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9.504.e05 Conepxanne

A cetivac HCU3HL 02POMHAL NOBYULKA, COCTMOAUGA U3 MEAKUL.
Ecau wopowo npucayuamses, uHo206 MOHCHO YCABUGMDY,
KaK OHU 3GLAONBLEAIOMCA.

Bocvmoe wyecmeso (cepuan)

Kybnr

Bomnpocsr o maremaruke MoxkHO 3a1aBarth lllesskoBoit Kcennu, mo mporpamMMupoBanuio —
CaBenkoBy Casge.

Yacrp 1. (4 6amma) OgHOKyOUTHBIE TETHI B KBAHTOBOM KOMIIBIOTEPE

KeanToBsiit OuT win kybum — 3TO eIUHUIEA XPAHEHUS TaMITH B KBAHTOBOM KoMmbioTepe. Ot
MJIAQJIIITEro OpaTta M KJIACCHIeCKOro aHAJIoTa, OuTa, MPUHIMAIOIIETO JUITb Ba 3Hadenns — 0 u 1,
KyOUT oTIMYaeTcsd TeM, U9TO TPeJICTaBIgeT co00i KBAHTOBO-MEXaHUIECKYIO cUCTeMY, 00J1a/1a10-
YO KBAHTOBBIMU CBOMCTBAMU. Y YET ITUX CBOMCTB U OMUCaHUE PADOTH KyOUTOB MPOU3BOAATCS
¢ TOMOIIBIO MPABUILHO TOJI0OPAHHOIO MATEMAaTUYECKOrO alapara. B 3Toil 4acTu 3a/1a4u Mbl
MO3HAKOMHUMCS C CAMUMH KYOUTAMHU U OCHOBHBIMU OIEPAIUSIMH C HUMH.

Cocrognue Kyburta

B aTromax sneprus 371€eKTPOHA 9acTO HE MOKET U3MEHATHCS HEeIIPEPBIBHO, & IPUHUMAET JTUCKPET-
Hble 3HAUeHUs (HApUMep, B aToMe BOIOpoJa). KyGuT — 9T0 MO/Ies b KBAHTOBO-MEXaHHYECKON
CHUCTEMBI, B KOTOPO# paccMaTpHBAeTCsl TOJBKO JBa YpOBHs 3Hepruu. Hampumep, B omHOM n3
koMmubioTepos B Poccuiickom kBanroBoMm rnentpe (PKID) B kauecTBe KyOHTOB HCIIOIB3YeTCST HOH
KaJIbIIUsI, OJHUM U3 YPOBHEHl KOTOPOI'O SBJISETCS] OCHOBHOE COCTOSIHME BHEINTHEr'o 3JIEKTPOHA, a
JIPYyroe — OJIHO U3 ero Bo30YyKJIEHHBIX COCTOSHUIA.

CocTogHne Ky6I/ITa OIIMCbIBAECTCA ABYMEPHBIM KOMIIJIEKCHBIM BEKTOPOM

C
o= (1),

TJIE Co M ¢ — ITO KOMILIEKCHBIE (DYHKIMH, KOTOPHIE HA3BIBAIOTCS AMNAUMYIGLMU 6EPOAMHOCTIU,
JUIl KOTODPBIX BBIIOJIHAETCS yeaoBue |col? + |ei]? = 1.

0
Ecmu vy = (1 TO 3TO OCHOBHOE COCTOSIHHE, aHAJOTHYHOE TOMY, KOTJa KJIAaCCHYeCKHil OUT

npunumaer 3uadenue 0. Ecim 1) = , TO 3TO BO30YXK/IEHHOE COCTOsIHNE, AaHAJIOTHIHOE TOMY,

1
0
KOrJIa KJaccudecKuil Out npunumaer 3uadenue 1. [[pousBobHoe Ke cOCTOSHIE KyOUTa MOXKHO
NpeJICTABUTH B BUJE

0 1
Y= ¢ 1 + ¢ 0 = coWo + 1.

MozKHO Tak:Ke CKa3aTh, YTO (PYHKIUU Co U €1 ABIAIOTCS GMNAUMYIGMU 00Hapydcenus KyOuTa
B COCTOSHUSAX 1y U 1. V13 KBAHTOBOI MEXaHWKW CJIEJIyeT, UYTO eCJU MBI MPOBEIEM KaKoe-Tuh0
U3MepeHne COCTOSHUs KyOuTa, TO OH 00s13aTe/IbHO OKAZKeTCS WJIH B COCTOSTHUU 1), NJIX B COCTO-
suuu . Tucio |¢p|? nokasbiBaeT BEpOSATHOCTH TOTO, YTO TOC/TE U3MEPEHHs COCTOsHUs KyOuTa
oH oKazkeTcda B cocrognuu 0, a |c;|*> — BepogTHOCTL TOrO, YTO OH OKAXKeTCd B COCTOAHHHU 1.


https://t.me/xenon_na_chille
https://t.me/apBUS_amp_K
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~

Puc. 1: Cdepa Bioxa

1
o w3Mmepenusi KyOUT HAXOJUTCS B COCTOSTHUU 1) = , T.€. B CYTePHO3UINHA ITUX JIBYX
Co

COCTOSTHUIA.

KBanToBO-MexaHmYIecKas CHCTEMAa OTJIMIAETCS OT KJIACCHIECKOH TeM, ITO MPHU e€ U3MepPeHnn eé
COCTOsSIHIE MPUHIUIUAIBLHO W3MeHsIeTcs. B ciydae KyOUTOB moc/ie H3MepeHns OH OKa3bIBaeTCsd

1 0
Jin0O0 B COCTOSTHUHT , IOO B COCTOSTHUU 1

0
IIpumep 1. KybouT HaX0IUTCA B COCTOSTHUN V3 12) Ecan MBI npoBeiéM n3MepeHne COCTOSTHHS

KBaHTOBO-MeXaHUYECKOU CUCTEeMBbI, TO OH OKAXKeTCd B COCTOSHUUN C BEPOSITHOCTBIO 1/4, a B

1

0
0

cocToammit () ¢ BEPOATHOCTHIO 3/4.

i/\/2

IIpumep 2. KyOUT HAXOAUTCS B COCTOSTHHH ( NG ) 2>. BeposgtrocTu Toro, 4ro mocie mpoBeme-

HHsI H3MEPEHHsT COCTOSTHUST KyOuTa OH OKarKeTcs B COCTOSIHUM g WM 1)1 paBHBI 1/2.

14i
1.1. (0,1 6anna) 3BecTHO, 9TO KyOUT HAXOTUTCH B COCTOSHUN ; . Haiinure 2.

I3 Toro dakra, uto |co|? + |c1|> = 1 caepyer, 910 0AHEM U3 CIOCOGOB, KOTOPBHIM MOYKHO 3a]1aTh
oOMuil BUJI COCTOSIHUSA KyOUTA SIBJSETCH BbIPAYKEHHE

Q@)

Taxyio mapaMeTpu3alnio IacTO BHIOMPAIOT U3-3a €€ YI0OHOH M HAIISIHOW MHTEepIpeTaIlud Je-
pe3 cdepy Bioxa (cm. puc. . Ha meit cocrosnme XapakTepu3yeTcs €IUHHIHOM BEKTOPOM,
obpazytorum yroJi 6 ¢ ockio z. Ero npoekmnus Ha mI0CKOCTH Ty 00pa3yer yroJ ¢ ¢ OChIO .

Bazkuo ormMeTnTh, 9TO B 00IIEM BHU/I€ COCTOSIHHE KyOUTa OMPEIeIeHO ¢ TOYHOCTHIO JI0 TJI00aIh-
HOIT da3bl:

. 0 , 0
P = e | cos 3 o + €'¥ sin 5 1
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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. (0,5 6aana) Haiinure

R.(60) = exp (—@) . R,(0) = exp (-ZGTY) , R.(0) = exp (—19—2> .

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) (0,2 6aara) co = \2/2 m ¢ = iv/2/2;
(b) (0,2 6annra) co =/3/2 1 c; =1/2;
(¢) (0,2 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. (0,2 6asnra) Haiinnre, KakuMu JOJKHBL OBITH BpeMst reifTa (JJIHTEIBHOCTL JTa3¢PHOTO
uMIysabca) u dasa Jazepa, 9ToObl MaTpHIa Tefita Gblaa paBHa Marpuie Ilaynu Y, ecin
qacrora Pabu pasma 1,6/27 MI'm.

Punenuru omeparmii

B Jla3epe CyHeCTByOT IIyMbl MHTCHCUBHOCTH U 4aCTOTbI U APYyIue HECOBEPINCHCTBa 9KCIICPpU-
MEHTAJIbHON YCTAHOBKHU, KOTOPbIE MPUBOJALT K ONIMOKAM, B PE3yJIbTATe Yero peasbHbIl TeilT
MOZKeT OTJINYaThCA OT TOTO, KOTOprfI MBbI XOTeJIN peaJin30BaTh. STO NpuUBOAUT K IMOTEpU TOY-
Hoctu (umesnntu) onepanuii.

st BBIYKC/IEHHST TOYHOCTH OIEPAINil HCIIOIB3YeTCd caeyomee mpapuio. [lycTs nuexomto Ky-
OMT HAXOAWTCS B HEKOTOPOM COCTOSIHUH 1), a HaM HeoOXoammo nposectu reit (G, B pesysbrare
KOTOpOro Oyaer moaydeno cocrosgane G = gobg+ g111. B xome npoBegenus 3KkcmepuMenTa ObLT
peann3oBaH APyrou reur @, HECKOJBKO OTJIMYAIONMIUNACA OT MCXOAHOTO, W MOJYYEHO COCTOAHUE
G = Gotbo + §1tb1. Torga dbunenntu F BbrMHCIsSETCS 1O Cleyomeii dbopmyire:

F =1g590 + ;1|

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

~ 1 0,99 1
"= 0,992 ( 1 —0799) '
1.18. (0,2 6aana) Haiigure dbugesntn, ecm HAYaIbHOE COCTOSHEE BBLIO (?)

1.19. (0,2 6asnra) Yemy Oyaer paBHo bumesnTH st HAYAJILHOTO COCTOSHHS U3 MPEBIIYIIEr0
OYyHKTa, €CJIM MBI XOTeJIn mpoBecTn mpeobpaszoBanme Amamapa 10 pa3s w Kaxkablil pas
nostydaau Marpuiy H?

1.20. (0,2 6asnra) Kak W3MeHUTCS OTBET HA MEPBBIH BOMPOC 18, ecjiu 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.
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[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. (0,4 6asnra) Haiinnre, Kakoii 10JKHA OBITH BEPOSITHOCTD MEPEBOPOTA OJTHOTO (DU3HYECKOTO
ouTa p, 9TOOBI KOIUPOBaHIE TpeMs OUTaMu ObLIO HAIEXKHEee, YeM OIHUM.
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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-
TEeJbHO 3aPHAZKEHHbIH MOH, & I10C/Ie — 3aXBaTbiBaIOT B JIoBYHIKY [laysisi, nomenieHnyio B cBepx-
BBICOKUI BakyyM. /lanbueiinee, 6ojee riiybokoe OXJIaKIeHHe HOHOB MPAKTUYECKH JI0 HY/IE€BO
TeMIIepaTyphl TTO3BOJISET CO3/IaTh OCHOBHOE COCTOSTHUE KyOnTa.

3axBaT u ygep>kaHue NOHOB B joByInKax Ilaymsa
BBenenue

Corniacao Teopeme VpHIIOY B TOM CjIydae, €CJAd €CTh TOJbKO JIEKTPOCTATHYECKHAE IIOJIsI, TO
3aps1 He MOYKeT HaXOAUThCHA B YCTONUNBOM IOJIOXKeHNU paBHOBecHsa. OIHAKO, €CJIH JAEKTPHIe-
CKHE IO NepPeMEeHHbIe, TO MOKHO CO31aTh CUTYAIUIO, TJI€ TPACKTOPUA JIBUKEHUS 3aPAKCHHON
JacTUlbl Oy/eT Bcerja orpanudeHa B IpocTpaHcTBe. /g sToro Heobxo uMo mogodparh mpa-
BHJIbHYIO KOH(MDUTYPAIUIO JIEKTPOJIOB, & TaKxKe YaCTOTbl U aMILIUTYIbI II0JaBAEMbIX Ha HUX
HanmpsKennit. OTHIM U3 TPUMEPOB, TIe 3TO OBLIO PeaJn30BaHO CAYKUT JoByinKa [lays, cBoii-
CTBa KOTOPOH mpejjiaraercd u3y4uTh B JJTAHHON 9acTH 3a8/Ia4W.

Jlosymikoit [Taysist HazpIBaeTCst COBOKYITHOCTh JIEKTPO/IOB, HA KOTOPHIE TTOIAI0TCS TTOCTOSTHHBIE
U OCIIWJIIAPYIONIKE Ha PaJIr0ovdacToTe HanupskeHus. [Ipu npaBuIbHO MOI00paHHBIX TapaMeTpax
MOTEHITUATIOB W YacTOTHl B MTPOCTPAHCTBO MEXKY JeKTPOJIaMU MOYKHO 3aXBAaTUTh 3apAKeHHBIE
YaCTHUIIHI.

Kondurypanusa snekrpudaeckux moJeit josymku [layirg Takosa, 4To moTeHIuabHAas SHEPrUusd
3apsa Mo¥KeT ObITh 33/laHa KaK [POW3BeIeHNe 3aps/1a HOHA e Ha moTeHInaa P, KoTopsril ompe-
JeJIAeTCs BbIPAZKCHUECM:

VarcosQt  k.Upc) 22 ~VarcosQt  k.Upc\ v*  k.Upc
o=~ 2 T2 5 P += | 5t (1)
rH 24 2 rH 25 2 25

rje {2 — IMUKIAYecKast PaJIruovacToTa dJIeKTPOIOB, ViRp — HANPSKEHHS HA PAIUAJIBLHBIX JIEK-
TPOJAX HEPEMEHHBIX HOJIEil, 7o U 2y — IeOMEeTPHYECKHE apaAMeTPhl JIOBYIIKU (PACCTOSHUS OT
IIEHTPA JIOBYTITKH JI0 COOTBETCTBYOIINX 3JEKTPOOB), Upc — HAIPsIZKeHHe Ha aKCHATHHBIX JJICK-
TpojiaxX, k, — reoMeTPUUYECKUil mapaMeTp aKCHaJILHOTO YIeprKaHUs.

B namux oboznavenugax ocu OX u OY Ha3pIBaloTCs paauaabHBIMU OCAMH JIOBYIIKH, & 0ch OZ —
AKCUAJIBHOM.

2.1. (0,1 6asanra) Tlycts Vgp = 0. Paccmorpum ofHOMEpPHYIO 3ajady, CYUTasi Y U Z DaBHbI-
mu Hy/0. Haiiaure cuty, AeficTBYIONYI0 Ha MOH BJOJb OCH X B 3TOM CJydae, ecju OHa
HaXOJUTCA B TOYKe ¢ KOOpAUHATOH = = 1.

2.2. (0,1 6aana) IlycTh mo mpexKHEMY 3aJada OJHOMEpHAs, T.e. CYMTAiTe, UYTO y U Z PABHBI

uyo. I[lycrs % = %ZZ# N306pazure kauecrsenHo 3asucumoctb O(x,0,0) B MOMeHT
0 0

Bpemenu t = 0 u B MOMeHT Bpemenu t = /(2.

VpaBHeHUS JBUXKEHWS JJIsi 9aCTHUIBI MACcChl M W 3apsija € B JaHHOM TOTEHIHAJe, CJIe/IyoIne
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Puc. 2: ®ororpacdus u cxema goBymku [ayms, ¢ caiita quantumoptics.at mabopaTopun Paiinepa
Buarra, r. Uucopyk, ABcTpus

us , Ha3bIBAlOTCAd YpaBHEHUAMU MaTbe 1 UMeT BH

Wy + (az — 2q, cos27) z = 0,
wy + (a, — 2g, cos27)y =0, (2)

w, + a,z =0,

rJie apaMeTpbl YPaBHEHUH OIMUCHIBAIOTCA CJAEYIONUME (DOpMYIaMu

Qt a, 4eszDC 2€VRF
T = — a:l? = Qa = = = ——7 T = — = = —7
27 Y 2 mz20)? e Ww=1 mréQ?

a Wy, Wy U W, — MPOCKIUH YCKOPEHHS Ha OCH T, Y U 2 B YCJOBHBIX €JIMHUIIAX.

3aMeTuM, 4TO HapaMeTpbl ypaBHeHUil MaTbe 3aBUCAT OT IKCIEPUMEHTAJIbHBIX XapaKTePUCTUK
JIOBYIIKH: HAIPAXKEHUH HA 3JIEKTPOJAX, PAJIUOYACTOTHl U reOMeTpHYecKuX napamerpon. Cie-
JIOBATEJIbHO, CBOHCTBA ypaBHeHuilt MaTbe (M, Kak CJIeICTBHE, UX PEIIeHNUi) MOIYT KOHTPOJIHUPO-
BaThCsl COOTBETCTBYOIIUM HU3MEHEHHEM IapamMerposn Jiopyinku [laysis.

Ecim mapamerpsl JIOBYIIKK TOI00pPaHbl XOPOIIO, pelenus ypaBuenunii Marbe TaKne, 9TO
TPAeKTOPUS MOHA OrPaHUYeHa B MpocTpaHcTBe. Mbl OyleM cYUTaTh, 9YTO WOH 3aXBa9YeH B TOM
cIydae, ecJU ero TPaeKTOpUs OrpaHWYeHa W aMIUIUTYHa KoJaeOaHWil MOHA MeHbIe TeOMeTPU-
decKuX pasmepoB Jjoymku (Menee 1 mm). [l takoro 3axpara 3HAYEHUS LHAPAMETPOB G U
¢ IO BCeM HAIDAaBJICHHsIM JIBUZKeHHs (AKCHATHLHOMY W DaJHabHBIM) JIOJZKHBI MIPHHAIEKATH
30He cTabusbHOCTH. lIpumep auarpamMmbl CTAOWIBHOCTH JIJIsi HEKOTOPOi JoBymrku [lay/is
npeJcTaB/IeH Ha PUCYHKe. 3allTPUXOBaHHAS 00JACTh — 9TO 30HA CTAOMIBHOCTHU, HE3AIITPUXO-
BaHHas — 00JACTh MAapaMeTpPOB, MPU KOTOPOH MOHBI MOKHUIAIOT JIOBYIIKY.

YucnenHoe Moae TmpoBaHAE

B 31oit yacTu 3a/1a4u Mbl 1IpeJijlaraeM BaM YMCJIEHHO [POMOJIE/IMPOBATH YPaBHEHU S TPAEKTOPUU
HOHOB B JjioByIKe [lay/isg u u3yduTh ux CBOHCTBA.

,ZL.HH TOrO, LITO6bI BaM H€ NPUIIJIOCH HUYEro MporpaMMupoOBaTh, Mbl IMIOATOTOBUJIN TE€TPAJAKY B
cpeae Google Colab. MoxKHO HCIOJIB30BATHL O€3 CMC, HO C PErUCTPALHECH.

[TpoxoauTe O (CCBLIKe Ha TeTpasky (Ha BCAKHi caydail, BOT OHA ele pa3). 3aXOjuTe B CBOM
I'yIJIaKKayYHT, HazKIMae€Te Ha BbBIIIOJIHEHHE KO/Ja U Bbl CHACTJINBLIL. Z[a, dYEeKH MOYKHO CKPbIBATb
U OTKPBIBATH HAYKATHEM Ha TPEeyrojbHuK. Paborars crano ymobuee!


https://colab.research.google.com/drive/14L-CxlH9OwHEyh3KFt-Z9wstEnnO9i9M?usp=sharing
https://colab.research.google.com/drive/14L-CxlH9OwHEyh3KFt-Z9wstEnnO9i9M?usp=sharing
https://colab.research.google.com/drive/14L-CxlH9OwHEyh3KFt-Z9wstEnnO9i9M?usp=sharing
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q

[Toapobno npo To, KaK NOJIb30BATHCH TETPAJIKOI paccKa3ano B janHoM Bujieo. Feswr Korpa y
BAC OEFAFYFES MOIBATCS BOIPOCHI O TOM, KAK MOJb30BATHCA JAHHON TETPAIBIO, TO BbI MOYXKETE
UX 33/aTh B JIMUHbIE COODOIEHH: BOT ITOMY desioBeKy. He crecusiiTech, OH TOTOB U 3apsizKeH
oTBedYaTh 25 (ABaANATE NTH) HA 7.

3ameuanmne. B rerpajke mapamerp RF frequency — 910 He nukandeckast 4acTora, OH CBA3aH
¢ mapamerpom B dopmyae |1| dopmyaoit RF  frequency = /2.

2.3.

2.4.

2.5.

(0,3 6aana) IMycrs a, = —0,1. Ilpn KaKuX 3HAYEHUSX MapaMeTpa ¢, B JUAa30He OT —2
10 2 TPAeKTOPUU MOHOB BIOJL OCH X OyAyT OrpaHMYeHHBIMH B IpPOCTpaHCcTBe. B Kade-
CTBE OTBETA IPUBEIUTE HHTEPBAIBLI HAPAMETPa (. | pAHUIBLI HHTEPBAJIA ONPEIETIUTE C
tounocThIO 70 0,1. Byser jin non 3axBaden B JOByHIKY?

(0,3 6annra) Mycrs a, = 0,1. Tlpn Kakux 3HAUEHUSAX MapaMerpa ¢, B AnAa3oHe OT —2
JI0 2 TPaeKTOPUU HOHOB BJOJIb OCH X OyIyT OTpaHWYEHHBIMHU B MPOCTpAaHCTBe. B Kade-
CTBe OTBeTa IpHUBEJINTEe MHTEePBAJbl NapaMeTpa ¢,. |'paHUIBl WHTepBaJa OIpeJesuTe C
TouHOCTHIO 70 0,1. Bymer mu mon 3axBadeH B JOBYIIKY?

(0,8 6anna) Iycts a, = —0,01. IIpn Kakux 3HAYCHHSX HAPAMETPA ¢, B AUAIA30HE OT —2
JI0 2 TPAEeKTOPUU WOHOB BJOJIb OCH X Oy/IyT OTpaHUYEHHBIMHU B MPOCTpPAHCTBE. B Kade-
CTBe OTBeTa NPHUBEJUTe MHTEPBAJbl MapaMeTpa ¢,. l'paHuNbl MHTepBasia OIpeaeNuTe C
TouHOCTHIO 70 0,1. Bymer nu moH 3axBadeH B JOBYIIKY?

o1iepoBCcKoe oxJIaXkaeHne NOHOB B jioByInKe llaymnga

st Gosiee adpdexkruBuoit paborel jopyinku [layiis nonbl oxJiaxkaior, ucio/ibdysd 3pdexr Ho-
miepa. B sroit vactu 3aa4un Mbl 60s1€€ 110 IpOOHO U3YUHUM TO, KaK 3TO JIeJIAeTCs.

Bompocel o /lonepy

2.6. (0 6asanos) VlcTOTHUK M3IydYaeT CBET Ha YacTOTe Wy M JIBUKETCS BIOJIb MPSIMOM, COEIn-

HSIIOIIEH ero W IPHeMHHK CO CKOPOCTBIO Vg. eMy paBHA 9acTOTa HU3JIyIeHHA, KOTOPYIO
OyIeT JeTeKTHPOBAThH ITPUEMHHK !

2.7. (0,3 basanra) VicTounuk u npueMHUK HAXOAATCs B Toukax A u B coorBercrBenHo. crod-

10


https://youtu.be/-p8f1gx_vEY
https://t.me/apBUS_amp_K
https://colab.research.google.com/drive/14L-CxlH9OwHEyh3KFt-Z9wstEnnO9i9M?usp=sharing
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HUK JIBUKETCSI CO CKOPOCTHIO Uy HEPHEHIUKYIIPHO K A B, MpUeMHUK JBUZKETCS CO CKOPO-
CTHIO vy BRoJb Juaun AB (cM. puc.). Hemy paBHa dacToTa M3JIydeHHs, KOTOPYIO Oymer
JIETEKTUPOBATH HPUEMHHUK, €CJTH B CHCTEMe OTCUYeTa MCTOYHHKA OH HCIYCKAeT CHTHAJ Ha
qacToTe Wo?!

Vo

Vo

B

A B

2.8. (0 6annroe) AToM JBUKETCS CO CKOPOCTBIO Uy HABCTPEUY JIA3€PHOMY MYUKY. DJIEKTPOH
HAXOUTCSI B OCHOBHOM COCTOSIHUHU. DJIEKTPOH MOZKET mepeiiTu B BO30Y K IEHHOE COCTOSTHIE
ec)i TOTJIOTUT (POTOH C IACTOTOH wy. UeMy q0/zKHA OBITH paBHA OTCTPOiiKa Jasepa Aw
OT 9aCTOTHI Wy YTOOBI ATOM TOTJIOTHI (POTOH?

2.9. (0 6aanros) NUmmyibe dOTOHA ¢ YACTOTON w ONpejessieTcst BhIpaykeHueM hw/c, tie h —
HpHUBeIEHHAs TOCTOgHHAA [lmanka, a ¢ — ckopocThb cBeTa. Haiiaure cKOpocTh aroMa u3
HPEJILIYINEro MyHKTa, €CJAH OH MOIJIOTHJI (DOTOH.

2.10. (0,3 6asna) B sKcriepriMeHTATHHON YCTAHOBKE MOTOK ATOMOB HATPHUS BBLIETAET CO CPel-
Heit ckopoctbio 10° ¢M/¢ HaBCTpedy JIa3epHOMY MCTOYHHKY ¢ JJIHHONH BOJMHBI 363,8 HM.
[Ipu B3amMOIEHCTBHE € JIa3ePHBIM H3JIYUYEHHEM aTOM IOIIomaeT hbOTOH U MEePEeXOIUT U3
OCHOBHOI'O YHEPreTUYECKOI'0 COCTOsiHMS B BO30yxkjéHuoe. llpu jajibHeiiineM JIBUKEHUT
ATOM MOXKET BEPpHYTBLCA B HCXOAHOE COCTOAHUE IIPU BBIHYKACHHOM HJIX CIIOHTAHHOM HC-
nyckanuu ¢porona. BuiHykiennoe ucnyckanue poToHa mpoBOIUPYETCs B3aUMO/IeHCTBAEM
¢ BHENTHUM (POTOHOM M UCIYIIEHHBIN (POTOH UMeeT TaKoe Ke 3HaYeHUe SHEPIUU U HAIIPaB-
JIEHHe PacupoCTpaHeHus], KaK U MPOBOMUPYIOMNA. A IpK CIIOHTAHHOM UCIIYCKAHUU HOBBII
¢dOTOH HMeeT TO Ke 3HAUYEeHHe dHEPTHH, UTO U MOIJIONEHHBIA KOIIa-TO paHee (pOTOH, HO
YxKe CﬂyqaﬁHOG HallpaBJICHHC. C‘{I/ITaH IpOmeCChbl BBIHYZ2KACHHOI'O U CIIOHTAHHOI'O U3J1y4e-
HUS PABHOBEPOSITHBIMU, PACCUYHUTATE CpejHee KOJMYECTBO MOTJIONEHnH (POTOHOB J1a3ep-
HOI'O M3JIYY€HHUsI aTOMaMU HATpHUsl, HeoOXoauMoe 1T "oxJrarkaeHuns " aTOMOB 10 HyJIeBOi
CKOPOCTHU JIBHKCHHUSI.

B skcnepumentax c¢ joymkaMmu [layiist 4acTo ucnosb3yior JOIJIepOBCKoe oXJazkJeHue. B cie-
JIVIONTUX IIYHKTaX CHadasa OyJeT aHaIn3uPOBATHC CUTYyaIus 6e3 J0MIePOBCKOTO OXJIaxK/IeHI I,
a B 1. 2.14 MBI ero peannsyeM.

Eciu noHBI OXJTaXKIeHBI JJOCTATOYHO (10 TeMHepaTyprEI menbie MK), TpubInzKeHHOe pelleHne
BJIOJIb PAJIHAIbHBIX KOOPIUHAT OIMUCBIBAETCS CJIEAYIONei hopMyIoii:

x(t) o< cos (w—ﬂ) (1 s Qt> :
2 2

rJe TepBblii MHOXKHTETh — KOJeDaHWs Ha CeKyIsSPHOH YacToTe w,/2, a BTOPOH MHOKHTEIh
ONACHIBaeT HeOOJIBIIE U YaCThle OCIUJIIAIINN HOHA BIAJIN OT MEHTPA JOBYIIKH.

2.11. (0,1 6aana) Tondepure napamerpsr €2, Upc u Vrp Tak, 4ToObl 3aXBATUTH WOH. Dusnde-
ckuMu sBJsiioTcst Hanpsizkerust ot 1 10 1000 B. Pajgmodacrory MOXKHO MEHSITH B IIpeie/iax
ot 20 mo 30 MT'nt. TTostyunTe KAPpTUHKY TAKUM 0Opa30M, 4TOOBI ObLIM 005132 TE/IHHO BUIHBI

!remmepaTypa mMOHa oOmpenenferca ero KHHeTHUeCKOfl ISHeprueif, JejleHHOfI Ha KOHCTAHTY BombIMa-

wa k= 1,38 10723 Ixx /K

11
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Cogepkanne

X, um

Z, um

2.12.

2.13.

2.14.

OCHMJLJISIUN Ha CEKYJISIPHON 4acToTe U MUKDPOJBHKEeHUS. JIOJZKHDBI MOJYyYUTHCS KapTHH-
KU TIPUMEPHO CJIEJIYIONIEro BUIa. B KayecTBe oTBeTA MPUILIUTE 3HAYEHUS TapaMeTPOB U
rpaduKy ¢ TOJIUCAHHBIMA OCSIMU W €JIUHUIIAMEI H3MepeHui.

100 v v 100 v y

o
y, um
o

-100 * *

95

100

-100

85

90
t, us

95

y, um

-100 * *

85

90
t, us

95

100

-100
-100

X, um

100

(0,2 6asnra) N3 rpachnkoB KOOPIWHAT OT BPEMEHHN HalJANTE CEeKYyIsIPHbIE acTOThI KoJteba-
HUU moHa B JoByIIKe. CpaBHUTE ¢ YaCTOTAMHM, ITOJYyYeHHBIME B ciiekTpe. IIpoBepbTe, 9To
B CIIEKTPE MOSIBJISIETCS TaK:Ke JacTOTa MUKPOIBUKEHUN, COBIAIAIONIAS ¢ PAIUOTACTOTOM’,
HOAABACMON HA 3JICKTPObL.

(0,4 6asna) Briarounre oxJiazieHne noHOB. [1jisi 3TOr0 nepeiure K g9eiike «HCCIe10Ba-
HHe BaHubl JlamKkeBena», B KOTOPOi JoOaBIAeTCA CHIa BABKOTO TPEHHH, JeHCTBYIONAd Ha
HOH U YMEHBIIAIOMAS €r0 KHHeTHIeCKYIO SHEPIUIO. Y JIAHZKeBeHOBCKOIl BAHHBI €CTh Iapa-
METD CKOPOCTH OXJIazKIeHUs 7, U TeMieparypa Tp, 10 KOTOPOHl MbI XOTUM OXJIAJUTH (A
Harperb) MOH. BK/IIOUMTE JIAHKEBEHOBCKYIO BAHHY C Da3JIMUYHBIMEU HapaMerpavu v u Tj.
[TocTpoiite rpacdukn 3aBUCHMOCTH TeMIEPATY Pl HOHA OT BpeMmenn. CpaBHUTE BpEMSI T, 38
KOTOPOe TeMIlepaTypa HOHA yMeHbInaeTcd B 10 pa3 ¢ mapamMeTpaMu JIAHKEBEHOBCKOI BaH-
HBl. B KadecTBe 0TBeTa Ha TOT IYHKT IpejcTaBbTe I'paduku U GOPMYILY, CBA3BIBAIONIYIO
IapaMeTpPHl JaHKeBEHOBCKOH BAHHBI CO BPEMeHeM T.

B paMKax 4mc/IeHHOrO MOJE/JTUPOBAHUSA, ¢ TIOMOIIbIO JIAHZKEBEHOBCKONH BaHHBI Mbl MOXKEM
OXJIAJINTH MOH [0 HyJs KeJbBHHOB (3amaem mapamerp Ty = 0). Ecam noHoB B n0BytIiKe
HECKOJIBKO, TO IIPU OXJIAZKJICHUN 10 HYJId OHM 3aHUMAIOT HEKOTODBIE MOJ0KCHAA PaBHOBEC-
CA4 B NOTCHIHUAJIE JOBYIIKA U KYJOHOBCKOM MOTEHIIMAJIE UX B3AMMHOTO OTTAJIKHBAHULA, U
MOJy4eHHOe «TBepJioe TeJ0» Ha3blBaeTcd KYJIOHOBCKUM KpucTasnoM. [lomecture 5 monos
B JIOBYIIKY IPH TeX HapaMerpax, KOTOpPble Bbl 1OJ00paIu B IIPEJAbIAYIINX IIyHKTAaX, U
OXJIa/INTE UX 10 HYJIA.

(a) (0 6aanos) Onumure KOHMDUTYPAIHIO TOJYICHHOTO KPHCTALIA?

(b) (0 6a.an06) BoicTpamBaioTcest in HOHBL B JHHEHHYIO 1en0UKy Baob ocu OZ7 (Ecan
MOHBI BBICTPOMJIMCH B JIMHEHHYIO TENOYKY, TO PauabHble KOODJAUHATH paBHbl ) ¢

12
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oueHb xopotieil TounocThio, < 10734).

2.15. (1,8 6aana) Tor dakT, BEICTPAMBAIOTCS JIN HOHBI BAOJIb JUHUH, 3aBUCUT OT COOTHOITEHUST
CEKYJISIPHBIX YaCTOT BJIOJb PAJUATHHBIX U aKCUAIBHONW Oceill (CM. pHCYHOK). A MMeHHO,

JJ1d JIMHEHHOCTH TIeTTN JI0JI?KHO BBITTOJIHATHCS YCJIOBUE CJell. BUA:

- > )
W, A

e o 1 A — HEeKOTOpble KOHCTaHThI, KOTOpble BaM HeoOXoquMo HaiTH.

A\

-
-

3ameuanwue! [lpu nposeseHnn MOJE/UPOBAHNS B 9TUX MYHKTaX MPOBEpsiiTe, 9TO y Bac Jeii-
CTBUTEJIbHO MOJIyvYaeTcs JIMHEHHbIII KPpUCTasl, a TakKyKe TO, 9TO IPHU JAHHBIX ITapaMeTpax Jio-

BYIIKH MOHBI elf 3aXBaTHIBAIOTCA.

2.16. (1,8 6aana) Tlpn apyrux yacrorax KoaebaHuil, HOHbL Oy/1yT BHICTPAUBATHCS B JIBYMEPHY IO
PEIeTKy MepHeHANKYISPHO aKCHAJBLHOMY HAIPAaBIEHUIO (CM. DHCYHOK Ha CJIeAyFomeil
crparuie). B aToM ciaydae MOIKHO BHITOTHITHCS YCJIOBHE:

Yz S (BN

Wy

HalimTe napamerpsl B u .

13
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Yacrs 3 (1 6am). JlazepHsiit nuHIET

JloBymika [layng He emHCTBEHHBIN BapHaHT CXeMblI 3aXxBaTa HOHOB. Hampumep, cymiectyer Me-
TOZ JIa3ePHOTO IHHIIETa, IPO KOTOPBI H MOHAET pedb B JaHHON YacTHW 3aIa4H.

IIpubaurkenne reoMeTpUIECKOl ONTHUKN

B ToMm ciyuae, Korga IJIMHA BOJTHBI M3JYYEHUS JOCTATOYHO MaJia, MBI MOYKEM PaCcCMATPUBATD
BOIIPpOC B3aI/IMO,ZLeIU/ICTBI/IH n3Jjgy4deHnud C BeIeCTBOM B paMKaX FeOMeTpI/IqGCKOIU/I OIITUKMU. KaK n B
qacTu 2 OyJeM pacCMaTpuBaTh CBET KakK MOTOK (DPOTOHOB, MMILYJIbC OTAEJIHHOTO POTOHA OyIeT
paBeH fw /¢, Tae w — YacToTa U3JMYUYeHHs, a ¢ — CKOPOCTh CBeTa, i — MpUBeIEHHAs TIOCTOSHHA
[Inanka. Cauraiite, 4T0 hw — 3TO HEPTrUs OTAEJBHOTO (POTOHA.

3.1.

3.2.

3.3.

(0 6asn08) TIycTh cBET HOPMAJBHO MAJAET HA TUIOCKYIO MOBEPXHOCTH. MOIHOCTE H3JTyUe-
HUS, TPUXOSINASICA HA €JIMHUILY ILToIma u papua [. Yemy paBHO jaBjieHHe CBeTa, €CJIU
HOBEPXHOCTH TOJHOCTBIO TToriomaeT ceer?! Ecan mosrocThiO oTparkaer? Ecnu orpakaer
J10J110 (POTOHOB PABHYIO (.

(0,8 6asnra) Ha TOHKYIO IPA3MY € TIOKA3ATEIEM MPETOMICHUS 1 U MAJBIM YIJIOM TIPU TIPH
BepIinEe W (CM. PHC.) TMaJ@eT HAPAJIEIbHbI 11y90K, COCTABIAIONMA MaJIbIH yroa o ¢
ropusontoM. Haiijiure BeIMUnHy ¥ HaNpaB/eHue CUJIbI, JAeHCTBYONEH Ha IPU3MY CO CTO-
poubl mydka. CuuTaiiTe, 9T0 CBET NPU3MOIl He OTPAYKAELTCS W HE TTOTJIONMaeTcss. MomHOCTD
U3JIyYeHUs, IPUXOIAINAsCA Ha €IMHUILY ILJIOMA I paBHa [, mwiommaab nydka S. Cuuraiite,
YTO MYyYOK TOJHOCTHIO MOIAIaeT Ha MIPU3MY.

Ha nuaunap ¢ nokazarejeM IpejoMJIeHus N pajuyca R, Haxoudiuiics B BaKyyMme, Ia-
JHaeT TOHKUIA IIYYO0K CBETa TaK, KaK ITOKa3aHO Ha PUCYHKE. MOH_[HOCTB CBe€Ta Ha €IUHUITY
IJIONIA/IM 3aBUCAT OT KOOpAUHATH 2 10 3akony I = Iy(1—xz/R), upu x € [—~R/10, R/10].
[Ipu apyrux 3HavYeHUSX WHTEHCUBHOCTDH paHa (. CumTaiiTe, YTO CBeT NUJIWHIPOM He OT-
pazKaeTcs U He IOrJIomaeTcs. BolcoTa muauHapa paBHa H.

(a) (0,4 6aana) Hemy paBHa cuiia, JefCTBYONAs Ha IHJIAH/IP?

14
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(b) (0,2 6asnra) B kakyio cTopoHy OHA HalpaBjieHa?

o R

E‘P

10

3.4. (0,1 6aana) Kax u3aMeHHTCS HAIIDABJICHUE CUJIBI, €CJIH HOKA3ATe b PEIOMICHNUS IIHIHH-
Jpa Gyjer MeHblIle [oKa3aTelst IPeJOMIIeHNs OKPYKatoleil cpeibi?

Aemopuvi 3adavu: JTuanna Axonan u Omdesenue Qusuku

15


https://vk.com/4mipt

9.504.e05 Conepxanne

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

ACl —f- BCO>

Y=Up= (Ccl + Dcy

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 5)_ |A* +|B|*> AC+ BD _(1 0)
¢ D)\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.

16
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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

17
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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

o= () =(748)
o= ()74

R.(0). = ¢ (2) ~ g,

19
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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:
o —BT 2 cos (1) —e0) 2 gin (%)
v=e Zsin (3) e'B+9)/2 cos (2)
2 2
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.

20
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1.20 Pesyabrar geiicrBus reifra Agamapa Ha HOBOE HAYAIbHOE COCTOSIHUE:

_1(it1
H%“_§Q—J)'

Ecun noneiictrBoatrs H, moaydmm:

- 1 1+09%)
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.
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YHactp 2. JloBymika Ilaynsa
BBegenne

2.1 Ecmu Vigp =0, y = z = 0, moTeHnMaJ MPUHAMAET BHUT

szDC 1‘2

2

O = .
25 2

Torma mo anaJsiornu ¢ NPYy»KUHOM CuJia, JeHCTBYIONIAs HA WOH, paBHA

kz UDC’

F= o
0

x.

SHAYUT B TOUKe ¢ KOOPAWHATOH x = 1 oHa paBHA

kz UDC

F = o
0

2.2 O6o3HauM Vpp/rd = 2A, Torma MOTEHIMAT TPUHUMAET BUJ
72
O = — Az cos Ot — A?.

B MomenTe t =0nt = 7T/Q TOTEHINAT IPUHUMAET BUJ

3 1
CI)Q = —§A£L"2, Cpﬂ— = §A.T2

N306pa3uM 3aBUCUMOCTD HOTEHITHAIA OT KOOPIUHAT:

3 1Y 3 1Y
2 2+
1 1
T ‘ x
-2 -1 1 2 -2 -1 1 2
1 -1
L9 —2
-3 -3

YucneHHOE MOAEINPOBAHUE

2.3 Jlns Havasa ynpoctum cebe Ku3Hb, BeIpasuB Vyp u Upc 1epes g, u a,(nnn gepes g, u a,),
a TaKzKe IapaMeTphl yCTaHOBKH. 110 ycroBuio

4eszDC 2€VRF
a, = aq, = ————— —_ — == .
v mz3Q0? "’ I Y mriQ)?
Torma Mbr mosrygaem
U mzi0%a, Voo mraQ2q,
DC = ek, RF = o0

22
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Toria nmenHo Tak u OyjeM 3a/laBaTh HALIPSKEHUsI B KOJI€, 3a/[aBasi UMEHHO TapaMeTpPhl ¢, O,
a He HalpsKeHUd.

Jlastlee BHUMATEIBHO PACCMOTPUM ypaBHeHUA MaTbe, B 0COOEHHOCTHU Te YJIEHBI, YTO COJEPIKAT
q. Jlerko moramaThest, 9TO 3aMeHA T — T + /2 ¢ OJHON CTOPOHBI IKBUBAJEHTA 3aMEHEe § — —(,
¢ JpyToil CTOPOHBI SKBWBAJEHTHA CABUTY Hadasga OTCUYeTa 1O BpeMeHH. JIOrWYHO, UTO CABUT
HavdaJla BpeMEHHN He HJOJI2KE€H BJINATH Ha BO3MOXKHOCTDL 3aXBAaTHUTbh HMOH: 3aXBAaT HOHa A0JIZKEH
NPEJICTABIATD U3 cebs HEKOTPBIil IMPoIece, KOTOPhIi He 3aBUCHT OT Hadaja BpeMeHu. Takum
obpazoM u3 obmux coobparKeHnit MOYKHO cpal3y MOIYIUTh, YTO OJIMHAKOBBIE ITO MOYJIIO U TIPO-
TUBOIOJIOYKHBIE TI0 3HAKY 3HAYEHWs ¢ OyIyT JaBaTh OJMH W TOT K€ KAYeCTBEHHBIN Pe3yIbTaT.
Orcioia TakxKe CcaefyeT, YTO JIBUZKEHHE MO OCAM X W Y WIM OJHOBPEMEHHO YCTOWYHMBO WJIH
OJHOBPEMEHHO HEeyCTON4YUBO.

Tenepb BHUMAaTEJIBbHO ITIOCMOTPUM Ha YpaBHEHHE JJId KOOPDAUHATHI 2. Mut BUAUM TUIINYIHOE YPaB-
HeHNe TapMOHWYeCKUX KoJiebaHuil B ciaydae a, > (0, Wwinm ypaBHeHHe, pellleHrneM KOTOPOTO sB-
JISII0TCS YXOIAIINEe Ha OeCKOHEYHOCTh SKCIOHEHTH! TpH a, < (. 3HAYHUT, 3aXBaT MOHA BJIOJb OCU
Z BO3MOXKEH TOIJIA U TOJIbKO TOIja, Koryia a, > (0. D10 B CBOIO O4epejb O3HA4YAET, 4TO Jijisd
3axBaTa HOHA HeOOXomnMo (HO He (akT, 4TO JOCTATOYHO) a, < 0.

Tenepb MbI MOXKeM HCCJIeJ0BaTh IMMOBEJCHHUE NOHA B JIOBYIIIKE Hayﬂﬂ JJIA PA3JINYIHBIX 3HAYEHU
a,q. boysee Toro: MbI MOXKEeM HPOBEPUTDH CBOM IPEJIIOIOKEHU, CAeJaHHble U3 OOMUX coobpa-
skenuii. IIpoBejieM u3MepeHus B uanasoue ¢, € [—2, 2]

[penaraem Bam nepeiiTu B Terpajky u yOeauThCs CAMEM BO BCEM.
Kaxk BuanM, noH JefiCTBUTENLHO 3aXBaThIBAeTCsI MO BCeM 3 ocsM B obractu |g| € [0.5,0.9]

2.4 CHoBa npou3Be/ieM aHAJOTHYHBbIE H3MepeHus, Ho Jid a, = 0.1. 13 coobpaxkenuit Boilie
OYEBUIHO, YTO MOH He Oy/IeT 3aXBadeH 10 OCH z HH IPH KaKUX 3HAYCHUSX (.

[Ipepnaraem Bam mepeiiTu B TeTpajky U yOeAUTHCS CAMHUM BO BCEM.

KaK BUIUM, MOH ﬂeﬁCTBI/ITeﬂbHO HE 3aXBaTbhIBaeTCA 1O OCU Z, XOThb U yCTOﬁqHB no r nuys
obsactu ¢ € [—0.8,0.8]

2.5 Kak MBI y2Ke TOKa3ajad, OCH T W Y WIX OJHOBPEMEHHO YCTONYMBBLI, WJIH OJHOBPEMEHHO
HEYCTOWYUBBI. TaK 4YTO CaMoOe MHTEPECHOe B JIAHHOM HYHKTE - UCCJIEJ0BATH, CTaHeT 00J1acTb
YCTOMYHMBOCTH IIHDE, WK y2Ke IPU yMEHbIICHUU MapaMeTpa a, 110 MOJLYJIIO.

W3 pmarpamMMbl JIid «HEKOTOPOi» JIOBYIIKH llaysis, MOXKHO IpeanooKUTh 9TO IHPHHA 30-
HbI CTAHET BbIIIE, OJHAKO HET TapaHTHH, YTO IPUBEICHHBbIAA JIHAIPDAMMA, COOTBETCTBYET TOMI
JIOBYIIIKE, YTO MCCJe/lyeTcs B JlaHHoil 3aja4de. bosee Toro: u3 mnynkra 2.3 o4eBuHO, YTO JiHa-
rpaMMa He COOTBETCTBYET JOBYIITKE U3 33/1a491, TOCKOJAbKY To4Ka a, = —0.1, ¢, = 0.9 okazagachk
YCTONYUBOHA, B TO BpeM«d KaK OHA JICJKUT 3a IIpeJjeslaMul JuarpaMMbl, IOKa3aHHON B yCJIOBUU.

Y100bI TPOBEPUTH TUIOTE3BI BBIIIE ITPOU3BEAEM UUCICHHBIH SKCIEPUMEHT.
[Ipegnaraem BaMm mepefiTu B TeTpaJaKy U YOSIUTHCS CAMUM BO BCEM.

[Tosryaaem, 9T0 30Ha yCTOYUBOCTH CTAJA IIMPe, U HOH B 3TOii 30He 3axBarbiBaTcs. |¢| € [0.2,0.9]
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X, {m
[=]
1

20 4

10 A

Y, um
o

_10 -

_20 -
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Z, um
(=]
1

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

2.7 Tlepeiinem B cucrtemy orcyeTa UCTOYHUKA. [[pOMeKYyTOK BpeMeHU MeXKy CUT'HAJIaMH, 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

2.10 PaccMoTpuM TpOIECC BBIHYXKIEHHOTO Hciyckanus ¢dorona. VMmynbe ¢gporona, KOTOPHIit
CITPOBOIUPOBAJT MCIIyCKaHUE, He W3MeHseTcs B 3TOM mporecce. Korma aToMm nepexoauT B BO3-
OyKIeHHOe COCTOSHUE, OH TOTJIONIaeT (DOTOH ¢ UMITYIBLCOM Py. [locste mporecca BBIHYKIEHHOTO
U3JIYYEeHUs] ATOM HCIYyCKaeT (DOTOH C TAKUM YKe UMITYJIBCOM Dy. SHAYUT B PE3YIbTATE MOTJIOIIE-
Husd GOTOHA, & 3aTeM ero BbIHYZK/IEHHOI'O UCIYCKAHUS, UMILYJIbC aTOMA HE U3MEHSACTCH.

B ciydae cnioHTaHHOTO W3JIy4YeHUs] aTOM HCIYCKaeT (DOTOH MPOU3BOJIHLHOM HAIPABJICHUU, TO-
STOMY B CPeJIHEM IIPOIEeCcC CHOHTAHHOTO W3JIYUeHUs He W3MeHsSeT WMIYJIbC aToMa. SHAYUT B
pe3ysIbTaTe MOIVIONeHNsT (DOTOHA, a 3aTeM ero CIOHTAHHOTO U3JIYUeHUs], HMITYIbC aTOMAa YMeHb-
maercsd Ha umiyJibc porona. Takum 06pa3om, ¢ y4eToM TOIO, YTO IIPOIECCH BbIHY ZKJ/IEHHOI'O U
CIIOHTAHHOI'O U3JIYYeHHS PABHOBEPOATHBI, KOJUYECTBO MOTJIONIECHUN (POTOHOB paBHO

N = g™
Po

IJIe ™M — Macca aToMa HATPHs, Uy — €ro CpeaHsis cKopocTs. VMmyise dorona pasen pg, = hw/c.
Torya, yauThiBasi, 9T0 w = 2wc/ A, MOJydaeM
MUgA

N = ~4.2-10%
mh ’

28



9.504.e05 |C0;Lep>KaHHe|

2.11 TlocJie pemenust NpeblAYIIUX IyHKTOB JAHHBIH IYHKT HE IIPEJICTABIIET 0COOBIX MPOhJIeM.
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
2.12 Paccmorpuwm 3uadenus ¢, = 0,2 u a, = —0,01. Yrobwl 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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2.13 CpaBHEUM CKOPOCTH OXJIAK/I€HUsI TIPU PA3JIHIHBIX TapamMeTpax 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

2.14 Boo0imie roBopsd OTBeT Ha JAHHBIA BOIPOC 3aBUCHT OT BBHIOPAHHBIX BaMH IIapaMeTPOB.
Taxum oOpa3zoM JaHHBIH MYHKT CKOpee 3HAKOMHUT ¢ Kpuctaanamu. [lepeitzem kK 1moapobHOMY
MCCJIE/IOBAHUTIO B MOCJEAYIONMX MyHKTaX.

2.15 JlauHbIil TYHKT 9UCTO SKCIepUMeHTaIbHbI. Clemayer B MepBYIO 0Yepe/ib OMPeIeTuThCS

¢ 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. Ilpm momormu Koma, aHAJOTHIHOrO 2.12 HAXOAUM YaCTOTHI. 3/€Ch BayKHO IIOMHHUTH, 9TO
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

2.16 Jlanuwiit nyHKT aHajgoruden 2.15. 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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