YK 629.78
A. . MACJIOBA

YINPOIEHHASI AHAJIMTUYECKAS MOJIEJIb CHJIOBOI'O BO3JIEMCTBUA
ITYYKA HOHOB HA C®EPY

Hncmumym mexnuueckoti Mexanuxu
Hayuonanvroii akademuu nayk Ykpaunsl u I'ocyoapcmeennozo Kocmuuecko2o azeHmemea Ykpaunol,
ya. Jlewiko-Ilonens, 15, 49005, /lnenp, Vrpauna, e-mail: maslova_anjyta@mail.ru, I_anjyta@bigmir.net

I1inp po6oTu — moOymOBa CIPOINIEHOI aHAIITHYHOI MOJIeTi CHIIOBOTO BIUIMBY ITyduKa ioHIB Ha cdepy. Posr-
JSIHYTa 3a/1a4a akTyajlbHa B 3B'S3KYy 3 PO3POOKOI0 CHCTEMH OE3KOHTAKTHOIO CIOCO0Y BiIBEACHHS BEIUKHX 00'€K-
TiB KOCMIYHOTO CMITTS 32 JOIIOMOTIOIO BIUIMBY HAa HUX IydKa i0HIB, IO BUITYCKA€ThCS CIEMiAIbHUM KOCMIYHHM
arnapatoM. Y IpPUITYIIEHHI rayCCOBOrO PO3HOJiIY I'YCTHHH iOHIB B Iy4Ky HOOYJOBAaHO BHpa3u Il BU3HAYCHHS
CHJIOBOTO BIUIMBY 10HIB Ha TioO (IiJb) B 3aralbHOMY BHIajKy. Jlms mini cdepryunoi Gopmu mokasano, o cuia,
sKa MEePelaeThCs LM MTy4YKOM iOHIB, JISKHUTH B IUIOLIMHI, 10 yTBOPEHA BICCIO CHUMETPIT IydKa i pajiilyc-BeKTOpOM
LEHTPY cepH BiTHOCHO TOUKH BHXOXy Iyduka. [ToOymoBaHO aHANITHYHI OLIHKH CHIIH, IO IEepeaacThes cdepi, B
pasi, Koiu LEeHTp chepu JeKUTh Ha oci cuMetpii mydka. CTBOPEHHS CIIPOIICHOI aHATITHYHOI MOJEN J03BOJISIE
Kpale 3p0o3yMiTH 3aKOHOMIPHOCTI BIUIUBY ITy4Ka Ha Iib, @ TAKOXK CTBOPIOE YMOBH JUISL CHHTE3Y 3aKOHIB YIIpaB-
JHHHS PyXOM CHCTEMH «aKTHBHHU CYITyTHUK — LB 1 TS aHATITHIHUX OLIHOK €pEKTUBHOCTI IIUX 3aKOHIB.

enb paboThl — MOCTPOCHKE YIPOIIEHHONW aHATUTHYECKONW MOJIENN CUIOBOTO BO3ICHCTBHS Iy4Ka HOHOB Ha
cepy. PaccmarpuBaemast 3aaya akTyalbHa B CBSA3HM C pa3pabOTKOH CHCTEMBI OECKOHTAKTHOTO criocoba yBoja
KPYIHBIX 00BEKTOB KOCMHYECKOr0 MycOpa HOCPEACTBOM BO3JCHCTBHS Ha HHUX ITy4Ka HOHOB, HCITYCKAEMBIX CIIe-
UAITBHBIM KOCMHUYECKUM ammapaTtoM. B mpennonoixeHnu rayccoBoro pacipeeeHns INIOTHOCTH HOHOB B ITyYKe
TOCTPOEHBI BBIPAXKEHHS JUISl ONPEEICHHUs CUIIOBOTO BO3/ICHCTBHSA Ha 1iejb (TBEpJOE Teno) B obmeM ciyyae. s
nenu cdepudeckoil HopMbI MOKA3aHO, YTO CHJIA, NlepeaaBaeMast eI ITyIKOM HOHOB, JIEKHT B INIOCKOCTH, o0pa-
30BaHHON OCBIO CHMMETPHUHM IIy4YKa U PaJHyCc-BEKTOPOM LIEHTPa chepbl OTHOCHTENIBHO TOYKU MCX0/a Iyuka. [lo-
CTpOEHBI AaHAJUTHYECKUE OLIEHKH CHJIBL, IIepesiaBaeMoii cdepe, B cilydae, KOraa IEeHTp cepsl JIOKUT Ha OCH CHM-
merpun mydka. CosjaHue yIpPOLIEHHOH aHAIMTUYECKOW MOJENM MO3BOJSET JIydIle MOHATH 3aKOHOMEPHOCTH
BO3JEHCTBHS ITyYKa Ha LeJb, a TAKOKe CO3JAeT YCIOBUS JUIS CHHTE3a 3aKOHOB YIPaBICHHS IBHKCHHEM CHCTEMBI
«AKTHBHBII CITyTHUK — LEJIb» U JUIS aHAJIUTHYECKUX OLEHOK 3(()EKTUBHOCTH THX 3aKOHOB.

The aim of this paper is to construct a simplified analytical model of the force action of an ion beam on a
sphere. The problem under consideration is topical in connection with the development of a contactless method
for deorbiting large space debris objects by acting on them with an ion beam generated onboard a dedicated
spacecraft. Assuming the Gaussian distribution of the ion density in the beam, expressions were constructed for
determining the force action on the target (solid body) in the general case. For a spherical target, it was shown that
the force transmitted by the ion beam to the target lies in the plane formed by the beam symmetry axis and the
radius vector of the center of the sphere relative to the beam exit point. Analytical estimates were constructed for
the force transmitted to a sphere in the case where the center of the sphere lies on the beam symmetry axis. This
simplified analytical model offers a better insight into the features of beam-to-target force transfer and provides
conditions for the synthesis of active satellite — target relative motion control laws and for analytical estimation of
their efficiency.

Knrwouesvie cnosa: cunogoe o3oelicmsue UOHHO20 NYyuKa, Ny4oK UOHO8, cihe-
pa.

BBenenue. Ha naHHBIiT MOMEHT 0c000 OCTPO CTOMT TpoOJieMa 3arps3HEHHS
KOCMHYECKOTO MPOCTPAHCTBA PE3yJbTaTaMH JEATEIBHOCTH YeJIOBEUeCTBA B KOC-
moce [1 — 3]. OtpaboTaBuirie COyTHHKH, CTYyIIEHH PakeT-HOCUTENeH, 0OJIOMKH 3THUX
KOCMHUYECKHX 00OBEKTOB IPEACTABIAIOT COOON TaK Ha3bIBAEMbIil KOCMUYECKUI MY-
cop. IlocTosIHHBIA POCT MIOTHOCTH KOCMHYECKOT'O MyCOpa Ha HU3KMX OKOJO03EM-
HbIX opbutax (HOO) npusnekaer Bce Oosiblie U 00JbIlle BHUMAaHUS MEKIyHApOI-
Horo coobmecTBa. CornacHo pyKoBOAAIIMM npuHIMIaM KoMuTera 1mo ncnonb3o-
BAaHHIO KOCMHUYECKOT'O POCTPAHCTBA B MUPHBIX LIEJSIX 110 MPeLyNpeKACHUI0 00pa-
30BaHMsA KOCMUYeCKOro mycopa «Kocmuueckue anmapatsl 1 OpOUTaNbHBIC CTYIIE-
HH pakeT-HOCUTENIeH, KOTOPbIe 3aBEPIIMIIA CBOH IIOJICTHBIE ONepalry Ha opOuTax,
npoxonsamux yepe3 paiioH HOO, nomkHbI OBITH YBEACHBI C OPOUTHI KOHTPOIHUPY-
eMbIM oOpa3zom» [4]. Vike mpeanioxkeH psiji aKTUBHBIX M MACCHUBHBIX CHUCTEM IO
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OYHCTKE OKOJIO3€MHOT'O IMPOCTPaHCTBA OT KocMH4Yeckoro mycopa [5]. Omnoit u3
TaKMX CHUCTEM YBOJa SBIISETCS CHCTEMa, 3aKIJIFOYAIONIasicsl B BO3JEHCTBUA HOHHOTO
Jy4da, HCITyCKaeMOro CHelHaJbHBIM KOCMHYECKHM ammaparoM (MacTyxoM), Ha
YBOAUMBIH 00beKT (11e71b), npeioxenHas B mpoekre LEOSWEEP [6, 7].

Jlns aHanu3a 3aKOHOB YIpaBleHWs JaBWXeHHWEM B mnpoekre LEOSWEEP,
Hapsly C PACUYCTHBIMH METOJAMH OIPEICICHHUsI CHIIbI HOHHOTO my4ka [8] Tpebo-
BAJIOCh CO3/IaHHE YIPOIICHHON AHAIUTUYECKOHM MOJENH CUJIOBOIO BO3ACHCTBUSA
HOHHOro Iydyka Ha uenb. IlocTpoeHue Takoil MoAenu sSBISETCS BaXKHOU 3aJadei,
MTOCKOJIBKY, C OHON CTOPOHBI, CO3AAET yCIOBHS [IUIsl CHHTE3a 3aKOHOB YITPABICHUS
JIBIDKCHUEM W ISl aHAIMTHYECKHUX OIEHOK MX (P (EeKTUBHOCTH, a C APYTOi CTOPO-
HBI, TTO3BOJISIET JTyYIIIe TTIOHSTH 3aKOHOMEPHOCTH BO3/ICUCTBHUS ITyYKa HA 1ENb.

AHanm3 TUTepaTyphl MOKas3all, YTO OCTATOYHO OONBIIOE KOMWYECTBO paboT
MIOCBSIIIEHO M3YYCHHIO MMapaMeTpOB MOHHBIX JIBIKKOB M XapaKTEPUCTHK IOTOKA
UCITyCKaeMbIX HOHOB (cM., Harpumep, [9, 10]). OmHako mONBITKY HANTH MyOarKa-
IIMU, TIOCBSIIIEHHBIE PE3yNIbTaTaM AaHAIUTUYECKUX OIEHOK CHIIBI, TepeaaBaeMoit
TBEpAOMY Telly OT Jlyda MOHOB, HE MPUHECNA TOJIOXHUTETHOTo pe3ynbrata. [lo-
BHIUMOMY, 3TO CBS3aHO C HOBH3HOW IMOCTAHOBKHM 3a7add. B craThe mpuBemeHbI
pe3yImbTaThl MOCTPOCHUS YMPOIEHHOW MOJENH CHJ MOHHOTO ITy4YKa, JEHCTBYIO-
X Ha cheprudecKyro 1enb. B crily rpoMO3AKOCTH MHTETPAjioB MO MMOBEPXHOCTH
cdepbl B o0IeM ciydyae aHATUTHYECKOE BBIYHMCICHHE CHIIBI HE TMPEICTaBIsAeTCS
BO3MOXKHBIM. B KauecTBe mepBoro 3Tama pacCMOTPEH Cirydai, Korna mneib (cdepa)
JISKHUT HA OCH ITyYKa.

IHocTranoBka 3anauu. PaccMaTprBaeTcst yrpoleHHass MOIeTh HOHHOTO ITyd-
Ka, B KOTOPOH MPeAIioiaraeTcs, 9T0 HOHBI JBMKYTCS BHYTPH KOHYCa C yIIIOM II0-
JypacTBopa 0O.,, a UX KOHLEHTpaIus UMeeT rayccoBo pacmpezaeienue [11]. TIps-
MYI0, COBIMAJAIONIYI0 C BEPIIMHON KOHyca, OyJaeM Ha3blBaTh OChIO CHMMETPHH
My4yKa WIA OCBIO Mydyka. B My4oK MOHOB MOMENIEHO Telo cdepuueckoi GpopMebr
panuycom R . B 3aBHCHMMOCTH OT pa3mepa cqepbl H MOJ0KEHHs €€ OTHOCHTEIBHO
TOYKM HCXO/ia My4yKka (BEpUIMHBI KOHYCa, KOTOPHIM MOJEIHPYETCS My4doK) chepa
MO’KET HaXOJUTHCS TIOJTHOCTBIO B IMYYKE WIIM BBIXOJUTH U3 ITyYKa HOHOB.

[Ipenmonaraercs, 4To HOHBI TyYKa MOTHOCTHIO MEPENAIOT CBOW UMITYJIBC TENTY,
T. €. paccMatpuBaeTcs audQy3Has MOAeTb B3aUMOJICHCTBUS MOHOB C MOBEPXHO-
ctoio nemn. Torna, cuma dF | meiicTByomIas Ha 3eMEHTapHYIO momaaky ds me-
U, OTIPEJIENIAETCS BRIPAKEHUEM

dF =nmV (V -&,, )ds = Tds, 1)

rae N — KOHIIGHTpAIusi HOHOB; M — Macca MOHOB (N-M — IUIOTHOCTH IUIa3MbI); V
— CpelHsIsl CKOPOCTh HOHOB; €,,, — CAMHUYHAS HOPMaJb YJIEMEHTAPHOM IUIONIAIKH
ds, HampaBiieHHas B eHTp cdepbl («BHYTpeHHss» HOpMmaib dS); BennuuuHy f

HAa30BEM IUIOTHOCTHIO CUJIBI.

KoHmeHTpamuss “OHOB N B MPOM3BOIBHOM TOYKE IPOCTpPAHCTBa (3aIaHHOM
paanyc-BeKTOpOM [ OTHOCHUTEIBHO TOYKH MCXOJIa My4YKa) OMUCHIBACTCS BBIpAXKE-
HueMm [11]

. nR? exp r’—z*
2°19% o, °19% a,
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rae N, — CpeHsis INIOTHOCTh Iy4uka; R, — paauyc IIomaaky B IiIa3MeHHOU TPYO-
Ke, KoTopasi coAepKUT 95 % MaccoBOro MmoToka Iyyka MOHOB, WM HAYaJIbHBIH
pamuyc mydka (MOKHO TIPHHSATH PABHBIM PaIfyCy BBIXOJa MyYKa M3 JBUraTels); Z
— mpoekuusi I Ha OCh CHMMETPHH ITy4Ka.
OTMmeTuM, 4YTO Takoe BBIp@KEHHE Ui N TpeanoyiaraeT yAaJleHHOCTh pac-
CMaTpUBaeMOM TOYKH OT TOYKH BbIXOJa Myuka, R, /z <<1.
CKOpOCTb MOHOB Ompe/ensieTcs Beipakennem [11]
- r
V=u——
“(rg,)

rue U, — HavaubHas CKOPOCTh JBM)KEHHS MOHOB; €, — opT ocu myd4ka. [Ipeamona-
raercsi, 4To JJisi THIEP3BYKOBOTO IMyYKa MOHOB aKCHaibHas (BIONb OCH MydYKa)
KOMITOHEHTa CKOPOCTH SIBJIIETCS TOCTOSIHHOM.

Heo6x01uMo MOCTPOUTh MOJAETh CHJIOBOTO BO3AEHCTBHS MOTOKAa MOHOB Ha
c(hepHUECKYIO 1IEITb.

OO0uue BbIpa:keHUs JIsl ONpeaeaeHUs] CHJIbl HOHHOTO MyYKa, JAeilcTBY-
0111ero Ha 1eJb NPON3BOJIbLHON opmbl. [ToncTaBnss BelpakeHus 1iasi N u V B
BbIpaxkeHue (1) As aIeMeHTapHOM CHITBI, MOYKHO 3aITUCaTh

2.2 2 2 2
nyRyugm g -z c(e.8
2 Ur\vr?

dF =
2°t9% a, ’t9%a, )z e

)ds,
rae € —opr T.

[Ipennonoxxum, 4To Ha IUIOLMIAJKY KBajJpara cO CTOPOHOM R, pacrmonoxeH-
HYIO Ha BBIXOJIE U3 JIBUraTes, J€HCTBYEeT CHia, paBHAs PEaKTUBHOW CHIE JIBUTa-
tens F,, =|F,, [FNU MR} (1aHHOE MpeAnonokeHue MOTYdeHO M3 yCIOBHUS, YTO

CyMMapHas CuJia Imy4kKa, nepeaaBacmas Teily, Ha KOTOpBIﬁ nagacT BECh IIYYOK, I10-
YTH paBHA CHJIIC ,Z[BI/Il"aTeJ'IFI). Torz[a JUIA IIJNIOTHOCTH CHUJIbI MOKHO 3aIIiCaThb

0, ecnnt (5,.8,,,) <0;
= 2_ 52

F, r r?
— % _exp| -3——— |E.(5,8
ZZtgzao Zztgzoco Zz r\~ri~ren

)

), ecmu (E,,€,,)>0.

CymmapHas cuiia F , 1eficTByOIIas Ha 11eJ1b, BBIYUCIIACTCS HHTEIPUPOBAHUEM
0 MMOBEPXHOCTH LEIU S

1, npu arctg(\r*/z° 1)< a,,

F=[sf(rds, &= ©)

0, mpu arctg(\r’/z° —1)> oy,

rac o — KOB(b(i)I/ILII/ICHT, OHI/ICBIBaIOII_II/Iﬁ BBIXOJ 4aCTHU MOBCPXHOCTU LCIIU U3 IIyY-

ka; f(F) — IIOTHOCTH CHJIBI ITyYKa B TOUKE, 33J[aHHOI Payc-BEKTOPOM T .

Cucrembl KOOpAMHAT. PaccMOTpUM cieyromiie mnpasbie IPSMOYTOJIBHBIE CH-
ctembl koopauHaT (CK) (puc. 1):
a) O,xyz — CK, cBsi3anHas ¢ HOHHBIM my4KkoM; Hayano CK Haxomures B Touke

O,, coBmayaromel ¢ NEHTPOM BBIXOJIA My4Ka ¢ Kocmuueckoro ammapara (KA); ock
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X1 O,y HampaeneHa MO OCH CHMMETPUH
Iyuka B CTOpoHy jimkerns KA; oce O X

Y1 Ok JSKAT B  HEKOTOPOH  (DUKCHPOBAHHOM
Wi IDIOCKOCTH (HaIpuMep, IUIOCKOCTH OpOH-
/ Oy . TBI) 1 OJM3Ka K 33IaHHOMY HAIIPaBIICHHIO
! (HanpuMep, K MECTHOW BEPTHKAIH); OCh

Puc. 1 O,Z nomonHsieT cucTeMy 10 IpaBoi;

A<

z

6) O,x,y,z, — CK, cBs3anHas ¢ nentpoM cdepsl; Hauano CK nHaxogurcs B
touke O, , coBmanaromieit ¢ uentpom chepsl; och O, Yy, Hampasinena us O, B O;
oce O, X, nexKUT B I10cKocTH, obpasosannoit O,y, u Oy, u yron mexay O, X, u
O,y — octpsiif; ock O,Z; IOMONHAET CHCTEMY JI0 PABOH.

Opuenrauus O, X,Y;2, B O Xyz onpenensercst AByMs yriamu: yriom [ (yroiu

mexay OXx u mpoekuueir Ox, Ha miockocTs OXZ) U yriioM y (Yroi MeXIy OChIO
CHUMMETPHH ITy4YKa U HalpaBJICHHEM Ha IeHTp uenu). Ha puc. 2 mokazaHo nu3MeHe-
HHUe opueHTanuu npu nepexoae or O Xyz k O,X,Y,Z, AByMs NOCIIEN0BATENLHBIMU

[IOBOPOTaMHU B NPEAIOJOKEHUH, YTO Hayana KOOpAMHAT MEepEeHECEHBl B OOILYIO
TouKy O.

X,k XA
*sg
X1

B

\

)\ 7,7
\
\
\ z
O »

y.y'
V1 Puc. 2

ITepBbIii OBOPOT OCYIIECTBISETCS OTHOCHTENBHO ocu Oy Ha yron f, moiy-
YaeM MPOMEKYTOUHYI0 cucteMy KoopaumHat OX'y’Z'. BTopoii moBOpOT OTHOCH-
tenbHO ocu Oz' =0z Ha yron y 10 conaaenus Oy =0y’ ¢ Oy, (puc. 2).

Torna cBssb mesxny opramu O Xyz u O, X,Y;Z; 3a12€TCs COOTHOLIEHUSMH

€, =§&,cospcosy +€, siny —§,sinBcosy;
€, =—€,cosPsiny +€, cosy +&,sinBsiny;
€, =€,sinp+¢, cosp;

rae €, €, & —opre O xyz; € , € ,8 —oprl O,x,Y,7.

Boipa:keHus 1yl onpeeseHUs: CUJIbI MOHHOTO My4YKa, nepeAaBaeMoi 1e-
au cepuyeckoii popmsbl. Beipaxxenns (2), (3) ansg onpeneneHns CHiIbl HOHHOTO

myuka, AefcTByronIero Ha cepy, colepKaT BeIuuuHbl r>, Z, €., €., & u ds.
Haiinem BolpakeHus U1 UX ONpeaesICHHS.
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Pagmyc-BekTop T TOUYKM B3aUMOJCHCTBHS ITyYKa C MOBEPXHOCTHIO OTHOCH-
tenpHo O, Haiinem kak cymmy F =T +R, roe [, — paguyc-BekTopa ueHrpa che-

pet otHOocuTENnbHO O, R — pamuyc-BeKTOp paccMaTpuBaeMol TOYKH Cepbl OT-
HocuTenbHO TieHTpa cdepbl (R :‘R‘). Torma yuursiBas, uro [ =0,0, =-Ig ,

IOy IHM
2 = (i +R)’ =12 +2(5, R) + R? = 17 - 2Rcosy, + R’.

Opuenrarmmo R B O,X,Y,Z, ONMIIEM aHATO-
ruuHo, KaK opuenramuio Oy, B O, Xyz, ¢ nomo-
ibko yriaoB B, u v, (puc. 3).

Jns enuHUYHOrO BEKTOpa €; = R/R MoxHO

3amucaTb

& =—€, cosp,siny, +&, cosy, +€, siny,sinp, .

Puc. 3

Torna nerxo Buznets, uro 7€, =T -6 +R-6; = R—1,C0SY;.
Jlns onpeieeHNs BEIUYUHBI Z = (f’, éy) HalileM CKaJIsgpHOe NIPOU3BEICHNE

7€ =06 +R-§=-rcosy+R(& &, )=

=—r,cosy+R-(&, siny+8, cosy)e,
50051

-8 =-rcosy+ R(—cosp, sin ylsiny+003y1005y).

[Inomane snemeHTapHOoW Iwiomanku S cdepsl  mpeacTaBuM — Kak
ds=Rdy, -Rsiny,dp,, rane dy,,dp, — OeckoHeYyHO Mailble NPUPAIIEHHS YIJIOB
Y1, B; COOTBETCTBEHHO.

ITyuok BO3/EHCTBYeT Ha Ty CTOPOHY DJIEMEHTAPHOM IUIOMIAAKU CQepbl, Iae

BHYTPCHHAA HOPpMAJIb éren nMeeT OCTpLIﬁ yT0JI C HallpaBJICHUEM IOTOKA 4YaCTHUI],

(8,,€,,)>0. 4)

r eren

YcnoBue (4) ecTh yCIOBHE BO3ACHCTBHUS ITydKa HA TOUKY MMOBEPXHOCTH 0O€3
ydeTa BbIX0J1a 4acTel MOBEPXHOCTH u3 mydka. [ chepsl «BHYTPEHHSD €AUHUY-
Has HOpMallb JJIEMEHTAapHOU miomanku €., = —€;, Toraa ycnosue (4) MOXKHO 3a-

nucath Kak T -(—€z) > 0. YuutsBas, uto I =T, + R, 9T0 yC/IOBHE NPUHHMAET BHIL
r-(€,,6)—R>0 um cosy,>R/r.

CremoBaTeNibHO, TOYKH TOBEPXHOCTH, HA KOTOPBIX BO3JCHCTBYET MYUOK,
Haxozsarcst B uHTepBaie v, €[0,y,], rae y,, =arccos(R/r) (HamoMHUM, 4TO Y,

10 oIpezeNieHnto Mensiercst ot 0 10 7).
Torna s mwioTHoCTH cuJtbl mydka f(F) MoXkHO 3amucarth
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0, eciu cosy, <b;

1-2bcosy; +b? ]

s 3ctg? o 1
f= 0[ (1-b(cosy,—cosp, siny, tg y))2 cos?y

- rfdv (b4_ Cozsyl) ¢ -6, ecim cosy, > D,
I Cos" y19” ay (1—b(cosy, —cosB,siny, tgy))

—

r . o
e b=R/r, & =-=2(-€ bcosp,siny, +&, (bcosy, —1)+&,bsiny,sinp, ).
r 1 1 1

[loncrasmnsis HalieHHbBIE BRIpaykeHUS B (2), (3), momyanm

F=-F,[3,8 +1.8 +1¢] (5)
rae
3 b%J 3
JJXZ—%i Wy = ———; JJF%? (6)
cos"y-tg° a, cos”y-tg” o, cos" y-tg° o,
21 Yo
‘]x = I J.S(b_COSY1)COSB15in2 Yl'g(Blv Y1 Y)dY1dBl;
0 0
21 Yio
3, =] [8(b—cosy,)(bcosy, ~1)siny,-g(B,, v, v)dv,dp,; ()
0 0
21 Yo
J, = J J6(b_COSY1)SinB15inZYl'g(Bp Y1 Y)ledBl;
0 0
2
1, eCJ1I/11—2bcosy1+b2—(l—b(cosyl—cosBlsinyltgy))2 COSZ Y <0;
5 cos’ a,
- 2
0, ean1—2bcosy1+b2—(1—b(cosy1—cosBlsinyltgy))Z:oos#>0;
%o

1+b?—2bcosy,
( ) J

3ctg? o) 1 >
e (1-b(cosy,~cosB; sinvy, tgy))” cos? y

(1-b(cosy, —cosp, siny, tg v))4 |

g(Bp Y1 Y) =

[Tockonbky mHTErpHpoBanue o ; mposomurcs ot 0 10 27, JErKO BHUIETH,
yro J, =0. [eiicTBuTensHO, MOCKONBKY (PyHKIMA O - g(Bl, Yis y) — YeTHas OTHO-

CUTENBHO J3, (S-Q(Bl,yl,y) 3aBUCUT TONBKO OT COSP;), TO HHTEerpan

[9(B, .71, v)sinB,dp, =0.

Torga cuna MOHHOrO Iyuka, AEHCTBYIOLIErO Ha cepy, B IPOEKIHIX HA OCH
O, X,Y,Z, HaX0omUTCS CIETYIOIUM 00pa3oM

F=-F,[38,+18 ]

B 3aBucHMOCTH OT paciIMpeHus Imydka o, U OTHOLICHUs pa3mepa cdepsl (R)
K PACCTOSIHUIO M@Ky LICHTPOM c(epbl M TOUKOH UcX0/a mydKa ( I, ), UMEIOT MECTO
TPU Ka4eCTBECHHO OTJIMYHBIX cliydas (puc. 4):
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a) BeCh IMy4YOK IajaeT Ha 1eb (cdepa O0osbllas WM PacIONoKeHa OJIM3KO K
nacryxy);

0) 1eTh MOTHOCTHIO HAXOAUTCS B My4YKe, HO YacTh My4YKa MaJacT 3a Mpeaeibl
e (cdepa MareHbKas WM PacTIOIOKeHa JTATIEKO OT MacTyXa);

B) YacCTh IEJIM BBIXOJUT M3 ITy4Ka 32 CYET CMEHICHHUs IIeHTpa cepbl OTHOCU-
TEJILHO OCH Ty4Ka.

Ochb cHMMETPHH ITy9Ka IMactyx
quOK Cdepa
a) 6) B)
Puc. 4

Bce tpu ciyuas, mpeacraBieHHbIE HA PUCYHKE 4, MOXKHO OOBEIMHHTD, MIPE-
MIOJIOKHB, YTO OCHOBHAS CHJIa OyZeT HampaBlieHa 110 paAnyc-BEKTOPY LeHTpa che-
PBI OTHOCUTEJIBHO TOYKU HCXOAaA MydKa.

3aBHCHMOCTh MUHHMAILHOTO 3HAYEHHS YIJa MOIYpacTBOpa Myduka of" OT

BenmuuHbl b = R/r,, mpu Koro-

poMm cdepa TOJHOCTBIO Haxo- 4,:0L6n ne

aurtest B mydke npu Y =0, npen- . | -
cTaByieHa Ha puc. 5. Kak Bugum,

TSt yria MOIypacTBOpa 26 5

o, =7,5° (mpenmonaraeMoM B g
LEOSWEEP) Bce  coepsr, 114
HAXOISIIMECS HA pPACCTOSHMM
6moke vem L=77R, Oynyr Y 11015 13 12
UMETh YacCTH ITOBEPXHOCTEM, Puc. 5
BBIXOJISIIINE U3 ITyYKa

=T

Cuuia, neiicTByomas Ha cepy, HEeHTP KOTOPOH HAXOAUTCH HA OCH IyYKa
(y=0). Janee Oymem paccMaTpuBaTh BEIMYMHBI «YACNBHBIX» mpoekuuii — JJ,

JJ, (mpoexumu JJ,, JJ, orHecennbie k —Fy, ).

Korpa nrap Haxomutcest Ha ocu motoka miasmel (v =0), Beipaskerus (7) 3Ha4H-

TEJTBHO YIIPOIIAIOTCA

1+b%-2bcosy
3ctg? ag [l—(l)}

. 1-b 5
% (b-cosy,)cosB,sin’y, -e (i-beeem)

=118 dy,dB;;
! 1[ (1—bcos.y1)4 S -
, (l+b2—2bcosy1)
3ctg” ag 1lbcosy)2J
¢ "¢ (b—cosy, )(bcosy, —1)siny, -e roeesns
j : dy,dpy;
o (1-bcosy,)

e Bepxuuii nnnexc «0» osnavaer Benmuuuubl J, u J, mpu y =0.
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T[ockonbKy UHTErpHpoBanue Mo B, Benercs ot 0 10 2m, To J° =0.

YuuteiBas (6) u (8), U1 MPOEKIUN JJS MO>KHO 3aIucaTh

bZsin? v,

—3ctg? o
¢ (1-bcosy, )

Y10 _ i .
JJS:—znbzctgzaoja(b cosyyJsiny, e
? (1-bcosy,)

dy, . (9)

) dy (x
ITockomnbky de —e'® y(x)
d dx

HOH X ), IETKO BUACTH, YTO HHTETpal (9) MOKHO 3amucaTh B BUC

(roe y(x) — HekoTopast pyHKIHS epeMeH-

2 qin2
3otg? og—2 SN

dle (1-bcosy,

Y10
30=-I15
b3 -([ dy,

Jlnst chepbl, HaXOASAIICHCS TOTHOCTHIO B TIOTOKE, MHTETPUPOBAHUE ITPOBOJIHUT-
cs 10 Y, = arccosb, rorna

5 . arccosb b2
—3ctg? aoib SN 7 —3ctg? Gy

JJO — _Ee (l—bCOSYl)Z — _E e (_ 2) _
y

0

Ecnu yactu moBepXHOCTH cepbl BRIXOIAT U3 My4YKa, TO HHTETPUPOBAHHE TI0
Y, HEoOXOaUMO MPOBOJIUTH 10 7Y,,, COOTBETCTBYIOIIETO YTy PacIIMPEeHUs MydKa

a, (puc. 6), n JJS HaXOJUTCA CIEeIYIOIINM 00pa3oM

b2 sin? y
—3ctg? ag#

J\];) _ _E e (-bcosyye)? 1

Puc. 6

. PP
U3 tpeyromermka O PO, nerxo Bumers, uto bsiny, =%, TOr/I@ TI0CIIe
1
b%sin’y,,
2
(1-bcosy,)

0 9] o o
npoekius cunbl JJ ., nelcTByromen Ha cQepy, UEHTP KOTOPOH JIEKHUT Ha OCH

npeoGpazoBanuii momyunmM, 4To —3Ctg” o, =-3. T. e. «ynenbHas»
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My4YKa W BECh MYyYOK TaJaceT Ha MOBEPXHOCTh CQEphl, ONMPEENETCS CIETYIONHM
obpazoMm

3¢ =—%(e’3—1).

Torma

bZ

—3ctg? ay

(1-?)
-——|e —1|, ecnu cdepa MOTHOCTHIO B ITyUKe,
= 3

y

(10)

g(e‘3 —1) ~ 0,995, ecnu chepa BEIXOAMUT U3 IMy4Ka.

Ha puc. 7 npeacrasnens! 3Hadenns JJ? mwis o, =7,5°, MONy4eHHbIEC YHCIICH-
y 0

HBIM WHTETPUPOBAHMEM HCXOHBIX BhIpaxkeHH! (6), (7) ¥ 0 aHAINTUIECKOH 3aBH-
cumoctu (10). Kak BugHO U3 prCyHKa, pe3yIbTaThl XOPOIIIO COBIMAIAIOT.

0
3¢

0,98
0,96
0,94
0,92

0,9

0,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45 0,5

Puc. 7

Kak Bugum, B cityyae, Korja Bech IMy4OK MajnaeT Ha cepy, MOKHO CUHUTATH,
4TO CHWJIa, eperaBaemMas cdepe, paBHa CHIIC JBUraTels M HalpaBjlIeHa CTPOTO I10
OCHM Iy4YKa.

BriBoabl. B npeAnonoxkeHnu rayCCoBOr0 pacipeaesIeHNus IIOTHOCTH B ITyYKe
HMOHOB TIOCTPOCHBI BRIPXKCHHUS JJIS OMPEICIICHUS CUIIOBOTO BO3/ICHCTBUS ITyYKa Ha
cepruueckyro nenb. [lokazano, 9to cuia, nepegaBaemas cpepudeckoi 1enu, Jie-
KAT B IUIOCKOCTH, OOpa30BaHHOW OCHI0 CHMMETPHH ITydKa U PaJHyC-BEKTOPOM
LIEHTpa Iapa [} OTHOCUTEIBHO TOUKH BbIX0/1a ITyUKa.

Ecnmu mentp cdepwl pacmoiiockeH Ha OCH IydYKa, TO, B CHIy CHUMMETpUH,
MOJIBIHTETPaIbHOE BBIPAKEHHUE IS CHJIBI 3HAUMTENbHO yrpomiaercs. [lomydeHo
MPHUOIIKEHHOE aHAIUTUYECKOE BRIPAXKECHHE, KOTOPOE C MOTPEIIHOCTHIO He Ooliee
1,1 % omnwmceIBaeT cuiy.

B nanpHelimem OyneT MOCTpOEHA YIPOIUICHHAS MOJETh CHIOBOTO BO3CH-
CTBUS IIy4YKa HOHOB TP OTKJIOHEHUH LIEHTPa CEPHI OT OCH ITyYKa.
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