzMgL

X

-17 -

6953Msgd300L 30b3M9@M Lobgls (99569mx30000 M9RMI309,
593900930 MHgRGMs305, BMOIswMHO  MHIBOMSJ30s,  STSMEGOEO
900994305, BINIBOOJ309).

396bomos  BHOM3MLBIOH™To  ggdBHOMBsRboGM@mo  Bowgdols
2393039 gOoLOl  9M5gMHMY35MM3BIdYOOL  sbolosmgdgEo Togs ©s oMY
0LIFo0gd0L 39300600  GHMOIMYWIbGHMMO  49Mgdml g gdGHOe
05bsLI050gd VM. &OdMEabEGHMOO 9mdOHomdOL JoMHOMSQO
396mb6%Bm30gmgdg00  3bmdowo  obs 96, 3mmBmgmMmgols ©s  9.0.
mdybmgzol dOHmIgdoL Logwydgguby.

AOM3mbggeml  600-700 30 Lodowwggdbg  LsbGHOTgBHOMWoO,
©93099BHOMWOo S FYGHOVIO  ©0535DMbOL  GHomgdol  Loddsgzmol
33wogds  dsbdogrol  dobgzom  gdudgModgb@yme  dglfegaoos
d6m05do. 990093900 9639690, ™I 30M39ws0  Loabserol Loddwsg®ol
9600d369mds 659960y 5009MEo (300900 50gdoGJos JodbgMEo
390b 096003600 mMd9dL. Loabocrols 2930390090 Fmdgmen
AOH®3MLGgOE ©0535Bmbdo bollosm©gds 93069 OMOMO
©594m369d0m. 53  ©oym3gbgdol  boba®mdwrogmds, §sdolb s  Fodol
09090l ®oaobos s IogH  sMHOL  EOIMIOIINMWIO  BHOPOL

N, ©d 4
0°¢.

50

-100 ¢

—140l —o ® ° ° ° o ° >
100 300 500 700

Bab. 8. Logbsgrols LoddgsgzMol s3M30GdNMEYDs LodsmegBg. A MEyzgd o 3Msx3030
399bsd5d9d5 Logbsemol 3336 39engdsls Jncgmm GHBHM3MbRIMMdo, B fyzg@dowo y®sxo3o

30 - OBM330sL.

-18 -



bog™Mdgbg. ®og MBO@ dmzags Gowol boy®dg, oo MgOm dgoMgo
LoAbsol sYM3bgdoL bobaMdogmds. gb 3obmbbMBogMgds sbg3g 356y
®96b39Msd0s MYMMOME  Jggamb, MH™Igwos s0hHgML Logbswgdol
240069350 9O»Nsbgmolbado Jombiw®o dd6530
30590 ™MY35MM367090056.

99Lfozeowos Mg GHOM3MLBIOME  DBmbsdo  Jo3M(3gwgdoLsls
Logbogol  LoddwogzMol  ©sIM30EIdMEYds ©YESTOHol BYPI30M0EB
LodowegBy. boB3gbgd0s, MMI GHoereol LoaMmAol gsbMEILML ghms©
3OO ©0535PmbTo,  Logbserols  Loddwsghy  d3oMEIds,  bmem
LSBEH0TIHOM  O35sDMbTo, FoModom. g0 oMy bbgzgMTos
09MO05Lm6 (bsb.8).

©OLYOGHG00L  Bgmmby  ™msgdo  ,d90mbggz000 BB  93G6oL
dmgmo”  dglfogoos  @sbghymo  3mbol  bBoGobEG03MGO
3obollosmgdWGdo M3GH03MGMs© 09330030 dg0mbzgz0mo BsHMo 93¢sbol
dmgwol  Lsgdzgwby. Pomdmpygboo  dmgwo  3Mobioddo
39605690l BB 93M9bol e ImEIL, GoFE™MZol MgMMOsL ©s
Lbbogol 3o5GOoEw MJNOOSL. do0gdeo 24590bsHYgdgd0
0539936900y 3MEdmam®m™M3zolL  1B3gJGM®BY 00 30MHMdJddo, GMI ol
530 990degds 459myggbadwemo odbsl Bbgs b3gd@Mow Mo dmgwg-
00LomM30LSE Toad s FMg TobdEHdYdOL AsmZaolifjobgdoo.

AT
dr B

mtho (200
1700 nm)

wsbgeo ;
NL-100 \ L "

USB 0b&ghggobo ot -

OB BmOO

65b. 9. 93960089630 6Ol Lidyds BafoenmdMog 3m3gMgbGryero wsBbyHmeo
Lbogol 0s30bvgse LogMgdo 56 GHrMdMEgbBHT® 3smHgdmdo 3s3MEgwgdols
Bgbisbfsgemsce. L >> Ly, Lg— 560l 85600600 ognbmtowst ©gdgddm®sdwg, Ly -
3303760 bolsBydol Bm3lmeo dsbdogos.

-19 -

29Bboros 9gdmbggzs, MmEs WsbgHyemo bbogo gsBM6H 93606l
FoOHDMOMES©  9399s. FobmGo 930Msbo  goMg  Lolbdobss, gsdbgmeo
299mlboggds  MgoLEGHMOMEYds FmeMgMe  Bmbsdo  BmE™M©YEgIGHMOOL

153195 gd0m. BMAMIGJJBHMMOL WgMhdo [ 3Mmbgl 5L wsbgMwmwo
Ubogol 8085HmM@gdslmsb (655.9).

LobomEol GHowEol gwgdBHMWwo 390l IEIdI0MNO-bobdoMHIEo
Bofowo, GmIgwoi o030l BB  936M56L  dgodergds  Boghgmmo
259mbabvengdoo:

2
x*(F,0;t) = E, exp{i [f (F,t)—wot]—#} ,
0
Loog T (T,1) - bogmEom 3nmMHE0bsEHIdBY sIM30IdYo Igdmbzgz0mo
BObOmd  d3M0d @ 29B30MmMdPPMos BB  g3@sbom.  (T,j ,Z)
3OWobEOHWOo 30000653 JO0s. BsHBMHO 93060 Qobesdgdmmos z=0
LodMEBYgdo. W, - 6535000L 063gblogmdol asmliry@o gobsfoegdols bogsbgs
5 0L 9BSLOSMGOL YobsMYOMEO sGHOL BMASL.

d90mbggz000  Pbmmo 930606  godbgmmo  WsBgH Mo
259mbboggdol 300390 s JgmMg Mool 3mIgbEHGOoLIMZoL Tgbodsdols
300w MO:

1@ >=p W [E, [ [arr J°(krsmq>exp{[_j_2 e (r))}\’r"_zz}.

<I?> 212 1577 k2% sin®q
———=2———+——¢&X — .

<> W AW 4
Gogs MW, >0, <12 >/ <1 >2=2, 653 2596600 LEs@obE03obsmzol S0l
@©505bsLosMGBgo. Gmzs | <<W,, 85806 gobsfowgds 860836gwmgbs
2o6Ub3o30s  goMlmEOoLogsb s 50 gdM9dmgdL [T —ol  sOLYdMDS,
903 ©sd3900L MsbobTo 1s3domE OEOS. @S dMEML, MM | <<W,
89069 Gogol 8mdgbEo 2-bg 990 890deqds ogml mvy 2 15385Mobs
©OEO LOEOWY. YBOM, IgHoE Jb IBIIGO 303 YBO F>0DOWIdS G b
39BOOm.

-20 -



o
-
N 7
& e ’
; -
o /
7 !
- -
. / e
. “_
/ ¢ e
: ~ /
t/ l’ ¥
’
0 ,__(/_"_\:
sin® 0
‘_1 L | | hizce
0.2 0.4 0.6 0.8

Bsb. 10. 25 939 LobiJob Mb3503MOLGHNMMO oMo g3@sbols BogH
3906979000 LobBsmEols 06@gblogmdols 3o0M3gwo s dgmtg 8mdgbBgdols
3M0b©0 3s6sfogds, HrEs MHY3503M0GHWM BsB® 936s6%Y
90943 300MME065303960 GHrHdEgbEHMds 3gddbogros 20 g dsdzol
3060mdg530. gJlidgHodgb@olsl 3sbsmgdmemo s6Hob BsHmmdol Bmds

W, =10.5 838, obggso 3@obGsemols boldg / = 2, 6 839,

@ ~36.

06¢9bLogMmdgdol  sdM30©IOMEgdgdo W, ©d 0 356050936 90DY
999mfjdgd o 0gbs 9dudgmodgbdmarsm Lobsmerol gedb6g30l Tglifagerolals
obgwo (25 330) mbgzs0 3OoLEHOL  Hgsdo®mosh, MmIgwbgwss
d9ddboero 0dbs gegdEHM™m30MHMm©0bsdoldmo GwmHdwbEMds (bsb.10).
23903397 306Mmdgddo  SLgmo LobGIds 0g3g3e OMaMeE M3G03MM©
03360030 B5HMMHo g36s60.

bowoHBMMo  dJomgdmwo ogdbs  Igmbg  Mogol  Be®Iomgdmwo
3MOI5309900 Bbd300L godmlisbmengds:

s 2\ F(t)f 2 k*¢%s (t )sin®
g<2’(q:t)=[1—W—Oz](1+|g“’(q:t )| )+ (Vzloz exp{ o [1(+)5 g )?:‘

Moo 9300 ofjgg3l  dbmmme  B3gdGHGoL  BmOIob
0535b0obx gdsl, BoMsd 53539 EOML 0HBOHEYdS JNMHYEsE00lL O™ Gsbol
3999 Bo300L Fobolosmgdgo EMHMOL MHOYaY.

-21-

W,
W,

Lbogob gmaddmeo et
T

5

002 0.04 .06 008 01

3w Eool Maomlio L

Bab. 11. ogMBMGOL 35300 Ms30LvBsM ogM3gdo Js3MEITgdMEo
@3BgHrImo bbogols 98gddrIto bm®Gdotgdamo W, /I, @sgonlols

©38m30073071m0d5 JMHIEs300L GoEondY I, , Gmgs: W, =2.5 18,
A=0.5839, L=5008.

. ,(0,L)
1739d¢EmH0 bebgomsgoob obogdgo

0.02 0.04 0.06 0.08 0.1
Jmmgamagool Gigonbo A

65b.12. 98399360 LEobGHoEWsEool 0bEyduol ©EsTM3IoEIdVIEIDS
3MOg5300L G3onldy /., EogMBMOH0E Fg93¢gd wobBsdg
Lbgacslibgs 8s6domolismgol: L = 200 8 (foogmo Foto), L =500
(853969 foto), Gogs: W, =2,518, 4 =0,53830.

-22 -



OBMBMOOL  gogrom  sbghyewo  bbogob  gx39d@mo
bm®3omgdmmo  Goonbob W, /W, (W, =25 U10) ©sdm30090w9egds
3MMHgE300L Moolbg 1. dmEgdwyeos bob. 11-%y.

Bob.12-Bg Im 39905 939dGHMO0 LEobGHOWsE00L 0b®YJLo, HMmYmOE
3MmOgEoool  Goobol  gwbdsos, OB bBMmOob  Lbgsalbgs
dobdogrobsmgzgol (L =200 9 - foogwo fodo, L=5000 - goéxo Ho0o).
00BoB0dbs30s,  OMI  35035¢-3mbMlol  IOMIsdo  Fomdmoygbowro
99009303, O®mdgwog  Joegdwo  odbs  qoMLbmGo  BMmEYEoLamzol,
305JHOIWIP 0p03Yd-

0000350, Lomd@mOm dOmdsdo dowgdmwo doMHomso 89wqy)d0
990d@gds 517 BoBMZoYsWOdMO:

o 3WilogoEomgdwos  doGomoo  OHx030  bGHsGHOLEHOIMM-
GOWOMMO 58Mm356900.

e 3bbowmos  ™m3EG03mmo Logbsgdol m30lgdgd0 0EYIMEO,
LGO0ONMHO, JOMIMNEOSBO WSBINHMEo  fystmlb  dsgsomnby,
BoB3969005, HMI BSBOL By BHYo30gool  oMLYdMBOL ©sdz9ds
3965306090l 399mbboggdols L3gdBHeoL 393560965050
303939035909 m330399M0 LobJomol JodsOo.

o 250mm3woos  06GIBLogMdOL  3mEgwsomMo  Bmbjgos s
Bobggbgd0s, MHm3  06FHIbLOgMdOL  3MOgEsEzoMo  BwbJsoolL
390mbobmgdsdo Em3gmol L3gdEmol MIobsb@o gowsdzgas
06396L03mdoL BwJEys3ool B3gdBHOmb JodsMmgdsdo BMol
L0gbsE0/b3sMMo  MobsgBsMEMOOL 360369 MdL  ©IBHIJBH™MOL
299mbsgoby.

o  2odmomgowo odbs R Moonbol 9ddmbg  FHomwo  figsemb
LOZME0M0 FNOIIEFOMOO BBJ30s. ,0833W0IM0 EMMOL“ 9539dE Y
©OYMHbMBdOM s B3H396900s, OMI BMEHMZ MDY Logbswols
B90mddggdom 999 GHM™bgdol 9dobool 3EBSMMOOL
390Lbmbolgmeo 29Bsfoegds 45600l Q©535b0bxgdSL.
239dmmz@owo  0dbs oMo LobsomEolomzgol  gobsfoegdols
9O056HMB0wgd0sbo  QoBmlbsbryangds s bsbgzgbgdo odbs, MmI
239BMIz500  LOWMWO  53BHMIMMIS309H0  BMbJgos 9330000
©OHMoLb  9839dBHOL 89099  ©939380MHJdME0s  dgbsdg  Moyol
3MOI530996 3496305L056.

-23-

dogdmmos  oL3YOLoWwo  gebGHmwmgdgdo  dgdbgwrgdgaro,
39986930 BOAYIL-35Oo I OO0 QOILIIHO0ZIo
©oRYHBMOHOL BYI3oODBY  BHMOOMWIBEHMEO, INdMs30 3ersHTol
3059M03350m36909Bg  290bgo  bgsdommo TE ©> ™
3Mm@sMH0B300L gergdBM™IsgboE Mo G mgdolsmazob.

900gdmos godbgmao 390l LobdoMwwo b3gG@mol bmyso

2399mbobmengds s dob Logdzgbg F9IMIPIMos  godbgzoL
©003M535  BHIMdINMWIBBHMMO  3¢roBTol  IIMsMBOL,  HMYMO3

93069  LoBdoMggdol,  sbggg  Lobd®dmbo®bdol  Fgdmbggzsdo.
Bohggbgdos, ®md  Jzotmg  LoBJsMggool  Fgdobggzsdo TE
3056MH0BOE00L BIPISOOMO GOl 2506935 3MogEH03MS©
008@0b656MHgmdL Jmngulb Logmgdo, 35806 MrmEgbsg LobdMMmbobol
d900bgagzsd0 Q053M5doL 965339906030 Loby
3963060mddMos  0lom,  OHMI  HBYIZ0OMWO  BHowol
b99mddgogdom  ggol  3mbEgbGMoiool  8988mmgds  dgogH
0BMEIds s 2odbg30L PaMGH0w o FoMmsdsgswo bgds godbgzol
306390 Gqlogz®gdo.  FgmMmO©Oo  ©03Mgdo  LbIMMIMO
©9Mdgd0oL AsLH3M03 56 Sb039dqb.

99b3960096G M IMbs3g8gdBY  OYMHEBMdOm  Fgxsligd o
GOM3MLGIOML oM@ gbol  05B39b9dgo  sHgMol  bogol
393039 gooLsl,  HOM3MLBRIOML  IJBHIMOMELMAOMOO  ©d
9GO0 3565393HMIO0L BsMHEMdOMO LoEOEOL dobgE30m.
BoB39b69005, MHMI  Bowol  Loa®mdol  doHOEILME  ghmo©
9GO ©0535DMmbTo, Logbswol Loddwsgzmg I30MHEIDds, beewm
LobGHOIYHOM  ©0535BMbdo,  doModom.  Tgogpo 396y
56H390M5305 MYJMOOLM6.

Boh39b69005, GMI  Mogobygow  Logmgdo  sbgMol  3mbob
2393M(39¢gd0LOL MOHM0YOHMIM39MHIbEHMEMmdOl 3bdzool
159319939 B B00WYOS 3oL ZMMO FgEIRJOO.
MOHM0YOMIM3GM96EMMd0L 9839dGHWO0 BmbJaos, Tglsdsdolo
@HgHOL 3mbol BmIs, 0bEHYBLOZMBs, 3MMIWsE00L MoEoMLo ©o
3999dBH9o309gooL 9dcmbgenols 3mbols 299mbabegdgdo
00090105 ©IAHIJAMOOL LodGMEYJdo. b5B396Id0s, MM WsBgHOL
30bol Bmds, 3MOmIWsE00l MoEoMLO s JodMbO3gdOL Lodrgom
06@¢9gblogmds Mo3woboll s Lbg. dMMIsdo Bowgdme Fgogal
90mbgggs. 0939, 3G IMbggMml AOdM9bEGHM™dOL

=24 -



29035¢0bHobgdolsll  Jomgdeo 990900 ®509bsdy

296Lbge3ads  3asbiogw®mo 99 gooLagsb.  3m39MmabEEMmdol
500 LoLoM30L  JoEgdMEo  FgEIRJO0 oMy 0sbbgzg®msdos

099630l s Lbg. IHMB5d0 Fowgdve 39@93g0msb.

39593005 OBMNHBMMOL gogengbs L3obEowsE0sby. LHGsR0
©939d3™M0l d0mbggzsdo domgdwos bzob@owsiool 0bpgduo
sHgrmeo  3mbol  mogolbyzko  LogMEgdo  493M39wgdoL
390mbg93900, 59Mgm39 LYLEHO GHYOBMEIEEMOOL SEIMbEGIMMTo.
dwogho  ©oxbmOol dgdmbggzsdo dmgwo sB39690L, GMI
L30BEOEE00L 0bEYJLO SbEMLss 1-056 s goobbdgds sbTobmgol
©> Ubg. 8MGmIoL  Fg9gagdl.  5BHImbygOmwo  9839JGHId0L
239035¢0L{ob6gd0LIL OB BMGOL  as3wgbs  bobGowsgool

9%39ddBg  9000gd0  ©IBHIIGHMOOL  LodMGHYgdo  Mbbgzg®msdos
9bMHOMLOLS s bbg. dMMIsdo Bogde G9w9RJOMsb.

-25 -

bsmg@mmem 65d0mddo dongdrmo

890092900 sLobvE0os 89809
L539360gH@ LBoE0gdTo:

©mdodg b., LEO3sbodg 0., Bobotsdy 3., s0sdyg b., Jomstrsdg .
0053593963 00s60 965396900 3909w 353060l Lol gdsdo.
ML) FOMIGYOo, ,LsdMBYdOLTgEHY3grm  gEbog®madgdoLs o
9d9030bol“ byMos. 33. 225-229, 2008.
Davitadze  Z., Gomidze N., Makharadze K. Control Laser
Spectrofluorimeter with Microcontrollers. Journal of Advanced Materials
Research Vol. 590 (2012), pp. 201-
205. www.scientific.net/ AMR.590.206
Gomidze N., Jabnidze I., Makharadze K., Khajishvili M., Shashikadze
Z., Surmanidze Z., Surmanidze I. Numerical Analyses of Fluorescence
Characteristics of Watery Media via Laser Spectroscopy Method. Journal
of Advanced Materials Research Vol. 590 (2012), pp. 206-
211. www.scientific.net/ AMR.590.201
Gomidze N., Khajishvili M., Makharadze K., Jabnidze I. Some Features
of Radio-Spectral Diagnostics of Random Media via PM and
PRM Oscillations. Journal of Applied Mechanics and Materials, ISSN:
1660-9336, published by Trans Tech Publications inc. Switzerland,
Vol.420 (2013), pp. 305-310. http://www.scientific.net/ AMM.420.305
Gomidze N.Kh, Shashikadze Z.Kh., Makharadze K.A., Khajishvili
M.R. About fluorescence excitation spectrums. 6th International
Conference on Advanced Optoelectronics and Lasers. Conference
Proceedings. 9-13 September (2013), Sudak, Ukraine, pp. 317-319.
Gomidze N.Kh., Khajishvili M.R., Makharadze K.A., Jabnidze I.N.,
Surmanidze Z.J. About Statistical Moments of Scattered Laser Radiation
from Random Phase Screen. International Journal of Emerging
Technology and Advanced Engineering. ISSN 2250-2459 (1SO
9001:2008 Certified), VVol. 6, Issue 4, pp.237-245, 2016. www.ijetae.com.
Gomidze N.Kh., Makharadze K.A., Jabnidze I.N. Experiments for the
Purpose of Studying Space-time Evolution of Various Forms of Pulse
Sgnals in the Collisional Cold Plasma. International Journal of Physical
and Mathematical Science,Vol: 11, No:8, pp.318-323, 2017.
Scolar.waset.org/1307-6892/10007581.
Gomidze N.Kh., Makharadze K.A., Khajishvili M.R., Jabnidze I.N.,
Shashikadze Z.Kh. Some Issues of Fluorescence Characteristics Aqueous
Media via Diagnosis of Laser Spectroscopy Method. International
Journal of Engineering, Science and Innovative Technology. ISSN No:
2319-5967 (ISO 9001:2008 Certified, Impact Factor of IJESIT is

-26 -



10.

11.

12.

13.

1.753), Ne3, issue 3, pp.142-152, 2014.
http://www.ijesit.com/Volume%203/1ssue%203/IJESIT201403_17.pdf
Gomidze N.Kh., Maxaradze K.A., Xajishvili M.R., Surmanidze 1.S.,
Davitadze M.l. The wave structure functions of multiply scattered
elecromagnetic waves by anisotropic layer of collisonal magnetized
turbulent plasma. XXI1X General Assembly of the International Union of
Radio Science. Chicago, lllinois, USA, CD-file BP16.2, 2008. http://ursi-
test.intec.ugent.be/files/fURSIGAQ8/start.pdf

Gomidze N.Kh., Khajishvili M.R., Makharadze K.A., Jabnidze
I.N. Spatial-Frequency Evaluation of Radio Impulses on the Collisional
lonospheric Part. 2015 International Conference on Electromagnetics in
Advanced Applications (ICEAA), pp.486-489, September 7-11, 2015,
Torino, Italy.

Gomidze N.Kh., Makharadze K.A., Khajishvili M.R., Shashikadze
Z.Kh. About Numerical Analyses of Sea Water with Laser Spectroscopy
Method. 2011  XXX™URSI  General Assembly and Scientific
Symposium, 30TH 2011 (5 VOLS), pp. 1620-1624, ISBN 978-1-4244-
5117-3.

Khajishvili  M.R. Gomidze N.Kh., Makharadze @ K.A.,  Jabnidze
I.N. About diagram of direction of linear multielement antenna system
radiated in the far zone. International Journal Science and Technology
(Impact Factor 1.025, accepted to print).

Khajishvili  M.R. Gomidze N.Kh., Makharadze @ K.A., Jabnidze
I.N. Evalution Bandwidth of Optical Sgnal via Satistical Moments of
Phase Screen. International Journal Science and Technology (accepted
to print 2017).

-27-

Batumi Shota Rustaveli State University
Faculty Physics Mathematics and Computer Sciences
Department of Physics

with the write manuscript

Kakha Makharadze

Studies of Statistical Characteristics of Multiple Scattering of

Electromagnetic Waves on Troposphere Heights

Spetiality - Physics

Annotation

Presented for Getting the
Academic Degree of Physics

Batumi - 2018

-28 -



Scientific leader:
Nugzar Gomidze
Candidate of Physical and Mathematical Sciences,
Professor of Batumi Shota Rustaveli State University
The International evaluators:

Andrey Degtyarev

Candidate of Physical and Mathematical Sciences,

V. N. Karazin Kharkiv National University.

Department of quantum radiophysics, School of radiophysics,
biomedical electronics and computer systems. Associate Professor

The evaluators:
Zhuzhuna Diasamidze
Doctor of Physics,
Batumi Shota Rustaveli State University, Professor

Jemal Khubua
Doctor of Physics,
Georgian team leader at experiment ,,Atlas”, Profesor

Mzia Diasamidze
Doctor of Physics
Batumi Maritime State Academy, Profesor

Protection will be held in 2018, “26” February,15:00 at the Shota Rustaveli State
University, Department of Physics, Mathematics and Computer Science Dissertation Council:

Adress: Georgia, Batumi, Ninoshvili str. 35, 6010
Shota Rustaveli Tbel Abuseridze Auditory Ne235, University Building II

The thesis will be availablein the Batumi Shota Rustaveli State University Libraryand
on the Web-page: www.bsu.edu.ge

The secretary of the Dissertation Boars,
Associate Profesor Dali Makharadze

-29 -

Introduction
Actuality: Classification of wave phenomena is naturally associated with the
task of dynamic objectives. The widespread class of wave objectives is
formulated as follows: Say that the body (or body system) surrounded with S
surface is placed in a homogeneous or inhomogeneous media in which the
waves of different natures (electromagnetic, acoustic, elastic, spin, etc.) are
propagated. Mark the corresponding linear, differential or integral-differential

wave operator with L. In the area of the wave equation that is free from wave
sources will have the following expression:

Lu=0,
Where, uis a wave field which can bescalar or vector. If it is vector, the

operator L will be a tensor.

Media where waves subordinate to

Lu=0

Virtual sources,
for instance 1 Y 0

Fig.1. Typical task in the wave theory

The primary wave is created either by real (] sources or by virtual sources

(Fig. 1). For example, the initial wave may be u, which is a flat wave in most
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cases, while the search object may be the scattered field. In addition to the
sources and the scattering body shape, the determined boundary condition is
requiredfor the surface of the scattering body and the condition of the radiation
(i.e. the condition in the infinity). In the determined task we would have the

primary Uy field on the S surface. The primary field statistics are determined
only by the second ordermoment [2,3]:
I (12) = (U, WU ().

In optics it is called a second-order coherent function. We may have
higher order moments of the primary field. Naturally, the full statistical
description of the y field is accepted through the density of the n (n=1,2...)
order of probability. In the conditions of the established task, random may be:

A) real Osources; B) virtual sources ( Uy / S) ); C) Form and condition of the S

border; D) environmental feature, i.e. L- operator itself.

That's why we can introduce four basic statistical schemes that we
conditionally call the first statistical schemes. Let’s describe the mathematical
part of these primary schemes briefly.

1.  Starting the field with accidental sources. The tasks of this class will
be drawn to the inhomogeneous equation:

(-3
In this case, the random values are indicated with tilde. These are the (
sources and the y field itself. In the simple case, the boundary conditions on
the Ssurface and the field condition in the infinity may not be taken into
consideration (the simplest case).
2. Scattering random fields. The tasks of this class will be described
with homogeneous equations:

LG=0

However, the boundary conditions reflect the random nature of the Uy field.

3.  Scattering on the random background or (and) on the body of
location. In this case, the boundary conditions are determined on the S
accidental surface. As for the wave equation, it may be inhomogeneous in the
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case of (LU =q) real sources or — homogeneous (LG=0), but with

inhomogeneous boundary conditions.
4. Propagation of waves in randomly inhomogeneous media. In this

case we are dealing with accidental L - with operator who describes the wave
propagation in the media.

Thus, practically all statistical wave objectives are reduced to these four
primary schemes. Of course, it is permissible to deal with the mixed type of
objectives, but the latter cannot actually be explained due to mathematical
difficulties.

Putting the task is not yet to determine the appropriate methods, as a rule,
these methods are represented by approximate methods. In fact, the
fluctuations of some parameters or function can be large and small, slow or vice
versa, rapid and sharply expressed. Correlation can be strong or weak, etc. Such
variation of the physical nature of the objectives causes the implementation of
different methods and approaches. It is here where many secondary schemes
are created from, that are already related not to putting the objective, but with
its solution. The number of the secondary schemes makes it difficult to focus on
wave statistics.

Analogical methods of signal processing in the superhigh frequency (SHF)
range are well known. Analogical methods were first used in the visible range
of the spectrum in the 50s of the last century. But analogical methods have
already been widely used in spectroscopy since the laser sources of light were
invented. As for the numerical methods of signal processing that we consider in
the given paperwork, they were created much later. Numerical methods have
been used after Photons counting experiments which were conducted for
studying statistical properties of different laser sources. Based on numerical
methods of signal processing, we have made a high-efficiency, numerical, rapid
autocorrelator that worked in real mode and allowed measurements to be
measured in a wide frequency range of 1 —108GHz. The purpose of the
autocorrelator was to expand the frequency range of lower than MHz. This
problem has not been solved long ago by the Fabry—Pérot interferometer.

Goal of the research: the goal of the doctoral thesis "Studies of Statistical
Characteristics of Multiple Scattering" is to study the regulations of the changes
of the characteristics of ultra-high frequency optical signals using both
quantitative and qualitative terms, on the basis of changes statistical parameters
of turbulent media on the random phase screen model.
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The task of the research of the Doctoral thesis is an analytical assessment
of statistical moments of laser radiation scattered from optically dense random
phase screen, numerical modeling and comparison with known experimental
results.

The innovation of the research lies in the weak atmospheric turbulence in
the possibility of quantitative evaluation of the function of mutual coherence
and the scintillation index, with an effective combination of partially coherent
wave theory of the random phase screen theory near the source of ABCD
matrix theory.

The object of the research is the randomly inhomogeneous atmosphere
with weak turbulence, as well as optically dense turbulent media.

In the dissertation work we are considering the fourth type of objective.
We discuss here the random phase screen model and study the distribution of
statistical moments of scattered laser radiation.

Let's say, on the Z=0 plane the primary u, field statistics are given, i.e.
its moments (coherence function) are given. It is necessary to find out how
these functions are changing away from the Z=0 plane, if on the way the
field is transformed (for example, the wave is going through a diaphragm, lens
or other).

Formally this task is solved easily: If it is known how the determined
(totally coherent) wave changes, then it is enough to make an ensemble
averaging of the determined solution of u, field. But this method, as a rule,

reduced to difficultly calculating integrals. For example, when calculating the

relative fluctuations of intensities S =<?—<I?>>/<|? >(the same as the
"flicking index") it is necessary to calculate the eight-fold integral, which is
practically impossible to be calculated even in the case of simplified model. The
simplified marginal model implies that a flat wave €™ falls on the layer,
ikz+i

directly on the other side of the screen Uy, =€ Y Where y (X,y) is the

random phase. Knowledge of phase statistics on the screen determines the field
statistics on Z = O flatness. The "system" which “transforms” the field out of
the screen is just a free space in the given case. As a result of diffraction, the
wave, which passes through the chaotic phase screen, is experiencing
fluctuations (Fig. 2, B). However, the intensity of the phase screen is
permanent (Fig. 2, A.).
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b)

Fig 2. Distribution of wave [(X) intensity via phase screen

Fortunately, for the well-established objectives in physical terms,
approximate calculation methods for complex and multiple integrations can be
found.

In the private case, the "flickering index" b for the phase screen can be

calculated during the weak phase fluctuations <y 2> << lof the phase. In case

of strong fluctuations <y 2> >1- to calculate b , on small zdistances, we can

apply an excitation method (considering that the fluctuations of the intensity
are small beyond the screen) and for the longer distances we can apply a
method of normalization of the field. The normal law of probability
distribution implies that in the long z distances in the point of observation,
many non-correlated waves take place from different parts of the screen. From
these districts in the middle district - in the so called, focus area, we can find
the asymptotics of the field during the presence of large fluctuations in the
phase. i.e. when <y 2> >>1. As a result we will get b (z) curves the qualitative

image of which is shown at Fig.3.
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B=<l’—<I’>>/<I’>

A

0

Fig 3. Qualitative flow of flickering index to the other side
of the phase screen.
1- Weak fluctuations ()

2 -Strong fluctuations < i * > >> |

Basic linear statistical-wave tasks will be reduced to four primary schemes,
for solving which, many secondary schemes, the so-called approximate
methods allow a variety of solutions to solve problems, but at the same time,
they create a chaos in terms of general adequate theory of solving statistical
tasks. The fact is that there is no universal analytical model, so the information
about the scattered radiation can be obtained from real experiments or
numerical experiments.

On the basis of mathematical formalism to make statistical description of
random variables, in terms of the ergodicity and the stationary conditions of
the process, we have obtained mathematical statistics of signal distribution at
the entrance of the square detector output during Gaussian and Lorenz noise. It
is shown here that, the characteristics of signals: normal auto-correlation
functionality G (t ) :

TI2

G(t)=(s(0)stt))= T"El% [ (ss(t+t))dt

-T/2
signal strength density S(w) :
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T2 .
j s(t)e ™ dt

-T/2

S(w) :T|IL130<% >= ZG(t Ye ™ dt

the first and second statistical moments (fig.4):

0.6 &

®

Fig.4.Spectrum for Lorent’s signal

(s0)s))
(<)

F(S) = (exp(iSs)) = ]i exp(iSs)W(s)ds

—0

gt)= -1<gt)<1

Q(S) = (exp(-Ss)) = ]c' exp(-SW(s)ds, 0<s<o

dy 2
EIECIE
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The optical signal features are discussed on the example of an ideal, stable,
single-mode laser source:

S(t) =5, cos(wyt +j )

It is shown here that the availability of phase fluctuations causes the
broadening of radiation spectrum to the GHz W, towards the optical frequency.

In the process of scattering the modulation takes place, the random statistics of
the phase screen causes the creation of Doppler effect - displacement towards
the optical frequency. The signal power spectrum or auto-correlation function
cannot provide complete information about the process of scattering, but these
values are subject to experimental measurement, therefore, the theoretical and
experimental measurement of these parameters may become the basis for
creating an adequate theoretical model. From this perspective, the first and
second order statistical moments are presented as experimental measurable
physical values on the basis of the correlation functions of the scattered signal
and intensity:

<s+ (0)s (t )) HOUI)
(1 ay

Where, |(t)=s"(t)s (t) - represents a magnitude that is recorded by a

9¥t) = . 9%1)=

detector. In the quantum-mechanical point of view, we can say that the
detector, which works on photon registration (through photo multiplier and
photodiode), records this value. s'(t) ands (t)represents the signal
components that correspond to positive and negative frequencies and are
determined by the Fourier series:

* o-iwt —iwt + - 1 T _iwt .
=2 ae"+Yae™=s0+s.a,= [ se™ =a,.
w>0 w=0 T2

In the third paragraph of the doctoral work, the focus is on measuring
the magnitude of the detection of signals It is noteworthy that from g®(t ) and

g?(t ) statistical moments only the second orderstatistical moment g”(t) is

to bemeasured on the detector. That's why, the matter of finding the
connection between g®(t)and g™ (t ) statistical moments is an urgent issue.

This connection was found for statistically independent random variables on
the basis of probability theory and was brought to the expression that is a well-
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known Siegert’s ratio and which allows the first-range spectral characteristics
to be calculated by the simplest spectral characteristics of the second order:

<IOIE+t)>=g? (t ) =<1 > (1+|g<1>(t )|2)

Similar calculations were conducted for a specific task when the scattered
field:

s'(0) = s, exp[ =i (wgt +] o (1) ]+ f (O exp[ =i (wit+],(V) ]
and primary source field were radiated from the same point of space and the
intensity correlation function was calculated, which is the function of g®(t)

©> g?(t ) moments:
g?)=(f(O) )
g® ) =(f*)F*t))

It was shown here that making Doppler spectrum dominant in the
expression of correlation function of intensity, increases the significance of the
signal / noise ratio on the detector's output in connection with the fluctuation
spectrum of intensity.

It is shown here that since the measureable value in the actual experiment
is the averaged intensity, so the value of the instant intensity can be
analytically established. Any field becomes coherent in the integration limit,
whenT — oo . Thus, the condition of laser radiation coherence is its intense
scattering. We have obtained the expression g (t;T) for g®(t) Lorenz (

|gf) (t )|2 =exp(-2I't ) ) and Gaussian (|g“) (t )|2 =exp(-a’t *)) forms:

@y g, SE(TL)
g (t;T)=1+ T

exp(-2I't), t>T,

t)?
g®(t:T) =1+ ool z(t 2 ) sh(2a T)+
aT
+a#2 {t+Teflat +T)]+t -Teflat +T)]-2 ef(at )},

We have calculated the effect of time integrity on the signal correlation
function for Gaussian signal, when the distribution of spectral lines had the
Lorenz form:
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N Q(s)Q(s)
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Computations were conducted to determine the time statistics of the
scalar field, as well as to determine the field spatial structure
(TOF,F)=<x"(F)x (F)>, T@(,F")=<1(F)I(f")>). The spatial correlation
function of a circular source with R radius was also calculated:

R
23 %R F-7 ik (F2 -7
o, 1 ik, (7= —T
) Pz T k(o)

<l > @|F—F'| 2Z
Z

This value is referred to as a complex degree of coherence in literature.
Coherence light becomes partially coherent. This effect is used in Michelson’s
astronomical interferometer.

For Gaussian light, we have evaluated the impact of the detector area on
the fluctuation intensity spectrum and on the Doppler spectrum:

| [(R+D] (R+2)!

2R

(R 2 J(cyr7 +r2=2rr, cosf
o (S) = | [ il | o i ‘/21 L1 )
PR™ 9% 0 cyr? +17 —2r, 1, cosf

-39 -

where C =K,R/Z, R- Is the radius of circulr source, R - is the radius of
the surface of photocathode of the detector (fig.5).

0.8

0.4

0.2r

Fig.5. he influence of the detector surface on the intensity spectrum of the fluctuation
f(S) (dotline) and on the Doppler’s spectrum ; f, ,(S) (line) for the Gaussian light.

Based on the "Dead Time" effect, it is shown that Poisson distribution of
the probability of the electron emission of the signal on photocathode is
distorted:

al)" aly t, t, 2
[Fj exp(—al)%(ﬁj exp(—al){1+ n@! —n+1)?+0.(?] }

We have calculated a single dimensional image of the distribution of
Gaussian light and it was shown that measurable full auto-correlative function
is connected to the third order correlation function as a result of a dead-time
effect:
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From this equation it is evident that, in general case, when the effect of
dead time plays an important role, the distortion of the correctional futures is

created glﬂz) (t), that is caused by the fourth-rate proportionate members of

(l) (t ) . However, this effect will be small for little I,.

The effect of dead time in practice may not be the basis for the
correlational work, but if it is necessary to measure the width of the spectral
lines, whose frequency range must be calculated with the accuracy of several
MHz, it is necessary to take into account the effect of this effect on the
correlation function.

In the second chapter of the thesis "Study of scattering indicatrix of
surface-level electromagnetic waves" is discussed to disperse the surface
electromagnetic waves with different polarization on the "frozen"
inhomogeneities of the movable plasma. As a private occasion, in the role of
diffusor we have discussed the flat-parallel dielectric layer and analyzed
scattering indicatrix of the scattered surface waves.

The diffuser is a flat parallel dielectric plate with a thickness of 2| , and

€, ® € >>1 dielectric penetration.

The X axis is directed perpendicular to flat-parallel plate flatness
—| << x<<I. The plate is surrounded by cold turbulent plasma that moves

along the Z axis with the Y speed, the dielectric layer is infinitely prostrated
along Y and Z axles, while the electromagnetic waves are distributed on the
surface of the dielectric layer. The peculiarities of laser beam of surface TE
polarization are estimated along the flat parallel diffuser.

By using Maxwell Equation System, Minkovsky's Material Ratios and
Border Conditions:
dE(x)
X

_ dE(x)
o

We have drawn up algebraic equation system. From which dispersive equations

E(x)|

X
are defined for surface electromagnetic waves.
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Fig. 7. Diagram oflaser besm scatwering on the “frozen” inhomageneities (2. = [ /1 cee of synciwonism) of

the plasma moving with great speed. a) in =7 2 plane b)in 0 =7 1 plane

In the case of small speeds (W >>Vh) and synchronization (W >>Vh) of the
turbulent plasma motion applying the Greene function method we have
obtained general picture of the frequency spectrum of the scattered field and
on its basis we have drawn the scattering diagram showing the turbulent
plasma motion in case of both, small velocities (drawing 6) and synchronism
(Fig. 7) . It is shown here that, in case of small speeds, the surface wave of TE
polarization is practically going on in the whole area, where, in case of
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synchronization, the unusual image of the diagram is determined by the fact
that the excitation of the field concentration influenced by the surface wave
strongly increases and the convective synchronization becomes transitional in
the scattering point. Secondary dipoles do not emit along their own axles.

The third chapter of the thesis “The study of the propagation of laser beam
on the basis of the electrical parameters of the troposphere” is dedicated to the
study of the characteristics of the laser beam propagation on the basis of the
interaction between meteorological and electrical parameters in the
troposphere. Physical grounds for atmospheric phenomena are discussed here
and their impact on the propagation of laser beam (irradiation of the beam,
scattering on the inhomogeneities of the troposphere, absorption, scattering on
hydrometeors).

Multiple scattering of waves in the troposphere is caused by refractive
processes. Change of gradient of the refractive index in different layers of
atmosphere determines the specific form of refraction (negative refraction,
decreased refraction, normal refraction, elevated refraction, superrefraction).

Here is discussed the connection of internal and external scales of the

characteristics of inhomogeneities during the propagation of electromagnetic

N, dB

-140 ——o——o—o—0—0—0—0——o
100 300 500 700

Fig,8 Dependence of signal strength on height. A continuous diagram corresponds
to the propagation of the signal in the distant troposphere and the B interrupted
diagram corresponds to the diffraction
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waves in the troposphere with electrical characteristics of the turbulent
environment. The main regularities of the turbulent movement became known
on the basis of the works by A. N. Kologorov and A. M. Obukhov.

The change of the capacity of the waves of centimetric, decimetric and
metric range at 600-700 km altitudes of the troposphere is experimentally
studied in terms of distance in the present work. The results show that the
value of the primary signal exceeds the tens of thousands of decibels greater
than the values of the scattered field. The propagation of the signal in the
distant tropospheric range is characterized by a short time delay. The duration
of this delay is of a set of seconds and is strongly dependent on the wavelength.
The longer the wavelength is, the smaller is the length of the signal delay. This
regularity is also well coincided with a theoretical outcome that describes the
scattering of the signals from each other's chaotically moving inhomogeneities.

The signal capacity dependence on the surface of the Earth is studied in
the distant tropospheric zone. It is shown that along with the wavelength
increase in the metric range, the power of the signal is reduced, and in the
centimeter range, it is on the contrary. The result is in good coincidence with
the theory (fig. 8).

In the fourth chapter of the thesis "Random Phase Screen Model" we have
studied the statistical characteristics of the laser beam based on optically dense
random phase screen model. The present model in principle combines the
complex model of the phase screen, the Ritov’s theory and the matrix theory of
the beam. The obtained images are based on the Kolmogorov spectrum in the
conditions that it can be easily used for other spectral models as well, including
internal and external scales.

Here is considered a case when the laser beam is perpendicular to the
phase screen. The phase screen is of a small thickness, scattered radiation is
registered in the distant zone through the photo detector. The photo detector
axis makes (J angle of the laser beam (fig. 9).

The positive-frequency part of the electric field of the light wave that
passes the phase screen can be written by the following expression:

2
x*(F,0;t) = E, exp{i [f (r”,t)—wot]—#} ,

0
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fig 9. An experimental device scheme for studying partially coherent laser beam in
the free space or in the turbulent media. L > Ly, Ly~ is the distance from diffuser to
the detector, the Ly - the focal length of the optical system

Where f (',t) is the random phase shift dependent on the spatial coordinates
and are conditioned by the phase screen. (T,j ,Z) are cylinder coordinates. The
phase screen is located in the z=0 plane. W, - is the width of the Gaussian

distribution of the intensity of flow and it is characterized to the size of the
illuminated area.

Based on the first and second orders of the laser radiation scattered from
the random phase screen, we receive:

<1(g;t) >=p W, |E0|2 Tdr r Jo(krsinq)exp{[—j_2 (1-r (r))J—VrTZZ}_

<1%> _2_2|2 1372 ox {kzlzsinzq}

< TwW e T
When I/W, >0, <I1?>/<1>*=2, that is characterized to a Gaussian
statistics. When | <<W, the distribution is significantly different from
Gaussian and the existence of j~* circumstance, which is quite large in terms of
access. Finally, when | <<W the second order moment may be more than 2 if
j?is a big enough value. Moreover, this effect will increase even more by

increasing g .
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Fig. 10. The angular distribution of the first and second moments of light intensity scattered
by a 25mkm thick liquid phase screen when the electrohydrodynamic turbulence on the
liquid crystal screen is created in the 20V voltage conditions. During the experiment the size

of the area I, =10.5 mkm is illuminated, the thickness of the liquid crystal / = 2,6
mkm, ¢ ~36.

Intensity dependencies W,and ¢ parameters have been tested
experimentally while studying light scattering from the thin (25km) liquid
crystalline surface on which electro hydrodynamic turbulence (fig.10) was
created. Under certain conditions, such a system behaves as an optically dense
phase screen.

An analysis of the second order of correlation function was analyzed as
following:

@ 2 W 2\ FE)F 202 k2% (t )sin’q
g (q,t)—(l—w—;j(1+|g @t )| )+ W2 eXPl: o 2 [+s O)] }

The non-Gaussian member only causes distortion of the shape of the
spectrum, but at the same time increases the correlation time up to the time
order characterized to phase fluctuation.

The dependence of the effective normal radius W, /W, (W, =2.5 cm) of

the laser beam on the correlation radius |, via diffuser is shown on the Fig. 11.
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Fig. 11. Dependence of the effective normal radius /¥, , /¥, vs correlation

radius i, when: W, =2.5 cm, W, = 2.5 mkm, / = 500 m.
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Fig.12. Effective scintillation index vs correlation radius /_, for different

distant from diffusor ( L. =200 m - red line, £ =500 m - green line), when:

W,=2.5 cm, W, = 2.3 mkm,
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Fig.12 provides an effective scintillation index as the function of the
correlation radius for different length from diffusor (L=200m — red line,
L=500m — green line). It is mentioned, that the scintillation index by Baikal-
Plonus is practically same.

Thus, the major consequences of doctoral thesis can be summarized as
follows:

e  Main linear statistical-wave tasks are classified.

o Features of optical signals are modeled on an ideal, stable, single-laser
source, indicating that the phase fluctuations allow for the formation
of the radiation spectrum to the GHz towards optical frequency.

e The correlation function of the intensity is calculated which shows
that the doppler spectrum dominance in the expression of the
correlation function of intensity increases the value of the signal/noise
ratio to the detector's outlet.

e  Spatial correlation function of a circular source with a R radius was
calculated. Based on the “Dead Time” effect, it is shown that the
exposure of the probability of the emission of electrons is affected by
distortion of the signal. A single-dimensional image of distribution for
Gaussian light was calculated and it was shown that measurable full
auto-correlation function is associated with a third line correlation
function as a result of dead-time effect.

e Dispersive equations are obtained on the surface of delaying,
scattering, flat-parallel dielectric diffuser for TE and TM polarization
electromagnetic waves scattered on turbulent, movable plasma
inhomogeneities.

e The general image of the frequency spectrum of the scattered field has
been obtained and the diagram shows the turbulent plasma motion as
small speeds as well as synchronization. It is shown that, in case of
small speeds, the surface wave of polarization scattering TE is
practically going on in the whole area, where, in case of
synchronization, the unusual image of the diagram is determined by
the fact that excitation of the field concentration influenced by the
surface wave strongly increases and the convective synchronization in
the scattering point becomes transitional. Secondary dipoles do not
emit along their own axles.
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Based on the experimental data, the refractive index of the troposphere
during laser beam propagation has been evaluated according to the
relative value of the meteorological and electrical parameters of the
troposphere. It is shown that along with the wavelength increase in
the metric range, the power of the signal is reduced, and in the
centimeter range - on the contrary. The result is in good standing with
the theory.

It is shown that during the propagation of the laser beam in the free
space classical results are obtained on the basis of the function of the
mutual coherence.

The effective function of mutual coherence, consequently, the laser
beam size, intensity, correlation radius and the expressions of the angle
of fluctuations are obtained in the plane of the detector. It is shown
that the laser beam size, the correlation radius and the average
intensity of the radiation coincide with the results of Riklin’s or other’s
works. However, the results obtained in the turbulence of the
atmosphere somewhat differ from the classical results. The results
obtained for the coherence radius are in good standing with the results
obtained in Belenk’s and other’s works.

The effect of diffusion on the scintillation has been studied. In case of
fast detectors, the scintillation index is obtained in the free space of
laser beam, as well as in the weak turbulence atmosphere. In case of a
strong diffuser, the model shows that the index is close to 1 and agrees
with Akhmanov’s and other’s works. While considering the
atmospheric effects, the influence of diffuser on the effect of
scintillation in the receiving detector space is in compliance with the
results obtained in Andrius’ and other’s works.
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