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JIEKIINS 13

Counna. Marpunisl Ilaynn. Ypasaenne Ilaynn

13.1. Criun yactunsl. Marpunsr [laynm

K 1925 romy, xorja [aitzenbeprom ObLia co3jiaHa KBaHTOBas MEXaHUKA, TOSBUIUCH
JIAHHBIE, CBUJIETEJIbCTBYIONIME O TOM, UTO IIPU ONUCAHUU JIBUKEHUS, HAIIPUMED, JJIEKTPO-
Ha, IIOMUMO TPEX KOOPJUHAT CYIIECTBYeT IOIOJHATEIbHAsI BHEIIHsIS IepeMeHHasl, KOTO-
past IPUHUMAET JBA 3HAUEHUS.

DTO clIeIyeT us:

1) dy6serHoii CTPYKTYPBI CIEKTPAJILHBIX JIMHUIA.

B kypce orrtuku paccMaTpuBalics CIIEKTP HATPUs — JiBe OJIU3KUE OpaHKeBbIe JTUHUN.
O1HaKo, coryiacHO KBaHTOBOI MexaHuke Bopa, ycoBepiierHcToBaHHOM 3oMMepdeThb-
JIOM, JIOJI?KHA ObLIIa, CYIIECTBOBATH TOJIBKO OJTHA JIMHUSI.

2) AuomasibHOro 3¢ dekra 3eemana.

Hopwmanbabrit addexT 3eemana paccMaTpuBasicst B Kypce o01meit (pu3nkn: pesoHaHC-
Has 4acTOTa JIUIOJIHLHOTO MOMEHTA B IPUCYTCTBUU MarHUTHOIO TOJIS PACHIEILIAETCS
Ha TPU 9acTOTHI. 3eeMaH IIPOBOMIMI SKCIIEPUMEHT Ha aToMax cepebpa, Ije, 1Mo CJIy-
YaHOCTH, TO sIBJIEHUE XOPOIIO HADIIOMAeTCs O1aroiapst CTPyKType aToMa.

[Ipu poBeieHIE OTIIBITOB HA APYTUX JIEMEHTaX OKA3a/I0Ch, 9TO TUC/I0 JIUHUN BCET I,
[IPUMEPHO BJIBOE OOJIBIIIE.

3) Tabsmubr MenneneeBa [lia o0bsicuenus mepronos tabiuibl Menesreea neob-
XOJIMMO BBECTHU IIPEJIIIOIOKEHHE, ITO CYIIECTBYET eIlle OHA XapaKTePUCTUKA, IJIEK-
TPOHA, IPUHUMAIOIIAS JBA 3HAUEHUS.

[Tayu BBLABHUYJI TUIIOTE3Y — MPUHIIAI 3aIIPeTa, 9TO0BI O0bSICHUTD, TTOYEMY JIEKTPO-
HBI B aTOMe He «IaJIal0T» C BHICOKUX OPONT HA HUBKUE.

IIpumann 3anpera Ilaynm dopmynupyercs ciaegayionumM oOpa3oM: B aToMme JiBa U
OoJiee 3JIEKTPOHA HE MOTI'YT HAXOJUTbCH B OJJHOM KBAHTOBOM COCTOSTHUH.

JlanbHeiinas ncTopus OTKPBITHSI CIIMHA HOCUT ITOMCTUHE JpaMaTUIeCKHUil XapakTep.
B 1925 rogy uz CIIA B I'epmanuto npuexan gpajnaruieranit ¢pusuk Kpounur. Ero mo-
3HAKOMUIH ¢ rucbMoM [laynm, riie pazbupasicss aHoMma bHBIN 3 dekT 3eeMaHa, TEPUOJIH-
JecKnxX Xapakrep Tadsuibl MenjeneeBa U BbICKA3bIBAJIOCh TPEIIOIOKEHUE O JIONOJHU-
TEJIbHOM KBAHTOBOM YHCJIE.

PaccmoTpuMm nosipobree anomasibHblil 3ddekT 3eemana. DHeprusi MArHUTHOTO JIUIIO-
Jisl fi B MATHUTHOM TIOJIE H OIIPEJIEJISIETCS CJICJTYIOIIIMM COOTHOIIICHIEM

U=—jiH, (13.1)

B sTom BbIpazKE€CHUU MAIHATHBIIA MOMEHT paBeH:

e

n = %[Ta 'U],
a B HepPeJIATUBUCTCKOM IIPUOJINKCeHIN:
p=mi = [j=—|p=—L.
2me-’ 2me

CuresroBaTeIbHO, SHEPIUST OKAXKETCS PABHOIA:

U=--——"TH
2me
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B kBanToBOi#1 Mexanuke Bopa—3omMmepdesnbaa ObLIO MOMIYYIE€HO, TO €CJIU MATHUTHOE
nosie H HAIIPABJIEHO BJIOJIb OCH Z, TO TIPOEKITUS L Ha ocb z npuodbpetaer 20 4 1 3nadeHuii.

CretoBaTesbHO,

e[ H

2mc

U hm,

e
2mce
=

hm — mpoekIisg MOMEHTa KOJIMYIeCcTBa JBUKeHUA [ Ha OCb 2.
B neitctButenbHOoCTH, JUI 00bsICHEHUST MAIrHUTHOTO MOMEHTa HEOOXOINMO, HAPSIIY C
YUCJIOM M, TpuodperaromuM 2/ + 1 3Ha4YeHmil, BBECTH IepeMEHHYIO

riae — T'MpOMaroHuTHO€ OTHOIIIEeHUEe,

i1
o=*d=
27

TOr A
le|H
U=——nh 20).
e (m + 20)

B s1oM ciiyuae B cmiibHOM T10OJIE, PACIIEIJIEHHEe KOTOPOT'O IPEBLINIAeT JIyOJIETHYIO
CTPYKTYPY, MOKHO OObACHUTH aHOMAJIbHBI MarHUTHBIIT MOMEHT.

Kponur, npounrtas mucbmo Ilaymu, mogymast, 9To y 37eKTpoHa JIOJIXKEH CyIIEeCTBOBATD
MATHUTHBI MOMEHT, IPOITOPIIMOHABHBI MEXaHIIEeCKOMY MOMEHTY (IMPOMATHUTHOMY OT-
HOIIIEHUIO ), YTO TO3BOJIMIO OObSICHUTD €My JIyOJETHYIO CTPYKTYPY CIEIYIONM 00pa30M.

IIycts ecTh g7po Z., BOKPYTI' KOTOPOT'O BpAIIaeTCs hi
sstekTpon (cm. puc. 13.1). CremoBaresbHO, CYIIECTBYET 2
3JIeKTPUYecKoe 110J1e, Co3/1aBaeMoe SIPOM:

E:gﬁﬁ
r

MarauTHoe 10oJIe B cHCTEME, TJe S]IpO TMOKOUTCs, OT-
cyrcrByeT. OJIHAKO B CHCTEMe, CBI3aHHON C JIBUKYIIUMCS
9JIEKTPOHOM, MarHUTHOE II0JI€ MOYKET CYIIEeCTBOBATD.

B mepengTuBUCTCKOM TIpeEee:

Puc. 13.1.

L1 Z
H=-[Ed= Jf'
C crem

. Zle
7.8 = 21

o
cr3m

Takum 06pasoM, MarHUTHOE II0JIe, JEHCTBYIONee Ha 3JIEKTPOH, BapasKaeTCsl depes3
MOMEHT KOJIMYeCTBa JIBUZKEHUS 3TOTO 3jeKTpoHa. CienoBaTebHO, IpuMeHasa (hopMy-
ay (13.1), momyuaum

—

BOBHUKaeT JOIIOJIHUTEJIbHad dHEPIrud B 3aBUCUMOCTHU OT TOI'O, HallpaBJieH CIIMH IIO0 WJIN
IIPOTUB MOMEHTa KOJIMYeCTBa JIBHZKEHUA L.
Taxkoe PaCcCMOTPEHNE XOPOUIO COTJIACYETCA C ,Hy6JI€THbIM pacuicCilJieHueM.
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[Taynu, y3uas o runore3e Kponura, ckazaji, 9TO 3Ta T'HIIOTE€3a XOTh W UHTEPECHasd,
Ho HernpuemsieMmas. Harssmnoe rpejicraBieHue o0 3JIEKTPOHE KaK O BPAIIAIONIEMCS II1ape
IPOTUBOPEYUT CJICYIONIEMY: UTOOBI JIEKTPOH C KJIACCUIECKUM PaUyCOM

62

ro = ~2.8-10"2cu

M2
UMeJ MOMEHT h/ 9 CKOpPOCTb €0 BpallleHUd JIOJIZKHA ObITb TaKOBa, YTO Ha OKPYKHOCTHU
OHa OKayKeTCsd 3HAYUTEILHO OOJIBITIE CKOPOCTHU CBETA.

[Taynu Takzke cauTas, 9TO TMPOMArHUTHOE OTHOIIEHUE, €CJIU TPAKTOBATDH 0 KaK 3Ha-
YeHue CIUHA, JIOJXKHO ObITh B JBa pasa 00JIbIIe JJisd 9JeKTPOoHa, YeM paccuuTta KpoHur.

Nnes Kponura, oanako, nmoupasuiack bopy m Ditnmrreitny. 13-3a Bozpaxkennit Ila-
yiu Kponur ze omybukoBaj cBoio pabory. B sro ke Bpems B losnangun Dpendect,
nosryauBImuii Kadeapy mnocie Jlopenia, copmectro ¢ layjacmurom u YieHOEKOM HPHIILIN
HE3aBUCHMO K TaKOi Ke ujee, HO He TODOSINCh OIyOInKOBaTh €e.

[Tocse ux craTbu [layym moHs I, 9TO €ro paccyKIeHIs OTBEYAIOT HAJIMIUIO0 MATHUTHOI'O
MoMeHTa. Ilayau cauras, 910 rupoMarHuTHOE OTHOIIEHHE BIBOE OOJIBIIE

(& €

2me mc’

['mpomaruuTHOE OTHOIIEHUE JJIsi 3JEKTPOHA JIeHCTBUTEILHO BJiBOe OoJibie. IIpaBn-
BocTh mieit Kporura ObLa 1m0/IcTBEP2KIeHa TT0Ce oIryb/mKoBaHust paborsl Tomaca.

B npeapinymem cemectpe Oblila paccMoTpeHa mpeneccusi ToMaca: TPU YCKOPEHHOM
JIBUZKEHUU CIIUH MTOBOPAYUBAETCA OTHOCUTEILHO OPOUTHI.

[Ipeneccusi Tomaca poBHO BABOE yMeHbBIIAECT 3(PPEKT PaCIICIICHHsI, [I09TOMY T'HPO-
MarHUTHOE OTHOIIEHUE JIEJIUTCS IIOMOJaM, 9TO IPUBOIUT K CIPABEIINBOCTH (POPMYJIbI
Kponwura.

Taxmm 06pa3oM, 3a OTKPBHITHAE CIIMHA — OJHO M3 BaXKHEHIINX OTKPBITHI B (pu3nKe, HI-
k1o He nosiyunst Hobesrepckyto npemuto. C oHOI cTOpoHbl, KpoHUr He omyb/IMKOBaJI CBOe
OTKPBITHE, a C JAPYTroil — Hay4dHoe coodbImecTBO EBpOIbI 3HAIO0, UTO Hesd NPUHAILICKHAT
Kponury.

[Taynu, moHsB, 9TO B ammnapare KBAaHTOBOI MEXaHUKN CYIIECTBYET BO3MOXKHOCTD IIOSIB-
JIEHUsI ¥ 9JIeKTPOHA MATHUTHOTO MOMEHTa 0e3 HATJISITHOTO MTPEJICTABIEHIS O «KPYTSIIIEMCsT
mape», MPUHSI TUIIOTE3Y CIIHA.

[Ipu moBopoTe cucTeMbl KOOPJMHAT CYIIECTBYET OIIEPATOP ITOBOPOTA:

>
~.

gL, L=[Fxpl, (13.2)

e L — opOuTaIbHBIN MOMEHT.
[IpeacraBuM, 9To BOTHOBas (DYHKIINs SJEKTPOHA 3aBUCUT HE TOJBKO OT ITPOCTPAH-
CTBEHHBIX KOODJIMHAT T, %, Z, HO U OT IIPOEKIINH CITMHA:

U =V(z,y,2,0).

B sTom CJIydae IIpu IIOBOPOTE ITPOEKIUA CIIMHA TaKzKe MeHAETCHd. CHG,ILOB&TGJH)HO, B

coornomernne (13.2) wamo 100aBUTH HEKOTOPLIH omeparop S, JAeHCTBYIONIUT TOJBKO Ha

IIPOEKIUIO CITNHAa:
- )

Ry =1+ hw(i +9).
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IIpu 5TOM KOMIOHEHTBI L; u Sj, Gy1yT KOMMYyTHPOBATH:
[ﬁiv gk] - 07

IIOCKOJIBKY OHU JIEUCTBYIOT Ha Pa3HbIE IEPEMEHHbBIE U, CJIEJIOBATEIBLHO, TTIOPSIJIOK JIeNCTBUS
He BaKeH.

Onpenenenue 13.1. Oneparop MOJHOTO MOMEHTA OIPeIe/deTcs CaeyomuM obpa-
30M:

~
—

J=L+S.
Anajornano TOMY, KaK Ha HpOIlI.HOﬁ JICKIINI ObLIN 1IOJIy49Y€eHbl KOMMYTallUOHHBbIE COOT-

HOIIEHUA AJid OllepaTOpa MOMECHTa KOJIMYECTBa JABUZKCHU A L, MO2KHO OIIpe/Ie/JINThL KOMMY-
TallMOHHBIE COOTHOIIIEHU A OllepaTopa IIOJIHOI'O MOMEHTa C JITOOBIM BEKTOPOM:

A

[ToncTaBUB B 9TO COOTHOINIEHNE BMECTO .J; CyMMY

A ~

Li + Su
a BMecTO Aj, — BekTOp Lj, IOy HM:
[L; + Sy, Li) = [Li, Ly,] = ihea L.

W3 s70it hbopmMysibl Ha TPONLIOH JIEKITUU ObLIO MOJIYY€HO, UTO IPOEKIIUU MOMEHTa Op-
OUTABLHOIO MOT'YT UMETh KaK IeJible, TAK U HoJIyle/bie 3Hadenns. OIHAKO IPsIMbIe BUCH-
JIEHUS TIOKA3aJI1, 9TO MPOEKIINU OPOUTATIHLHOIO MOMEHTA MOT'YT IPUHUMATH TOJIBKO TEJIbIE
3HaUEHUs. BBIIucammM KOMMYyTaTop

~ ~

[Lz'Sz, ] = [Su gk] — iheaS).

DTO COOTHOIIEHHUE JIJIsI CIIMHOB MOXKET Y/IOBJIETBOPATHCSA, KOTJIA MPOCKIINU UMEIOT T10-
Jiynesibie 3Hadenus. Takum o0pa3oM, He paccMaTpuBas JIEKTPOH KaK BPaIIAIONIuics 1map,
MOZKHO TOJIYYUTDH HOJIYIIesIble 3HaUeHUs CIIMHA.

KommyTarop mpoekmuii mosiHoro MoMmenTa, coriacto (13.3), umeer ciemyromuii BT

[Ji, Jk} = iheMJl.
Panee 0b1710 TOKa3aHo, 4TO

A h A h A h
Sx = 50'5,;, Sy = 50'1/, SZ = 502,

rjie 0y, 0y,0, — MaTpunbl Ilaynm, onpejessgemble COOTHONICHUAMM:

(01 (0 —i (1 0
2=\1 0/ %= \i o 9= =\0 -1

Jlerko mmpoBepuTh, 4TO

o, =0, =0, = (13.4)
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, HAIIpUMED, ISt 0

5 (0 1\ (0 1} (0-0+1-1 O-14+1-0) (1 0 _ g

%= %% =11 0/\1 0) " \1-040-1 1-1+0.0) ~\0o 1)~ "
JIerko TakzKe moKa3aTb, UTO

0,0y = i0,. (13.5)

Bocmosb3oBaBuchk B coorHorennn (13.5) Kpyropoit 3aMeHON UHIEKCOB, MOJIY IHM:
0,0, = 10y, 0.0, =10y, (13.6)

B kpaTkom BujE, UCIOIB3YSd aOCOJIOTHO AHTUCUCMMETPUIHBIN TEH30D, MOYKHO 3allk-
catp dopmysst (13.4) —(13.6) caemyommm o6pa3oMm:

0;0f — (SZkI + ieiklal. (137)
MOXKHO cOCTaBUThL KOMOUHAIIAIO
(a;,0:) = a0, + ay0, + a0, = (A0).

Haiiem mnpoussejenne JIByX TaKuX KOMOWHAIMN, BOCIOJB30BABIINCH COOTHOIIEHM-
em (13.7):
(C_L’O_'))(b_)) = a;bio;0, = albk(&k + ieiklal) = ((ib) + 2[6 X ]53

B gactHOCTH,
(@) (dd) = aa = |al*. (13.8)
Ncnonbayst 31 (bOPMYJIbI, JIETKO MOJYYUThH OIIEPATOP BPAIIECHU CIMHA Ha KOHEIHDIH
YTOJL.
ITycTh cymiecTByeT HEKOTOpas OCh, BJIOJIL KOTOPOIl Ha-
HpaBJIeH eAMHUIHLIN BEKTOD 71, HOBOPOT KOTOPOTO IIPOMUC-
XOZIUT Ha yroJl ¢ + dp (em. puc. 13.2). Torma

+6

. . . i
Ri(p150) = Risy Ri,

TO €CTh IIOBOPOT IIPOMCXOJNAT CHadaja BOKPYI HEKOTOPOM

oCH Ha yTOJI (p, a 3aTeM, BOKPYT TOW »Ke OCH, Ha yTOJ 0

(OCKOJIbKY BpallleHne BOKPYT OJIHOI W TOW K€ OCH KOM- Puc. 13.2

MYTATHBHO).
Buy onieparopa 1moBoporta Ha 6ECKOHEUHO MAaJIbIil yroJl JJisi CIIMHA U3BECTEH:

.~ dR i/ B\ &
Rﬁ¢+%d¢—{1+ﬁ(n5gp§0>}ﬁ’ﬁ@.

Cokparus na Ry, momyanM rpocroe muddepennuaibioe ypapaenne s R:

dR i, =~
— = —(dn)R.
de 2
Ecyim 661 R ObLJIO 9UCIOM, TO pelleHne STOr0 ypaBHEHUsT UMeJIO Obl BUT:

(13.9)
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BeimuieM mpeiBapuTesibHO ClIeIyoline COOTHOIEHUS, BOCIOIb30BaBIIICh (13.8)

Torma, pasioxkus (13.9) B cTereHHON Psijl, MOJTY IHM:
SR R A" A Sy BATAE S N 2 v B
R=1+i@i)5 -5 (3) —ieng (3) + 4 (5) +i@ng (5) +

Cobupasi OTJIeIbHO YJIEHBI, MPOIOPIMOHAbHbIE (F71), TOJIyYnM BHJ] OlepaTopa Bpa-
IIIEeHNsT BOKPYT OCH 77 Ha yIoJI (-

) 1 /o\2 1 /o4 I N AN YA
T R T ST (R TR G
{ a\2) Ta 3 i 5 - 5(3) TE S
WJIN, TIOCKOJIBKY BbIPpaXKeHUsi B (DUIYPHBIX CKOOKAX COOTBETCTBYIOT PA3JIOKEHUIO B CTe-
IICHHOH PAJl KOCUHYCa U CUHyca ¥ / 2:

R= cosg +i(57) sing (13.10)

ShVe) BbIpazKC€HHE II03BOJIACT IIOJIYYUTDH OIIMCAHUE COCTOAHUA, KOIJia CIIMH HallpaBJICH
1101, IPOU3BOJIbHBIM YI'JIOM. CymeCTByeT JABa Pa3JIMIHbIX COCTOAHUA

e & oTBe49aeT COCTOAHMNIO C HpOGKHI/Ieﬁ Ha OCb Z, paBHOﬁ —f-%,

—_

[ oTBeYaeT COCTOSHUIO C IPOEKIUEil CIImHa & OCh Z, paBHOM -3

W3 sToro, Hanpumep, cJeryet, ITo

v () =30) (D=3

Obiriee BbIpazkeHne, pa3yMeeTCsl, ABJISIeTCs CyIePIIO3H-
el AByX COCTOAHUMA:

(QD - ((1)) o <(1)> , (13.11)

rie sekTop-cronben (u,v)! HazbiBaeTcs cIMHOPOM.
[Iycts ectb cucrema koopausar K(z,y,z). Bosbmem
BEKTOP 2z Takoif, 9T00BI OH COCTABJIsLI yroj 6 ¢ ochio z,
a MPOEKINs eUHNIHOIO BEKTOPA 7l Ha IJIOCKOCTH X Y CO-
CTaBJIsIa yToJI ¢ ¢ ocbio = (cM. puc. 13.3).
[Iycts B m3HauabHONM cucteMe KoopjuHat K 3aian

CIIUHOP
U
()
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Haitmem But sToro crimaopa X' B moBepHyToii cucreme KoopanuHat K'. Ock z MOXKHO
COBMECTUTBH C OCBIO z' CJIeAYIOMUM 06pa3oM: CHavYasIa MOBEPHYTh CUCTEMY KOODJIUHAT Ha
yTOJI ¢ BOKPYT OCH 2, a IIOTOM Ha yroj # Bokpyr ocu y. Takum obpazom,

X = Ry(0)R.(0)x-

A ~

Haiinem marpmanslil Buj oneparopos R, n [2,. Omeparop Bpallnenus BOKPYT OCH Z,
corstacHo (13.10), nmeer cremyromuii Bu:

3 oo . P
R, = cos = + 10, sin —,
2 2
ITIOCKOJIBKY BEKTOP 77, COBIIQIAIOIINI ¢ OCbIO, BOKPYT KOTOPOIl IIPOMCXOIUT BpaIlleHue, B
9TOM CJIydae HallpaBJIeH BIOJIb OCH Z.
Marpuria oreparopa R, OyjaeT uMeTb BHL;:

- cosZ +isin € 0 et 0
R.(p) = ( 2 2 ® go) = ip

0 cos & —isin 5

Haiinem Tereps B orieparopa Ry. CHoBa Bocmosb30BaBImch hopmysoit (13.10), mo-

JIy TIVIM:
- 0 .. 0 cos g sin g
R, = cos I 4 io,sin - = .2 3
2 2 —Sll g COSg

B mMarpuuHOM BHE BhIpasKeHue Jjid oneparopa Y’ HIpUMeT BHJL:

~

X' = Ry (0)R.(¢)x (13.12)

CytecTByeT BO3MOKHOCTH, HA0O0POT, BBIpasuTh X 4epe3 X'. Ilycth cnimH HampapieHn
o ocu 2z’ (cm. puc. 13.3).

Hro6bI HAWTH BUJ CITHOPA X, HEOOXOJAUMO YMHOXKUTH MaTpuaHOoe Bhipazkenue (13.12)
Ha 0OpaTHBIE ONEPATOPHI:

Hp—1p—1.71 _
RZ Ry X - X7
e 110/, CTEII€CHbIO —1 IIoJApa3yMeBaeTCdA COOTBETCTBYIOIAA 3aM€E€Ha YIJIOB B OllepaTOopax:

© = —, 0 — —0.

Taxum 0b6pa3zoM, MOKHO IOJIYIUTDH BbIpaKEHUE I CIIUHOPA, €CJU CIIMH HalpaB/ieH
I0JT YIJIOM ;¢ K TIpekHeil cucreMe KOOP/MHAT. Y YUTHIBas, YTO

, 1
X = 0)°
TO ecThb X' HaIpaBJIeH 110 och 2, TO

_ip . _ip _ip
_[e 2 0 cos? —sin g 1V [e 0 cos § €~ 2 COoS g
X 0 T ) \sing cos g 0 0 e% ) \sing es sin g

Brinecem B 9TOM BbIpakeHuu ¢azy 3a CKOOKY U IOJIYUHUM:

. 0
y=e % ( 05 3 9> (13.13)

1w qin @
e sin 5

o
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[Toywaercst, 9T0 ecyin CIIUH COBITIAET IO HAITPABJIEHUIO C €IMHITHBIM BEKTOPOM 71, TO
COCTOSIHUE 110 OTHOIIIECHUIO K OCHU 2 €CThb CYIIePIIO3UIIUA COCTOSAHUI CO CIIMHOM, HallpaBJICH-
HOM II0 U NPOTHUB OcH z. KBajpar 3Toit BeIMYNHbI, 0YEBUTHO, HOPMUPOBAH Ha €IMHUILY,
IIOCKOJIbKY IOBOPOTHI HE U3MEHAIOT HOPMBIL.

[TorrpobGyeM BBIYUC/IATE CpejiHee 3HAUEHIE TPOEKIUH CIINHA, HAIIPABJIEHHOTO 110 OCH 2.
JL71st 9TOTO JIOCTATOYHO BBIYUC/IATD Oy, 0y, 0, TIOCKOJIbKY

= h — h —
Sx = 5635, Sy = §Ey, Sz = —04.

[TokazkeMm, HaIIpuUMep, KaK OIPEJIETUTD CPeIHee 3SHAUYECHUE O '

0 9P iy O
— % - 0 —ip i O 01 COS 5 . 0 —ip i 6 €’ Sin 5\ _
Or = X OzgX = (COS B (& S11n 2) 10 ei(p S]ng = (COS 2 (& S1n 2) COS% =
; g ,, sinf . ,
o i o —ip _ i | =) o
= SIn — COS —€'* —+ Sln — CoS <€ = e’ +e = sin # cos @Y.
2 2 2 2 2 ( )

9To cpeaHee SHa9YeHne eCTeCTBEHHO: €CJIn CIIMH HallpaBJIEH 110 OCHU Z/, TO cpeaHee 3Ha-
YeHre paBHO IIPOEKIUU CIIMHA Ha OCb XT. Anajiorn4Ho MOXKHO II0Ka3aThb, 9TO

0, = sinfsin g, o, = cosf.

Ha sTom mpumepe, Bo3BpaIasch K OOIMM ITPUHIIAIIAM KBAHTOBOW MEXAHWKHU, MOXK-
HO YBHUJIETH, KAKyIO POJIb HI'PAeT pa3HOCTb (a3 MexKjy cocroduuamu. M3 coorHore-
aust (13.11) BugHO, uro crmrop (13.13) ecTh cymeprio3uiysi IBYX COCTOSTHUI € MPOEK-
IIAMA +% " —% Ha OCh Z.

Cootnorenne a3 MEKIy % U v CYNIECTBEHHO OIPEJIE/IsieT CIIMHOP: HAIPUMED, eCJIn
CIIUH HAITPABJIEH IO OCH T, TO

B stom cJIydae CIIMHOD X IIpUMET BUJI:

i cos® \  fcos®\  fcosT\ 1 (1
X=¢€ 2 \eegin?) = \sinf) = \sint ) = 1)’ (13.14)
2 2 4 V2

TO €CTh IPOEKINs Ha OCh Z C PABHON BEPOSATHOCTHIO MOXKET UMETh KaK ITOJIOYKUTETbHbIE,
TaK U OTPHUIATE/IbHbIC 3HAUCHUS.
Ecaun ke cuimn HamnpaBJjieH 110 OCH ¥, TO

T T
o= " _ T
5 =73

U, CJICJ0BATEILHO
z 1
X = ;Oiig -5 1 (13.15)
4
B o6oux ciyuasix (13.14), (13.15) mpoekiust Ha 0Ch Z € PABHOIl BEPOSITHOCTHIO TIPH-
HUMAaeT II0JIO?KUTEIbHbIe U OTPUllaTe/IbHbIe 3HAUYCHU, HO oTyindKe B (a3e o3HadaeT, 4TOo
OJJUH CIIMHOD HIPEJACTAaB/IAECT COCTOAHME CO CIIMHOM, HallpaBJIEHHBIM IIO OCHU T, & ,Z[pyFOIU/I -
CO CIIMHOM, HaIIPaBJIEHHBLIM 110 OCH Y.
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13.2. YpaBuenmue Ilaynmu

BammiieM ypaBHEHUE JIBUYKEHUs 3JIEKTpOHA (Wjin JiI00O0i JPyroii YacTHIlbl) CO CIIU-

HOM % BO BHEIIHEM SJIEKTPOMAaIrHUTHOM IIOJIE. ] KypcCa Teopuun I10Jisd U3BE€CTHO, YTO JIJIA

JaCTUIIBI, He 00JI1adaoleil CoOOCTBEHHBIM MArHUTHBIM MOMEHTOM
s=0
raMUJILTOHUAH BO BHEIIHEM I10JIe MMeeT BUJIL:

(—mﬁ e *)2

2m

H =

+ ep.

Ecmm cimn gactuisl paBeH %, TO TPU 3aIUCU orepaTopa ['aMuiIbToOHA HEOOXOIMMO

y4ecTh MAHUTHBI MOMEHT YacTHIBL. B 9TOM cjydae raMUjIbTOHUAH OKAYKETCsl PABHBIM:
— — 2
A (—th - gA) o y
H = +ep —gSH, X:< ), (13.16)

2m )

IJle ¢ — MMpOMATHATHOE OTHOIICHHe, [ — HAIpPSIZKeHHOCTH MATHHTHOTO HOJIAL.

Bamernm, 4To Bbipazkerue (13.16) 3amucano He Jisi OJJHOKOMIIOHEHTHOM (DYHKIMH, a
JIUTS CIIUHOPA, IIPUYEeM MaTPHUIla, COOTBETCTBYIONIAas OECCIIMHOBOM YacT raMUJILTOHUAHA, —
€JIMHUTHAS.

Ypasuenue [laymn nmeer Bu:

Hy = Ex.

PaHee 6bLHO IIOJIYY€HO, YTO YpaBHEHUE JBUKEHUA 9aCTUILbI B 9JIEKTPOMAaIHUTHOM IIO0JIE
0OpaTUMO 110 BPEMEH.
B ciy4ae, Korja ciimH paBeH HYJIIO, BBIIIOJIHSIETCS PABEHCTBO

h— = HU
"ot ’
" HpI/I 3aMeEHe
t—t'=—t, U — P (13.17)
TIOJIY YUM
ov* .
.k = H*U*, 13.18

B Boipaxkennu (13.18) KOMILIEKCHO-CONPsI?KEHHBIl raMuIbTOHHaH H* moJydeH mpu
ydeTe TOro, 9To Ipu oOpaIlieHun BpeMeHn

As A =—-A (13.19)

B ciyuae, korma crnmH He paBeH HYJIO, 9TO IPHU OOpAINEHHH BPEMEHU U3MEHSIeTCs
COOCTBEHHBIM MArHUTHBIA MOMEHT:

0y0; 0y = —0i, (13.20)

HaIpuMep
2

* _— —
0y0,0y = —00,

= —0,.
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CrenoBaresibHO, HapsIy ¢ obparnenneM o Bpemenn (13.17) u obpaiennemM 3HAYEHUsT
norenrmania (?77) HeoOXOMMO U3MEHUTH 3HAYEHUE CIIMHA Ha POTUBOIOJIOKHOE.
Bresiem dynkImio
V' = jo, U,

AHAJIOTUYHYIO IIOBOPOTY BOKPYT OCH Y Ha 7 PaJIMaH.
Torma, ymuokuB B ypasHernn (13.18) jieByio i mpaByio 9acTb Ha i0,,, IOJLYIUM

- N2
e d * (_Zhv B % ) . * . * . . *
@h(wy)a\ll = 5 (i0,))V* — gio, o] H;ioy, (—io,) VU, (13.21)

B KOTOpOM, coryiacHo (13.20)
ioyoiioy = (—1) - (—0;) = 0.
CrenoBaTesibHO, TIOCTIE/HEe caaraeMoe B BbipazkeHnn (13.21) npuHumMaeT BUI:
—gioy o} Hyioy (—io,)V* = —go, H;(—io,)V* = go, H; V',

caesioBaTe/bHo, ypasuenue [laynu oOpaTtumo mo BpeMenu.
Taxum obpazom, 1mpu obpalleHun 1o BDEMEHH Y YaCTHIL, 00J1aJIAIOIINX HEHYJIEBBIM
CIIMHOM, HY?KHO He TOJIbKO M3MEHNTh 3HaK A, HO 1 M3MEHUTh Ha T HAIlpABJIEHUE CIINHA.
B xypce TeopeTndecKoit MeXaHUKHN M3yYa/UCh KBATEPHUOHBI, Y KOTOPBIX CYIIECTBYET,
KaK U3BECTHO, YeThIpe € IMHUIIBI: JefCTBUTEbHAT U TPU MHUMBIX

19, 1, 12, 13, (13.22)

puyeM

9 _ 9 22
Kaszasoch Ob1, cyliecTBOBaHIE YeThIPEX MHUMBIX €IMHUI TPOTUBOPEYINT JIOruKe. Bo3b-
MeM
ii - —710'1',
IJle HUXKHUM WHJEKC ¢ TpUHUMAaeT 3HadeHus 1,2, 3.
B srom ciryuae yciosue (13.23) Boinonsiercs. JleiicTBUTE/IbHO, HAITPUMED
2 2 _
Zl — (_1) '0_1, — _I,
TO eCcTh MHUMbIE ejuHuIbl (13.22) Ha/0 TOHUMATH B CMBIC/IE €MHUIHBIX MATPUIIL,.
B obmiem ciydae KBaTepHUOH MOXKET OBITH 3allUCaH .
CJIe LY IOIIIM 0OPa3OM: Ts P2 7t
1,91

q = ap + (ds).
C momoImbpio omepaTropa IMOBOPOTa R u KBaTEPHUO-
HOB JIETKO PENINTD, HAIIPUMED, CJIEIYIONIYIO 33/1a9y: IIyCTh
[MOBOPOT OBLI OCYINECTBJIEH BHAaYaje BOKPYT OCH 7l Ha
YyroJ (1, a 3aTeM — BOKPYI OCH fiy Ha Yro s (CM.
puc. 13.4). Haiiznem, Ha Kakoit yroa B pesyJbrare MOBEp- Puc. 13.4.
HeTCA HEKOTOPBIA BEKTOP.
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Pesysibrar 9TUX MOBOPOTOB OMPEJIEISIETCs CACTYIONUM 00pa30M:

(cos 2 + 107 sin ﬂ) <COS w1 + 107 sin ﬁ) =
2 S 2 179
= (Cosﬂcosﬂ — 7 sinﬁsinﬂ> + 10 <ﬁ sinﬁcosﬂ + 1 sinﬂcosﬂ) +
2 2 E D) 2 S 2 1759 2
S RN 2 )
711 X Tls] sin ~= sin —=.
+ [ 1 2] 5 5
CuretoBaTeIbHO, TOCKOJIBKY OOIIHIA TTOBOPOT HA HEKOTOPKIH YTOJI (0 TaKyKe MOYKET ObITh

IIPEJICTABJICH C MIOMOIIBIO OTIePATOpPa IOBOPOTA CJIEIYIONIIMM 00Pa30M:
2B
COS — +wonsin —,
2 2

TO

14 P2 Y1 L L . P2 . Y1
COS — = COS — COS — — M1 N9 S1N —— S111 —.

2 2 2 2 2

B Bocromunanusx npodeccopa Bopuca Epceesnuaa Heproka (3amecturens C.I1. Ko-
poJieBa) ONUCaH CJIeIyIONuil MHTepeCHbI (haKT: P pPerieHrn 3a/1a9i O CTHIKOBKE KOC-
MUYECKUX alllapaToOB BOZHUKJ/IM HEKOTOPDLIE TPYIHOCTH. DTU TPYAHOCTH OBLIN CBI3AHDI C
TeM, YTO KOMITbIOTepHAs TEXHUKA He ObLIa JIOCTATOYHO PA3BUTA JIJIA PEIeHus] M000HOTO
KJIacca 3aJad.

B CIOA ayisa perierust 3TOro Kjacca 3ajad MPUMEHSINCh MOITHeHIe 10 TeM BpeMe-
HaM cynepkoMmibioTepsl, B TO Bpems kak B CCCP ynamock cumamu aByX BBIITYCKHUKOB
M®TH, ucro/ib30BaBIIMX B pacdeTaX KBATEPHUOHBI, PENUTD 3a/1a9y O HAXOXKJIEHUN YIJIOB
IIOBOPOTA.

Takum obpazom, marpuribl [laymm ¢ TOUHOCTBIO 710 —i TPEACTABIAIOT COOO €TMHUIIBI
KBaTEPHUOHOB.
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