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Hpe}lCTaBJIeHbI Pe3yJIbTaTbl YUCJAEHHOTO UCCJAE€IOBAHNA BO3MOKHOCTU KOMIIEHCAITUN adPOOITUYECKUX aéeppaf
IIUOHHBIX HMCKa’KeHUIl BOJHOBOTO CprHTa IIy4YKa METOAOM allepTYpPHOTrO 30HAMPOBAHUA 110 CUTHAY OépaTHOFO aT-
MOC(I)epHOI'O paccesaHusd. HoxasaHo, YTO MeTo/ IMO3BOJIAET YaCTUYHO KOMIIEHCHPOBATHb adpPOOITHYECKUEe a6eppau1/11/1.
Pa3Mepr IIy4Ka B IIOIIEPEYHOM CE€YEHUNU CTAaHOBATCA B HECKOJIbKO pa3 MeHbIlle, YeM IIyYKa 6e3 aJ[allTUBHOI'O yIIpaB-
JIEHA BOJIHOBBIM (prHTOM, a pacrpenejeHne MHTEHCUBHOCTU CTaHOBUTCA 6oJiee CUMMETPUYHBIM OTHOCHUTEJIbHO

ONTUYECKOH OCH.

Knouesvie caosa: aspoontiueckie a¢dektsl, abeppalyu, o6patHoe aTMocdepHoe paccesHue; aero-optical

effects, aberrations, atmospheric backscatter.

BBeaeunune

[Ipu pacmpocTpaHeHNN JTa3epHOTO M3JIYYeHUS, UC-
TOYHUK KOTOPOTO HAXOAUTCS Ha GOPTY JIeTaTeJbHOTO
anmapata (JIA), IBHXKYIIErocsi CO CBEPX3BYKOBOM CKO-
poctbio B atMocdepe, BO3HUKAeT TpobJeMa yueTa aspo-
ontnyeckux a3 dexror [1—7]. CBepX3ByKOBOil CKOPO-
cTbio aBukeHust JIA B atMocdepe 06yCIOBIEHO TI0-
SIBJIEHNE YAAapHOW BOJHBI — TOBEPXHOCTH pPa3pbIBa,
KOTOpas JBUKETCS BHYTPH CPe/bl, IPU 3TOM IIPOMCXO-
IUT CKAYOK TePMOJMHAMUYECKUX IapaMeTPOB BO3-
AyimHol cpeznbl (naBieHne, TeMIeparypa, IJIOTHOCTD,
ckopocTb). CJloKHasg MTPOCTPAHCTBEHHAST CTPYKTYpa
c(HOpMUPOBAHHOTO CBEPX3BYKOBOTO IMOTOKA, 0OTEKAIO-
mero JIA, W BBICOKHE CKOPOCTH OTHOCHUTETHHOTO JIBH-
JKEHUS €T0 COCTABJAIONIUX TMPUBOAAT K CJIyYallHbIM
N3MEHEeHNsIM TepMOJANHAMUYECKNX MapaMeTpPOB aTMo-
cdepbl U BBI3BIBAIOT (PIYKTYaAIlMH TJIOTHOCTH BO3IyXa
B o6JacTu yAapHOH BOJHBI, KOTOPbIE MOTYT IIPEBOCXO-
JIITh BEJUYUHY TYypOYJIeHTHBIX (QUIyKTyalliii MI0THOC-
TH BO3/lyXa B HeBO3MylleHHOI atMocdepe. Takum 06-
pasoM, TPHU PACTIPOCTPAHEHUN JA3ePHOTO W3JIydeHUs
¢ 6opra JIA BO3HUKaeT HEOOXOIUMOCTb yYeTa CTPYK-
TYpPBI CBEPX3BYKOBOTO BO3IYIIHOTO TeUeHUS W WHTEH-
CHUBHOCTH pa3BUBAaOlIelicsT B HeM TypOyJeHTHOCTH.

Hampumep, B [5] mokazaHo, 4To BIUIHUE YAAPHOI
BOJIHBI, 06pasylolleiicst pH CBEPX3BYKOBOM 0OTEKaHUU
TypeJif, HaCTOJBKO CUJIBHO, YTO JasKe TIPU HAUXYIITHX
o TypOYJIEHTHOCTH YCJOBUSIX PACIPOCTPAHEHUsSI CBeTa
BO3/lelicTBIe yAapHOI BOJHBI Ha TYYOK OCTAeTcs Tipe-
ob6nagatonM. OTciofla BO3HUKAET HEOOXOAUMOCTD IIO-
ncKa c1moco60B GOPbOBI ¢ MCKAXKAIOIMNUM BIUSHUEM
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yYAapHOH BOJHBI, WM KOMIIEHCAINN WCKAKEHUIl BOJ-
HoBoro ¢ponra (BA) jasepHoro mydyka 3a cueT aspo-
ontnyeckux addexrtoB. B [8, 9] nma pemenus cxosxkeit
3aJlaun MojaByaeHns abeppanuit BD MoIlHoro Ja3zepHo-
TO Ty4YKa, PacHpoCcTpaHsonlerocs B TYpOYJIeHTHOIl aT-
Mocdepe, TpeJIoKeH MeTO/ aJalTUBHOTO yIIPaBJIeHNUI
B® nasepHOro myyka mo CUTHalIy o6pPaTHOTO aTMoO-
cepnoro paccesuusi. CyTb MeTO/Ia COCTOUT B TOM, UTO
IS yTIpaBJeHUsS aJalTHBHLIM 3epKajiOM HCIIOJIb3YeT-
¢4 HM3JIydeHUe caMOro JIa3epHOTO IYyYKa, PacCesHHOTO
Hazaal B aTMocepe m permcrpupyeMoro (orojgerek-
TopoM. Peructpupyemas ¢oToJeTeKTOPOM CpeIHIT
MOII[HOCTDb PACCESTHHOTO W3JIy4YeHHUs YYyBCTBUTEJbHA
K M3MeHEeHNIM WHTEHCUBHOCTH B TOMEPEYHOM CEeYeHWH
My4YKa U MOKET CJYXUTb CHUTHAJIOM aJalTHBHOTO
YIpaBJIeHH.

HacTostimast ctatbsi TOCBSIIeHA HCCJIEI0BAHIIO
BO3MOKHOCTEl MeTo/la alallTHBHOTO YIIPaBJIeHNS, B KO-
TOpoM atMocdepa BBICTYIIAeT B KayecTBe JaTdynka B,
JUUIST KOMIIEHCAITNY a9pPOOTTHYecKuX abepparmii BO Ja-
3€PHOTO IIyYKa, BBI3BAHHBIX CBEPX3BYKOBOII CKOPOCTBHIO
nemwkenug JIA. Vcmosb3ytorcs pa3paboTaHHBIE paHee
MOJIeJIU ONTUYECKUX HEOTHOPOTHOCTElN, BO3HUKAIONINX
BOm3u JIA Ha atMocdepHBIX Tpaccax mojeta. Ilpo-
BOJATCSL YUCJEHHBIE SKCIIEPUMEHTBI, IMOKa3bIBAIOIINE
BO3MOKHOCTh KOMIIEHCAIINH a3POONTHIEeCKUX abeppa-
Ui, MCKaKAOMNUX Ja3epHBIN IIy4OK, KOTOPbIE BbI3Ba-
HBI CBePX3BYKOBOIl CKOPOCTBIO ABMsKeHUd JIA.

IIocranoBka 3amaun

PaccMoTpuM coocHyIo cXeMy HpHeMo-Tiepeaaronieit
OTITUYECKOW CHCTEeMBI, KOTOpas B YIPOIIEHHOM BHUJIE
npenctaBieHa Ha puc. 1. HempepbiBHOe u3iydyeHue
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Puc. 1. prOH_[eHHaH CXeéMa pPacHpoCTPpaHEHUA Ja3€PHOTro IIyYKa U NpueMa pacCeaHHOT0 U3JIyYeHUA

Ha BBIXO/I€ JIa3epPHOTO MCTOYHHUKA PACIIENJISIeTCST Ha OC-
HOBHO#l ¥ 30HAUpYOIMUN my4yku. VIcKaskeHUs Ty4YKH
IPHOGPETAIOT MPHU IIPOXOKIEHUH MPHUJIETAIONIETO K BbI-
XOJHOIl amepType CJOsI CBEPX3BYKOBBIX BO3MYIIEHUI
IJI0THOCTH Bo3ayxa. Mcxonubiil B ocHoOBHOrO Iyudka
3aaercs He3aBucuMo or B 3omHAMpYyIONEro Imyyka.
3ouaupyomuii my4ok ¢GoKycHpyeTcs Ha HEKOTOPOM
PACCTOSIHUNU, M PacCesHHOe Ha3aja M3 00JacTh Iiepe-
TSDKKH 30HAMPYIOIee U3JIydeHne TIPHHIMAETCSI Ha KOJTb-
1eByio aneptypy. OCHOBHOII IIy4OK paclpoCTPaHsIETCs
B 3aJJaHHOM HampaBJeHuu. [IpuHUMaeMoe Ha KOJIbIle-
BYIO allepTypy pPaccesiHHOe H3JIy4YeHUe PEerucTPUpyeTcs
doroaerexkTopoM A1 (POPMUPOBAHUS YIPABJISIONIETO
CHUTHaJIA, TI0 WTEPAIMOHHON MaKCHUMU3AIUN MOIIHO-
CTH KOTOPOTO WM3MeHseTcd KpUBH3HA THOKOTO 3epKaja
7 BCJEACTBHE 3TOTO yMeHbINaoTcsa abeppannun Bd
OCHOBHOTO W 30HIUPYIONIEr0 MYYKOB, BO3HUKAIOIIIE
B ICKaKAIOIIEM CJIoe.

O6osHaunm depe3 U(z, p) KOMIUIEKCHYIO aMILIH-
Tyly TOJis JiazepHoro (30HAMPYIONIEro) Mydka Herpe-
PBIBHOTO WH3JIy4YeHHS Ha PACCTOSHUH Z OT Ilepearo-
meil aneprypbl B Touke p = {x, ¥} Ha IUIOCKOCTH, IIO-
nepevHoil K ocum pacupocrpaHenus. /lasee yepes p”,
p” u p’ 0603HAYNM BEKTOPBI B IJIOCKOCTSX, IOMepey-
HBIX K OCH PacIpoCTpaHeHHsI — B IIOCKOCTH doTo/Ie-
TeKTOpa M B IUIOCKOCTSX IPHEMHON 1 Hepejafoleii
anepryp. HauanbHoe pacupenenenne mnomns U(z, p’)
B ILIOCKOCTH mepenaouieil ameprypbol (z =0) 3a-
JaauM B BuAe KOJJIUMIPOBAHHOTO TayccoBa ITyYKa

)
U(O,p')=mexp{—p2—jnp’2}, rne  1(0,0)=
2a5 ~AF
:‘U(O,())‘2 — MHTEHCHBHOCTb Ha OINTHYECKOH OCH; doy —
HayaJIbHbI pajmyc Mydka; j=+/-1; A — JJIHHA BOJIHBI;
F — paccrognne, Ha KoTOpoe (HOKYCHPYETCS MyUOK.
Pacnipesiestenne moJisi OCHOBHOTO W 30HAMPYIOIIETO

MYYKOB TIOCJIE TIPOXOKIEHUS HMCKAKAIOMIEro CJIOS 3a-
nucbiBaercsa B Buge [10]:

Uz, p)= Idzp'HT(P')U(O, NGO,p52,p), (1)

—oco

, 1 ) | p, | < rr o
rae M(p)= — (yHKINA 3pauka Kpyrioi

O y | p’ | > T
nepenatomeii aneprypsr; G(0, p’; z, p) — pynkmua [pu-

Ha, OIHUCBIBAIOIIAs pacupocTpaHenue chepudeckoil BoJI-
ubl u3 Touku (0, p’) B Touky (z, p) (u Hao6opor). Ha-
yaupHasl (POKYCHPOBKA OCHOBHOTO ¥ 30HIMPYIOIIETO
MYYKOB MOKET PasImuaThCs.

@Dyukuug 'puHa umMeer B

G(0,p%;2,p)=G(z,p;0,p") =

1 - Z T, 2 .
= 2n—+j—(p' — , (2
].Mexp{] nk ]kz(p P) }exp[]\y(p )] )

rae y(p’) — ¢asosblii HaGer, NMPHOGPETEHHBII TyYKOM
32 CYeT MPOXOKIEHUSI IPUJIETalollero K Iepearomieit
amepType MCKAKAIOIIETO CJIOST.

Aspoontiyeckne abeppanuu BD myuka, BO3HH-
KaloIlie BCJEJACTBHE IIPOXOKAEHUSI HNCKaXKAIOMIETOo
CJI0sI, MOTYT OBITH NPUYNHON CYIIECTBEHHOTO TMaJeHNUs
B IIPHOCEBOIT 06JIaCTH WHTEHCUBHOCTHU I(z,p)=‘U(z,p)‘2
My4yKa, paclpocTpaHgionieroca B atMocdepe. Mcmomn-
30BaHUe aJalTHBHOTO yupasjieHuns B mydka MoxkeT
MO3BOJIUTH JAOOGUTHCS KOMIEHCAIUU 3TUX abepparuii.
B xauecTBe cWTHala yHpaBieHUS aJalTHBHBIM 3epKa-
JIOM MOXeT CJY’KHTb paccedHHOe Ha3a] 30HAHupylollee
usnyudenue [8, 9].

B npubamkeHNN OZHOKPATHOTO pacCesSHNS KOMII-
JIEKCHYIO aMILTUTYAY T0JI 30HAUPYIONEero My4YKa B ILTO-
ckoctn 1pueMHoit aneprypsl Ug(0, p”), paccesHHOl aH-
cambsieM N 4acTHIl, MOKHO TIPeJCTaBUTh Kak [11]:

N
U,0.p0=1) 0Uz;,p) Glziypis 0,07, (3)

i=1

rae o;=o(6,4;) — aMIIUTyJa 06PaTHOTO pacCedHHs
(yroJ1 Mesk/y HaIlpaBJeHHSMH IaJafollell I paccesHHo
BOJIH © = 1t ) i-if wactueii ¢ pasmepom a;; U(z;, p;) —
KOMILTEKCHAd aMILIATY/Ia Ma/Ialollero Ha YacTUILy 30H-
JUPYIONIEro U3JTydeHHts.

Ilose paccesHHOrO 30HAMPYIONIETO H3IYYeHHA
Ha (OTOeTEKTOPe

U, p™) = [ a7 U, 0,077
JAl J

T » . T ” ”\2
;= Z (- 4
X exp ]xfp +]M(p P |, (4)
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rie [ — paccTosiHUe OT ITPHEMHOI anepTypsl 10 doTo/ie-
1,7 <|p” ISRy
”
tektopa; MMz(p")= — (yHKIUA 3pauka
0,7’1‘ >| p” |>RT
KOJIbIIeBOiT mpueMHOil aneptypsl; [ — (doKycHOe pac-
CTOSIHHE TIPHEMHOTO TeJIECKOTIA.
VIHTEHCUBHOCTD PACCESTHHOTO 30HAMPYIONIETO H3-
JIyueHHs B TUIOCKOCTH (otonerextopa ompesessercs

kak I,(p”)=|U,(, p"')‘

Onucanue YHUCJIEHHOTO IKCIIEpUMEHTA

B cooTrBercTBUM CcO cXeMO#, IpeCcTaBJIeHHON
Ha puc. 1, B o6iactu ymapHoil BoaHbl (asy y(p’)
MoHO TpejcTaButh B Buje y(p') =y, (p)+y'(p’), e
yo(p’) — peryrapubie (aGeppalliOHHBIE) HMCKa>KEHUS
¢aspl, y4uTHIBaIONINE PETYJISPHYIO HEOAHOPOAHOCTD II0-
KaszareJs TpeJoMJeHus1 Bosayxa; W(p') — ciydaiiHbie
¢aykryarmm ¢daspl TazepHOro Iydka, 06yCIOBIEHHBIE
IPOXOXKEHHEeM Uepe3 YAApHYyIo BOJIHY.

g nX HaXOK[IeHHWsS C MCIOJb30BaHNEM MeTOIOB
[6, 7] MomenupoBanach mpocTpaHCTBEHHAs CTPYKTypa
ONITIYEeCKO TYpOYJIeHTHOCTH B OKPECTHOCTH YAapHOI
BOJIHBI, BO3HUKAIOIEHl OT HOCOBOTO OOTeKaTess Jie-
TaTeJTbHOTO ammapaTa, ABIDKYIIETOCS CO CKOPOCTHIO
2 Maxa Ha BbicoTe 10 KM OT MOBEPXHOCTH 3€MJIH.
W3 pe3yapTaToB MOJENNPOBAHNUSA, B YACTHOCTH, CJIEMY-
€T, YTO Y BEPIIMHbI HOCOBOTO ofTeKaTesst (hopMupyer-
¢ obJyacTb, TAe CTPYKTypHas IOCTOSIHHasA (IyKTya-
umil MoKasaTeds IpeOMIeHHS Bo3ayXa Ca MaKCH-
MasbHa. /Imamason msMmenenmii C2 B 06J1acTH yIapHOIR
BoutHbl coctaBiister ~4 - 107 + 6 - 107 M3, uro Ha ne-
CKOJIPKO TIOPSIZIKOB IIPEBOCXOJNT XapaKTepHbIe 3Hade-
HUSI CTPYKTYPHOIl MOCTOSIHHOI Ha TaKoil BbIcOTe B art-
Mocepe. C ymajeHHeM OT TOBEPXHOCTH HOCOBOTO
obrexatenss C2 G6bicTpo yObiBaeT. MoseaupoBaHue
aykTyannit mokasaTess MpeJOMJIEHHS B 06JacTH
yIapHOIl BOJIHBI OCYIECTBJSJIOCH B BHIe Habopa CIy-
JaffHBIX (DA30BBIX 3KPAHOB C XapaKTePUCTHKAMH, OTI-
pelleisieMbIMU  MPOCTPAHCTBEHHBIM  pacIpejiesleHu-
eM CcpefHETO 3HAUeHHS IOKa3aTeslsd IpeJIOMJIeHHUSI 7
I CTPYKTypHOIi mocTosinHoit C2 B HalpaBIeHHH, Tep-
TIeHNKYJIIPHOM TTIOBEPXHOCTH HOCOBOTO o6TeKaTess JIA.

[lng ompenenerns B o6JacTh, MpHIeraoieil K HO-
coBoMy o6TeKaTemo cBepX3ByKoBoro JIA, 7 u C2, He-
00XOUMBIX [UJII MOJeTUpPOBaHUSA (Pa30BBIX 3KPaHOB,
¢ JWCIOJb30BaHHEM Mozenan TypOymeHTHocTH K-oMmera
SST (Shear-Stress Transport), 3amoskennoii B CFD
Fluent [12], paccunTbiBasuch pacnpeieieHus CPeHuX
3HAYEHNH TepMOJNHAMIYECKNX TTapaMeTPOB CBEPX3BY-
KOBOTO IMOTOKA: BEKTOpa CPeIHell CKOPOCTH U U CpeJ-
Hell TIIOTHOCTH BO3AyXa Py IS ciIydas OOTeKaHUS
BO3/JYIIHBIM IIOTOKOM HOCOBOTO 06TeKaTesls CBEpPX3BY-
xoBoro JIA Ha BbicorTe H u ckopoctu 2M (2 Maxa).

3HaveHNs CpeJHETO TOKa3aTess TPeJIOMJIEHUsS OTl-
penessinch nio popmyse [13]:

(p)=po(p)(2,227-1071(1+7,53-10° 12)).  (5)

3aecb polp’) MPOCTPAHCTBEHHOE paclpejesieHne
cpe/iHeli TJIOTHOCTU B TIIOCKOCTHU, TePIeHINKYJISPHOI
HaIpaBJeHUIO PaCIPOCTPaHEHNUS.

MopgenupoBaHue peryJaspHBIX (Ha30BLIX 3KPAHOB
ocylecTBasAI0Ch 110 popmysie o(p)=Azkn, tne Az =
=Ry/(Ny; —1) — TomuHa cJiost, UMUTUPYeMOro ¢a-
30BBIM 9KpPaHOM; R — MPOTSIKEHHOCTb YYacTKA TPACCHI
OT TIOBEPXHOCTH HOCOBOTO OOTeKaTessd JO T'PAHUIIBI
o6yiacTi, BO3MYIIEHHOW yaapHONl BOJHOI, KoTopas
oTipesiesIsiach 10 M3MEHEHHIO IIOTHOCTH BO3AyXa OTHO-
CHUTEJIbHO HEBO3MYIIEHHBIX 3HaYeHuil GoJiee ueM Ha 1%;
Ny — xonmdectBo (a3oBbIX aKkpaHOB; k= 2n/A —
BOJIHOBOE YUCJIO.

Paccuntannble 3HAUeHHS U U Py HCIOJIH30BAINCH
B YpaBHeHWU [ Aucnepcuu (JIyKTyaluil MIOTHOCTH

Op = Plen [141]:

diV up:fen grad pdeu = 2l(grad pO)2 -
PP P
. € B
—(le ll+CD E)pdzen’ (6)

TI€ Pgen = Pden — Po — PIAYKTyaIn IIOTHOCTH, YepTa
CBepXy O3HayaeT ycCpeJHeHHe IO aHCaMOJIO; Vi =
= 0,09K?/& — TypOy/IeHTHAS KHHEMATIUECKAS BA3KOCTD;
Op, Opp, Cp — TOCTOSHHBIC BeJNYUHBI, —<u’2> /2 —
KHHEeTHYecKas: sHeprust TypOyJeHTHOCTH; W — cJIydaii-
Hble OTKJIOHEHUSI BEKTOpa CKOPOCTH OT CpPEeIHEro; &€ —
CKOPOCTb [JIMCCHIIAIIMN KUHETHYeCKOW SHeprum TypOy-
sentHoctd. Pemenne ypasHenus (6) mossosser HaitTu
CTPYKTYPHYIO XapaKTepUCTUKY IOKa3aTeJs IIpesioMye-
HUS BO3/JyXa 1o (opMyJre

C2(z,p)=1,91G> Pz (z,p)

-2/3
7
pdeu(z p)LO ( )

(G = 0,000272 — nocrostnras Tnagcrona—/leiina; pgen —
TJIOTHOCTb BO3/yXa NMPU HOPMAJBHBIX yCJIOBUAX; Lo —
BHemHUN Maciitab TypOyJeHTHOCTH, ONpe/esisieMblit
MaciTabaMu U3MeHeHUsI CPeHUX 3HAYeHUil TepMOAnHA-
MHYECKHX MTapaMeTpPoOB CBEPX3BYKOBOTO moToka [ 1, 14]).

MogenmpoBanne cJayd4aliHBIX (Pa3oBBIX 3KPAHOB
OCYIIIECTBJISIIOCh B COOTBETCTBUM C KOJMOTOPOBCKHUM
cnekTpoM aykryanuil mokasaTess IIpeloMJeHUs
®4(q,,q,)=0,009693k*°AzC2(q: +q.)"'"'®, tne q=
={q Gy} JIBYMEPHBINT BEKTOP TPOCTPAHCTBEHHBIX
vacror. Haiinennsle us (7) sHauenus C2 onpeesisiim
MOJIeIUPYeMbIil caydaiiubiii (a3oBerii skpan. OtMme-
THM, YTO BHEUIHWI MacmTab Lo I KakI0TO 3KpaHa
3aJlaBajicsl TPaHUIIAMH PACYETHOIl CeTKH, IIOCKOJIbKY
MacmTabbl U3MeHeHUs CpeJHell TJIOTHOCTH B MPOOJIb-
HOM HAIPaBJIE€HUN COW3MEPUMBI C MPOJOJBHBIMU pa3-
MepaMu Mo/leJJUpyeMoro IoToka. B TmonepeyHoM Ha-
TIpaBJIeHNN BHEITHUI MaciiTad TypOyJTeHTHOCTH B TIPH-
CTEHOYHBIX TeyeHUsIX Lk cocTaBJisgeT JecsTble [JOJH
OT TIOMEPEYHBIX pa3MepoB ToToka [15—17], Tak uTo
Ly << Ly. TloatoMy npu MozieupoBaHuu TypOyT€HTHO-
CTH B 06J1acTH, IpHjeramolieil K HOCOBOMy oO6TeKaTeJIio,

KoMmnencanust abeppaldoHHbIX UCKaskeHUil BOJIHOBOTO (P)POHTA JIa3€PHOTO MYYKA... 187



MBI 3a/JaBAJI HECKOJBKO CJIydaiiHbIX (Ha3oBbIX 3dKpa-
HOB, YHCJO KOTOPBIX OIpPeJeIOCh HCXOJSl U3 Teo-
MeTpUH IOTOKA M YCJIOBUSI CTATHCTHYECKOIl He3aBuU-
CHUMOCTH 3KPaHOB B HAIIPaBJIEHHH PaCIPOCTPAHEHNUS
(Az > Lg) [11.

C ucnosb30BaHNEM NOTYyYeHHBIX (Da30BBIX 3IKpa-
HOB MO/IEJIPOBAJIOCH PACIIPOCTPAHEHNE JIA3ePHOTO IIyY-
ka c¢ nosepxHocTu JIA 10 TpaHUIbl yJapHOil BOJIHDBI
Ha OCHOBe pellleH s TapaGoJIMIecKOro BOJHOBOTO ypaB-
HeHHs MeTOJIOM paciiellyienus. PaccuutaHHble pacipe-
JleJieHHsT KOMIUIEKCHOII aMIUIUTY/Ibl TOJIS Ha TpaHUIle
VZapHOW BOJIHBI INPUMEHSJINCh [T HOJTyYeHUs WH-
opmarn 0 IPHOGPETEHHBIX BCJIE/ICTBHE A3POONTHIE-
ckux adexToB nckakeHNAX (asnl myuka. MHDOpMa-
st o base IpejcTaBjieHa Ha PHUC. 2, TAe MOKa3aHO
JIByMepHOe paclipe/iesienne (a3bl KOMIUIEKCHOIT aM-
IUIMTY/BI TI0JII TIy4yKa Ha TpaHMIlEe YAApHOil BOJIHBI
B IIepIEHJUKYJISIPHOH K HAIPaBJEHUIO PACIPOCTpaHe-
HUS IJIOCKOCTH. BujaHo, 4to pacmpejeneHue ¢asbl,
XapakTepusyiolllee peryJspHble H3MeHEeHHs ILUIOTHOCTH
BO3/lyXa, IPEBOCXOUT BO3MYIIEHHS ILJIOTHOCTH, BBI-
3BaHHbIE TYypPOYJEHTHOCTBIO, MOCKOJIBbKY M3-3a IHOCJe/l-
Heil He HaGJIIO/IAeTCST 3AMETHOTO 3aMbBITHS PeTyJISPHOi
rpe6eHYATONl CTPYKTYPBI (hasbl.
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Puc. 2. Pacnpenenenune (asbl KOMIIEKCHON aMILIUTYIbI OIS

IydYka Ha TpaHHIle YAAapHOH BOJHBI B IepHeHANKYIIPHOI

K HaIpaBJIeHUI0 paclpocTpaHeHus IIockocTy; N — pasMep
BBIUUCJIUTETbHOM CEeTKU ¢ MaroM 2 MM

Jlasiee ocyIiecTB/IsIIach aNIpoKcUMAaIus (Ha3oBbix
UCKaKeHWIT Ha OCHOBE Pas3JOKEeHUS B PsII 10 MOJIIHO-
maM llepuuke [18]. [l atoro mpeactaBuM ¢asy B TO-
JIIpHON cucTeMe KOOpPMHAT:

y(x, ) =y(r,0), x=rsin®, y=rcosd, r=yx>+y*

0=arg(y+ix).

Pasznosxknm asy B psaa no nonmnHoMaM llepHuke:

y(r,0)= ZCiZi(r, 0). (8)
=0
31ech
1 1 2n
Ci=— j drr j doy(r,0)Z(r,0) 9
T 9

— xoadurmentsr Ilepunke; Z(r, 8) — TOJMHOMBI
LlepHuke; i — HOMep MOJDI.

PaccMaTpuBaeMble OJMHOMBI MOKHO IPEACTaBHUTh
B BHJE

1, m=0,
Z:(r,0)=n+1R"(r)IN2 cos(mB),m = 0,(-1)' >0, (10)
V2 sin(mo), m=0,(-1)! <0,

rae R)'(r) — paguajibHas KOMIIOHeHTa TojuHoMa Ilep-
HUKe; 7 — CTelleHb paJnagbHOIl KOMIOHEHTBI; M — yT-
JIOBasI 4acTOTa. 3HAUEHHUS IeJIbIX 4HCces 1 U M ollpejie-
JISTIOTCS TIOPSITKOBBIM HOMEPOM i COTJIacHO popMyiaM

2|, -1)">0,
P LI )
2| pl+1, (-1D" <0,

(8i+1-1) 2 j

5 ; 5 gl m [
OKpyTJjieHle [0 LeJIOr0 CBEPXY N CHU3Y COOTBETCTBEH-
Ho. Ilpu aToMm Beerga n = m. PagnajabHble KOMIOHEHTHI
mosiuHOMOB IlepHUKe MOTYT OBITH MOCJEI0BATENIBHO
PacCYUTaHBI O PeKypPeHTHON (popMyie

[i _n(n+1)

rae g=

R:,"(r)=L[2nrR "D~ -mR0] (12)
n+m

n

¢ HayambHBIM yciaoBimeM R{(r)=1. 3uavenus n, m
n (OpMyJIBI IS TIEPBBIX AEBATH 4ieHOB psaga ZL(r, 0)
MpuUBeJeHbl B TabJnIle ¢ yKazaHueM Tuma abeppariiii.
Ilosnoe onucanue mMojenn nckaxenuit B sazepHoro
my4yka jgaHo B [8].

®DopMyJbl 17151 BBIYHCIEHHS TT0JMHOMOB Z; (7, 0)

i|ln|m Z{r, 0) Tun abeppanun
110]0 1 mopieHb
2111 2rsin® HaKJIOH
3(1 |1 2rcos® HaKJIOH
41210 \/§ @’ -1 neOKyCHpPOBKa
512 2 \/61'2 cos20 ACTUTMATH3M
62| 2 \/672 sin20 ACTUTMATH3M
71311 | J8Gr*=2rcoso KOMa
83| 1| /8Br*-2)rsine KoMa
9(13]| 3 \/gra cos30 TPUJIUCTHUK

IIpu KOMIBIOTEPHOM MOJIENUPOBAHUE abeppalioH-
Hble uckaxkenus BD 3ajaBannch ¢ MOMONIBIO TEPBBIX
JIeBATH 4JIEHOB psijia, T.e. 3aJaBAJINCh BBIUYNCJIEHHbBIE
I (Ha3oBBIX HCKKEHHUIl, 00yCJIOBJIEHHBIX yAapHOMH
BOJIHOM, 3HadeHHs KoMmmoHeHTa BekTopa C = {Cy,
Cy, .., Cj}, tne i = 9. Ha puc. 3 mpe/craBjieHa aIpoK-
cuMupoBaHHag TosmHOoMaMu [lepHuke asa KoMILTEKC-
HOIl aMIUIUTY/IbI TOJId My4YKa, MpUBeJIeHHAasd Ha puc. 2.
N3 cpaBHeHusa puc. 2 u 3 BHIHO, YTO JMATIA30HBI U3-
MeHeHUSA Das3bl 0 W TMOCJTe ANTPOKCUMAIINN TIOJIHO-
Mamu llepHuKe XOPOIIO COTJIACYIOTCS.
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Puc. 3. Pacupenenenue asbl KOMIIEKCHON aMILIUTYIbI IO
IyYKa, IIpeJCTaBIeHHON Ha PUC. 2, TIOC/e allIPOKCHMAINN 10~
munomamu lepuuke. Koadduuuments: Hepuuke: Cy = 0,102231,
C, = 17,5852, C3 = -6,16353, C; = 4,27822, C; = -0,0531432,
Cs = -0,104926, C; = 0,130252, Cs = -2,32759, Cy = 0,00175977

TakuM 06pa3oM, MOKHO TOBOPUTb O BO3MOKHOCTH
uccae0BaTh MPUMEHUMOCTb MeTo/la aJalITHBHOTO yII-
PaBJIEHUS [JIsI KOMIIEHCAIIMH a?pPOONTHYECKUX abeppa-
unit B nazepHoro mydxa.

5

4_

10

8
6L
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2

2
—4F
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_8F

L I RO | O
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Yy M
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100 -8 -6

1
10

Pe3yJibTaThl YHCJIEHHOTO YKCIEPUMEHTA

UYicsieHHOE MO/IeTMPOBaHNE aJalITIBHOTO TI0/IaBJIe-
Hus abeppalliii BOJHOBOTO (DpOHTA Ja3epPHOTO IMydKa,
BBI3BIBAEMBIX a3POONTHYECKUMH 3(pdeKTaMu Ha Tpaccax
caMoJIeT — CIyTHHK, 10 CUTHAITY 06paTHOTO aTMOC(hepHO-
TO paccesgHHs MPOBOJNIOCH MPH 33aJaHUU CJeAYIOIUX
napameTpoB: Rt =50 cM u #r = 10 cM. HauanmpHag BBI-
cota H n yron Mecra ¢ 3azaBajsuch paBHbIMH 10 kM
n 90° (BeprukaibHas Tpacca). Cumrasoch, 4TO Ha BBI-
core H =10 kKM HaJ TIOBEPXHOCTHIO 3eMJIU JIBUKETCS
JIA co ckxopoctbio 2 Maxa. Tpaccel pacmpocTpaHeHus
6bun BeIGpansl 100 n 300 kM. 3oHIUpYOMHAI MyYOK C
ay = 25 cMm dokycupoBanica Ha gambHocTH I =5 KM.
Yron moJssa 3peHUs TPHEMHHUKA 33JaBajicd PaBHBIM
v = 10 mxpax. /guHBI BOJIH OCHOBHOTO M 30HIMPYIO-
1I1ero My4YKoB cocTaBysan S u 1,06 MKM.

Ha puc. 4 mpeacraBieHbl pe3yJabTaTbl MOJETHPO-
BaHUs AJAlTUBHOTO YIIPABJIEHIS BOJHOBBIM (DPOHTOM
OCHOBHOTO Ty4YKa II0 CHTHATY OOPATHOTO pacCesHUS
sorgupylomero nyyka mpum C; = 0,102231; C, =
= 17,5852 (saxmonni); Cs = —6,16353 (nedokycuposka);

) -1 0 1 2 3 4 5
Yy, M
6
r
= 1 1 1 1 1 1 i 1 1
-0 8 -6 -4 -2 0 2 4 6 8 10

Yy, M
2

Puc. 4. Pacupe/e/eHis UHTEHCHBHOCTH OCHOBHOro myuka (A = 5 MrM) Ha yzpatenun 100 (a, 6) u 300 km (6, 2) no (a, 6)
u nocsie (6, 2) kommencanuy GpazoBbIX UCKaKeHUH
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Puc. 5. 3aBucnMocTh HOPMIPOBAHHOTO CUTHAJIA O6PATHOTO paccesHNUs Ha AJarHe BOTHBI A = 1,06 MKM K BeJIdNHe CHTHasTa o6part-
HOTO paccegHus IPHU OTCYTCTBUH (Da30BBIX HCKaKeHHI

C, = 4,27822; Cs = —0,0531432 (acturmatusm); Cg =
=-0,104926; C; = 0,130252 (xoma); Cg = -2,32759;
Cy = 0,00175977 (TPUINCTHUK).

UicieHHbIE 5KCIEPUMEHTBI 10 aJallTHBHOMY I10-
JaBJIeHNIO abeppalliil BOJHOBOTO (PpPOHTA JIa3epHOTO
My4YKa, BBI3BIBAEMBIX a’3pPOONTHYECKUMHU 3P dekTaMu
Ha Tpaccax caMoJeT — CIYTHHK, 10 CUTHAJTy oOpaTHOTO
aTMoc(epHOTO PACCesTHUS MOKA3bIBAIOT, YTO TIPOUCXO/UT
YJacTHYHAsg KOMIIeHcaIns (pa3oBBIX HMCKaKeHUH OCHOB-
HOTO TYYKa, U IyYOK <«TPYIIHPYETCS» TaKNMM 06pa3oM,
YTO €T0 TIOoTIepeyHble Pa3Mephbl CTAHOBSTCSA B HECKOJIb-
KO pa3 MeHbllle, 4eM IIyuyka Ge3 aJJallTUBHOTO YIpaBJie-
HUS BOJTHOBBIM (DpOHTOM. BuaHo, 9TO TOCTEe KOMIEH-
canuu (a3oBbIX HCKa)KeHUIT paclipejieieHle UHTEH-
CUBHOCTH CKOMIEHCHPOBAHHOTO TIyYKa CTAaHOBUTCS
60Jiee CHUMMETPUYHBIM OTHOCUTEJBHO ONTHYECKON OCH.

OpmHako BBUAY CJIOXXHOI CTPYKTYpBI abeppanmit
BOJIHOBOTO (DPOHTA, BBI3BAHHBIX yIAPHOW BOJHOMU, TIPO-
UCXOAUT HEIOJHAs KOMITeHCANus MCKasKeHUI BOJTHOBO-
ro ¢poHTa JIa3epHOTo IMy4yka. VIHTeHCHBHOCTb B MaKCH-
MyMe BO3pacTaeT He3HAYUTETbHO, YTO MOATBEPIKIAETCS
puc. 5, rje IpHUBejieHa 3aBHCHMOCTb CHUTHaJa o6part-
HOTO paccessHHS OT HoMepa urepamuu S/S,, rae S
n Sy — 3HaUeHNe CUTHAJIA TPH (HA30BBIX HMCKAKEHUSIX
U B WX OTCYTCTBHE COOTBETCTBEHHO. BuaHo, 4To aM-
IUTUTYJa CHTHAlTa OOGPAaTHOTO pacCesiHUS BO3PACTAET
Bcero B 2 pasa.

Mo:KHO 3aKJIIOYNTD, YTO pasjokeHHe (asbl 1Mo Io-
gunoMaM llepHuKe ¢ HCIIOJb30BaHIEM MEPBBIX J1€BS-
TH YJIE€HOB psAla [JOCTaTOYHO [T TPOIHMCAHUS CJIOXK-
HOI TTPOCTPAHCTBEHHOI CTPYKTYPBI MCKaxkeHUI (asbl,
BBI3BAHHBIX yAapHON BOJHOH. MOKHO TIPEIIOIOKUTD,
4TO 00aBJIeHNe CJIaraeMbIX psja 6ojiee BBICOKOTO IIO-
psAOKa TO3BOJUT TPU Heo6XoAMMOCTH GoJiee TOYHO
TIPOBECTH ANMPOKCUMAINIO0 (Ha3bl BOJTHOBOTO (DPOHTA,
YTO, HECOMHEHHO, IMOBBICUT 3(P(PeKTHBHOCTD HCIOJb-
3yeMoro MeTofa [/ TIOAABIEHHUS a’dpPOONTHYECKUX
abeppalnii.

3akouenue

IIpencraBieHbl pe3yabTAThI UCCAEJOBAHUS BO3-
MOXKHOCTH KOMIlEHCAIlN! abeppaluoHHBIX HCKaXeHUI
BOJTHOBOTO (HDpPOHTA JIA3ePHOTO IIyYKa, IIPOIIEAIIEero
B Hayajle TPACChl Yepe3 YAapHYIO BOJIHY, METO/IOM, OC-
HOBAHHBIM Ha PETUCTPAlldHl CUTHATa o6paTHOTO pacce-
SHUS 30HIUpYIoIero n3mydeHns. Ha ocHOBe KOMIIbIO-
TEPHOTO MO/IeJIMPOBAHNUS TIOKA3aHO, YTO HCIIOJIb3YeMBbIil
MeTO/l M03BOJIIeT YACTHYHO KOMIIEHCHPOBATh (ha3oBble
UCKa)KeHHUsI OCHOBHOIO IIyYKa B cjlydae 3aJaHus (asbl
a’POOINTHYECKNX HCKUKeHUHl monuHomamu IlepHuke
HU3Koro mopsika. [Ipm aToM pa3Mepsl Imyuka B IoIe-
PEYHOM CeUeHUU CTAHOBATCS B HECKOJIBKO Pa3 MEHbIIe,
yeM TIydka 6e3 aJalTHBHOTO YIPABJIEHUSA BOJHOBLIM
¢porTOM, a pacupeseneHre NHTEHCHBHOCTH CTAHOBHT-
cst 6ojiee CUMMETPUYHBIM OTHOCHUTEJIBHO ONTHYECKOIl
ocu. Ilokasano, 4To pasnoskeHue (asbl IO IOJIHHOMAM
IlepHuKe ¢ yAepsKaHIEM TIepBbLIX AEBATH CIaraeMbIX ps-
Jla y’Ke JIOCTATOYHO /IS ANIIPOKCHMAIIMH IIPOCTPAHCT-
BEHHOI CTPYKTYPBI (ha3bl, BBI3BAHHBIX y/IapHOI BOJHOII.
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A.A. Sukharev, V.A. Banakh. Compensation for aberration distortions of a laser beam wavefront by
aero-optical effects on aircraft — satellite paths based on backscatter signals.

We present the results of a numerical study of the possibility of compensating for aero-optical aberration
distortions of the beam wavefront by the method of aperture sensing based on the atmospheric backscatter sig-
nal. It is shown that the method makes it possible to partially compensate for aero-optical aberrations. The di-
mensions of a beam in the cross section become several times smaller than of a beam without adaptive control
of the wavefront, and the intensity distribution becomes more symmetric about the optical axis.
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