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Jleeue 6cezo obrodum sosywru mom,
KMo yMeem ux paccmasismo.

Iybauruti Cup

Kyobnt

Bompocwkr o maremaruke MoO:KHO 3ajaBarh [losisskopy Puiauiiny, 1mo mporpaMMHPOBAHUI0 —
Xpomosy /[lume.

Yactp 1. (3 6amma) OgHOKYOUTHBIE TE€THI B KBAHTOBOM KOMIBIOTEPE

KeanrtoBsiit 6ut win kyb6um — 3TO eIUHUIA XPAHEHUs TaMsITH B KBAHTOBOM KoMibioTepe. Ot
MJTQJIITIETO OpaTa U KJIACCUYECKOr0 aHajora, OuTa, NpUHIMAIOINIEro JUIb jBa 3Hadenns — 0 u 1,
KyOuT OTIMYaeTcd TeM, 9TO IPeJICTaBIdeT co00i KBAHTOBO-MEXaHMYECKYIO CUCTeMY, 0013110~
YO KBAHTOBBIMHU CBOMCTBAMU. Y YET ITUX CBOMCTB U OMHUCAHUE PADOTH KyOUTOB MPOU3BOAATCS
€ TIOMOTIIHIO TPABUIBHO TOJOOPAHHOTO MAaTEMATHIECKOTO ammapara. B 9Toft yacTu 3a1a9u MBI
MO3HAKOMUMCS C CAMUMH KYOUTAMU U OCHOBHBIMU OILE€PAIUSIMH C HUMH.

Cocroguune Kybura

B ATOMaX 9HEPIrud 3JICKTPOHa 9aCTO HE MOZKeT U3MEHATHCA HEIIPEPBIBHO, a IDUHUMAaCT AUCKPET-
Hble 3HAUeHUd (HAPUMEpD, B aToMe BOIOpoaa). KyOuT — 910 MOjie/ib KBAHTOBO-MEXaHHYECKON
CHUCTEMbBI, B KOTOPO# paccMaTpHBAaeTCs TOJBKO JBa YpOBHs 3Hepruu. Hampumep, B omxHoM u3
KoMIboTepoB B Poccuiickom kBanToBoM 1enTpe (PKID) B kKauecTBe KyOUTOB HCTIOIB3YETCST HOH
KaJIbIlUsl, OJJTHUM U3 yPOBHEHl KOTOPOI'O SIBJISIETCSI OCHOBHOE COCTOSIHME BHEIIHEI'o 3JIEKTPOHA, a
JPYroe — OJIHO U3 ero BO30YXKJIEHHBIX COCTOSHUI.

Cocrognne Ky6I/ITa OIIMCbIBAE€TCA ABYMEPHBIM KOMIIJIEKCHBIM BEKTOPOM

c
o= (2).

€ Co U ¢ — TO KOMIIJIEKCHbIE (DYHKIHH, KOTOPbIe HA3BIBAIOTCS AMNAUMYIAMU 6EPOATNHOCTIU,
JJIt KOTOPBIX BBITIOJIHsIETCsE yeaoBue |co|? + |eq]? = 1.

Ecmu ¢y = TO 3TO OCHOBHOE COCTOSTHHE, aHAJOTHYHOE TOMY, KOIJIa KJIACCHYeCKUil OUT

npunumaer 3uadenue 0. Ecm ) = , TO 3TO BO30YXK/IEHHOE COCTOSIHNE, AHAJOTHIHOE TOMY,

1
0

KOrJIa KjaccudyeckKuii out npunumaer 3uadenue 1. [[pousBoabHoe Ke cocTosTHIE KyOUTa MOZKHO

IpeJICTABUTDL B BUJIEC
0 1
) =coy (1) + ¢ (0) = coWo + 1.

MozKHO TakzKe CKa3arTb, 9YTO (PYHKIUU Co U €] ABIAIOTCS GMNAUMYIGMU 00Hapydcerus KyOuTa
B COCTOSTHUSAX g U 1. VI3 KBAHTOBO# MEXaHUKH CJEIYET, UYTO €CJU MBI IPOBEIEM KaKOe-Tuh0
U3MepeHne COCTOSTHNS KyOuTa, TO OH 00sI3aTeTbHO OKAYKETCS UM B COCTOSTHUH 1)y, WA B COCTO-
suuu 1. Tucio |¢p|? nokasbiBaeT BEpOSATHOCTL TOTO, YTO MOC/IE U3MEPEHHsl COCTOsHUs KyOuTa
on okaxercsa B cocrosuuu 0, a |c1|[*> — BepOATHOCTL TOTO, YTO OH OKAKETCH B COCTOSAHUU 1.


https://t.me/polyakov_ph
https://t.me/d_khromov
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C1

c )7 T.€. B CYHEPIIO3UIIUN ITUX ABYX
0

Jlo m3Mmepenns KyOUT HAXOMHUTCS B COCTOSHUU 1) = (
COCTOSHUI.

KBanTroBo-MexaHmdeckas CUCTEMa, OTJIMIAETCS OT KJIACCUIECKOH TeM, ITO MPH e€ u3MepeHnn eé
COCTOSTHUE TPWHINITHAJILHO U3MeHsieTcs. B ciiydae KyOMTOB TOC/Ie U3MEPEeHNsT OH OKa3bIBAETCSI

1 0
00 B COCTOSTHUAN o) JIOO B COCTOSIHUM 1)

1/2 .
IIpumep 1. Kybur Hax0uTCs B COCTOSHUN V3 12) Ecjin Mbl IPOBEIEM U3MeEpEHHe COCTOSHU S

O) C BEPOSITHOCTBIO 1/4, a B

KBAaHTOBO-MEXaHNYECKON CUCTEMBI, TO OH OKazKeTCd B COCTOAHUN <

COCTOSIHHHE | | | C BEPOATHOCTDIO 3/4.

i/v?2

ITpumep 2. KyOuT HaxoauTcsd B COCTOSHUY V2 s2); BeposgTHocTH TOrO, 9TO MOCJE MPOBEJIe-

HHsI W3MePeHHsl COCTOSIHUS KyOUTa OH OKAXKeTCsl B COCTOSHUHU g WM 1)1 paBHBL 1/2.

14i
1.1. (0,1 6aan) UsBectro, 410 KyOUT HAXOAUTCS B COCTOSIHUM ( ; ) Haiijure x.

U3 Toro dakra, uto |co|* + |c1|* = 1 cieayer, 4ro ogHUM U3 COCOGOB, KOTOPHIM MOXKHO 3aJaTh
OOIIMil BUJ COCTOAHMA KyOHTa ABJIACTCS BLIPAKCHHE

0 , 0
1) = cos 3 o + €'¥ sin 3 1.

Taxyo mapamMeTpu3anui0 1acTO BHIONPAIOT U3-3a €€ yA00HON 1 HATISIIHOW WHTEePIPeTAINT qe-
pe3 cdepy Baoxa (cm. puc. [I). Ha meit cocrosiHme xapakTepusyercst eJIMHITHOM BEKTOPOM,
obpasyrommuM yroa ¢ ocbio z. Ero npoeknusg Ha IJI0CKOCTb Xy 00pa3yeT yroJi (o ¢ OChio .

BaxxHOo 0OTMETHTD, 9TO B 0O0IIEM BHJIE COCTOSHUE KYyOUTa ONpeIe/IeHO ¢ TOUYHOCTBIO JI0 TI0OATb-

HOMl pa3bl:
e fn(B) s () )

%-

Puc. 1: Cdepa Bioxa
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HeiictBuga ¢ Kyburtamu

AHAJIOTHYHO JIOTWYECKHM Ofleparsiv B Kiaaccudeckom kommbiorepe (M1, MIJIN, HE u ap.), B
KBAHTOBOM KOMIBIOTEpEe BBIYUCJIEHHS MPOBOJATCS € IMOMOIIBIO KBAHTOBBIX ONEpaIuili HaJl Ky-
duTaMu, KOTOpbIe TaKyKe HA3bIBAIOT KBAHTOBBIMU 2elimamu. PazimdaoT oqHOKYOUTHBIE TelTHI,
JIEHCTBYIOIIME TOJbKO HA OJIMH KYOUT, 1 MHOIOKYOUTHBIE MedThl, JIedCTBYIONINEe HA HADOP Ky-
ouTop paszmepom 2 u Gosbiie. JleiicTBue reiita m3MeHsSIeT COCTOsSHHE KyOWTa M MOXKeET OBITh
NpeJICTaBJICHO MATpUIleil, JaeficTByiomeil Ha BekTop . B 310l wacTn 3aja4u Mbl mpejijiaraeM
BaM IOpaboTaTh ¢ OMHOKYOUTHBIMU TefiTamu.

Matpuneit 0IHOKyOUTHOTO TeiiTa gBIsIeTCs KOMILIEKCHO3HAUHAs MaTPHUIa padMepa 2 X 2

A B
U:CD)

co caemytomumu cpoiicrsamu: UTU = UUT = I, roe UT = (UT)* — Tpancnonuposanne n Kom-
MJIEKCHOE conpsizkenne Matpuilbl U, I — equnndnas marpuna. Marpurbl, 06/1a/1ai01ue Takum
CBOWCTBOM, TaKKe HA3BIBAIOT YHUMAPHLLMY MAMPUUGMU.

JeficTtBue MaTpHIILI Ha COCTOSHHE KYOHUTa OIMMCHIBACTCS OOBITHBIM MATPUYHBIM YMHOXKEHHEM
MAaTPHITBI Ha, BEKTOP-CTOJIOEI]

A B C1

Uw: C D Co

1.2. (0,1 6aan) Beraucaure BepOATHOCTh, ¢ KOTOPO# KyOUT OKaxKeTcs B cocTosHuu () moce
neiicTBus Ha Hero reiita U, cuurtas snementsl A, B, C'u D u ¢, ¢y U3BECTHBIMH.

A B
O D) CUPEACIAETCA BOCEMDIO BEIIECTBERHBIMY

napaMerpamu. TpedoBanue YHUTAPHOCTH YMEHbIIAET KOJHYECTBO HE3aBUCUMBIX IapaMeTpOB.

[TpousBosibHOE JIMHEHHOE TTpeodpa3oBaHme

1.3. (0,1 6asn) CKOMBKO HE3ABUCHMBIX BEIIECTBEHHBIX MAPAMETPOB OJHO3HAYHO 3a7a€T YHHU-
TapHoe mpeobpaszoBaHue’

1.4. (0,1 6aan) Haiiaure yaurapnoe npeobpasosanue U, ecau usgectto, uro U? = U.

1.5. (0,1 6aan) JokaxkuTe, 9T0 MOCIEOBATENBHO BBIIOJTHEHHBIE OTHOKYOUTHBIE TEfTHI TaKKe
SIBJISIIOTCSl OJTHOKYOUTHBIM TeHTOM.

OHOKYOUTHBIE TEHTHI 9aCTO PACK/IAAbIBAIOT Yepe3 MATpunbl [lay/in, KOTopble HMEIOT Caeayio-
i BUJT

01 0 — 1 0
X_lO’Y_iO’Z_O—l

1.6. (0 6aanros) Ilposepbre, uro Marpuiibl [layan sSBASIIOTCS YHATADHBIM.

i/vV?2

1.7. (0,2 6aana) Hopeitcrsyiire no oraenbuocTu Marpunamu [layiu na BeKTOp ( Va) 2). Kax

U3MEHATCA aMILTUTY/Ibl OOHAPYKEHUs COCTOSHUA Yy U 1. 1306pa3ure ucxoHOE U MOJTY-
JenHoe cocrosiuus Ha cdepe Bioxa.

1.8. (0,1 6aan) Kakoil reomerpruyaeckuil CMbICJ HUMeeT Kazkjoe u3 npeobpaszoBanuii X, Y, Z7?

1.9. (0,1 6ann) Haitnure pasnocts XY — Y X7
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Beeném ssement (reiit) Anamapa

=50 2)

1.10. (0,1 6a.an) Haiizure, yeMy PaBHBI CJI€/IYIOTTHE MATDHITBI

HXH, HYH, HZH.

1.11. (0,1 6aan) TlopeiicTpyiite snementom Aamapa na coctosnusa (g +11)/v/2. Yemy Gyayr
PaBHBI BEPOATHOCTU OOHAPYXKHTb KyOHT B COCTOAHHMSAX g U )y IIOCTE JIEHTBHUS TOrO
refita? Kak H3MEHHTCS OTBET, eC/IH HCXOIHOe cocTosnue 6uL10 (1 — 1)/ v/ 27

[Ipu perrenun ciepayiomero myHKTa BaM MOTYT ObITh MOJIE3HBL cjieayomnue (popmylibl. Oupee-
JIUM TIOHSITUE JKCIIOHEHTHI OT MaTPHIILI

2 n
A T aA+ A A
21 n!

1.12. (0,4 6aana) Haiinure

R.(60) = exp (—@) . R,(0) = exp (-ZGTY) , R.(0) = exp (—Z%Z> .

Cuwuraiire, 94T0  — AeficTBUTEILHOE YUCIIO.
1.13. (0,1 6ann) ABnsorcs ma R,, R, R, 0onHOKyOUTHBIME TefiTamu’

1.14. (0,3 6asnra) Kakoit reoMeTputdecKuil CMBICT UMeeT Kazkjioe u3 npeobpasosannii R,, R,

R.?

W3 npeppiymux MyHKTOB U UX MeOMETPUYECKON MHTEPHPETAIUU CJAE/yeT, YTO IIPOU3BOJILHbIN
O/IHOKYOUTHBIN IefiT MOYXKHO MPEJICTABUTH CJAEIYIONUM 00pa30M

U = e R.(8)Ry(7) R:(0),

rjie «, 5, 7 1 0 — HEKOTOPbIE BEIeCTBEHHBbIE TUCIA.
1.15. (0,2 6anna) Tonbepure mapamerpsl «, (3, ¥ 1 §, 9T00bI MOJTYIUTH TelT ATamapa.

1.16. Ilpemmoxkure OAHOKYOUTHBIH TelT, YTOOBI TEPEHTH M3 COCTOSTHUS ¢ = €1 = 1/ V2 B co-
cTodHue

(a) (0,1 6aara) co = 2/2 u ¢; = iv/2/2;
(b) (0,1 6annra) co =+/3/2 1 c; =1/2;
(¢) (0,1 6anra) co=+/3/2mc; =1i/2.

Ocumngaunn Pabu

B KBaHTOBOM KOMIILIOTEPE Ha MOHaAX JIIO60€ MaHUIIYJIUPOBaHUE Ky6HTaMH IIpoOUu3BOAUTCHA C I10-
MOIIBIO J1a3epoB. Tak, /I MPOBeIeHNs OJIHOKYOUTHBIX OTepalnii HeoOXOIMMO CBETUTh Ha, MOH
JIA3epOM ¢ YaCTOTOH, B TOYHOCTH PaBHOIl 4acToTe Imepexona. g Kaablms STa 4acTOTa pPaBHA
411,0421297763931 TT1 (auHa BOJHBI JTa3epa Ha 9TOi yacToTe pasHa 729,3472767939562 Hm).


https://ru.wikipedia.org/wiki/%D0%A0%D1%8F%D0%B4_%D0%A2%D0%B5%D0%B9%D0%BB%D0%BE%D1%80%D0%B0
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ManI/IHa reifra B TaKOM CJIy4da€ 3aBUCUT OT BpeMeHH, B TeYeHHEe KOTOPOT'O Mbl CBETUM JIa3€POM
Ha WOH, W 33/IaeTcd CJeayomnieir (popmMmyoit

o
Ut) = ( cos (& e "% sin (&
— \ ple—i5 qip (22 Qt
e 2s1n(2) cos(z)
31ech () — 9T0 MapaMeTp, XapaKTepU3YIOMHUA B3aMMOIeHCTBAE HOHA C JIA3epOM, KOTOPBIH Ha-
3pIBaeTcd yactoroit Pabu, ¢ — daza nazepa u t — Bpemsa. Hacrora Pabu B3anMopeiicTBust nona
C J1a3epOM OIIpeaeadeTcd BHYTPEHHUMHY CBOMCTBAMYI MOHA U MHTEHCUBHOCTBIO JIA3EPHOTO MY YKa.

1.17. (0,1 6a.an) Haiimure, KakKuMu JTOJKHBI OBITH BpeMst TeiiTa (JIHTeTHbHOCTD JIA3EPHOIO NM-
myabca) u dasza Jnazepa, 9ToObl MaTpuIla reiita Gblia paBHa Marpuie [layim Y, ecin
qacrora Pabu pasma 1,6/271 MI'm.

Punenuru omepaimii

B Jla3epe CyHeCTBYIOT IIyMbl MHTCHCUBHOCTH U 4aCTOTbI U APYyIue HECOBEPINCHCTBa 9KCIICPpU-
MEHTAJILHON YCTAHOBKHU, KOTOPbIE MPUBOJALT K OINIMOKAM, B PE3yJIbTATE Yero peasbHbIil TeilT
MOZKeT OTJINYaThCA OT TOTO, KOTOprfI MBbI XOTeJIN peaJin30BaTh. STO NpUBOAUT K IMOTEpU TOY-
Hoctu (umesnntu) onepanuii.

st BBIYKMC/IEHHST TOYHOCTH OIEPAINil HCIIOJIB3YeTCd caeyiomiee mpapuio. [lycTs nuexomto Ky-
OMT HAXOAMTCS B HEKOTOPOM COCTOSIHHH 1), a HaM HeoOXoammo nposectu reit (G, B pesyibrare
KOTOpOro Oyaer moaydeno cocrosgane G = gobg+ g111. B xome npoBegenus s3KkcmepuMenTa ObLT
peann3oBan APyrom reur @, HECKOJBKO OTJIMYAIONMIUNACA OT UCXOAHOTO, W MOJYYEHO COCTOAHUE
G = Gotbo + §1tb1. Torma dbunenntu F BbMHCIsSETCS 1O Cleryomeii dhopmyire:

F =1g590 + G; 1|

[IycTh Hamei meabio OBLIO TPOBECTH TefiT AaMapa, a IOJYIUI0Ch Kak-BeerAa Ipeobpa3soBaHue

~ 1 0,99 1
= V1 + 0,992 ( 1 —0799) '
. 0
1.18. (0,1 6anna) Haiigure dbugesntn, ecam HAYaIbHOE COCTOSHEE OBLIO (1)

1.19. (0,1 6asnra) Yemy Oyaer paBao bumesnT Jjsi HAYAJILHOTO COCTOSHHS U3 MPEBIIYIIEr0
OYyHKTa, €CJIM MBI XOTeJIn mpoBecTn mpeobpaszoBanme Amamapa 10 pa3s w Kaxkablil pas
nostydaau Marpuiy H?

1.20. (0,1 6asnra) Kax m3MeHUTCS OTBET HA MEPBBIH BOMPOC 18, eciu HAYAIBHOE COCTOSHUE
i/v/?2
OBLIO
V2/2

Koppeknus omubok

Kak n 1719 K1accmaeckKoro KOMIbIOTEPA, /IJI KBAHTOBOI'O KOMITBIOTEPA PAa3pabOTAHBI CIIENNAThb-
HbIE KOJIbl, KOTOPBIE 1103BOJISIIOT UCHPAB/IATH (IPOBOJAUTH KOPPEKIMIO) BO3SHUKAIOUIUX OMIMOOK.
B namnom nyHKTe Mbl pACCMOTPUM KJIACCUYECKUH c1iocod KOPPEKIUH OMUOOK, YTOOBI MOHATH
UJIEI0 aJrOpuTMA.



11.s04.e05 Cogepkanne

[TycTb Mbl Oy/ieM CIUTATh OJJHUM JIOTHIECKUM OHTOM KOMIIbIOTEPa (COCTOSIHIE KOTOPOTO, HATIPH-
Mep, Mbl XOTHM [epeaTh Ha HEKOTOPOe paccTosHue) Tpu dbusmdeckux 6ura. B xome nepemadn
COCTOSHUS JIOTUIECKOTO OUTA OJIUH WJIM HECKOJIbKO OMTOB M3 TPOUKM (hU3NUECKUX MOTYT H3Me-
HUTH CBOM COCTOsTHUSA. Byaem cauTars ommuOKON TOTBKO CHTYAIMIO, B KOTOPO# (busndeckuit OuT
NepeBOPATYMBAETCS, T. €. €r0 COCTOSTHUE MEeHseTCs Ha MPOTUBOMOJIOXKHOE, W TYCTh BEPOSITHOCTD
epPeBOPOTa OJTHOTO (DU3MIECKOTO OUTA P.

ITocsie nmepenatun dpuzndeckue OUTHI MOTYT JTUOO OKAa3aThCSA B MPABUIBHOM COCTOSTHUH, JIN0O TIe-
PEBEPHYThCA U IIPUBECTH K OIMHOKe. ByjieM cuuTaTh, 9TO COCTOSHUEM JIOTHYECKOro OUTa OyIeT
COCTOSTHHE, B KOTOPOM OKa3a0Cch OOJBIMTHHCTBO (hpusuyueckux ouTon. T.e. ecau mocie usMmepe-
Hus MBI puKcupyeM pe3yabraT Kak 001, To cuuTaeM, ITO JOTHUECKHIT OUT HAXOIUTCSI B COCTO-
suaun 0. A ecim pesysnbrar 101, To cunraem, 9To cocrosiaue jgorudeckoro oura — 1. Kemm nocie
BBITIQTHEHNS ONEPAIlNN MePEBEPHYJIOCH /IBa OUTA OJHOBPEMEHHO, TOTJA MBI OMPEIETUM COCTO-
dHA€e OMIUOOYHO. IDTa CXeMa ABJAeTCd IIPOCTeIneil cxeMoil KOpPeKIuu OIIUuO0K, JIsd KOTOPOi
MBI YBEJIHYUBAEM KOJUYIECTBO (PUBUUECKUX HOCUTEJICH eIMHUIBI XpaHeHUs HHMOPMAIUK, W 33,
CYEeT TOTO MOBHIIIAEM YCTORUHBOCTH K OIIHOKAM.

ZLO nepeigadyun BcCe OUTHI HaXoAdATCA B IPaBUJIBHOM COCTOAHUUA.

1.21. (0,1 6asna) Haiinnre, Kakoii 10JKHA OBITH BEPOSITHOCTD MEPEBOPOTA OJTHOTO (DU3HYECKOTO
ouTa p, 9TOOBI KOIUPOBaHIE TpeMs OUTaMu ObLIO HAIEXKHEee, YeM OIHUM.

1.22. (0,1 6aana) TlycTh BEpOATHOCTH TIEPEeBOPOTA OAHOTO husndeckoro 6uta p = 0,1. CroIbKO
TaKNX CbI/I3I/ILIeCKI/IX 6I/ITOB HY2KHO B34Tb JJId KOAUPOBAHUA OJHOI'O JIOTUYIECKOT'O 6I/ITa, qTO-
6BI IIpu HaJUYIUU KJIACCUYECKOH CXeMbl KOPpPEKIu OH_H/I6OK BEPOATHOCTH HEIIPaBUJIBHOT'O
CYUTBIBAHUS COCTOSHUSA JIorudeckoro Kyoura Oblia Menbiine (0,01. CuumraiiTe, 4T0 OUTOB
HEYEeTHOE YHUCJIO.
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Yacts 2 (5 6anmos). JloBymka ITayns

st co3tanus KyOUTOB HAM HEOOXOIMMO JIOKAJIM30BATh OTJAEbHbIE HOHBI B TpocTpaHcTre. /s
IpeBpaIleHnsl aTOMOB KaJbIMs B KYOUTHI UX CHAYAIA OTJEISIOT OT KYCOUKa KAaJIbIIAs MEeTOIOM
JIa3epHOM abadauu, 3aTeM OJHOKPATHO MOHHU3YIOT, IPU ITOM ATOM MPEBPAINAeTCd B MOJOXKU-
TEJbHO 3aPAKEHHbI MOH, a 110C/Ie — 3aXBaThIBAIOT B JIOBYLIKY [lay/isg, noMeleHHyio B cBepX-
BBICOKUI BakyyM. /lanbueiinee, 6ojee riiybokoe OXJIaKIeHHe HOHOB MPAKTUYECKH JI0 HY/IE€BO
TeMIIepaTyphl TTO3BOJISET CO3/IaTh OCHOBHOE COCTOSTHUE KyOnTa.

3axBaT u yJep2kaHue MOHOB B JioByInkKax Ilaymns
Bsegenne

2.1. IlycTtp B OKpecTHOCTH HadaJia JIEKAPTOBOH CHCTEMBI KOOpJAMHAT (DYHKIUS IMOTEHITHAJIA
UMeeT BUJI

o(z,y,2) = ax® + By’ + 7%,

rjie «, 5 u Y — HEKOTOPbIe KOHCTAHTHI.

(a) (0,2 basnra) Haiimnre npoeKnnu HAIPSZKEHHOCTH 3JeKTpudeckoro nosst F,(z,y, z),
E,(z,y,2) n E,(x,y, 2).

(b) (0,8 6asnra) Haiigure, vemy paBHa IJIOTHOCTH 3aps/ia B HAYAe KOODMHAT.
(c) (0,1 6asnra) B kakom ciydae ona OyneT paBHa HYJIIO.

CorytacHo XOpOoTITo U3BeCTHOI Teopeme VIPHITOY B TOM CIydae, eCjif €CTh TOJABKO 3JIEKTPOCTATH-
YecKue I10Jid, TO 3aps/i He MOYKET HAaXOJIUThCS B YCTONYUBOM IOJIOKeHUU paBHOBecus. OIHAKO,
€CJIN ATEKTPUIECKUe MO MePpeMEeHHbIe, TO MOXKHO CO3JIaTh CUTYAIIAIO, TJe TPACKTOPHUS JIBUXKe-
HUS 3aPsizZKeHHOW JacTuilbl Oy/eT Bcerja orpanndeHa B npocrpancrse. JLis 31oro Heodxommo
n01006paTh TPABUILHYIO KOH(MUIYPAIUIO JIEKTPOIOB, & TAKZKe YaCTOThI U aMILIUTY/IbI MOJaBa-
eMBbIX Ha HUX HanpsizkeHuit. OIHUM U3 TPUMEPOB, TIe 3TO OBLIO PEAJTH30BAHO CJIYKUT JOBYIIIKA,
[Tayns, cBoiicTBa KOTOPOI mpejtaraeTcd W3YIUTh B JAHHOM JacTH 3aJa4H.

JloBymikoit [laynsa HaspiBaeTcsd COBOKYITHOCTD 37€KTPOJOB, HA KOTOPBIE TIOJAIOTCS TOCTOSTHHBIE
U OCIUJLIMPYIOIIKE Ha paJinodacTore Haupsxkeuud. [Ipu npaBuibHO 10100paHHBIX TapaMeTpax
MOTEHITNAJIOB U 9aCTOTH B MPOCTPAHCTBO MEXKTY JTEKTPOJAMH MOYKHO 3aXBATUTH 3apd KeHHBIE
YACTHITHI.

Koundurypanus snekrpudeckux moseit soBymku [layas onmuceiBaeTcsd caeayOMuM aHATATHIE-
CKHAM TOTEHITHATIOM:

Vi Ot kU 2 % Ot kU 2 kU
P — (_ RF :;)S B ZQDC) x ( RFT(QEOS n Z2Dc> Yy i DC ZQ’ (1)
0 0 0 0

2

2
2 2y

rie () — IMUKAnYecKas PaJIrovacToTa JIeKTPOIOB, VrRp — HANPSIKEHWS Ha PAIAaIbHBIX JIEK-
TPOJIAX MepeMeHHBIX MOJeil, 7o U Zg — reOMeTPHYECKHe MapaMeTphl JIOBYIIKH (PACCTOSHUS OT
IEHTPA JIOBYIIIKHU JIO COOTBETCTBYOIIUX JIEKTPOJOB), Upc — HANPsIZKEHHEe HA aKCUATTBHBIX JJIEK-
TPojax, k, — reoMeTPUUYECKUi mapaMeTp aKCHAJbHOrO YAePrKAHMUS.

B mammx o6o3nauenngx ocu OX u OY Ha3BIBaOTCA pafuaabHBIMI OCAME JIOBYIITKH, & 0Ch 07 —
AKCUAJIBHO.
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2.2. (0,1 6aanra) Tycrs Vgp = 0. M306pasure KadeCTBEHHO TPAEKTODHIO YACTHUIIBI, €CJIH B
HYJIeBOI MOMEHT BDEMEHH OHa HAXOAUTCS B TOUKe ¢ KoopauHatamu (1;1;0) u ee HadaapHast
CKOpPOCTD paBHA HYJIIO. 3apg/l YaCTHILI CINTARTEe IOM0KATeNbHBIM, Upc > 0.

2.3. (0,1 6a.anra) Pacemorpum wiockocts z = 0. [lyers % = %ZZ# WN306pasure KauecTBEHHO
0 0

sasucumocth P(z,y,0) B MoMenT Bpemenn ¢t = 0 u B MOMEHT BpeMenu t = 7/€).

L
» R v

Puc. 2: ®ororpadus u cxema jgoBymiku [lays, ¢ caiita quantumoptics.at s1aboparopun Paitnepa
Brarra, r. Uacopyk, ABcTpus

YpaBHEHUS JTBUKEHUS /I YACTHUIBI MACCHl M W 3apsala € B JAaHHOM MOTEHIHAJIe, CIeyIoNnne
u3 (|1, nasbiBatorcs ypasuenusivu Marbe u UMeOT BUJ

( d2
d_Tf + (az — 2q, cos27) x = 0,
d2y
) + (ay — 2g, cos27) y = 0, (2)
d?z
| - +a,z =0,

rJie mapaMeTpbl yPaBHEHUI OMUCHIBAIOTCH CAEAYIONUME (HhopMyTaMu

Q a, dek,Upc
T=—t, a=ay=——F=—

. 2€VRF
2 2 mz3Q2 "’

Qe = —4qy =4 = .
Y mr2)?

3aMeTHM, 9TO MapaMeTpsl ypaBHennii MaTbe 3aBHCAT OT SKCIePAMEHTATBHBIX XapaKTepHCTHUK

JIOBYIIIKH: HAIPSAZKEHWUH Ha 3JEKTPOJAX, PAAN0YacTOThl U IreOMeTpruieckux mapamerpos. Cire-

JOBATEJIbHO, CBOMCTBA ypaBHeHuii Marbe (1, Kak cIeACTBHe, HX PEIIeHNUi) MOIYT KOHTPOJIHPO-

BAaTbCA COOTBETCTBYIONINM M3MeHEeHIeM IapaMeTpoB JOBYIIKH 1layss.

Ecim mapameTpsl JIOBYIIKH ITOJ0OPaHbl XOPOIIO, pelleHusl ypaBHeHuir Matbe Takue, 9TO
TPAeKTOPUS MOHA OI'DaHMYeHa B HpocTpaHcTBe. Mbl OyjieM cuuTarh, YTO MOH 3aXBa4€H B TOM
cJaydae, eCJIu €ro TPAeKTOpHSA OrPAaHUYeHa W aMILIUTYIA KoJieDaHuil HOHA MEHbIIe reOMeTpUIe-
CKUX pa3mMepoB JioBymikn (Meree 1 mwm). JIjist Takoro 3axBarta 3HAYEHUsT MAPAMETPOB G U ¢ MO
BCEM HAIIPABJICHUIM JBHKEeHHsI (AKCHAJIBHOMY H PAIUAJbHBIM) JOJZKHBI MPHHAIEXKATH 30HE
crabusabHOCTH. [IpuMep AuarpaMmbl CTaOUJIBHOCTH I HEKOTOpo# JoBymku [layns npe-
CTaBJICH HA PUCYHKE. 3aIITPpUXOBAHHAs OOJACTh — ITO 30HA CTAOMIHHOCTH, HE3AIITPUXOBAH-
Hag — 00JIaCTb ITapaMeTpOB, NPH KOTOPOH MOHBI MOKHUIAIOT JOBYIIIKY.
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YucneHHOE MOAEINPOBAHUE

B sToit qacTu 3a/1a4n MBI IIpejjiaraeM BaM 9HCJIEHHO IPOMOJIETIPOBATH yPaBHEHN TPAeKTOPUHI
HOHOB B JIOByTIKe llayng m u3yduTh ux cBOiCTBA.

Jlnst Toro, 9TOOBI BaM He TPHUIILIOCH HAYEr0 MPOrpPaMMUPOBATH, MBI MOJTOTOBUIN TETPAJIKY B
cpese Google Colab. Moxuo ucrnosib3oBath 6€3 CMC, HO ¢ perucTparueii.

[TpoxoauTe 10 (cChIIKe Ha TeTpasky (Ha BCAKHMI caydail, BOT OHA ele pa3). 3aXOJuTe B CBOH
I'YIVIAKKayHT, Ha2KIMaeTe Ha BBITIOJIHeHHe KO/Ia U Bbl CYACTIUBHIL. /la, s4eiiku MOKHO CKPBIBATh
U OTKPBIBATH HAXKATHEM Ha TPEyroJabHUK. PaboTtars crano ymobuee!

[Toapobno npo To, KaK NOJIb30BATHCH TETPAJIKOH paccKaszano B janHoM Bujieo. Eesr Korpa y
BAC OEFAHYFES MOSBATCS BOIPOCH O TOM, KAK MOJTH30BATHCA JAHHON TETPAbIO, TO BbI MOYKETE
UX 33/aTh B JIMUHbIE COODIEHH: BOT ITOMY desioBeKy. He crecusiiTech, OH TOTOB U 3apsizKeH
oTBedaTh 25 (ABaANATEH MTH) HA 7.

3ameuanmne. B rerpanke mapamerp RF frequency — 310 He mukanyeckas 9acToTa, OH CBA3AH
¢ mapamerpom B dopmyae |1| dopmyoit RF  frequency = /2.

2.4. (0,8 6asna) Tlycers a, = —0,1. TIpn KakuX 3HAYEHUSAX MApaMeTpa ¢, B JHamna3oHe or —2
JI0 2 TPaeKTOPUU HOHOB BJOJIb OCH X OYIyT OTpAaHUYEHHBIMHU B MPOCTpaHCTBe. B Kave-
CTBe OTBeTa IMpHUBEJINTEe MHTEPBAJBI TapaMeTpa ¢,. |'paHUNBl WHTepBaJa OMpeJeuTe C
tounoCThIO 710 0,1. Byser jin non 3axBaden B JOByHIKY?

2.5. (0,8 6anna) Tlycrs a, = 0,1. Tlpu kakux 3HAYEHHAX Mapamerpa ¢, B JHama3oHe OT —2
710 2 TPaeKTOPUU HOHOB BJOJIb OCH X OyIyT OTpaHWYEHHBIMHU B NMPOCTpAaHCTBe. B Kade-
CTBe OTBeTa IpHUBEJINTEe MHTEPBAJbl TapaMeTpa ¢,. |'paHUIBl WHTepBaJa OIpeJesuTe C
TouHOCTRIO 70 0,1. Bymer mm mon 3axBadeH B JOBYIIKY?

2.6. (0,3 6asnra) lycrs a, = —0,01. TIpn kakux 3HAYEHHAX mapaMerpa ¢, B JHALNA30HE OT —2
JIO 2 TPAaeKTOPUHM MOHOB BJIOJIb OCH X OYJyT OrpaHUYEHHBIMH B HMpOCTpaHCTBe. B Kaue-
CTBe OTBeTa IPHUBEJUTE MHTEPBaJbl IapaMeTpa ¢,. l'paHunpl maoTepBasa OLPeJIeNHuTe C
TouHOCTBIO 70 0,1. Bymer ju moH 3axBadeH B JOBYIIKY?
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JlonaepoBckoe oxJiaXkJeHue NOHOB B JoByIIke Ilaynsa

st 6osiee apdexTuBHON paboTh JoByIKE [lays noubl oxjaxaaioT, ucrnoab3ys 3hderr Ho-
wiepa. B sroit yactu 3a71a4qu Mbl 60Jiee o pOOHO U3YUHM TO, KAK ITO JIEJTACTCS.

Bompocel o lonsepy

2.7. (0 6annos) VIcTOIHUK M3IYUYAET CBET HA YACTOTE Wy U JIBUKETCS BIOJIb MPSIMOM, COEIU-
HSIIOIIEH ero W MPUeMHHUK CO CKOPOCTBIO Vg. HeMy paBHA 4aCcTOTA U3JIYyJIeHUS, KOTOPYIO
Oy/ieT eTEeKTUPOBATH TPUEMHUK !

2.8. (0,2 6asna) UcTounuk u npueMHUK HaxoasTcs B Todkax A u B coorsercTBenno. Verod-
HHK JIBUZKETCS CO CKOPOCTBIO Uy IEePIEeHIUKYIAPHO K AB, NIPUeMHUK JIBUZKETCs CO CKOPO-
CTBIO Uy B0 quann AB (cM. puc.). Yemy paBHa 9acTOTa M3JIyUYeHUs, KOTOPYIO OyIeT
AETEKTUPDOBATHL IIPpUEMHHUK, €CJIM B CUCTEME O0TCY€Ta NCTOYHUKa OH HMCIYCKaeT CUT'HAJI Ha
qacrore wy?

Vo

Vo

D amm— ]

A B

2.9. (0,1 6annra) PaccmoTpuM ujieasibHbI Ta3. BeposgTHOCTb TOrO, 9TO CKOPOCTh aToOMa rasa
JIeYKUT B HHTEpBaJe OT v JI0 U + dv onpeJiesigeTcs BbIpazKeHneM

2
_muv_
Ndmv2e™ 27 du,

rjge m — Macca aroma, k — Koncranra bosbnmana, T — Temmeparypa rasza, N — HOP-
MHUPOBOYHBIH MOCTOSTHHBIM MHOXKHUTE/Ib. Hafiiure Hanbosiee BEpOSITHYIO CKOPOCTH aTOMA.
Hanbosnee BeposiTHOI CKOPOCTHIO HaA3bIBAETCS] CKOPOCTH, OJM3KOIT K KOTOPOil 0bJ1a1aer
HarOOIbIIIee YUCTIO0 MOJIEKYJI.

2.10. (0 6annr06) AToM JBUKETCS CO CKOPOCTBIO Uy HABCTPEUY JIA3EPHOMY MYUKY. DJIEKTPOH
HAXOJIMTCS B OCHOBHOM COCTOSTHHH. DJIEKTPOH MOKET MEePEHTH B BO30YKIACHHOE COCTOSHIE
ec)ii TOTJIOTUT (POTOH C IACTOTOH wy. UeMy go/zKHA ObITH paBHA OTCTPOiiKa Jaszepa Aw
OT 9aCTOTHI Wy YTOOBI ATOM TOTJIOTHI (POTOH?

2.11. (0 6aanos) Vimuyiabe dborona ¢ 9acTOTON w ompenenseTcs BoipazxkenueM hw/c. Haiiaure
CKOPOCTH aTOMa M3 MPEJIBIIYIIEero MyHKTa, eCId OH MOIOTHI (hOTOH.

2.12. (0,3 6aana) B skcnepuMeHTANBbHON yCTAHOBKE MOTOK OJMHOYHBIX ATOMOB HATPHUS BBLIE-
Taer co cpeaneil ckopocthio 10° ¢M/c HaBeTpedy Jla3epHOMY UCTOYHUKY € JJIUHO BOJIHbI
363,8 uM. 1lpu B3auMmoielicTBUY € JIa3epHBIM M3JIYICHHEM aTOM IOTJIONaeT (POTOH H Iie-
PEXOJTUT U3 OCHOBHOTO HEPTeTUYECKOTO COCTOSTHUS B BO30y:KIEHHOe. [Ipm nampHeiiem
JIBUZKEHUU aTOM MOYKeT BEPHYTBHCS B UCXOJHOE COCTOSHWE MPU BHIHYKIEHHOM HJIM CIIOH-
TaHHOM HcIycKanuu porona. Beinyxkaennoe uciyckanue (pOTOHA TPOBOIUPYETCS B3AUMO-
JieficTBreM C BHENTHUM (DOTOHOM U UCHYIIEHHBIH (POTOH MMeeT Takoe Ke 3HAYEHUe SHEep-
I'UU U HAIPABJIEHHe PACIPOCTPAHEHUS, KAK U MPOBOMUPYIONTHIA (IIPH 5TOM 3TOT MPOTECC
HHKaK He BJIUSET Ha TMPOBOIUPYIONHi (hOTOH). A NpH CHOHTAHHOM HCIYCKAHUH HOBBII
doTon uMmeer TO Ke 3HAUEHWE FHEPTUH, UTO U MOCIETHUN TOTTOMEHHBIH (DOTOH, HO yiKe
caydaiinoe HanpasaeHne. Cunrasi MPOMECCH BHIHYZKJIEHHOTO W CIOHTAHHOTO W3/TyYeHHS
PABHOBEPOATHBIMEH PACCUUTANTE CpejlHee KOJMYECTBO IMOIJIONEHUH (DOTOHOB JIa3epPHOIO
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U3JIyYeHUs] ATOMAaMU HATPUsd, HEOOXO[MMMOe JIJIsl «OXJIAKIEHUSA» aTOMOB JI0 HYJIEBOIl CKO-
pOCTH JBUKEHWA.

B skcnepumenTax c¢ gopymkamu [layns gacTo ucnoib3yioT JI0MJIEPOBCKOe OXJlazKleHne. B cite-
JIYIONUX TYHKTAaX CHavasaa OyIeT aHaTM3WPOBATHCS CUTYyaIus 6e3 JOMIePOBCKOTO OXJIaXK TeHU ,
a B 1. 2.15 MBI ero peajusyeM.

Ecii noHBI OXJTa2KIeHBl JJOCTATOIHO (/10 TeMnepaTypmﬂ menbiie MK), mpubanzKeHHOE pelenne
BJIOJIb PaJINAIbHBIX KOOPJIMHAT OIMUCHIBACTCS CJILyIONei (hopMyJoii:

Wyt Qz
Yal) (1% Q)
x(t)occos(z)< 5 €08 t),

rIe MepBbIii MHOKHTENh — KOJeOAHUs HA CEKYJISPHONW YacToTe w,/2, a BTOPOW MHOXKHUTEND
OIUCHIBAET HEOOBINNE U YACThIe OCHU/LIAINY HOHA BJAJIU OT IEHTPA JIOBYIIKH.

2.13. (0,1 6aanra) Tonbepure napamerpsr €2, Upc u Vrp Tak, 9Tobbl 3axBaTuTh WOH. Pusmde-
CKAMU gBIAI0TCd Hanpsazkeraus oT 1 1o 1000 B. PaaunogacToTy MOKHO MeHATH B IIpegeaax
ot 20 10 30 MI'n. ITosryunTe KAPTUHKH TaAaKUM 0OPa30M, YTOOBI OBLIM 00s3aTE/IHHO BUIHBI
OCHMJIJISIUU HA CEKYJSPHON 4acToTe U MUKDPOJBHKEeHUS. JIOJZKHbBI MOy YUTHCS KapTHH-
KW IIpUMEPHO CJeAyIoniero Buia. B KaueCTBe OTBeTa NPUIIJINTE 3HAYCHHA ITapaMeTpOB U
FpaCbI/IKI/I C IMOAIIMCAHHBIMHA OCAMU U €IUHUITAMI HBMGPGHHﬁ.

100 T T 100 T g
S S
= (1] - - 0 -
3 >
-100 : * -100 * .
85 90 95 85 90 95
t, us t, us
100 v v 100 -
S S
= 0 4 - ot |
N >
-100 - . -100 '
85 90 95 -100 0 100
t, us X, um

2.14. (0,2 6a.ana) 113 rpadhukoB KOOpAMHAT OT BPEMEHH HafiinTe CeKyJIsiPHBIE 9acTOTHI Kosieba-
HUil nOHa B JoByIIKe. CpaBHUTE ¢ YaCTOTAMMU, OJYUYeHHBIMU B criekTpe. IIpoBepbTe, 4TO
B CIIEKTPeE MOABJISETCs TAK¥Ke TacTOTa MUKPOJIBUKEHUH, COBIAIAIONIAS € PAIHOYACTOTOH,
MOJABAEMOU HA FJTEKTPOJIHI.

2.15. (0.4 6aana) Briounte oxmaxaenue noHoB. s 9Toro mepeiianre K sdeiike «HUCCIIEI0Ba-
Hue BaHHbI JIaHKeBeHay, B KOTOPOii 100aBJIsSeTCs CHJIa BI3KOTO TPEHUS, JeHCTBYIOIAsT HA

! remmepaTypa mOHA OHpeIendeTcs ero KHHeTHIeCKol SHeprueil, JefeHHol Ha KOHCTaHTy BombiMana k

12
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2.16.

2.17.

2.18.

MOH ¥ yMEHBIIIAIONIAasd €ro KHHETUYECKYIO SHEPTHIO. Y JIAHZKEeBEHOBCKON BaHHbBI €CTh I1apa-
MeTD CKOPOCTH OXJIAZKIeHUd 7y, U Temueparypa Ty, 10 KOTOPOil Mbl XOTHM OXJIaAUTh (HJIH
HarpeTh) MOH. BKIIIOUNTE JIAHKEBEHOBCKYIO BAHHY € DA3JIMYHBIMEU HapaMerpamu v u Tj.
[TocTpoiiTe rpaduKu 3aBECUMOCTHU TeMIIEPATYPBI HOHA OT BpeMeHu. CpaBHUTE BpeMs T, 34
KOTOpPOe TeMIlepaTypa noHa yMeHbImaeTcd B 10 pa3 ¢ mapaMeTpaMu JIaHKeBEHOBCKOM BaH-
Hbl. B KadecTBe orBeTa Ha ITOT MYHKT lpecTaBbTe rpaduku u popMyILy, CBA3bIBAIOIILY IO
napaMeTpbl JIAHKEBEHOBCKOII BAHHBI CO BPEMEHEM T.

B pamkax 4mcaeHHOr0 MOAEINpPOBaHNs, ¢ TTOMOIIHIO JTaHKEBEHOBCKOM BAaHHBI MBI MOXKEM
OXJIaJINTH WOH J0 HYJIs KeJbBHHOB (3agaem mapamerp Ty = 0). Eciu noHOB B JIOBYIIIKe
HECKOJTBKO, TO TTPU OXJIAXKJIECHUN J0 HYJd OHU 3aHUMAIOT HEKOTOPBIE TOJOKEHNST PaBHOBe-
CHS B TIOTEHIHAJE JOBYIIKHA W KYJOHOBCKOM TOTEHIHUAJIE UX B3aMMHOTO OTTAJIKHBAHUS, 1
MOJIyYeHHOE «TBEPJIOe TEeJI0» HA3hIBAETCS KYJOHOBCKUM KpucTajaioM. [lomecTuTe 5 HOHOB
B JIOBYIIKY IPH TeX IapaMeTpax, KOTOpble Bbl IOJ00pagu B IIPEAbIAYIINX IIYHKTaX, H
OXJIaJUTE UX JIO HYJI.

(a) (0 6aanos) Ouninure KOHMDUIYPALKIO 1OJLY YEHHOIO KPUCTALIAT

(b) (0 6annos) BeicTpanBaioTcs Jiu HOHBI B JIHHEHHYIO nenodky Baoiab ocn OZ7 (Ecaun
MOHBI BBICTPOWJIUCH B JIMHEHHYIO IEMOYKY, TO paJnajbHbie KOOPJIUHATH paBHbI () ¢
oueHb Xopoleil TounocTbio, < 10734),

(1 6asn) Tor bakT, BEICTPAUBAIOTCS JIM UOHBI BIOJIb JIMHUU, 3aBUCUT OT COOTHOIICHHUSI
CEKYJISIPHBIX YaCTOT BJOJIb PAJMAJbHBIX U AKCHAJbHOI oceil (CM. BepXHUH DHUCYHOK Ha
CJIeIYIOIel CTpaHuIe). A UMEHHO, JJisl INHEITHOCTH e TOJKHO BBIOJTHATHCS YCIOBHE

cael. BOJIA:
2
wr )" N«
w,) T A
rme o 1 A — HEKOTOpbIe KOHCTAHTLI, KOTOPLIE BAM HEOOXOIMMO HANWTH.

3ameuanwue! [Ipn npoBeseHnn MOIEIMPOBAHUS B STUX MYHKTAX MPOBepsiiiTe, 9TO y BacC
JEWCTBUTEJHHO TOJAYYaeTCs JJUHEHHBI KPUCTAJL, & TaKKe TO, YTO TPH JIAHHBIX MapaMeT-
pax JIOBYIIIKYW MOHBI € 3aXBaTBHIBAIOTCA.

(1 6a.n) Tlpu apyrux gacrorax KoJaeGaHuii, MOHBI OyIyT BEICTPAUBATHLCS B JBYMEDHYIO pe-
HIeTKY HePIeHINKYIAPHO aKCHAJBLHOMY HAIPABICHHUIO (CM. HUKHUI DUC. HA CJIeIyIONeil
crparuie). B aToM ciaydae MOIKHO BHITOTHITHCS YCJIOBHE:

w
~2 > (BN)?
o (BN)

HalimTe napaMmerpsl B u (.
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Yacrp 3 (2 6amma). Jlazepusrit nuHIET

Jlosymika Ilayast He equHCTBEHHBINH BapraHT cXeMbl 3axBaTa noHOB. Hanpumep, cymectyer me-
TOZ JIa3ePHOTO IHHIIETa, IPO KOTOPBI U MOHAET pedb B JaHHON YacTHW 3aIa4H.

IIpubaurkenne reoMeTpuIeCKOil ONTUKN

B ToMm ciyuae, Korga IJIMHA BOJIHBI M3JYYEHUs JOCTATOYHO MaJia, MBI MOYKEM PaCcCMaTPUBATD
BOIIPpOC B3aI/IMO,ZLeIU/ICTBI/IH usjiydenud ¢ BeueCTBOM B paMKaX FeOMeTpI/IqGCKOIU/I OIITUKU. KaK n B
qacTu 2 OyJeM pacCMaTphuBaTh CBET KaK MOTOK (POTOHOB, HMILYJIbC OTAEJIHHOTO POTOHA OyIeT
paBeH fw /¢, Tae w — YacToTa W3MYUYEHNSs, a ¢ — CKOPOCTh CBeTa, A — TpUBEJEHHAs TIOCTOSTHHAS
[Inanka. Cuuraiite, 9T0 hw — 3TO HEPTrUs OTAEJBHOTO (hOTOHA.

3.1. (0 6arro0s) IlycTh ¢BET HOPMAJIBHO TAJNAET HA IJIOCKYIO MTOBEPXHOCTH. MOIIHOCTD U3JTyde-
HUS, TPUXOSINASICA HA €JIMHUILY ILIoma u papua [. Yemy paBHO jaBjieHHEe CBeTa, €CJIU
HOBEPXHOCTH TOJHOCTBIO TToriomaeT ceer?! Ecan mosrocThiO oTparkaer? Ecnm orpakaer
J10J110 (POTOHOB PABHYIO (.

3.2. (0,8 6aanra)) Ha TOHKYIO MPU3MY € HOKA3aTeJeM MPETOMJIEHUS 1 U MAJbIM yIJIOM MPH
IIpU BepIInHe W (CM. PUC.) NaJaeT NapasulebHbI Iy 90K, COCTABJISIONIN MaJIbIi yroJ o
¢ ropu3orTOM. Hafiiure BesimanHy n HalpaBJeHne CHJIbI, JeHCTBYIOIIEH Ha TTPU3MY CO CTO-
poubl myuka. CunTaiiTe, 9TO CBET NPHU3MOI He OTPayKaeTcst U He MOTJIoaeTcs. MoIHOCTh
U3JIy9eHNs, IPUXOISINAsICa Ha eIMHUILY ILIOMAIU paBHa [, mwiomaab mydka S. Cunraiite,
YTO MYyYOK TOJHOCTHIO MOTAIAeT Ha MIPU3MY.

3.3. Ha numuap ¢ nokaszarejem mpejioMjeHus n pajunyca R, Haxo/sdluiics B BaKyyMe, Ia-
JdaeT TOHKHUIA IIYYO0K CBE€Ta TaK, KaK ITOKa3aHO Ha PUCYHKE. MOH_[HOCTB CBe€Ta Ha € IUHHUITY
IJIONIA/IM 3aBUCAT OT KOOpAMHATH 2 1o 3akony I = Iy(1—xz/R), upu x € [—-R/10, R/10].
[Ipu apyrux 3HaYeHHSX UHTEHCUBHOCTH papHa (. CunuTaiiTe, 9TO CBET IUJIUHIPOM HE OT-
pazkaeTcs U He IIOIJIoOmaeTcs. BrlcoTa muauHapa paBHa H.

(a) (0,4 6aana) Hemy paBHa cuiia, JefCTBYONAs Ha IHJIAHIP?

(b) (0,2 6asnra) B kakyio cTOpOHY OHA HampaBieHa?

T

R

E‘V

10

3.4. (0,1 barna) Kax w3aMeHUTCST HAIIPABJIEHNE CHJIBI, €CIH TOKA3aTe b MPETOMICHUS TIHINH-
Jpa Gyjier MeHblIle [oKa3aTellsl IPeJOMIIeHIs OKPY Katoleil cpejibi?
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IIpubanrkenne BOTHOBOII ONTUKM

Ecu jyinHa BOJTHBL MHOTO 6OJIbITE 00bEKTA ¢ KOTOPBIM B3aUMOIEHCTBYET U3JIyueHne (HapuMep
MOH KaJIbliusl) NPUOJIMKEHHe TeOMeTPHYECKON onTuku He paboraer. Tem He MeHee u B 3TOM
caydae MOH MOXKET CTPEMUTBLCH JIOKAJIU30BATHCA B 001ACTAX, TJe HAOJIIONAIOTCH MaKCHMYMbI
KBa/IpaTa JeKTPUIECKOro MoJsi. B JaHHOi 9acTh 3a/1a49i Mbl PACCMOTPUM OJIMH U3 BaAPUAHTOB
CO3JIAHUA TAKOTO paclpejiesieHre JJIeKTPUIECKOTO 0 B IPUOIUKEHNN BOJTHOBOM ONTUKH.

3.5.

3.6.

(0,1 6aana) TInockass 3MeKTPOMArHUTHAS BOJTHA YACTOTHI W PACIPOCTPAHSAETCSA B BAKYY-
Me BJIOJIb ONTHYeCKOil ocu z. HanpsizK€HHOCTH JIEKTPUYECKOTO I0JIsi B BOJIHE 3a/7a6TCsI
BeipazkenneM F(z,t) = FEycos (%z — wt). Sanumnure BhIpayKeHUe 1 BOJHBI, KOTOpPAast
pPacipoCcTpaHsIeTCst TPOTUB OCH Z.

[IycTh 371€eKTpOMArHUTHAA BOJHA YacTOTHl W PACIpPOCTPAHAETCs B BaKyyMe BIIOJb OITH-
YeCKON OCH z M HOPMAaJIbHO HAJaeT Ha HPOBOIHHUK, KOTOPBLIA PaCIOJaraeTcs B ILIOCKO-
ctu z = 0.

E

(a) (0,3 6asanra) C yaerom OTpazkeHHON BOJIHBI HAfi/UTe PACIPEJETCHIE JIEKTPHIECKOTIO
o B obaacta z < 0.

(b) (0,1 6aana) Ha KakOM paccTOsTHEE OT HPOBOIHUKA Ipu z < () pacmosaraercs nepBbiii
y3eJI, T. €. IJIOCKOCTh, B KOTOPO# aMILIUTY1a KoJeGaHuil paBHa HYJIIO?

(¢) (0,1 baara) Ha KaKOM pACCTOSIHUM OT TIPOBOJHUKA PACIOIATAETCS TTePBAast My YHOCTD,
T. €. IJIOCKOCTh, B KOTOPOIl aMILIATY1a KOJAeOaHui MaKCHMaIbHa?

3.7. B peajbHOM 3KCIEPUMEHTE MbI HCIOJb3YEM He TJIOCKHE BOJIHBI, & JIa3epHOe U3JIydYeHue

C HEKOTOPBIM paclpe/ie/ieHrie NHTeHCUBHOCTH B €ro MolepevyHoM cedeHuu. B pesyribrare,
B OIIBITaX, CXEMa JKCHEPUMEHTa KOTOPBIX AHAJOTHYHA NPEeAbIAYyIIel MOXKHO HOJYYATH
pacipejieieHue 3JIeKTPOMArHUTHOI'O 110/ TAKUM, YTO JHEPIrusi B3auMojeiicTeus Kyoura
MaCChl M ¥ eJIMHUYHOTO 3aps/1a C ONMTHYECKOIl JIOBYIIKO Oy/1eT uMeTh BUJL:

SP 1 272 2
Ei(r,y,2) = —C—5——exp | ———F——~ cos® VAR
rie C = 377a,./2 — moJgpu3yeMocTh aToMa B eJIMHHUIAX ATOMHON HOJISIPU3YEMOCTH,

e = 1,65-10* Ku® M2/ Ik, P — mommocrs usiyuenus (ot 0 go 10 Br), Ay = 532 M —

w,
JJIMHA BOJIHBI JIA3€PHOTO M3JIydeHusd, wy = 50 MKM — IMHUPUHA YUK, Zp = 7;—;) — JIJTAHA

Panes, 2 = 22 + y? — paccrogHme OT OCH JOBYIIKH JI0 HOHA.

(a) (0,2 6aana) Haiiure BoIpazkeHue Jjisi CHIBL, TeHCTBYIOMIEH BIOIb OCH .

(b) (0,2 6asanros) Haitiure BoIpaXkKeHue JJIsi CUJIbL, JEHCTBYIONEH BIOIb OCH Z.

Aemopuor 3adavu: Jluanna Axonan u Omdesernue Pusuru
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Pemenune ocHOBHOIT 3aga49n

YHactp 1. OgaoKyOouTHBIE TEITHI B KBAHTOBOM KOMITHIOTEDE
Cocrosinne Kybura

1.1. EanHcTBEeHHOE OrpaHMYeHne HA KOMILTIEKCHOE YHCI0 T — YCJI0BHE HOPMHUPOBKHU

+ |z)? = 1.

141
2

Orcroa moydaem

1 1 .
| = —=, = x=-—=€,

V2’ V2

e p — npousBosbHag daza: ¢ € [0, 27].

HeiictBug ¢ Kyourtamu

1.2. Tlocse peiicrBust Ha Kyour refita U, KyOUT HAXOAUTCH B COCTOSHUU

T o ACl —f- BCO
Y=Up= (Ccl + Dco> ’

TOI‘,ZLa BEPOATHOCTH TOI'O, YTO IIOCJIE€ U3MEPCHHA OH OKazKeTCA B COCTOAHHNUN 0, paBHa

P = |C(31 + DCO’Q-

1.3. BamnummemM ycJIOBHEe YHHTAPHOCTH

(A B) (Z 6)_ |A]* +|B|* AC + BD _(1 0)
¢ D)J\B D) \CA+DB |C?+|D?)] \0 1)°

Orcroma nmoxydaem 4 ypaBHeHUs

AP + B> = 1,
CF +|D* =1,
AC + BD =0,
CA+ DB =0.

3aMeTuM, 9TO ecJIU IPUMEHUTH OlePalnio KOMILIEKCHOTO CONPSIKEeHNs K TPeTheMY YpaBHEHHIO,
TO MOJYUATCA YeTBePTOe. SHAUNT B 3TOH CHCTEME TOJBKO IMePBble TPU YPABHEHNSA HE3aBUCHMBI.

TpeTbe YpaBHeHHNE KOMIIJIEKCHOE, a 3HAYUT 3KBUBaAJEHTHO TOMY, YTO BE€IIECTBEHHaA M MHUMaA
qactn or AC + BD pasubl Hy10. Takum 06pa3oM, 9Ta CHCTEMa H3 YeTbIpeX HEe3aBHCHMBIX
BeIIeCTBEHHBIX ypaBHeHuit. CJre1oBaTeIbHO, YUCJIO BEIIeCTBEHHBIX ITapaMeTpPOB, OJTHO3HATHO
3a/lal0IUX yHUTApHOE 1peodpa3oBanue, paBHo 8 — 4 = 4.

1.4 YuuoxuMm ypasuenne U2 = U caesa va UT. B s1eBoif 1 npaBoit 4acTaX MOJTYyYHM COOTBET-
CTBEHHO

U= UOYU =1U=U, UU=1.
Buauut, U = I.
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1.5 TlocmemoBaresnbHoe BbimosiHeHHe reiitoB U; m U; SKBUBAJEHTHO HPUMEHEHHIO MATPHIIHI
UsU,. TlpoBepum ycjioBue yHUTaPHOCTH

(U,U) (U, = UlUU,U, = Ul TU, = U, = 1.

Buaunt Marpuna UsU; aeiicTBUTEIbHO SIBISETCS TeHTOM.

i/V2

1.7 O6o3HaYNM BEKTOP < 1/ \/5) Kak 1. Pesynbrar jgeficrsus marpun [ayan na 1)y

- () von (48). - (13)

Buano, uro amMmnTyabl oOHapyKeHUs He U3MEHWIUCH. UTOOBl M300Pa3uTh 3TU COCTOSTHUS HA,
cepe Bioxa, mpusenem ux K Buay ¢ = cos(6/2)vy + € sin(0/2)11, rae 0 € [0, 7). ds sroro
JIOMHOYKUM TEPBBI BEKTOP HAa —i, BTOPOH U TpeTuii Ha —1 (3HAKOM =~ 0603HAUEHO PABEHCTBO
¢ TOYHOCTBIO JI0 1I00aIbHOi hassl)

e (). v (). = (508)
OTCIOMA HAXOMMM YTJIBI

™ ™ ™ ™ ™ s

QI:_aa):_—7 9:_7 = 5 022_72’:__'
9 ¥ 97 T Ty ¥ 2

OTrmernM ToJIydYeHHBIE cOCTOsTHNS Ha cdhepe Bioxa:

z

Yo

U

1.8 O6GosHauuM BEKTOpBI, HalpaB/IeHHbIE BJOJb ocell ¥,¥y,z KaK U, 1y, 1., a BEKTOPHI, Ha-
IpaBJjieHHbIe B IIPOTUBOLOJIOXKHYIO UM CTOPOHY, KaK ¥ _z, Y_y, ¢¥_.. 3aMeTuM, 4910 9, = 1), a
V_, = 1. VI3 mpeaplaymero mynkTa BUIIM, ITO

Xty = Zpy ~p_y, Yh, >y,
[ToneiicrroBa marpunamu [laynu na ., 1., nojaydaum

Suaunt MaTpunbl X, Y, Z MOBOPAYMBAIOT 3TH BEKTOPa Ha yroJ T OTHOCHUTEJIHHO OCell T, 2
COOTBETCTBEHHO. A 3HAYUT 3TO BEPHO U i JI0O0TO BeKTOpa Ha chepe Bioxa, Tak kak 1000
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BEKTOP MOZKHO IIDEJICTABUTh B BUJE CYMMBI BEKTOPOB g, Uy, 1, ¢ HEKOTOPBbIMU KO3 dunuen-
TaMH.

1.9 Ilo omnpenesieHHIO HAXOIUM
XY -YX =2iZ.

Orciona ciaeayer, 9TO MOPSI0K BHITOJIHEHNS MOBOPOTOB BayKeH.
1.10 Ilo onpenesleHUIO HAXOIHM
HXH=7, HYH=-Y  HZH=X.

1.11 O6o3maumM cocrosaue (Yo+1,)/v/2 kak ¢y . o meificTsus refitom A 1amMapa BepOsSTHOCTH
obHapyKuUTh KyouT B cocrostansax 0 u 1 paBuel 1/2. Pesynbrar nefictBus Ha Hero reiita A gamapa

Hypyy = (é) :

BepostHOCTH 00HAPYKHUTH ITOT KyOUT B cocTossHuu 1 paBHA eguHuIe, a B 0 — HyJIiO.

B cayuae cocrognms ¥, = (11 — 1g)/V/2 BeposiHOCTH 0GHADYKUTH KyGUT B cocTosimusx 0 u
1 rakxxe pasust 1/2. Tlocste geficTBust Ha Hero reiftom Agzamapa

o= (2.

Tenepb BepoITHOCTH OOHAPYKUTH KYOUT B COCTOAHMH 1 paBHA HYJI0, a B cocTrosguun 0 — ean-
Hure. Takum 006pa3oM, ¢ MOMOIIBIO refita AmaMapa MOKHO PA3/JIMYATh TU JBA COCTOSTHUS.

1.12 Bamernm, uro X? = Y2 = 7% = . Torna ana R, (0) noayuaem

i0 1/ i0\? ] i\ " 0 1 AN
Rx(e)_u(—E) X+ (—5) I+...=1 W(_E) +sz<—5> .

n=0 n=0
VuureiBad, 9T0 72 = —1, moJTydaeM
(0)=1 = —1X —— | = .
Ba(0) 2 2n)l \2 ! nzzo(znﬂ)! 2

Bunro, 9T0 K03hDUMMEHTH TPU MATPHUIIAX — ITO pas3oxkKeHUs B psj Teilsiopa KocuHyca u
cunyca. Torma moaydaem

Anasornuno nag Ry, R,

oS g —sin g e—10/2
(2 20). wo- (7 )

1.13 HyxxH0 npoBepuThb, ABAAIOTCA 1 MaTpulbl R, Ry, R, yautapubivu. s R, noaydaem

¢ yaeTom Toro, aro sin?(0/2) + cos?(0/2) = 1
%)) (COS (5) isin (3)) (10
V) liny ) =0 1)
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Haa R,

Hakonen g R,

—i0/2 0 i6/2 0 1 0
[ € _
rore = (700 0 (0 )= (6 1)

3Ha4YUT BCe TpH MaTpHUIbl ABJIAIOTCA O,ZLHOKy6I/ITHbIMI/I refiramMu.

z
1.14 TlogeiicrByem wmarpuneii R,(6) na BexkTopbl R (U
w:n?wy)wz: o O
R Y
B 0 .. 1/v2 vy
R.(0)y, = <cos (§> —zsm( )) (1/\/—) (I | b\, oy

Ry,
i(cos (&) —sin (£ ))/\/_> (z’sin (Zli—g)). T,

R, (0)Y, =
(O)y ((cos( )+sm( ))/\/_

—isin (¢ 1

cos (g)

Buino, uro marpuna R, (0) noBephy/ia Bce T1 BEKTOPbI BOKPYI OCH X Ha yIoJl  IpOTUB 4acoBOii
crpeskn. Tak Kak 11000if BEKTOD MOYKHO IIPEJICTABUTD B BUJAE CYMMBI Uy, ¥y, 1, ¢ HEKOTOPBIMH
ko3 durmenTamMu, To 3TO BEPHO [ JTIOOBIX BEKTOPOB.

IloaeiicrByem marpureii R, (0) Ha BEKTOPBI Uy, Py, 1,

B (cos( )—sm( ))/\/_ Sin(%—g
By 6)4- = ((cos( %) +sin (4 ))/\/_> (COS (Z - g)) '

w9 - () ()=

_[—sin (2)
o (20 -

2

Marpuma R, (#) nosepryna 1, 1y, 1, BOKpYT OCH Y Ha
yroJi f 1Mo 4acoBoit cTpesike, 3HAYUT OHA TaK JAeHCTBYeT W Ha IIPOM3BOJILHBINA BEKTOP.

z
IoneitcrBoBaB MaTpuneit R, (6) Ha BEKTOPHI ¢y, 1y, 1V, R, |,

TTOJIY YU M

v~ (1) - (16)

o= ()74

R.(0). = ¢ (2) ~ g,
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Marpuna R,(f) nosopaunsaer t,, 1,1, BOKPYT OCH
z Ha yroJi 6 1mo 4acoBoil cTpesKe, 3HAYNT Ha MPOU3BOILHBLIA BEKTOP OHA JAEHCTBYET TakK Ke.

1.15 YMHOXKUB MATPUIILI, MOJTYUIM:

U o < i(B+0)/2 ¢og ('—27) — B2 gin (%))

Vrsin(3) e cos ()

Buzano, uro nogxoaar napamerpsl o = w/2,6 = 0,7 =7/2,0 = 7.

1.16 a) TpebGyercsa mosyuuTh U3 BEKTOpA U,
BEKTOP 1, = 1)y. DTO MOXKHO CIeJaTh, mojeii-
crBoBaB Marpureit R, (—m/2).

b) BekTop 1y, KOTOpBIH TpefyeTcs MOTyUUTh,
JIEXKUT B IUIOCKOCTU T2 W COCTaBjisier yroj m/6
¢ ocbio x. [ToaToMy €ro MOXKHO MOJYyYUTH, IO-
neiicrBoBaB marpureit Ry, (7/6).

¢) BekTop 1., KOTOpHBIil Tpebyercs MOJYIUTh B L,
JaHHOM IIYHKTE, JIEXKUT B ILIOCKOCTH Yz U CO-
CTABJISIET TOT ZK€ YTOJI C OCBIO Y, 9TO BEKTOP U
¢ ochto x. Takum obOpazom, HY?KHO ITPOCTO TIO- o
BEPHYTH BEKTOD 1), BOKPYT OCH 2 Ha T /2:

e (L (D) B ()

Ocumaguun Pabu

1.17 Bugno, uro moaxoaar mapamerpsl ¢ = 7w, Qt /2 = 7/2, oTKyna moaygaem

t:%%12,3-1O’GC

PuaesnTH onepaui

1.18 Pesyabrar geiictBus reiita Anamapa Ha Ha9aIbHOE COCTOSHUE:

b4

Ecnn noneiicrBoats H, moaydmm:

~ 1 1
—— )
V140,992 \—a
[TocuuTaB GUACTUTH 11O ONPEIETCHUIO, TOJTYIAEM:

~1(1+0,99)2

~ -5
210902 T

1.19 3amernm, uro H? = I. 3uaunr geiicteue Marpuneii H 10 pa3 He MeHsfeT COCTOSHHE.
CrieoBaTeibHO (DUILTUTH PABHO €THMHUIIE.
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1.20 Pesyabrar geiicrBus reifra Agamapa Ha HOBOE HAYAIbHOE COCTOSIHUE:

_1(it1
H%_§(i—1)'

Ecun noneiictrBoatrs H, moaydmm:

- 1 1+0 99@')
Hy,, = . ’ :
Yy 2(1 + 0,99) (z —0,99

[TocuuTaB dbUACTUTH 11O ONpeAeIeHIIO, Hoayaum F' = 1.

Koppeknusa ommbok

1.21 B cayvae KOIUpOBaHUS OJHUM OUTOM BepOSTHOCTH ONMMOKHM PaBHA p. B ciaydae Koampo-
BaHus TpeMs buraMu OmMOKa IPOU30UJIET, eC/I IEPEBEPHYTCS BCe TpU OUTa MU KAKUe-TO JIBa
bura. /[Ba U3 Tpex OUTOB MOXKHO BBIOPATH TpeMsd CIOCODaMU, MO3ITOMY BEPOSTHOCTH ONIMOKH
paBHa

Prait = p* + 3p*(1 — p).

[Tosrygaem KBajipaTHOE HEPABEHCTBO:

1
P31l —p)<p, <— 2<§—p> (1 —=p)>0.

Orcroga moxyvaem, 91o p < 1/2.

1.22 [lycrb KOJMpOBaHHE HTPOUCXOJUT € IMOMONIBI0O . = 2m + 1 6uroB. YUTobbl mpownsorrnia
omuOKa, JTOJKHBI ITepeBepHYThCsT m + 1 uiam 6oJibie 6uToB. Tak Kak KOJHYECTBO CIIOCOOOB
BBIOPATH k OWTOB W3 N PABHO YUCJIY COUETAHUN, BEPOATHOCTH TOTO, YTO MEPEBEPHYIOCH k ODUTOB

paBHa
Crp*(1—p)» .

Torna BeposdTHOCTDH OMMUOKU paBHA

2m+1

Pan= Y Chpp(1—p)*" ",
k=m+1

Jlns Tpex 6uToB BepoATHOCTH ommbku npumepuo pasua 0,03. /Ing ngaru 6uToB BEPOATHOCTD
omubku npumepHo pasua 0,0086 < 0,01. 3HaYUT HYKHO B34Th IATh OUTOB.
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YHactp 2. JloBymika Ilaynsa
BBegenne

. Th 3aps] ¢ HAXOTUTCS B TOYKE C K UHATAMU T, Y, Z U TEPEMECTUJICS BIOTb OCU T H
2.1 IIycTs 3a axXOIUTC 0UYKe ¢ KOO aTa, .Y, epeMeCTHIIC 0JIb 0OC a
paccrosiaue dr. B arom ciaydae pabora 3/eKTPUIECKOro 10Jisi Oy1eT paBHa:

dA = q(p(x,y,2) — p(r+dv,y, 2)) = E,d,

OTKY/A TOTy9IaeM, 9TO TPOEKIUs HAIPAZKEHHOCTH IJIEKTPUIECKOT0 MO/l HA OChb X Oy/eT paBHA
—2ax. Amangornano noiaydaem, 4to I, = =28y, a B, = —27yz.

Jlnst orBeTa Ha BTOPOH BOIPOC MBICJEHHO BBIJIEJTUM HEOOIBIION mapa.Ji-
JIEJICTIAIIE T, OJIHA, M3 BEPIIMH KOTOPOro OyIeT HaXOJUTCS B Hadajle KO- z

OPAMHAT, & CTOPOHBI OyAYT paBHBI dx, dy u dz. Haiinem moTox 3/1eKTpo- dy
CTATHYIECKOTO TOJIS Yepe3 3TOT napaJuieenuie/1. depe3 camblii HpaBbiit dx :
Toper| TOToK paseH d®, = Eydrdz = —2Bdxdydz, gepes Toper, KoTo- E,
peIil pacmosnaraercd B miockocTu r(Jz MOTOK paBeH Hy/I0. AHaJIOrHY- dz | 2 — R:y

HO CHHTasd IIOTOKHU dYepe3 APpYyrue CTOPOHLBI lTapaJuleelInIleJa IOJIydaeM,
9TO IIOTOK paBeH

d® = -2 (a+ [ +7)dedydz = =2 (a+ 4+ ) dV,

e dV — obbem napasuresenuiesa. C Apyroir ¢ropoHsl, 1o Teopeme l'aycca 3ToT MOTOK paBeH
dq/eo, Tae dg — 370 3apsij, KOTOPBI HAXOAUTCS BHYTPH TapaJsuiesnenunesa. [[pupaBauBas smu
BBIDAKEHNs, HAXOANM MJIOTHOCTH 3apsijia, KoTopas pasHa p = —2 (a +  + 7).

YejioBHeM TOTO, YTO ILJIOTHOCTD 3apsd/ia PaBHA HYJIIO Oy/IeT paBeHCTBO HYJIIO CyMMbI o + [ + 7,
YTO SIBJISETCS JOCTATOYHO BayKHBIM PE3YIbTaTOM, YKA3BIBAIOIIIM Ha TOT (DAKT, UTO YCTORUIUBOE
HOJIOZKEHUE PABHOBECHUE B CJIy4ae TOJbKO KyJIOHOBCKHUX CHJI HEBO3MOZKHO.

2.2 Ecian Vgp = 0, noreHnuma npuHIMaeT BH]L

o _F:Ubca® kUpcy’ | k:Unc 1Y
- 2 o 2 o T _2 <
25 2 25 2 24
Torna cuia, geficTByIoIas Ha MOH, paBHA 9|
= szDC szDC szDC
F=e 5T, 5 Y, ———5 22 ]. 11 .
) <0 )
Tak kak w3navasbuo z = 0, a 3HaunT n F, = 0, To yacTuna "
Bcerja OyjeT OCTaBaTbCd B ILIOCKOCTH xy. B Hada/bHBIN MoO- 1 2 3
MEHT CHJIa HAIpaBJIeHa BIOJIL IPSAMOM & = ¥, MOITOMY YaCTHUIA
BCerjia Oy/leT ocTaBaThCs Ha ITON NPsAMOI, y/iaJjsisich Ha OeCKO-
HEYHOCTDH U3 TOYKH CTapTa.
2.3 O6o3HaguM VRF/rg = 2A, Toria mOTeHIHAI IPUHUMAET BUI
72 y?
d = —Az? cos Ut + Ay? cos Qt — A? — AE.
B MomenTel t =01t = 7T/Q TOTEHINAT IPUHAMAET BUJ
3 1 3 1
Py = —=Ax? + §Ay2, O, = —§Ay2 + §Ax2
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N306pa3umM 3aBUCHMOCTD [MOTEHIIHAJIA OT KOOD/IMHAT:

YucnaeHHOE MOAEINPOBAHUE

2.4 ng maganga ynpocTuM cebe Ku3Hb, BIPpasuB Vyp u Upc 1depes ¢, u a,(nin depes g, u a,),
a TaKzKe IMapaMeTphl yecTaHOBKHU. I1o ycoBuio

4€]€ZUDC QGVRF
a = Q, = —— = — = —
v mz3Q2 o i mriQ?
Torma Mbr mosrygaem
Un . — mzi0%a, Ve mraQ2q,
DC — 4€kz ) RF — % .

Torna umenno Tak u Oy/eM 3a/aBaTh HAIPAZKEHUA B KOJE, 3a/aBasd UMEHHO [TapaMeTpbl ¢y, U,
a He HallpsKeHUs.

Jlajiee BHUMATEJIBLHO PacCMOTPpUM ypaBHeHusd Marbe, B 0COOEHHOCTH T€ YJIEHbI, YTO COJepzKaT
q. JIerko morasarbes, 9T0O 3aMeHa T — T + m/2 ¢ OJHON CTOPOHBI SKBUBAJICHTA 3aMeHe ¢ — —(,
C JpYTroif CTOPOHBI KBUBAJIEHTHA CJABUTY HadaJja OTCYeTa 10 BpemeHH. JIOrmaHO, 4TO CABUT
HavaJla BpeMeHHW He JIOJI2KeH BJWATH Ha BO3MOXKHOCTH 3aXBAaTHTh MOH: 3aXBaT MOHA JIOJIXKEeH
HPEJICTABIATD U3 cebsd HEKOTPBIH Ipolecc, KOTOPBI He 3aBUCHT OT Hadaja BpeMeHH. Takum
00pa3oM U3 00IMNX COOOpaXKEHUt MOXKHO CPa3y MOJYUNTh, ITO OJUHAKOBBIE IO MOIY/IIO U IPO-
TUBOIIOJIOYXKHBIE 110 3HAKY 3HadeHusi ¢ Oy/AyT AaBaTh OJMH U TOT K& KaueCTBEHHBIN Pe3yJIbTaT.
Orcroia TakzKe Caeyer, YTO JIBUZKEHHE MO OCAM & W Y WM OJHOBPEMEHHO YCTOWYHMBO WJIH
OJITHOBPEMEHHO HEYCTOWIHUBO.

Tenepb BHEMATEILHO IIOCMOTPUM Ha, YPABHCHHE JIJI KOOPJHHATHI 2. MBI BUIMM THINYHOE yPaB-
HeHUe TapMOHUYECKMX Kojebanuii B ciaydae a, > 0, uiu ypaBHeHue, pelleHrueM KOTOPOIO dB-
JISTIOTCS YXOAAIINEe Ha OeCKOHeYHOCTh SKCHOHEHTH! npH @, < (. 3HAYUT, 3aXBaT HOHA BIOJIb OCH
2 BO3MOKEH TOTJa M TOJILKO TOrJa, Korja a, > 0. 9To B CBOIO oYepejb O3HAYAET, UTO JIJIs
3axBaTa HOHA HeoOXonuMo (HO He hakT, I4TO JOCTATOYHO) a, < 0.

Tenepb MBI MOKeM HCCJI€IOBATH TTOBeJeHUEe MOHA B JIOBYIIKe llaynas mis pa3andHbIX 3HAUEHUR
a,q. bosee TOro: MbI MOXKEM IPOBEPUTH CBOM IPEAIIOJIOKEHHS, C/IeJaHHble U3 00X coodpa-
skennii. [IpoBeiemM u3Mepenus B auanasone ¢, € [—2, 2]

[Ipenaraem Bam mepefiTu B TeTpajKy U YOEIUTHCA CAMUM BO BCEM.

Kak BugnM, noH JefiCTBUTEILHO 3aXBATBIBACTCA 1O BCeM 3 ocsiM B obactu |g| € [0.5,0.9]
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2.5 CuoBa nmpom3BejieM aHAJOTHYHBIE U3Mepenus, Ho s a, = 0.1. V3 coobpaxkenuit Bbime
OYEBHU/IHO, YTO MOH He OyJIeT 3aXBavyeH 10 OCH Z HY MPH KAKUX 3HAYCHUIX (.

[Ipemnaraem Bam mepefiTu B TeTpajkKy U YOEIUTHCSA CAMUM BO BCEM.

Kak BuanM, WOH JEHCTBUTEIHHO HE 3aXBATBIBACTCA IO OCH Z, XOTh M yCTOWYHMB MO T U Y B
obsactu ¢ € [—0.8,0.8]

2.6 Kak mbl yxke mokKazaJju, OCH & U Y WU OJHOBPEMEHHO YCTOWYHUBBI, WU OJHOBPEMEHHO
HEyCTOWYMBBI. Tak 4YTO camMoe MHTEpPecHOe B JIAHHOM IYHKTE - HCCJIe0BATh, CTAHeT 00JIacTb
YCTOHYHMBOCTH IIHPE, WX y2Ke IPU YMEHBIICHUU IIapaMeTpa a, 110 MOJLYJIIO.

N3 jamarpammbl jijisi «HEKOTOPOI» JOBYHmIKE Ilay/isi, MOXKHO IPEJIIIOJI0KUTHh 9TO HIUPUHA 30-
HbI CTaHE€T BBIIIE, OJHAKO HET TI'apaHTHH, YTO IPHUBEACHHbIaA AUalr'paMMa COOTBETCTBYET TOH
JIOBYIITKE, UTO MCCJEyeTCsl B JaHHOi 3ajade. bojee Toro: n3 nyakra 2.4 049eBUIIHO, YTO JIHa-
rpaMMa He COOTBETCTBYET JIOBYIIKe U3 33/1a9H, TOCKOJAbKY To4Ka a, = —0.1, ¢, = 0.9 okazamrach
YCTOHYHMBOM, B TO BpeMs KaK OHa JIEKHAT 3a MpeeaMy TUarpaMMbl, TOKa3aHHON B YCJIOBUM.

Y100bl TPOBEPUTH I'MIOTE3DI BIIIE ITPOU3BEAEM YUCICHHbBIH IKCIEPUMEHT.
[Ipenaraem Bam mepefiTu B TeTpajKy U yOEIUTHCS CAMUM BO BCEM.

[Tostydaem, 9TO 30HA YCTORIMBOCTH CTaJa IIUPE, H MOH B 9TO 30He 3axBaThiBaercs. |¢| € [0.2,0.9]
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X, {m
[=]
1

20 4

10 A

y, um
(=]

_10 -
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Z, um
(=]
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g
(=] 1
o
[
w
o]
o
o ]
]
o
o

t, us

Puc. 3: Yeroitunpocts 110 2, y u 2z, o 3axBaTbiBaercd ¢, = 0.5, a, = —0.1
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1e306

0.00

—0.25 ~

—0.50 ~

—0.75 A

%, LUm

—1.00 ~

—1.25 ~

—1.50 ~

1e306

0.00

—0.25 ~

—0.50 ~

—0.75 ~

y, um

—1.00 ~

—1.25 ~

—1.50 ~

10 +

t, us

Puc. 4: OrcyTcTBHE YCTONYIUBOCTH 110 T, Y U YCTORIMBOCTD 110 2, HOH He 3axBaTbiBaeTcs ¢, = 0.1,
a; = —0.1
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0.002
0.001 A

=
=< 0.000 ~

—0.001 4

_0.002 T T T T T T T T

12306

2.0 7

1.5

Z, um

1.0 1

0.5 1

0.0

t, us

Puc. 5: ¥YeroitunBocTts 110 , y U OTCYTCTBUE YCTORYUBOCTH TIO Z, MOH He 3axBaThiBaeTcd ¢, = 0.9,
a, = 0.1
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1e305

1e305

1le306

2.0+

1.5

z, um

1.0 1

0.5 1

0.0

t, us

Puc. 6: OrcyrcrBue ycToitauBOCTH 110 T, Y U 2z, WOH HE 3axBarbiBaercd ¢, = 0.9, a, = 0.1
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JlonaepoBckoe oxJiaXkJeHue NOHOB B JoByIIke Ilaynsa

2.8 Ilepeitnem B cucremy orcyera UCTOUHUKA. [[pOMEKYTOK BpeMeHU MeXKy CUTHAJIaMH, KO-
TOpBbIE JETEKTUPYET IIPUEMHHK, COKPAIAETCs, TAK KaK OH HPUOINKAETC K HCTOYHUKY CO CKO-

POCTBIO V!

At = —5 At
¢+ vg

r7e ¢ — CKOPOCTh CUTHaJa. Torma JacToTa, ¢ KOTOPOil OH JEeTeKTUPYeT CUTHAJIBI paBHA:

= <1—|—@> wo-
C

2.9 YrobwI HaifiTu Hanboiee BEPOSITHYIO CKOPOCTh, BO3bMEM TTPOU3BOIHYIO 110 MOJLYJII0 CKOPOCTH
oT JiorapudMa BEpOATHOCTH:

1dp 1 m 2kT
— ot oy =0, = v = —
pdv v kT T Vs m

2.12 PaccMoTpuM MpOIECC BBIHYZKIEHHOTO MCIYyCKaHus GoToHa. VIMmyabe dhOTOHA, KOTOPBI
CIPOBOIMPOBAJ HCIIYCKAHHE, HE H3MEHSEeTCA B 9TOM IIporecce. Korma aroM mepexomauT B BO3-
Oy»KIeHHOe COCTOSTHIE, OH MOTJIoIaeT hPOTOH ¢ UMIYALCOM py. Llocse mporecca BHIHY K I€HHOTO
U3JIyUIEeHNS aTOM HCIIyCKaeT (DOTOH C TaKUM 2Ke UMITYJIbCOM Po. SHAYHUT B Pe3y/AbTaTe MOTJIOIIe-
HUsI (DOTOHA, & 3aTEM €r0 BBIHYKIeHHOIO MCIYCKAHKSA, HMIIYJILC aTOMa He M3MEHSeTCs.

B ciiydae CHIOHTAHHOI'O U3JIy4YeHUs] aTOM MCILyCKaeT (DOTOH IPOU3BOJILHOM HAlPABJIEHUU, 110-
9TOMY B CPEJIHEM IIPOIECC CIOHTAHHOTO M3JIyIeHUsl HE M3MEHSeT MMIY/JIbC aTOMa. JHAYUT B
pe3yJbTare HOTJIONeHUs POTOHA, & 3aTeM ero CIIOHTAHHOTO U3/IyYeHU, UMITY/IHC aTOMA YMEHb-
aeTcs Ha UMIyJibc porona. Takum 0dpa3oM, ¢ y4eTOM TOIO, YTO IIPOIECCH BHIHYKIEHHOIO 1
CIIOHTAHHOT'O M3JIYUYCHHSI PABHOBEPOSTHBI, KOJTUYECTBO HOTJIOIIEHUH (hOTOHOB paBHO

muv
N=2—2,
2

IJIe M — Macca aToMa HATPHUs, Uy — €ro CPeIHsIs CKOpocTh. Vmmysbe dhotona pasen pg, = hw/c.
Torna, yauTbiBasi, 910 w = 2wc/ A, MOIydaem
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2.13 TlocJie pemtenust NpeIblAYIIUX IyHKTOB JAHHBIH IYHKT HE IIPEJICTABIIET 0COOBIX MPOhIeM.
Tpebyercs TOIBKO I'PaMOTHOE TTIOCTPOCHUE I'PAPUKOB U BHIOOP KAKUX-THO0 TAPAMETPOB Ay U (.,

JA0IUX YCTORYUBOCTD.

204

207 101
% 0+ % 01
o 1 2 3 J;wss', & 7 8 9 o 1 2 3 J;ws_r', 5 7 8 o
S -
- .
LR AR
] 1 2 3 4t"u55 6 7 8 9
Pwuc. 7: ¢, = 0.7, a, = —0.1
2.14 Paccmorpuwm 3uadenus ¢, = 0,2 u a, = —0,01. Yrobwr HaliTn yactory u3 rpaduka, Haii-

JIEM BpeMsi MeZKJIy JIByMsI MaKCHMyMaMu W TOJyduM tepuoj komebanuit 51, = Tus. Otciona
Haligem gacrory konebanwii v, = 1/T, = 0,71M Hz. CpaBHUM JaHHYIO BEJUYUHY C BEJTHYH-
HOH, mosydeHHo#t B cuektpe v, = 0,71M Hz. MoXXHO 3aMeTHTh, YTO ¢ XOPOIIeHl TOUYHOCTHIO
YACTOTHI COBIAIAIOT. A 3HAYUT CIEKTD B JajbHeiineM Oyaer O04eHb BaKHBIM HHCTPYMEHTOM
JJIST paccyeTa 4acToT. AHAJOTUIHO /I Y U 2.
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2.15 CpaBHEUM CKOPOCTH OXJIAK/I€HUsI TIPU PA3JIHIHBIX TapamMerpax v. byaem crpouts rpadukm
B JIOrapu(PMHIIECKOM MacIITabe 1Mo ocu 4, 4To0bl OHHU ObIJIM C HEILIOXOH TOYHOCTHIO JIMHEHHBIMU.
[Tocuntaem jjia 5 3uHadenunii v. OTcioga moaydaeMm Habop rpadukoB, a TakzKe cBa3b T = (,46+.
BoJiee oipodbHO BBl MOXKeTe MCCJIEIOBATH JAHHBIN BOIIPOC B PEINICHHON TeTpaiKe.

10-13

10—15 i

10—19 i

10-22 A

T, K

1025 1

10—23 i

1031 A

(I
20 40 60 80 100
t, us

Puc. 8: ¢, = 0,2, a, = —0,01, v = le™®. BaTyxanne TeMHIepaTypbl B JOTapuMMIIECKOM Mac-
mrabe

2.16 BooO6imie roBopsd OTBeT Ha JAHHBIH BOIPOC 3aBHCHT OT BBHIOPAHHBIX BaMH IIapaMeTPOB.
Taxum oOpa3zoM JaHHBIH MYHKT CKOpee 3HAKOMHUT ¢ Kpuctaanamu. [lepeitzem kK 1moapobHOMY
MCCJIE/IOBAHUTIO B MOCJEAYIONMX MyHKTaX.

2.17 JlaHHBbI{l TYHKT YUCTO SKCIEepUMeHTaIbHbI. Clemayer B MepBYIO 0Yepe/ib ONMpPeIeTuThCS

¢ TeM, B KaKOM BHJEe MBI XOTUM BBIBOJNTH JaHHble. Cpean odeBuAHBIX: 3D cTpykTypa, 3a-
2 2 i

BUCHMOCTD \/Zj, . + Ui (Zlast) ITOOBI IPOBEPUTDH YTO IenodYKa JuHeifHass. OJIHAKO, MBI TaKIKe

PEKOMEHIyeM CJIeJUTD eI U 3a cyaeaylonumu rpadpukamu: x(t) 9ToOb BCe BpeMsl MPOBEPSIThH

TOT (bAKT, 9TO KPUCTAJ JOCTATOTHO OCTHLI, & TaKzKe Y(x) 4T0ObI B CJIydae JUHEHHOTO KPHCTAILIA
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YBHJETH OJHY KPYIJIYIO TOYKY.

Jastee obcy M TPoIECe MOMyYeHnsT KCKOMOI 3aBucumMocTi. OUeBHIHO, YTO TMOAOMPATH JacTO-
THI IO 1. — JOJTHA M TPYAHBINA IPOIECC, Belb ABHBIM BHJI YaCTOT MBI He 3HaeM. A BOT moa00p
KOJIMIECTBA MOHOB II0J KAKOe-TO COOTHOIIEHHe JacTOT ropasno ymobHee. Taxkmm obpaszom, mo-
CTABUM HAIl YUCJEHHBIN KCIePUMEHT CJIEeAYIOMNUM 00Pa30M:

1. Tlox 3amannyo 1a y Gz UIEM MaKCHMaJIbHOE YHCJ0 MOHOB N, IPU KOTOPOM OHHU 00-
3 )
pasyioT JMHEHHYIO 1enouky. Kpome Toro Bce BpeMs cjieuM, 9TO CUCTeMa OXJIaInIach, U
OTCYTCTBUE KPUCTAJJIa He CBI3aHO ¢ HEJOCTATKOM OXJIAXK/IeHUS.

2. 3anuceiBaeM B Tadbauny N, q., a,

3. Ilpu momormu Koma, aHaIOTHIHOrO 2.14 HAXOAUM YAaCTOTHI. 3/€Ch BayKHO IIOMHHUTH, 4TO
qeM JIOJIBITTe BpeMs MOJEJNPOBAHUS, TEM BHITIIE TOUHOCTH YacTOT.

4. AnmpokcuMHpyeM 3aBHCHMOCTD (bYHKIIHEH, 3aJaHHON B YCJIOBHH.

2
Iz | Qg (Zj—)
0.05 | 0.0001 | 5.75 | 4
0.10 | 0.0001 | 24.50 | 10
0.15 | 0.0001 | 55.75 | 17
0.20 [ 0.0001 | 99.5 | 24
0.25 [ 0.0001 | 155.75 | 31
0.30 | 0.0001 | 224.5 | 38
0.35 | 0.0001 | 305.75 | 45
0.40 | 0.0001 | 399.50 | 53
0.45 | 0.0001 | 505.75 | 60
0.50 | 0.0001 | 624.50 | 68
0.55 | 0.0001 | 755.75 | 75
0.60 | 0.0001 | 899.50 | 82
0.90 [ 0.0100 | 19.75 |9
0.90 | 0.0200 | 9.625 | 6
0.90 | 0.0600 | 2.875 | 3

Orkyma nmoaydaem, uyro o = 1,81, A = 3,2.

Korma mMbl npojenaim Bce u3MepeHusi, CTOUT MPOBEPUTH, 9TO JaHHasd (popMyJia MpecKa3biBaeT
pe3yJIbTaT He TOJBKO I OJHOTO 3aJaHHOTO 3HAYCHUs G, HO U JJd APYTUX 3HAYEHUH 3TOTO
napameTrpa. VIMEeHHO 771 9TOro M HYKHBI TIOCTeTHUe 3 TOYKN B TaOIHIIE.
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L ]
800 1
600 +
400 -
200 1
0 .
T T T T T T T T T
0 10 20 30 40 50 60 70 80

Puc. 9: Annpokcumanust SKCIePpUMEHTATbHBIX TaHHBIX

2.18 Jlanuwiit nyHKT aHajgoruden 2.17. OaHaKo, eCTh OJHO BayKHOE OTJINYNE: PA3IUIHBIE CEPUT
U3MepeHnit OyayT JaBaTh HEMHOIO OTAXYaionuecs Kpubble. CTpOro roBopsi, B YCJIOBHH 3a1a41
HAIMCAHO: «ECJIM IEN0YKa 00pa3yeT JIByMEPHYIO PEIIeTKY, TO BBIIOJHAETCH yCjaoBHes. Takum
obpa3oM Ha/I0 BHIOPATh CaMOe MITKOe yCJI0BUEe M3 MOy YeHHBIX. e Obl ObLI0 HATINCAHO: «IIPHU
BBITIOJIHEHUH YCJIOBUS KPHUCTAJL BCErJa JIBYMEPHBIH», HaA0 ObLIO ObI OpaTh caMoe YKEeCTKOE.

Bupouem, oTaimdne He CTOJIb BEJTUKO.
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0z g o N
0.400 | 0.050 | 1.826 | 8
0.380 | 0.050 | 2.122 | 13 s ay L N
0.370 | 0.050 | 2.328 | 19 0.700 | 0.200 | 2.981 | 56
0.360 | 0.050 | 2.599 | 27 0.750 | 0.200 | 2.218 | 18
0.350 | 0.050 | 2.981 | 41 0.725 | 0.200 | 2.524 | 29
0.347 | 0.050 | 3.130 | 49 0.710 | 0.200 | 2.772 | 39
0.344 | 0.050 | 3.303 | 59 0.800 | 0.200 | 1.826 | 9
0.340 | 0.050 | 3.581 | 80 0.690 | 0.200 | 3.242 | 76
0.390 | 0.060 | 2.734 | 30
0.305 | 0.040 | 3.505 | 72

3.50 ~

3.25 ~

3.00 ~

2.75 A ®

Wz
[

2.50

2.25 7

2.00

1.75 4

10 20 30 40 50 60 70 80

Puc. 10: Annpokcumarust SKCIepruMeHTAIbHBIX JaHHBIX

Orkyzna noaydaem, ato § = 0,3, B = 1. CTouT OTMeTHTb, UTO B CHJIY PA3MBIILICHAN BHIIIE
JaBarb B orBere Oosiee 1 3Hadameir nudpbl 6€CCMBICIEHHO.
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YHacte 3. JIazepubrii nuHIIET
ITpuban>kenme reoMeTPpUYIECKO ONMTUKU

PacemorpuMm moTok (poTOHOB B BHJIe NHJIHHIPA € ILIOIIAIBI0 OCHOBaHUs S U HalJIeM HMITYJIbC,
KOTOPBIIt OH NEPEHOCUT B €JIMHUILY BPEMEHHU.

ITycTs 3a Bpems dt yepes mwiomaaky S mpoxomut dN GHOTOHOB, KazKIblit
13 KOTOPBIX HeceT UMILYJIbe fiw/c. Cire1oBaTeIbHO CyMMAPHbIH HMITYJIbC
paBer dP = dNhw/c. 3amerum, uro dNhw = dW, tae dW — sueprus
HePEeHOCHMAasl CBETOBBIM HMMIIYJILCOM depe3 ILIOMAIKY S 3a BpeMms di.
CiietoBaTeIbHO,

aw
dP = —.
c
Eciu Bce hOTOHBI MONIOMAIOTCS ILIOMIAIKOM, TO BECh HMIYJIBC 3JeKTPOMATHUTHOTO U3y YeHU
Oy/zer mepejiaH IJIOMIAJKE U CUJIA JaBJIeHUs CBeTa Ha Hee OyaeT paBHA

_dp_aw W
Cdt

= =—=>p=—.
cdt c cS

Buamo, uro maBiaeHue ompeiensercs OTHOIeHHeM MOITHOCTH W K BeInduHe IUIOIIAIH, T.e.
urmercusHocmvro ceema I.

Ecin w3nydenne magaer HOpMAIbHO HA MJIOIMIAIKY W OHO MOJHOCTHIO €iff OTparKaeTcs, TO n3Me-
HEHUe UMITY/ThCa OTIeIbHOr0 hoToHa Oymer paBHo 2fiw/c (Kak npu aGCOTIOTHO YIPYTOM yaape).
B srom cayuae nasienue cBeta OymeT B ABa pasa Gosbie u Oymet pasno 21 /c.

Ecyiu uznydenne najgaer no/i yrjoM ¢ U OTpazKaeTrcsd OT POBHOM IOBEPXHOCTH, TO B 3TOM CJIyvae
JABJIEHIEe CBeTa yMEHbIUTCS u Oyaer paBHO 21 cos ¢/c.

Ecyiu uzsrydenue najaer 1moj HyJI€BbIM YIJIOM, HO HOEPBXHOCTH OTPazKaeT TOJIbKO /10110 (POTOHOB
PaBHYIO (v, TO Ta YaCTh (POTOHOB, KOTOpas ObLIA OTParKeHa IepeacT YIABOCHHBIH UMITYJILC, a
1acTh (DOTOHOB paBHast 1 — v mepeacT uMIyJIbe fuw/c. Ecam Mul oHOBpeMeHHO yuTeM 06a 9TUX
cJIydast, TO MbI TIOJTYIUM

2] (1—a)l (1+4a)l

p: —|— ==
Cc C c

3.2. IlocKoIBKY BCe YIVIBI MAJIBl, TO MBI MOXKEM BOCIOJIB30BATHCS M3~
BeCTHBIM (DAKTOM M3 TeOMETPUYECKOH ONTHKU, ITO YO OTKIOHEHHUS
ayda paset 0 = w(n — 1).

Torna m3aMeHeHHe MMIYJIbCa OTAEIbHOTO hoTOHA Gyaer paBHO hwd/c
(cM. PHCYHOK). AHAJIOIMYHO CYMMHDPYsl W3MEHEHHEe UMITYIhca Beex (o-
TOHOB IOJIYyYaeM, 9TO CHJIa, JeHCTBYOmAs Ha Ipu3My OyIeT paBHA

IS

F 7(n—1)w.

W3 Tperbero 3akona HpioTona cieayer, 9To cujia, JedcTBYIOMAs Ha HPU3MY OyIeT HaIpaBJIeHa
B CTOPOHY IMPOTHBOIOJJIOKHYIO H3MEHEHNIO UMIIY/IbCA OTAEJIHLHOTO (POTOHA. YUHTHIBas MAJIOCTH
yIJIa OTKJOHEHUS UMITYJIHCA CBETA, MOYKHO YTBEPXKJIATh, 9YTO OHA HAIPABJIEHA BBEPX.
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3.3. Ha pucynke npejcraBjeH OT/iebHbli (DOTOH, KOTOPbIH JIBUZKETCI BJOJIb ONTUYECKONH OCH
Ha paCCTOdAHUMN T OT Hee. HOC.}Ie IMPpOXOzKAeHUA MUJINHAPa OH OTKJIOHACTCA OT HEPBOHAYAJIBLHOT'O
HAIIpABJIEHNUs] W H3MeHsIeT CBOM HMMIIYJIbC M OKa3bIBaeT japByenne Ha nuamaap. T.k. AAOB
paBHOOenpenubIit, To ZAOB = m — 2f3, otkyna caenyer, uro /BOC = 2§ — «. Torma yrou

d=a—Z/ZBOC=2(a—p)=2(a—a/n).

Haiiiem u3menenue uUMIIy/Jibca y3KOro €10 (DOTOHOB IMMPHHA KOTOPOT'O B IJIOCKOCTH PHUCYHKA
paBHa dr, a B HAIIPABJICHUH MEPIEHIUKYIAPHOM IJIOCKOCTH PUCYHKA PaBHA BHICOTE ITUJIUHIPA
H. 3menenne uMIyabca TaKOro IMoToka (hbOTOHOB BIOJIL OCH T 3a MHTEpBaJ BpeMeHU dt Oymer

paBHO
1 I(x)H
dp, = 2 E V@A
R n c

Wurerpupyst 0o mMpuHe MydYka, T.e. B npeaenax or —R/10 g0 R/10 Mbl mostydaem, 9T0 H3Me-
HEeHHWe UMITYJIbCa BIOTb OCH X PABHO

—11,HR
Ul 7

Ap, =
P n ¢ 750

T.e. cuita, neiicTBytomast Ha MUJIMHAP Oy/leT HAlpaBjeHa BHU3, T.K. CyMMapHOe U3MEHEHHE HM-
myJbca POTOHOB BJIOJIb OCH X HAIIPABJIEHO HABEPX W paBHA
n—1I1HR

F, = e
n ¢ 750

AnajlornyHo cumiia, AefiCTBYIOasa BIOIb OCH 2 PABHA

F— n—12@H3
n ¢ 750

Taxum obpas3oM, ec/ii Iy94OK CBETa UMeeT HEKOTOPLIi TPOodu/Ib, T.e. 3aBUCUMOCTh HHTEHCUBHO-
CTH OT KOOPJIMHATHI, TO €CJIU IOKA3ATEIb IPEJIOMICHUS HEKOTOPOI'0 00 bEKTa, HAIIPUMED JIUIJICK-
TPUIECKOTO TTapa OOJIBINE TMOKA3aTead MPEJOMICHHST OKPYIKAIOIei CpeIbl, TO TaKoil 00beKT
BTATUBAETCA B 00/1aCTh MAKCUMyMa MHTEHCUBHOCTU M TAaKUMH OOBEKTAMU MOYKHO YIPAaBAATH U
MaHUTTYJIAPOBATH.

B sTOM 1 cocTouT IPUHIIKAI padOTHI JIA3EPHOTO NUHIIETA B NIPUOJIMKEHHH T€OMeTPHICCKON OIITH-
ku. Cuiia, co3maBaeMast TAKMM THHIETOM, MOXKET OBITH HOPsIKa HeCKOIbKUX ITH U mo3soJser
MaHUITYJIMPOBATH OT/EJIbHBIMU MOJIEKYJIAMH.

[Tpumep paboThl Ja3epHOrO MUHIIETA MOYKHO MOCMOTPETH TO CCHLIKE.

3.4. B Tom caydae, ecsinm IOKa3aTe b TPEJIOMIIEHA ITHHAPa Oy/1eT MeHbIle TTOKa3aTeNs mpe-
JIOMJIEHUsT OKpyzKatomieil cpefibl, TO hDOTOHBI OYIAYT OTKIOHATHCS B APYryIo cTopony. T.e. Ha-
npaBJeHne CUJIbl IO BePTUKaJEe U3MEHUTCS Ha IPOTUBOIMOJIOKHOE, & IO TOPU30HTATIN OCTAHETCS
TEM K€ CaMBbIM.
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IIpubanrkenne BOTHOBOII ONTUKM

3.5. O6o3HATMM apryMeHT KOCHHYCA ¢ U OyeM Ha3hIBATh ero (a30it 3IeKTPOMATHUTHOW BOJTHEI.
FeomeTprueckoe MeCTO TOUEK, KOTOPOE OTBEYAeT YCJIOBUIO HMOCTOSHCTBA (Da3bl — ITO JI0OAd
ILJIOCKOCTh, KOTOPasi MePHeHUKYISIPHA OCH 2 (MMEHHO TO09TOMY BOJIHA HA3BIBAETCsI MIIOCKOI).
[Ipoauddepennupyem ycjaoBue MOCTOAHCTBA (ha3bl:

dz
dt
]ESI/I,ZLHO7 qTo KOOp,ZLI/IHaTa. HJIOCKOCTI/I, KOTOpaH oTBE4YaEeT HeKOTOpOMy HOCTOHHHOMy SHAYEHUIO
dbasbl ¢ ¢ TeueHHEM BpEMEHU MEPEMEIAeTCss BJI0JIb OCH 2 CO CKOPOCTHIO C.

w w
p=—z—wt = 0=—dz—-—wdl = c.
c

Cc

YT1o0Bl BOJIHA PaclIpoCTpaHdach CO CKOPOCTbIO —C JOCTATOYHO IIOMEHATDH 3HaK B OJHOM U3
CJlara€MbIX B apryMeHTe KOCHHYCa, T.€. 3allUCaTh BOJIHY KaK

E(z,t) = Eycos (%z + wt) :

[IpoBesst anajsornydnbie paccyzjienus ¢ $a3oil 3JeKTPOMATHUTHON BOJIHBI MOXKHO CJIe/IaTh Bbl-
BOJI, 9YTO 3Ta BOJHA OYJeT PacpOCTPAHATHLCH HMPOTHUB OCH 2.

3.6. CopaBa 0T TPOBOJHUKA €CTb JIBE JTEKTPOMATHUTHBIX BOJIHBL: OJHA MAJIAIONIAs, IpyTad
oTpakeHHasl, KOTOpble, B CHJIy TPUHIUINA CYNEPHO3UIIAN CKJIAABIBAIOTCA ApYyT ¢ Apyrom. [lpm
9TOM Ha TPaHUIe TPOBOJHNKA TAHTEHIINAJIbHAS K €ro TTOBePXHOCTH KOMIIOHeHTa Moy E Beerma
JIOJIZKHA, ObITh paBHa HYJIIO. ITOObI YJIOBJETBOPUTDL 3TUM TPEOOBAHUAM JJOCTATOYHO HAIPABUTD
BeKTOp F y OTparkeHHOI BOJHBI B OOPATHYIO CTOPOHY, OTKY/a MbI TOJIY49aeM, YTO Paclpejiesie-
HUEe JIEKTPUIECKOTO 1oJs1 B obaactn z < () mmeer BUI:

E(z,t) = Eycos (%Jz — wt) — Ejycos (%z + wt) = 2F sin (wt) sin <%z> )

Bumo, uro 3a cyeT uHTepdepeHIIng Na a0IIel U OTpazkKeHHON BOJIH Y HAC 00pa3yIoTcd 001acTH,
rje noje F Bcerja paBHO HYJIIO, TaKHe 0OJIACTH MBI Ha3bIBAEM Y3JIaMHU, & TaKKe eCTh 00JIacTH,
Ha3bIBa€MbIe IIyYHOCTSIMU, T/e 1ojie F n3mensiercst ¢ HanboJbineit aMiinTyoi 2.

3.7. JInga Toro, 4ToObl HAWTH CHUIY, AEHCTBYIONLYIO BJIOJIb OCH 2, MBICJEHHO HEPEMECTUMCS B
HaIpapJeHun 3Toi ocu. Torna m3mMeHenme SHEPTUU OYAET PABHO

Eui(z,y,z +dz) — Ein(z,y,2) = —F.dz.

T.e. TpOEKIMIO CUJIBI BIOJIb OCU Z MOYKHO HalTH KaK MPOU3BOJAHYIO OT SHEPTUU npu (BUKCUPO-
BAHHBIX JPYTUX KOOPAMHATAX (TAKyI0 MPOU3BOIHYIO HA3BIBAIOT YACTHON MPOU3BOIHOI).

2z

2
I 32cPx cos (T) 2(.752 + yz)

F— T exp | -2 Y
z 2
0z (1 + %) Twg <1 + %) wh

AHaJsiorn4no paccyzKiad HaXOAUM BbIpazK€HHE [1Jid IIPOEKIUKU CUJIbI BAOJIb OCH X

1 2(x? + y?)z R? ) 2z
F=— 16 ATV )RR ) bR il
(22 1 2R Apmwd P ( 2R ) )T

2 2
X <27r(22 + zR*)? sin (LZ> Wi + 2z cos (Lz> A (=2(2® +y*)2R* + (2* + ZRZ)(U(Q))> .
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Bujio, 910 cTpyKTypa 3JEKTPUYECKOr0 MOJIsd y TaKO#l BOJHBI CXOXKa € TOM, KoTopas ObLIa 1o-
JlydeHna B mpejplayiiemM nynkre. Hamudue y3/10B U mydHocTeil BJ0JIb OCH Z TPUBOJAUT K TOMY,
410 006pa3yioTcs 00/1aCTH IIOI0XKEHHI PABHOBECHUS JIJId HOHOB BJIOJIb OCH Z, & HaJUIHe IPouid
y Iy4YKa CO3/IaeT aHAJOTHIHbBIH 3 deKT BIoab paguaibnoit ocu. Takum 06pa3oM MOKHO MaHH-
MYJIMPOBATDH 3aps?KeHHBIMU YaCTHIIAMH, TepeMeIaTh UX U CO3/1aBaTh 001aCTH, TIe OHU OYIyT
HAXOJUTCHA B TOJOKEHUN PABHOBECHS.

B sTom u coctonut IPpUHIMAIT pa6OTbI JIa3€pHOT'O MUHIETAa B pPaMKaX BOJHOBOT'O HpI/I6JII/I)KeHI/IH.
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