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IIpuBOAATCA OCHOBHBIE CBEIEHHS O CHCTEMHOM pACIOJIOKEHHH U Pa3MEPHOCTHBIX
B3aMMOCBS35X (PM3MUECKUX BEJIMYWH, MCIOJIb3YeMbIX B KBaHTOBOH ¢u3uke. IlocienoBarenbHOCTh
paccMOTpeHHs yueOHOro Marepuana COOTBETCTBYeT oOuienpuHsaToMy B yueOHuke M.B. CaBenbeBa
u yuebHuke JI.K. Mapruncona u E.B. CMupHOBa, HCII0OJIb3yeMbIX IPU U3YYEHUHU JAHHOTO pasjena
obmeii ¢puzuku B MI'TY um. H.D. baymana. B nepByto ouepenp 1aeTcst CHCTEMHOE TIPEICTaBICHUE
00 W3JIyyaTeNbHbIX TEIJIOBBIX BEIMYMHAX, W3YYEHHME KOTOPHIX B MPOILJIOM IOJIOXKHIO Hayaio
CTaHOBJIEHUS KBaHTOBOW ¢u3uku. ClieoM paccMaTpUBAIOTCS COOTHOLIEHUS HEONpEeAeICHHOCTEeH
['eiizenbepra u ¢u3uueckue BEIWYMHBI, MPUMEHsEMble B BOJHOBOM MexaHuke Lpénunrepa.
[Tocne ocBoeHUS ATHUX pa3leNOB HM3Y4YaeTCs KOMIUIEKC (U3NYECKUX BEIUYHMH, OTHOCHMBIX K
paspsay GyHIaMEHTATbHBIX (U3NUECKHUX MTOCTOSIHHBIX (PUPOIHBIX KOHCTAHT). B MX 4ncio BXoasr
nocrosiHHas [lnaHka, 3apsin  2IEKTpPOHA, DJIEKTpUYECKas, MarHuTHasT W I'PaBUTALMOHHAs
IIOCTOSIHHBIE, PSJI APYTUX BEIUYMH. BONBIIMHCTBO NMPUPOJHBIX KOHCTAHT OKA3bIBAIOTCS CUCTEMHO
CBS3aHHBIMU JIPYT C JPYIOM 3aKOHOMEPHBIMH CBSI3SMHM, YTO BBIPAKAET €IMHCTBO U LIEJIIOCTHOCTH
(buznyecKoro Mupa.
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IIpeaucioBue

[lepuon BpeMenu ¢ koHna 19 Beka u Bech 20 BeK 10 Hayana HHIHEIIHETO O3HAMEHOBAH HE
CTOJIBKO OTKPBITUEM HOBBIX MPUPOAHBIX B3aUMOCBS3EH, CKOJBKO OTKPBITHEM (yHIaMEHTAIbHBIX
(GU3MYeCKUX KOHCTAHT WM NOCTOSHHBIX. K TakuM KOHCTAHTaM OTHOCSTCS CKOPOCTh CBETA, 3aps]
JJIEKTpOHA, MOCTOsAHHAsA IlnaHka, NOCTOSHHAs TOHKOM CTPYKTYpbl U HEKOTOpBIE JApyrue
dbynaamenTanbHbple BeaMuuHBL. OKazajaoch, 4TO Bce (yHIAMEHTAIbHBIE (PU3HMUECKUE KOHCTAHTHI
(ODK) TecHO B3aMMOCBSI3aHBI JIPYr C JPYroM IO BEIMYMHAM W Pa3MEPHOCTSAM. DTH KayecTBa
YKa3bIBalOT HaM Ha eauHyo npupony ODK, va enuncrso [Ipupoasr BoooIe.

@OyHaMeHTaJIbHbIE KOHCTAaHThl BXOAAT B YpPaBHEHHS U3 CaMbIX pa3IM4HbIX oOjacTei
¢u3uKN, AEMOHCTPHPYS TEM CaMbIM CBOI YHHMBEPCAJIbHYIO mpupony. B cuimy storo ®OK
ABJISIIOTCS OCHOBHBIM HMHCTPYMEHTOM, IIO3BOJIIIOIIMM CPaBHUTH TEOPUIO C SKCIEPUMEHTOM.
Tounocte umncnoBbix 3HaueHud @OOK omnpepenser npenensl BO3MOXKHOCTEH TEOPETHUYECKHX
pacueToB. MinmocTpanueld CKa3aHHOTO SBISIOTCS IHPELU3MOHHBIE BBIUMCIICHHS KBAaHTOBOMU
ANEKTPOJMHAMUKHU: UX IPEACKA3aTEeNbHAsA CHJIA 3aBHUCUT OT TOYHOCTH, C KOTOPOW OIPENEIICHBI
nocrosiHHas Punbdepra, MocTossHHas TOHKOM CTPYKTYpPBI, OTHOLIEHHE MAacc 3JEKTPOHA U MIOOHA U
ap. [1].

N3yueHne mnpupoIHBIX B3aMMOCBSI3€M M YTOYHEHHE Ha 3TOW OCHOBe 3HaueHul DPOK
MPEJICTaBISIET COOO0M BaXKHEUITYIO 3a7a9y COBPEMEHHOM TEOPETHUECKON (DU3UKHU U €€ MPUKIIATHBIX
HaIlpaBJIEHUM, BKJIIOYas MeTposioruto. Merponornyeckas 3HaunmMocts @OK onpenensercs poiisto,
KOTOPYIO KOHCTAHTBI UTPAIOT B CO3JJaHUH COBPEMEHHBIX 3TAJIOHOB €IMHULl U3MEPEHUs (PU3NUECKUX
BennunH (OB). Ilpumepom SBIseTCs HCMOJIB30BAHUE CKOPOCTH CBETAa € M DJICKTPUYECKOM

MMOCTOSIHHOM €, B OIIPCACIICHUHN aMIICpa — OJHOM M3 OCHOBHBIX €IUHHII CH. prrI/IMI/I npuMepamMu

SBIISIIOTCSI HanOoJiee TOYHbIE OIpeIeIEHUs] TOCTOSHHOM TOHKOW CTPYKTYphl U MOCTOsSIHHOM [Inanka
"snekTpuyeckumMu"  MeronaMu. B HacTosmiee BpeMs  NPOBOJATCS — MCCIEAOBAHUSA IO
NEPEONPEEICHNUI0 EAMHNIIBI MAaCChl — KMJIOTpaMMa C IOMOIIbIO (PyHAAMEHTATBHBIX (PU3MUECKUX
KOHCTaHT [2].

[TpakTMKyM mnpegycMaTpuBacT HCIONIb30BAaHUE CIIELHUAIM3UPOBAHHON KOMIIBIOTEPHON
nporpaMMel. [lpu BBINOJIHEHUHU MpakTUKyMa CTYJEHThI MPUOOPETAIOT TaKKe HABBIK IOJIb30BAHUS
IUTAaHAPHBIMU (TUTOCKUMU) M300paxeHus MU cucteMbl @Bu3 B pa3inyHbIX BapuaHTaX HCIOIHEHHUS.
Ha sTux m300pa’keHHsX, BBIMOJIHEHHBIX IPUMEHUTEIBHO K Pa3HbIM pa3jielaM KBaHTOBOH (pu3ukH,
OpUCYTCTBYIOT 60bIMHCTBO DB, BeTpeuaromumxcs B chepax KBaHTOBOM U BOTHOBOI MEXaHUKH.

KomnbioTepHbslit  1a00OpaTOpHBIA MPAaKTUKYM TMpPU3BaH CIOCOOCTBOBATH 3aKPEIJICHUIO
TEOPETUUECKUX 3HAHUN, IPUOOPETAEMBbIX CTYJACHTAMU Ha JIEKUUAX U MPU paboTe ¢ TUTepaTypHBIMU

HCTOYHHUKaMMU.



eab KOMIIBIOTEPHOI0 J1200PATOPHOI0 MPAKTHKYMA

[lenp MaHHOTO KOMIBIOTEPHOTO JIA0OPATOPHOTO MPAKTHKyMa — TMO3HAKOMHTH CTYJCHTOB
dusnueckux crnenuanbHocTeli ¢ @B kBaHTOBOW MexaHWKH, B ToMm uucie ODK, mokazare ux
CUCTEMHbIE CBOWCTBAa — OCOOEHHOE PaCMOJIOKEHUE U PA3MEPHOCTHBIE CBSA3H, MPOWUTIOCTPUPOBATH
UX E€IUHCTBO, JAEMOHCTpHUpYIolee enuHCTBO Qu3nyeckoir IIpupoasr Boobme. B pesynbrare
BBITIOJTHEHMSI JIAaHHOTO JIaDOpaTOPHOTO MpaKTUKyMa JIOCTHUTAeTCs yrIyOJICHHOE W3ydeHUe
CTyIEHTaMM €JUHULl U3MepeHus U pasmepHocred PB, BCTpedaronuxcsi NpU U3Y4EHHH Pa3JeiioB
KBAaHTOBOW (PM3MKU M (KBAaHTOBOW) BOJIHOBOW MEXaHUKH B Kypce obOmieil ¢usuku. [Ipakrukym
CIOCOOCTBYET YIIIyOJIeHHIO0 MPO(ecCHOHANBHBIX 3HAHUN CTYIEHTOB IO CBOEH CIIEHUaTbHOCTH U
(hOPMUPOBAHUIO CUCTEMHOTO MPEACTABICHUS 00 OKPYKAIOIIEM MUDE.

JUis  OCBOEHHMSI HACTOSIIErO TIMOCOOMs TpeOyeTcsl MpEeIBAPUTEIBHOE BBITIOJHEHUE
KOMITBIOTEPHOTO MPAaKTUKyMa MJIM CaMOCTOATENIbHOEC H3yueHHe yueOHoro mocobdus [3], B koTopom
paccMaTpuBaeTcs 001ee CTpOeHUEe CUCTeMbl (PU3NYEeCKUX BEIMYUH U 3akoHOMepHocTel (DBu3) u
npuoOpeTaeTcsi IEpBUYHAS MPAKTUKA MOJIH30BAHUS 3TOM CUCTEMOM B 00JIACTH 3JIEKTPOMArHUTHBIX
BennuuH. JlommoaHuTeNbHBIC cBeAeHUS 1o cucTtemMe @Bu3 umerorcs B nctounnkax [4, 5].

[Ipaktukym no u3yudenuto cuctembl ®@Bu3 npemycmaTpuBaeT MOJIb30BaHUE CHEIHAIBHO
pa3paboTaHHON JIEKTPOHHOM (KOMIBIOTEPHOI) mporpammoil. MHCTPYKIMs MOIb30BaTENs TaHHOM

porpaMMoii [6] n3ydaercs Mpu BbITOJHEHUHU MPAKTUKYMa.
Bsenenne

Cuctema ®Bu3 npencrasnser coboi LT — pazMepHOCTHOE OCHOBaHMe, B KOTopoM Bce OB
MOTYT OBITh BBIP@XKEHBI O Pa3MEPHOCTH udepe3 Odauny U epems. B pazmepnHocTsx cucrembl CU
MHorue ®B ornnuatorcs or ux LT — pa3sMepHOCTHOTrO MpeACTaBlI€HUS HAa TOT WJIM HHOU
JOTIONIHUTEbHBIA ~ PAa3MEPHOCTHBI ~ COMHOXXMTEIb,  KOTOPbIE  IIOJIOKEHBI B OCHOBY
crpykrypupoBatnus OB B cucremy ®Bu3, oka3biBarolieiics MHOTOypOBHEBOW (MHOTOCIIOWHOM).

Ha puc. 1 mnpencraBinena oOmiast apxutektypa cucremMbl ®Bu3. CucremHble YpOBHU
0003Ha4YeHbI CBOMMH Pa3MEPHOCTHBIMHU KO3 uIMeHTaMu, conepxammmi koddumments G u K
CO CBOMMH CTENEHHBIMM IOKa3areasiMu. Dusnueckne BEIMUUHBI ONPEIEIEHHOTO CHCTEMHOIO
YPOBHS, MOJIy4asi CBOE€ pa3MEPHOCTHOE BbIpaxkeHue B cucteme CH, oTnnyaroTes 1o pa3MepHOCTH OT
ux LT — mpencraBieHuss Ha OJMHAKOBBIN pa3MEPHOCTHBIM COMHOXKHUTENb, YTO M OIpENesieT UxX
MPUHA]JIEKHOCTD K TOMY WM HHOMY CUCTEMHOMY YPOBHIO.

Kosddunment G nmeer pa3MepHOCTh 2pasumayuOHHOU HOCMOSAHHOU, KOTOpas YUCIEHHO
paBHa OTHOILIEHUIO MHEPTHOM Macchl, M3MEPSEMON B KWJIOrpamMmax K I'pDaBUTAllMOHHOM Macce,
U3MEPSIEMON B M/, Koaddurment kK — ects pa3MepHOCTHOE U YKCIOBOE COOTHOIICHUE MACCHI U

cunol moxa. B panHoit cucreme ®Bu3 wmacca v cuna moxa mpu miIaHapHOM (TJIOCKOM)
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M300paKCHUHM CUCTEMHBIX YPOBHEW pacriosararoTcsi B OJHOW CHCTEMHOM SUCHKe, MX UYHUCICHHOE
COOTHOIIIEHUE TpHUBENCHO Ha puc. 1. JIuaum Ha puc. 2 0003HAYAIOT CHCTEMHBIE PA3MEPHOCTHBIC

cBsa3u OB, ydyacTByIOIMX B 3aKOHOMEPHBIX CBA35X OB 3THX ypoBHEH.

MHoroypoBHeBas apXHTEKTypa G
CHCTEMBI (PI3MIECKUX BeTIIIH
1 3aKkoHOMepHocTeil (PBu3)

dim G = M-IL3 T2 Gk
dim k= MI-!

G =47y ~8,385-10710 am3/(kr-c2)
Fk~4901-10%¢k2/ 4.

CHCTeMHEIE YDOBHH H JeHCTBYIOIIHE MEKVPOBHEBEIE CBA3H (DH3HUCCKHX BEIHUHH:

1 - oOmme Oa30Bble KHHEMATHYECKHE BETTHUHHEI k! - moneBsle 3NEKTPOMATHHTHBIE BETHYHHBI

G - 00mue 0a30BbIe THHAMHYECKHE BEIHYHHbI Gic? - crpykTypo-cpemoesie IMB 1 moarpymms
G- ypoBeHb IPABHTAIIHOHHON KOHCTAHTHL G2 - crpykrypo-cpenoebie SMB 2 noarpymis
Gk - 5a30BBIe 3IEKTPOMATHHTHBIE BETHYHHBL k u Gkl - fonONHHTEbHBIE CHCTEMHEBIE YPOBHH

Puc.1. ApxurextypHoe nzoopaxenue cucreMbl ®Bu3
1 TeopeTruuyeckasi 4acTh

1.1 CucreMHOe OpeACTaBJICHHUEC TCIJIOBBIX M3J1YyYaTCIbHBIX d)I/I3I/I‘IeCKI/IX BCIINYMH

Ha puc. 2 npencrasieno mianapHoe u3o0paxenne cuctembl ®Bu3 ¢ mpenmyIecTBeHHBIM
M300paXEHUEM TEIUIOBBIX W M3JIydaTelbHBIX BEJIMYMH, H3Y4Y€HHE (PU3UKU KOTOPBIX SIBUJIOCH
IPOJIOTOM 3apOXKJCHHUS M CTAHOBJIEHHMS COBPEMEHHOW KBaHTOBOW ¢usuku. [[nsg paboTsl B
KOMIBIOTEPHOH mporpamMme cienyer ucnoib3oBate (aiin TEIIJIOTALItS, cooTBercTBYOIINi
JTaHHOMY n300paxeHuto. OCHOBHbBIE (HOPMYJIBI, UCTIOIB3YEMBIE B pa3jieiie, MPUBEICHbI Ha pUc. 2.

WuTerpanbHON XapaKTEPUCTHKOW TEMJIOBOIO W3IYYEHHUS SBISIETCA u3nyuamenvhas (10
UHOMY, HCITyCKaTelbHas) cnocobHOcmb Tela W dHepeemudeckas ceemumocms R. CrnoBo
VHTETPAJIbHAS O3HAYaeT U3IyuamenvHas Cnocoonocms (Hanee usiyuamenbHOCmb) BO BCEM

JAuana3oHe 4aCTOT WK JJIMH BOJIH, COOTBETCTBYIOIIHX TCIIJIOBOMY U3JIYYCHHUIO.
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duzndeckuii CMBICH usiydameiivHocmu — OSHEPIrus, UCIyCKacéMasd B CIAWMHULYY BPEMCHU

e,I[PIHPIHeﬁ IIomanay Uu3ja1ydaromero Teia. HO,Z[ HHTCIrpaJIbHbIC BEJIMYUHBI [ oT H I+ TPEACTABIAIOT

co00il cnexmpanvuvie (IO YacTOTE W JUIMHE BOJHBI) AIOMHOCMU usiydyamenvrocmu. WX

cooTHowmenue I, do="r, dA.

Cucrema ®Bu3 ¢ YUAaCTHEM TCILIOBBIX B HU3JIYVUATCIIBHBIX BCJIIMUMH
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Puc. 2. Cucrema ®Bu3 nmpuMeHUTENHHO K Cepe TeTUIOBBIX M U3ITyYaTeIbHBIX BEINIHH

OcoOenHocThi0 9TOM wactu cucteMbl DBu3 sBusiercs Ha3HaueHUE pPa3MEPHOCTH
memnepamypsl TaKOU Ke Kak U y yacmomsl. ONpaBIaHHOCTh 3TOTO OYAET sICHA U3 JajbHeHIero
U3JI0KEHUS MaTepuana.

OcHoBHble DB cBsi3anHBIC ¢ Temmeparypoir 1o sHeprus — W, osmmponus — S,
mennoemxkocmos — C, nocmosinnas borvymana — K, n3ydeHue KOTOPBIX MPOBOJMIOCH B pasjiesiax
MOJIEKYJISIpPHOW (DM3MKU U TEPMOAWMHAMHKH. B pa3nene KBaHTOBOW (PU3UKU HCIIONB3YIOTCS HOBBHIE
O®B: uHTeprpanbHas u AuddepeHnrnaIbHble U3Iy9aTeTbHOCTH, TPUBOIUMBIC BBIIIE, HOCMOSHHbIE
Buna — by u by, nocmosunas Cmegpana-bonvymana - G, npyrue BETUYUHBL.

Teneps 0 pasmMepHOCTH memnepamypul. [lpuBoauMble Ha puc. 2 aAudQepeHIraTbHbIC

cootHoweHus ¢pyHknuii Kupxroda
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IIpY UHTETPUPOBAHHUH IO COOTBETCTBYIOIEH MIEPEMEHHOM MPUBOIAT K 3akoHy CTedana-bonpiimana

R'=oT* C ToKazarejneM cTerneHu 4 npu memnepamype. Takum o0pa3om, JHHEHKA pPIAOM
CTOSIIUX TIOKa3aTenu creneHe 3, 4 m S mpu ®, T U A, a TakkKe HM3BECTHOEC COOTHOIICHHE

A =2nC/® npsIMO yKa3bIBAIOT HA COBIAJCHUEC PAa3MEPHOCTEH memnepamypol U 4acnomal.
Hapsiny ¢ u3ydeHwem TEIIOBOrO H3JIYYEHHS, HUCTOPHUYECKOE CTAHOBJICHHUE KBaHTOBOM
¢u3uKky OBUIO CBS3aHO M C JIOCTIDKEHUSMH B HM3yYEHUHM OINTHYECKOr0 H eme Oolee
BBICOKOYACTOTHBIX CIIEKTPOB M3JIYYCHHIH. DTO HampaBlieHHe GU3UKH, B KOHIIE KOHIIOB, BEUIMJIOCH B

TEOPHIO ATOMAPHOT'O CTPOCHHS BEIIECTB, OJYIUBIICH O0IBIIOE TPAKTUUECKOE TPUMEHEHHE.
YacTOTHBIN CHEKTP ONTUYECKUX H3JIYYEHHUM U TOIJIOLIECHHM aTOMOB OINPENENISIETCS B BHUJIE
pasHoctu  (OMEHHWs) UEJIOYMCICHHO KpaTHBIX YacTOT C KBAJPAaTHUYHOMW 3aBUCUMOCTHIO

MEKUHTEPBAJIbHBIX 3HAUCHUH
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YacrorHas nocrositHHas  Punbepra R, u  anuHHOBONHOBas 1mocTosiHHas R,

o0
MPUCYTCTBYIOIIME B 3TUX BBIPAXKEHUSIX, TECHO CBA3aHbI C NapaMeTpaMM AJIEKTPOHA U aTOMHBIMU
KOHCTaHTHBIMHU BEJIMYMHAMHU, CPEAN KOTOPBIX OKA3bIBAIOTCS: KIACCUYECKUH paguyC 3JIEKTpOHA —
h
I,, paguyc bopa — @, M KOMOTOHOBCKAas JUIMHA BOJIHBI JJEKTPOHA A s opu y4acTuu
e
MIOCTOSIHHOW TOHKOM CTPYKTYPBI ¢ X CKOPOCTH CBETA C.
2
m.C a
2h

JlnnHHOBOJIHOBAsT MocTossHHAs Punbepra ompenensiercsa cooTHoueHueM R = C

m.qg m,c?o’
© 2 2.3 = y HEC CBA3b TaKas K€, KaK CBs3b 4YaCTOTHI C
32n°egh 2n

Y4aCTOTHOM IOCTOAHHOW R

obpatHoit  jmHBI BomHBl (R, =2nCR,). Jlunelika aTOMHBIX KOHCTAQHTHBIX BEJIMYHMH C
Pa3MepHOCTBIO O/iuHbl (B TIOPSIIKE UX BO3PACTAHMUS) BBITJISIUT TaK:
-1
r=a’a,; Ac=a,-27-0; & =0l(4nR,)); R~ =2x ]0’.

Takum oOpa3oMm, MOCTOSHHAsE TOHKOW CTPYKTYpbl 0O SIBJISIETCS Ba)KHEHIIEW KOHCTaHTOU

(U3UIECKOTO MUPA, BOIIPOC O €€ TPOUCXOXKICHHUH JI0 CUX TOP SBJSETCS JUCKYCCHOHHBIM.



1.2 CucteMHBIE OpeacCTaBJICHUA (bI/I3I/ILIeCKI/IX BEJIMYHMH, MCIIOJL3YEMBIX B KBAHTOBOH BOJTHOBOH

MEXAaHUKE

N3ydyenne maHHOTO pasnena Kypca (GU3UKU TpPeayCMaTpUBAET 3HAKOMCTBO C KBAHTOBOM
OTITHKOM, B KOTOPYIO BXOJST CIIEKTPAITBbHBIE 3aKOHBI ONITHYECKUX H3ITyIeHU, (oTodddeKT, r3pdext
KomMmnitona u cooTHomeHne HeompeneineHHOCcTel [elizenOepra. Kak mMoOKa3bIBalOT IOCIICIHHE
dbopMyIbl 3TH paslienbl TECHO CBS3aHbI C MPEIIIECTBYIOUIUM Y4YeOHBIM paszieiaoM (GU3HKU —
anekrponuHamMukor. [loatomy nHambonee mnoaxoxsmue wu3o0pakeHus cucremMbl DBu3 mns
W3YYCHUS JAHHOUW pasfenia KBAaHTOBOW (PU3WKH ITO M300paKEHUS C yU4ACTUEM DJICKTPOMATHUTHBIX

BeIMYUH U pazmepHoctel @B. Onn npuBeneHs! HA pHC. 3 ¥ APYTUX MTOJOOHBIX H300pKCHUIX.

BO3MO/KHBIE COOTHOINEHIIA HEONPEJEJIEHHOCTEI B 3JIEKTPOMATHETH3ME
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Puc. 3. I3BecTHBIC B KBAHTOBOM MEXaHUKE W BO3MOXKHBIC COOTHOIICHUS HEOMPEAeICHHOCTEH

Ha »toM pucynke wn300pakeHbl H3BECTHBIE B KBAHTOBOW MEXaHUKE COOTHOIICHUS
HEOTpEIeIEHHOCTEH ¢ ydacTheM mocTossHHON Ilmanka. IlpuBomsaTcs Takke BO3MOXHBIE (IO
cucteme ®Bu3) COOTHOIIEHHS ¢ YyY4aCTHEM MOCTOSIHHOW [IaHka U 3JEKTPOMArHUTHBIX BETHUYHH.
CryneHTaM peKOMEHIyeTCsl MOmpoO0OBaTh CaMHUM CaMOCTOSITEIBLHO ToucKaTh B cucreme dBu3

JIpyrue no00HbIe pa3MEPHOCTHBIE COOTHOIICHUS C y4acTHEM MOCTOssHHO [1nanka.



dusnyeckne BEINIMHBI 1 COOTHONICHHUS, BCTpeyaronuecs B ypaBHeHHAX [IIpéauarepa.

[TnanapHoe m3oOpaxkenue cucrembl @Bu3 Hanbosiee moaxopsiee I By30BCKOTO Kypca
KBaHTOBOM (BOJIHOBOI) MexaHukH [lIpénuHrepa He CONEPKUT AIIEKTPOMATHUTHBIX BeJIM4MH. Takoe

M300paXkeHNe I0Ka3aHo Ha puc. 4.

CHCTEMHOE PACTIOJIOKEHIE BOJTHOBOIT ®VHKITII 11 CBA3AHHLIX C HEN BEJOTUITH

Elmocn, Oﬁ'be\I £h ,z;pm SO Nrs. igiien gf:zzr::z; #203
PonlS 2 e
2T N }‘L I3 I LT 112 MIAT- MILAT2
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Bpema ImiHa H\mv‘[bc Dueprug
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Puc. 4. dusndeckre BETUYNHBI U COOTHOIIIEHUS KBAHTOBOI BOJTHOBOW MEXAHUKH

CDB, OTHOCAIIHUECA K 3JICKTPOMArHuTHBIM BEJIIMYMHAM Ha puC. 4 moxa3aHbl JIMIIb 4aCThblO,
INOCKOJIBKY B BY3BOBCKOM KYpCE KBAHTOBOM BOJIHOBOH MEXaHHMKH OHU OOBIYHO HE (I)I/Il“ypI/IPYIOT
B stom pas3zaciie 0COOBIH HUHTEpECC NPCACTABIAIOT CICAYIOIINC CHeLII/I(I)I/ILIeCKI/IC BCIIMYHUHBI

BOJIHOBOM ME€XaHUKHU: BoJHOBas pyHKIMs ¥, 31ech OHa TpexMepHasi; KBaJpaT BOJHOBOM (pyHKIUU
) L. IO h?
‘P , INIOTHOCTH ITOTOKAa BCpOf[THOCTeI/I j = g I"l , 4 TAKKE (bmnqecm/le BCIIMYHNHBI 2— %1 2—
m m

0

1.3 CucreMHEBIE OpeACTaBJICHUI KBAHTYEMBIX U KOHCTAHTHBIX d)I/ISI/I'-IeCKI/IX BCJINYMH,

OPpHUHAJJICKAIIINX cd)epe QJICKTPOMArHeTu3mMa

C mnpakTHUecKol TOYKH 3peHHs HauOojiee BaKHBIM SBISIETCS M3YYEHHE C CHUCTEMHBIX
no3uuuii  Oosbmioi coBokynHoctH POK unm kBaHTyeMbIX M KOHCTaHTHBIX BennuuH (KKB).

Cuctemnoe ctpykrypupoBanne @B c Beienenuem B cucteme @Bu3 oco6oit rpynmer KKB MoxHO



OBLIO 3aMETUTH €I MPU MU3YUYCHHUH JICKTPOMAarHuTHHIX BennuuH. bomemmucTBo KKB oTHOCSTCS
MMEHHO K 3TO# cdepe. J[aHHBIN pa3esn MOCBAIeH UMEHHO dTOU TPYIIE BEIUYHH.

Ha puc. 5 npuBeneno ynporierHoe (ckenetnoe) nzoopaxenue cuctemsl ®Bu3 ¢ yuactuem
9JIEKTPOMArHUTHBIX BeauuuH, OTHOCUMBIX K KKB (®®K). [llecturpannukamu o6o3HadeHsl DB,
coleprkanire nocrosHuyto Ilinanka u 6e3pa3mMepHble BEIMYMHBI. DTH BEIUYMHBI MOXHO HAa3BaTh
OTOPHBIMU WJIM penepHbIMU JUisi cucTeMbl @Bu3, X MECTONOJIOKEHUH HEU3MEHHO ISl JTIOOBIX
BapUaHTOB NPEICTABICHUS 3TOM cUCTEMBbI. bonpmnmu Kpykkamu o0o3HaueHbl kBaHTyeMble DB:
NEKMPUYECKUll 3apa0, MASHUMHBLI NOMOK, 2NeKMPUYecKoe CONpomugieHue U npoeooUMOCHb.
Panom pacnonoxenusie ¢ HuMu OB, 0003HaYeHHBIE MAJIBIMH KpPY)KKaMH, — 3TO KOHCTAHTHBIE
BenuuuHbl. Mecrononoxenue snekrpomarHuTHeIx KKB B cucteme ®@Bu3 HeogHO3HAYHO, OHO
3aBHCUT OT BBIOOpa Pa3MEpPHOCTH OJHOW M3 3JEKTPOMArHUTHBIX BEIMYUH M €€ MECTa pa3MEIICHUs
oTHOcuTelnbHO DB, 0003HAaYEHHBIX NIeCTUIpaHHUKAMU. [IpUBOAMMBIN BapuaHT pa3MEIIECHUs
snexkTpomarHuTHbIX @B B cucreme ®Bu3, eciu He camblii UCTUHHBIM, TO YK CMEJIO MOYKHO

yTBEPXK/1aTh, OH HANOOJIee MOIXOMAIINHN s y4eOHbIX 1esei [4].

1 _ My _ R
2acs 20 2o
Mo _g.c _ 40,
' o Ko

Puc. 5. Ckenernoe uzobpaxenue cuctembl ®Bu3 ¢ yuactuem KKB

Ha puc. 6 mpuBereHa aHamoOrM9Has cXeMa C YJYacTHEM MEXaHWYECKOW KOHCTaHTHOU
BenmnuuHbl (Ml) ¥ HEKOTOPHIMH CHCTEMHBIMH  CBSI3SIMH, KOTOpBIE HAa PHUC. 5 HE BHIHBI WIH HE
0003HAYAIUCH.

Ha puc. 6 Ha MecTe nunelinoeo s1emenma moka MPUCYTCTBYET MeXaHWYeCcKasi BEIMUHUHA —
pou3BeieHne maccwl Ha Onuny. OKa3bIBACTCSl 3TO COOTHOIICHHWE TOXE KOHCTAHTHOE, OHO €IMHO
Uit Bcex MuKpodactur (Ml = 3,786:10 Kr'M). B kadectBe Oaunbl 1jisi MUKPOYACTHI] B 3TOM
COOTHOIIIEHUH BBICTYMAET X KOMITOHOBCKAs JAJIMHA BOJIHBI. ICTHHHOCTH MIPUBOJIMMOTO YHCIOBOTO
3HAUEHUSl HE BBI3BIBAET COMHEHHUH MOCKOJIBKY OHO COOTBETCTBYET HM3BECTHOW KOMITOHOBCKOM

JUTMHE BOJIHBI MUKPOYACTHII, PABHOW OTHOILLIEHUIO MOCTOSIHHOM [ [1anka k ckopocTH cBeTa.
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CuncTteMHble B3aMMOCBSA3U
KBaHTYeMbIX N KOHCTAHTHbIX

Mo \\}3/ ﬂ?o'l} BENUYUH

Puc. 6. Ckenernoe m3o0paxenue cuctemsl ®Bu3 ¢ yuactuem KKB

Bepxuuii ropuszontansHbii psag KKB Ha puc. 5 u puc. 6 mokasaH B TpPEXIBETHOM
WCIIOJTHEHUH U B ATOM 3aKIIIOUEH olpeaeneHHbId cmbici. Ha puc. 7 mokazan Tot xe psag KKB,
0003HAaYEeHHBIX CIUIOIIHOW yTonieHHoW okaHToBKOH. [pyrune KKB, Bkitouas ckopocTh cBeTa,
KOTOpBIE pACIOJIOKEHbl BHE OCHOBHOI'O CHCTEMHOrO psjaa, O003HAUEHbl HA AITOM pPHCYHKE

MYHKTUPHOM YTOJIIEHHON OKaHTOBKOM.

CHCTEMHBIE B3ATIMOCBA3IN KBAHTYEMEIX H KOHCTAHTHEIX BEJITUITH

Oﬁ’beM 1. ,:um MOM: Mam MOMERT ’Ei;?:st 3He§f§:;2::xoe
=5
M 1L ITI2 L-" 1 LT I L2 MIAT? MLAT2

i1 > = \ Heticane THettctene
- I;T::}iﬂ' 2 'pOBo@“OCTX/ (i) s Sapﬁ:\/”lﬂleﬂ'f TOKa /m Petinvany \ Ly ronoe (motenn
..:__‘E,_ Ay =LE AN Lanfr v] s
AL AT 1T/ N\ 1L MEIT MILAT-2
- ’P;i::‘.xocrb C"”a Tk }’Bﬁj’f‘m DHeprua
KMHCMATHY. - I e TP =mv W
LIEX 1. MLT- MLAT?
5 e TN TS e =
+B . - S M
(Cropoets)! . 52511:;2:_ f{ i g‘fO{E’C_TE' 2 }K‘{ i HC{B, ,\ sz::z;m CH aa Mon.mocra
LOT® LT% 7 AN ML?T T / MT-! MLT2 ML2T?

LT
1

H,CI,'Y'KIHBHOCT Uactota Ha’stKeHﬂe Hamenenne
) CHIBL (CF/CI}
MLAT-1- L N\ ML ML2T 311 MT 2 MLT
(/Man:l !II;:)OHHH\/’ CGHPOTHB.I[ colot S]?;i;zp_ ,uDED
i TToHHTIHHETE
NMLT2L 7 {\ILZT-*I—?/ M MLTI / N\ pr214p! T3 R =1-L,
€ 8
(E\E{OCTL) o JB/ot SR/t Hssenenne
Vol Wiall HaBICHHET 3 1 _ ﬁ _ &
MLT=12/ \MLT-1? MT-S[- MLT-1 MILAT T2acg, 20 2a

Puc. 7. Cucremnoe pacnonoxenne KKB B cucreme ®Bu3 B niaHapHOM HCIIOIHEHUN
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OODK, obpazyromiue TeM Wind IpyruMm crocodboM B cucteMe DBu3 ocHOBHOW cHUCTEMHBII
psan KKB, B cucteme CU umerot creayromme 0003HAYCHUS U YMCIIOBBIE 3HAYCHUS
£0 — INEKMPUUECKAs NPOHULAEMOCTb BaKyyMa (21ekmpuueckasn nocmosnuas), g =1/(uo c?);
Wo — MACHUMHASL NPOHUYAEMOCHb BaKyyMa (MacHUmMHasi nocmosihHast), lo = 4m-10 7 Tu/m;
Ry — mocrostnHas ¢hon Knutimara, Rq = 25812,807449(86) OM niu cBsA3aHHOE C HEH
conpomuenenue Bakyyma, Rg = Cllp = 20Rx ( Rg u Rk BXonar B 0IHY CHCTEMHYIO STUCHKY);

0, (nHOE 0OO3HauUCHUE €) — 3aps0 NEeKTpoHa, J, = 1,60217653(14) 10 ¥ Ku;

() — IpenmosaraeMslii 1o CUCTEME KBAHT JIUHEUHO2O dlleMeHma MoKa,

h — nocrosiunas [Inanka, h = 6,6260693(11) -10 >4 Ix-c;

IT — nomenyuanrvnoe Oeticmeue (NPOU3BEIACHUE CuUIbl HA NIOWAOL); HOBAs CHUCTEMHO
3Haunmas OB.

Kpome o603nauennbix KKB 0CHOBHOTO CHCTEMHOTO PsiJia, B ONPEACISIOMINX YPAaBHEHUAX H
YPAaBHEHHSX CBSI3M C HMX YYaCTHEM HCHOJB3YIOTCS W JAPYrHe BEIMYUHBI, 3a4acTyi0 TOXeE
otHocuMbie K @DK (4acTh U3 HUX MPUBOMIIACH BHIIIIE):

C — ckopocmsb cBeTa, ¢ = 299792458 m/c;

0L — IOCTOSHHASI TOHKOI CTPYKTYpHI, o - = 137,03599911(46);

G — epasumayuonnas nocmosnnas, G = 6,6742(10) -10 ** M3/(c? kr);

®y — KBaHT Maznumno2o nomoka, gy = h/(2e) = 2,06783461(61) -10 = BG;

Kj; — Bennunna, oopatHas ®p, mocrostuuas J[xo3edcona, Ky = 483597,879(41) -10° T'wB.

m, — Macca siekTpona, m, = 9,1093897(54) -10 S

I, — KJaccuueckuii pauyc snekTpoHa, I, = o’a, = 2,81794092(38) 10 Mg

A — KOMOTOHOBCKAsI JUTMHA BOJHBI WIEKTPOHA, A, = L 2,42631058(22) -10 12 M;
m.C

e

a,~ pamuyc Bopa, &, = a/(4nR,)=0,529177249(24) -10 ** m;
R, —noctosiast PuaGepra, R, =m,ca® (2h) = 10973731,534(13) m™ .

Nmetorest u apyrue @B, otHocumbie k KKB (wmu, o unomy, @PK).

Puc. 4, puc. 5 u nocneayroume pucyHku WLTIOCTpUpytoT, uTo DK cBs3aHbl MEXy cOO0M
3aKOHOMEPHBIMU COOTHOILIEHUSIMH, KOTOpbIE JIETKO OOHapyxuBaroTcsi B cucteme PBu3 kak
CHCTEMHBIE Pa3MEPHOCTHBIE COOTHOIIEHHS (BBIICICHHBIE MapajuieorpaMMbl WK JuHuK). Ha sTom
U JIPYTUX MOJ0OHBIX TNIOCKUX (IITaHAPHBIX) U300pakeHusx cucteMbl @Bu3 Bu3yallbHO BbIIENSIETCS
rOpU30HTANIbHO pacnoioxkeHHbINH psia KKB, sueliku koTopbix 0003HAYEHBI HA PHUC. 5 YTOIIIEHHOM
OKaHTOBKOM.

MoxHO 3aMeTuTh, 4YTO BHE OCHOBHOro cucreMHoro psna KKB pacnonokensl eme

Heckonbko DB, koTopeie Toxke MOxkHO oTHecTH K DDK, mosTomy oHM 0003HAUEHBI YTOJIIEHHOMN
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MYHKTUPHOM OKAHTOBKOW CHUCTEMHBIX siueek. JBe u3 »tux @B (macrummuas nponuyaemocmsv M
conpomuenenue) oopatasl 1o pazmepHoctTu OOK, BxoasuM B ocHOBHON cucteMHbId psig KKB.
Ckopocmb cama 1O ce0e SIBISICTCS KOHCTAaHTHOW BEIMYMHOM (CKOPOCTH CBETA), & KBAaHTYEMOCTb
MA2HUMHO20 NOMOKA, BO3MOXKHO, 00YCIIOBJIEHA KBAHTYEMOCTBIO 3aMKHYTBIX JTMHEHHBIX 3JIEMEHTOB

toka (QV=Il),,umu KBaHTyeMOCTbIO nomoka Hamacnuuennocmu (®; = JS). Tlocnennss OB
IpejoiaraéMas, €€ pasMepHOCTb, KaK M PACIIONOKEHUE B CUCTEME, UACHTUYHBI PACIIOJIOKEHUIO
971eMeHma moxd.

Ha puc. 7 nmpuBenena yactb Gopmysibl ocHOBHBIX cooTHomeHnii KKB u ux cuctemubie
n3o0pakeHusi. ['OpHM3OHTAIBLHON MYHKTHPHOW JIMHHEH B OCHOBHOM cucreMHoM psaay KKB
0003Hau€HAa B3aMMOCBS3b JJIEKTPUUECKOW M MArHUTHOW IOCTOSIHHBIX 4Ye€pe3 CKOpPOCTh CBETa U
BOJIHOBOE CONPOTHUBIIEHHE Bakyyma Ry.

=t Ry=1= M i377 Om

- L]
€olp Og €

[TapajyuenpHass JIMHHUS KPAaCHOTO LIBETA, IPOXOAAIIAs IO TOMY € CHCTEMHOMY POy
00o03HayaeT cBs3b nocrosHHol Kimtuunra (R, ) ¢ noctosHHOI [1nanka 1 3apsaoM 3/1eKTpoHa
h _ 1
d° Ok
HaxnonHas ToueyHas JIMHUSL CHHETO LBETA BU3YAIU3UPYET ATY KE 3aKOHOMEPHOCTb.
BBII[GHGHHBIfI napannenorpaMM, O603H8H€HHBII71 KpaCHLIMI/I HYHKTI/IprIMI/I JINHUAMU,

WUTIOCTPUPYET CUCTEMHYIO CBSI3b KBAHTa MarHUTHOTO noToka @, ¢ npyrumu OOK

h

O, =—.
°2q,

[TocepennHe 3TOro BBIAEIEHHOTO NapajuIeIorpaMMa MPOBEACHA CIIOLIHAS JIMHUS KPACHOTO
[[BeTa, KoTopasi 0003HAyaeT CYIIEeCTBOBAHHWE OOBEKTUBHBIX (u3mueckux cBsizeit OB «Onemenm
MOKa», UMEIOIIEro pa3MepHocTh LI, ¢ anemMeHTapHBIM 37€KTpUUECKUM 3apsiioM (e U KBAaHTOM

maznumnozo nomoka ;. BBuny cBoero cucremuoro pacnonoxenus OB oremenm moxa H0MKEH

ObITh KBAHTYEeMOW WJIM KOHCTAaHTHOM BenuuumHOW. Haumbornee BeposTHOe 3HaueHHWE KBaHTA

anemenma moka, onpeaenasiemoro cuctemoit ®Bu3 cnemyromiee [5]:

(1), = € = 6,8522-10° A,
(04

31ech (, = € — 3apsA] 2IEKTPOHA; ¢ — CKOPOCTh CBETA; Ol — IOCTOAHHAS TOHKOW CTPYKTYPHI.
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OmnnaeMaﬂ CHUCTCMHAas U YUCIIOBAs CBA3b KBAHTA 2JiemMerma mokKa C KBAHTOM MACHUMHO20
nomoka ONpEACIACTCA BRIPAXKCHUEM [5]
(1)
q) ZM KB
0 0 :
4
KBaur macnummnoco nomorxa B paCCManI/IBaeMOf/'I cucreme ®Bu3 3anumaer MMPaKTUYICCKH
OCHTPAJIBHOC MCCTO, UTO HaArJIAAHO HIUIFOCTPUPYCET PHC. 8 CucreMnast CBA3b, 0603HaquHaH Ha
OTOM PHCYHKC B (bopMe MIPpAMOYI'OJIbHHUKA, ITOKa3bIBA€T 3aKOHOMCPHOE COOTHOLICHHUEC KBaHTa
MACHUMHO20 nomoka, 3JICMCHTAPHOI'O 2JIeKmpUudecKoco 3apﬂ()a U IIPOBOAUMOCTHU gK , BCIIMYUHBI

oOpatHOi mnocTtosHHOM KiuTuuHra. B cucTeMHON CBA3M 10 TUIy HPONOPLHUH, Y4YacTBYET

Oe3pa3MepHas IIOCTOSHHAS, C YUCIIOBBIM 3HaYeHuem 1/2.

0
20k

0 =

Cucrevmnie cootHomennsa ©B wacnummusiit nomox ¢ apyrmvm KKB

E_\.moc'rb 061,e\.1 21, ;pm MOM. Mars. mones H{][Ic;;i;\a
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889[ “““ g e
P / \MIL TR ‘o
ML2T?

: BpeMﬂ_\ L{-ﬂma/ A X - e )\ 7
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MT! MILT ML2T 3

. HaTH}I(E_'HHe Havenenne
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——
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Puc. 8. CucremHble CBSI3M ¢ yyacTHEM KBAaHTYeMbIX U KOHCTaHTHBIX BenuunH (KKB)

s =TI
,’[L

Ha cnemxyromem puc. 9 mpuBeneHa KBaHTOBasS 3aKOHOMEPHOCTh, HWMeEHyeMas

HecTanoHapHbIM 3Qdexrom [xozedcona. DopmynbHOE BbIpaKeHHE STOM 3aKOHOMEPHOCTH
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3,[[6CB A(D — Pa3HOCTb DJJICKTPUYECCKHUX IIOTCHIHAJIOB Ha ,Z[)KOSG(bCOHOBCKOM nepexone

(M30JIATOpE MEXKY IBYMS CBEPXIIPOBOASIIMMU KOHTAKTAMHM); V — YaCTOTa U3ITy4aeMbIX (POTOHOB.

Exkocts

C
NEL2T42

T AT MIOM:
gl
1ILE

CHCTEMHLBIE B3AHUMOCBA3IHN KBAHTYEMBIX H KOHCTAHTHLBIX BEJIHYIIH
71, IPOHHIL

OGLe\,I Hedicteue HeicTeue
HMIYIBCHOE SHEPIETHYCCKOE
MALAT3E MIAT! NIAT=
EEn

T 3T412 NI 2T b2y .r
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I N P=shv
# ," MIAT2
Cnm Onmocn,
KOHCTaHTa pac’)(o,:(
A p ML2T2[! MT—I MLT- ML2T-
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Voo oo W e cust (EF/0L)
MIL2T22 2 ML2T311L MT=2 MLT3
ars. npo COHIJOTPIB‘.[ 6p/ér 813;{;2]3‘
Hottaruara h
I\ILT‘zl -2 LT3 MT1! MLT3I! ML2T-T= MT3 @, = 5
(E\mm,) 1 EB/ot SEIoL Moiasns Dodext IxozedcoHa:
i3l Ml JaBICHASA h _ Ap
MLT?? MIL2T-12 MT-1? MLT-I! MLIT 3 2¢ v

Puc. 9. KBantoBanue MarautHoro motoka u a¢dekrt xo3zedcona

e 'Bsm{at:'rh
KEHGMATHT.

Naccop fnii

ITockonbky Bce PPK 0Ka3bIBalOTCS TECHO YBS3aHHBIMM JPYr C JPYroMm, TO 3Has HIH
3a/1aBasiCb TOYHBIMYU YMCIIOBBIM 3HAYCHUEM [UI OJHOW WIM ABYX W3 HUX, YAACTCS CPABHUTEIBHO
TOYHO BBIYMCJIMTH YHUCIIOBBIE 3HAYEHMs JUISI OCTAIBHBIX. IIpM 3TOM BO3HHMKAeT BO3MOXKHOCThb
omnpesencHuss OCHOBHBIX enuHmil (kak CU, Tak u npyrux cucreMm usmepenwuii) uepe3 ODOK wmm
yepe3 apyrue @PB, enuHunel u3MepeHuss KOTOpBIX omperenstorca TouHo. Hampumep, B CU
MOSIBIIACTCA BO3MOXKHOCTB IEPEONPENEICHUS €IUHULIBI U3MEPEHUS MAacChl — KHWIJIOTpaMMa 4epes
ANEKTPUIECKUE BETUIUHBI [2].

OTMeueHHOE OTHOCHUTCS He TOJIbKO K cucreme eaunul CH, Ho ko BceM apyrum. [Ipum sTom,
OYCHb BAKHBIM SIBJISIETCS IEPBOHAYAIBHBIM BHIOOP YHMCIOBOIO 3HAUEHUS E€IUHUIIBI U3MEPEHUs
kakoi-mu6o oot n3 ®OK. CopepiiéHHbIN BRIOOP equHHIIBI H3MepeHus 11060t PDK cranoButcs
ONpeNeNsAmuM 1 i Apyrux. Hanpumep, ucnonszyemass B HACTOSIIEM IPAKTHUKyME CHCTEMA
®Bu3, ocHoBaHHas Ha LT—cucreme ¢ pa3MepHOCTBIO JIEKTPUUYECKOTO 3apsia L3T, B oxHoll u3

BO3MOXHBIX CBOHX MOI[I/I(I)I/IKaL[I/Iﬁ CTAHOBHUTCS OJIM3Ka IUIAHKOBCKOH CHCTEME CANHUIL [2], rac
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NeMEeHMAapPHbLIL dNIeKMpUYecKull 3apsa0 U CKOpoCcmsb céema TPUHATH €IUHUYHBIMH. JTa CHCTEMa
noJy4riia HauMeHOBaHUe «EcTeCTBeHHOM KnHEMAaTHYeCKol cructeMsl pasmepHocTeit»y (EKCP) [3].
KakoBbl 3nauenuss ®OK B paznuunbix cuctemax enuuul, Bkitouas EKCP, mokazano B

crenyromen Tadi. 2.

Tabnuma 2. Yucnossie 3HaueHuss @DK B pa3zauvHbIX BappaHTaX CUCTEM CIMHUII.

BRI TIpu , 99_}92125:8 ot Iy=1m; 1p=1.481936667-10-26 M
1 A = ’ = tp=4,943208636:1045 ¢
cucreme CH | h=lM:f0=1le =1c. 1/2.99792458-108¢ | °
KBaHt 2.89916169-1027 | 2.4309540-10-26 o= I, = y
IIOTECHIHAILHOT O - ) 1053 —70 a
N m— Toxw O/t 2,704801066-10 3,009497057 10
TocTosHEaS 6,62607553-103¢ | 5,5559801-10~* I, | pasmeprocts LST- 1202
InaHKa, h K- ME/e? 20’
KeaHT .
o 3,225752423-10% | 2 704801113-10-5*
JIHHCHHOI'O ’ IL . pazMepHOCTE LAT2 1/a
SIEMCHTA TOKA, A*M M—'tfcz °
(IDss
DJIEMEHTApHBIH | 7,851916834-10-%% | 6,58385095310-% 31
3MeKTPHUSCKHH ) , I,0, pasmeprocTs LT 1
3apAL, ge Kr* M/e
(MaraeTHAS nss 1074
P y——— 1,911262529-10 1,602598179-10 II,0.%. PA3IMepHOCTE L2 "
po! Mm/TH* M2
(TTOCTOMHHAL | | (o ceo 1076 | 7,801880513-10
Kmuriara) ~!, ’ < : II,2c’» PA3MEPHOCTE LT 202
Ryt 1/0M* M-C
DIEKTPHICCKA | 2.12656636:10-%2 | 1,783130954-10-! N 2
HOCTOSAHHAL, € TT,a". pasMepHOCTE T a
O* /M c?

B nauanpHbIX cTOnmOmax Tabn. 2 mpuBeneHbl 3HadeHus OOK mis AByX cUCTeM eAMHHMIL
OYCHBb IMOXOKHUX Ha CUCTEMY CHU. B IIEpBOM CTOJ'I6IIG HUCXOJHBIM 3HAYCHUCM CHUCTCMHOI'O pAla
OOK npunaTo uzBecTHoe uucioBoe 3HaueHne B CU mocrosiuuoit [lnanka. [Ipu sTom cobmroneHo
CHCTEMHOE COOTHOIIeHHe 0a30Boit LT—pa3smepHOCTHON cucTeMbl (ello=c/c.. Bo BTOpoMm cromnbiie
npuBeneHbl uncioBbie 3HaueHUsT QDK Toif jxe cuctemsbl, MPeoOpa30BaHHON B «METP-CEKYHIHOE

LT—paSMepHOCTHOG MMpEACTaBJICHHUC. B »stux YCJIOBUAX UYHUCIIOBOC 3HAYCHHUC ¢ KOTOpPOC

0>
pAacmoJIokKEHO Ha IPYTOM KOHIIE OCHOBHOTO cucteMHoro psga KKB, okasbiBaeTcst mopsiaka 103y
10", TloHsITHO, YTO C TAKHMH YHCIOBBIMH 3HaucHusMH OOK u pa3dpocoM 3TUX 3HAYEHUH
paboTaTh OYEHb HEYAOOHO.

B mocnenyromem caBoeHHOM cToiOIe Tabiu. 2 TMOKa3aHO Kak M3MEHSIOTCS  YHCIIOBBIE
3HaueHus: ocHOBHOro cuctemHoro psna KKB npuBoaumbix LT—pa3MepHOCTHBIX CHCTEM, €CIH
eAVHULIEH OuHbl TIPUHATH METP WM €IUHULEH 6pemenu TIPUHATH CEKYHIY, a CONPSDKEHHYIO C

nuvu OB yBA3aTb CO CKOPOCTBIO CBCTA. YucnaoBele 3HAYCHUS KKB, BKJIIO4Yass KBaHT

nomeHyuailbHo2co Oeticmeust Ho, B O9THUX BapHaHTaX OKa3bIBAKOTCA pPA3JIMYHBIMH, HO OHU
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00s13aTeIbHO BKJIIOYAIOT B c€0s 3HAYEHHUS, COOTBETCTBYIOIIHME TMOCIEIHEMY CTOJOMyY Tabia. 2, To
ectb, Bapuanty EKCP.

Takum 00pa3oMm, aHHBIC TAOJHUIBI 2 WUTFOCTPUPYIOT, YTO BHIOOPOM YHCIIOBBIX 3HAYCHHN
€IMHUIL] U3MEpPEeHHs OuHbl U 8pemenu B LT—cucreme pa3mMepHOCTEH MOXKHO JOOHTHCS TaKOTO
nonoxkeHus, uto Bce KKB ocHOBHOro cucremMHOro psjaa mojay4daT YHCIOBBIE 3HAUYEHUS,
olnpezessieMble JHUIb TOCTOSHHON TOHKOM CTPYKTYpbI o.. D10 U gocturnyto B EKCP.

Hutepecno, uto B cucteme EKCP oOHapyxuBaeTcss TOKOBas CYIIHOCTh U €IMHCTBO TPEX

T'JIaBHBIX CHJIOBBIX (1)I/IBI/I‘I€CKI/IX BSaHMOHeﬁCTBHﬁ, YTO IMOKa3aHo B Ta0JI. 3

Tabmuma 3.
OcHOBHEIE CHIIOBLIE B3anMoJeiicTrid B EKCP
Haumenopanue Bamvo eficrryro- LT - VpaBHEHHE CBA3H,
nrHe  (PH3HISCKHE )
CHIIOBOTO pa3MepHOCTh OIIPESICIHAIOIIEES CHITY
N BEITHUHHBI .
B3aHMOISICTBHA BEJTHUHH B3aHMOJCHCTBUA
[0 3apAdy | IO TOKY
DieKTpo- ‘ It 3T I = i 9.4, — i (]r)l(]r)Z
CTATHYECKOE 1 e 4’ & 4mr’
0 0
DIEKTpo- V). (gVv), N (1,
Tl ) q_\. ]] L4T72 F - ”-0 (q )1(9: )‘ — “0 ( )1( 1)h
THHAMHUECKOE 4t 4t
32 I 1] 2
I'paBHTaI[HOHHOE q't I L°T- F= .
4rr

Ha puc. 10 B Tabnmuno# hopme npuBenensl 3HaueHuss B EKCP st ocHOBHOTO crCTEMHOTO
pana KKB u 3Hauenus st ux Omwkalmmx cooTHOmeHWH. OdeBUAHA CHUMMETPUSI ITHUX

OTHOI.HGHHfI, nepexodamasi, €CJIIM TaKk MOXKXHO BbBIPA3UTHCA U «HA OTHOUICHU A OTHOIIICHHUI».

HucmoBkle COOTHOIEHUS B cucTeMHOM psy PPK (B 3HaueHmsx EKCP)

Onektpia. | (Iloctosmmas | (MarmmTHas | DIeMeHTapH. sga:;a TocToaHHas ng_lizm
noctosHHas | Kumrrmuera)! | moctosHHaf) ! | 9MEKTp. 3apand h TInanka —
TOKa JeficTBaS
2
_ c q
€, (Re)™ (1o) ' Ye 2 h ="
o &,
ao 202 o | ol (202)-1 a!
c C C
2ac o - — P 2oc
2a o o 2a

Puc. 10. CootHomenus uucnonsix 3HayeHnit KKB B EKCP
Amnanoruynas Ta0nMia, COOTBETCTBYIomIas JeiicTByromed cucreme CH mokasaHa Ha
puc. 11. Oka3biBaercs, 4yro B CU ocHoBHO# cuctemuslii psii KKB (kotopslie, B uncinoBoit popme Ha
puc. 11 He mpHUBOIATCSA, HO TOXKE B OOJBIIMHCTBE CBOEM, OKAa3bIBAIOTCS CBS3aHHBIMH 4Yepes3
CKOpoCcmb CBETa) MMEET JiBa «pa3pbiBa», 0003HAYacMble HAa PUCYHKAX CMEHOW IIBETa 3aMBKU

MOCJICAOBATCIIBHO PACIIOJIOKCHHBIX (HO POpI/ISOHTaJ'II/I) siueek ¢ OB.
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CootHotmieHust B cucteMHoM psiry OOK (B 3HaueHmsax CI)

. Keant Ksant
DIEKTPHY. (TocTosHHas (MarauTHas DiIeMeHTapHBIH IlocTosHHAs
i - 37IEMEHTA TIOTEHIL
noctostaHas | Kmurmunra)! | moctosuHas) ! | aneKTpHU. 3apsT Ilnanka N
TOKa neHCTBHA
2
_ -1 q.c _49.
&, (Rx)™ (1) ge e h =
1 s R, ¢ g, = Eclo = c ho & q. e
=20c¢ e — —_— = —_— =
R.e, B, 20 |2,013355-107% o gc 2a g,h

Puc.11. Yucnossie 3uauenng KKB u ux coornomenns 8 CU

«Pa3peiBel» Ha puc. 11, B omiinune or LT—pasmepHocTHoro Bapuanta puc. 10 (310 napHeie
COOTHOLIEHHS. MEX/y 3HAYEHHEM ;" M DJIEMEHTapHBIM dieKmpuueckum 3apsaoom (), a TakKke

MCKAY «KBAHMOM JjleMeRma nmoKa» U nocrossHHon Ilmanka h) JOITIOJIHUTCIIBHO O6y0J’IOBJ’I€HBI
0co0bIM cooTHolienneM B CU CAUHUI U3MCPCHUA MACCbl U CUJIbl MOKA. I[aHHOG COOTHOILICHHUC

ONpENENIeTCs BRIPaKEHUEM, cocTosmuM onsath e u3 KKB. B CU s1o cootHomenue &= aqg,u,/c

npuOIM3uTENBbHO paBHO 4,901 10% A/kr. B BapuanTax LT- cuctem Tabi. 2 0HO eTMHUYHOE.

Takum oOpasom, puc. 11 wnmmoctpupyer, yro B cucreme ®Bu3, nocrpoeHHoil Ha
pasmepHocTsaX U enuHuax CH, a1eKTpoMarHuTHbIE BEIMYUHBI Pa3HbIX CUCTEMHBIX IPYII (A Takxke
U UX OTHOIICHHS) B omimuke OoT LT—pasmepHoctHoro Bapuanta (cMm. puc. 10) comepkar
JIOTIOJTHUTEIbHBIA Pa3MEPHOCTHBIA COMHOXUTENb, O0OYCIIOBICHHBIN OTIUYUEM €IUHUL] U3MEPEHUS
macewl v cunvl moka. Ecnu macca v cuna moxa usmepsinuck 0bl B enununiax EKCP, To n3BectHble
CHJIOBBIE 3aKOHOMEPHOCTH COOTBETCTBOBANIN ObI Ta0I. 3.

Ha6monaembie cootHomenust @K, pacnonokeHHbIX B 0CHOBHOM cucteMHOM psiny KKB u
uMeromux pazmepHoctu CHU, mpuenensl B Tadi. 4. [lo tabnuie, kak ¥ MO paHee MPUBOJAUMBIM
pPUCYHKaM BHUJHO, 4TO OCHOBHOHN cuctemHslii psa KKB noapasnensierca Ha Tpu rpynmsl.  OTH
rpynnel KKB npunamiexar Oonee mumpokuMm rpynnmam — ®PB, oramuarommmes ot ux LT—
Pa3MEPHOCTHOTO TIPEICTABIICHAS HA JOTOIHATEIBHBIE PasMepHOCTHBIE Kod(duumentsr Gk, GK n
G, paccmarpuBaBimecss B yueOHOM mocoOuu 1o anektpomaruetusmy [3]. Puc. 11 u tabn. 4
wimocTpupyioT, uro u B CU, HecmoTps Ha mnpuHamiexkHocTh PPK K pa3HbIM CHUCTEMHBIM

rpyniaM, uxX mocjIeA0BaTCIbHOCTD BIIOJIHE YIIOPAA0YCHA.

Tab. 4.
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Cootromenns OPII B cucremuom psagy KKB npn yaacTin ckopocti cBeTa ¢ H IOCTOAHHON TOHKOMH CTPYKTYpHEI O

20c Eelu=q.u, Ec/20=q.u, /2
Eg R! ll-ul qe (I[)]CB qffgu
ey, h £, 2acs, e g,20ch Je2ch/a h 20ch
R.h (2ocR)™ R? . \/Z? 5\/;—7 h 2ach
20R R o VR
. 2a i 20/ 2ct
By, 1 (e : I llul = = h 2ach
HoC cl, all,
o h e =4 g A g.clo h 2ach
9e * " 2uch h 20h 9
€5, e g, 20cz, g, ge g.cla 2 &
2ace, E
20 2
2y-1 el -1 / 9. €My 20 et
Ho- ge (1p€?) e 1y qe g.cla 5y G 1C
1 C 2 2
R R — .cla R 20cg, R
> 4 2aeR 2aR g 5 e ¢
€ .
€95 My €p 20, - g
My
c/2a cla 20c

Ipumeuanue k mabn. 4. Tepsas xononka conepxut KKB, nocpeactsom KoTopsix Beipaxkatotcs apyrue KKB Toro

ke psina. BepXHMH M HWOKHUEA psiibl TaOJUIBI coslepKaT (B TPEYroJIbHBIX sYelKax) KOd((QUIUCHTHI, TOKa3bIBAIOLIIE

cBa3b coceiHuX OB B ocHOBHOM cucteMHOM pany KKB.

2 IIpakTHyeckas 4acTb

2.1 Ilpu moAroToBKE OTYETa BBINOJIHSIEMOIO KOMIIBIOTEPHOIO MPAKTUKyMa 3apHUcOBaTh
YIIPOLIEHHBIE CKEJIETHBIE CXEMBI puc. 4 M pucC. 5, 3aKOHCIIEKTUPOBATh 0003HAYCHHS M YHCIIOBBIE
3HaueHUs1 KKB OCHOBHOro CMCTEMHOTrO psifa U pacnoIOKEHHbIE BHE €ro, MCIOJIb30BaTh CUCTEMY
CH. BsinucaTe OCHOBHbIE ()OPMYJIbHBIE COOTHOLIEHMSI, JJISl TEIUIOBBIX U ONTHYECKHX 3aKOHOB
U3JIy4E€HMS, B TOM YUCJIE BBIPAXKAIOLINE UX CBA3U C AaTOMHBIMU KOHCTAHTaMH.

2.2 Ucnionb3ys 37€KTPOHHYIO ITPOrpaMMy M MHCTPYKIIMIO IO paboTe ¢ Hel [6] BbIBecTH Ha
9KpaH KoMmIbloTepa u3o0pakenus cucrembl ®Bu3 nHaunbosee moaxopsiiue isi BBITTOJHEHHS
3a/1aHUH 110 3a/IaHHBIM BAPUAHTAM.

2.3 TlocTpouTh C MOMOIIBIO 3JEKTPOHHOM MPOrpaMMbl, a TAKXKE BPYUHYIO H300paKeHUs
TpeOyeMBbIX CUCTEMHBIX 3aKOHOMEPHOCTEH B COOTBETCTBUHU C 3aJlaHHBIM BapuaHTOM. OTOOpa3uTh B
KOHCIIEKTE 3TH 3aKOHOMEPHOCTH B BHJI€ BBIJCICHHBIX JIMHUN WJIM NapajUIeIOrPaMMOB IO THUITY
JIOKaJIbHBIX YacTed puc. 4 unu puc. 5 ¢ obo3HadeHHeM Juisl ydyacTByroumux B HUX ®B: olmiero
ypaBHEHMs CBs3H, OyKBEeHHBIX 0003HaueHuit @B u ux pasmepnocreit B CU.

2.4 Ilonp3ysck cucremoit ®Bu3 noneitatbes HalWTH ¢ ydactueM Heckoinbkux OOK Ttakue

CUCTEMHBIC COOTHOLICHUSA, KOTOPBIX HET B JaHHOM y'-Ie6HOM MOCOOHH.
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BapuaHnThl 3a1aHui 1J1 BBINIOJIHEHHUS B IPAKTHYECKOM YaCTH:
10 33JJaHHBIM YPaBHEHUSIM CBSI3M M300pa3uTh (IIOCTPOUTH) CHCTEMHBIC CBSI3U WUJTU TIOKA3aTh
CUCTCMHBIC COOTHOIICHUA OJId UX COCTABJIAOIINX

Ne 3amaHus o CUCTEME B 3amaHus 0 CUCTEME B 3amaHus 10 CUCTEME B
Bap. | M300pakeHHUHU pHC. 2 n300pakeHuu puc. 4 n300paxkeHuu puc. 3, 5-9
1 *
(T)_dﬂ 4R [wrwdv =1 o= 2ot
RN 2e Eollg
2 .-
R*:GT4 H:j.JdS; APXAXZE gX:e_; uo:ZOL_R
2 h c
3 dR - in h  Ae
r.=— J=——(Porad¥ *+¥ *grad V') —="T: h=¢°R
w,T d(l) 2m0 2e v qe
4 r _dr _6|‘P|2 Vi =2 ; _m
Ry p” +divj =0 Ox = 20c8g; €=4/8;20C
5 , e . ec
bl:ﬂ’mT P:ﬂ‘}"dv; AWAL > 7 O, =—; ()ypg=—
29
6 o’ 20 £
W =KT ——L+divj dV =0 == =20 |22
J{ ot 9 Rg 9 )
7 (1)
v (2xY e 4
S=kInQ W{TH]TZO
° Ry =.[=¢ ~3770M
€y

IIpuMepsI yNpOmIEeHHOro H300paKeHUs1 CHCTEMHBIX CBsi3eil, BbIpaKaloImuX puzndeckue

3aKOHOMEPHOCTH
Bropoit 3akoH HbloToHa B3anmocsa3sb cusbl n 0asneHus
/ VIIIV )
S
L“T“ ) k“ \ LOTO : p=F/S
\ M T \ / o T
/ ML lT_

B3aumoceasb mowHocmu v cunel

N =Iv

/ T *‘\\‘. / ’{";-7"\_‘.‘ ,/r-;‘; "‘\‘ / N N
‘a,‘ LoTo )—* LT! / MLT'2 '—MLWI‘-%'
N / N S
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KoHTposibHBbIe BOPOCHI K 321U TE JJA00PATOPHOI0 NMPAaKTHKYMa

1. B 4gewm npossisercs npupoaroe equacTBo PPK? Poapr @DOK B MeTposiorum.

2. [Tlosicuute OCHOBHBIE O0COOEHHOCTH cucremMbl ®Bu3 B 00JaCTH TEIUIOBBIX H
U3ITy4aTeNIbHBIX BEJTUYHH, B 001aCTH BOJIHOBOM MEXaHUKH.

3. Iloscuute ocHOBHBIE ocoOeHHOCTH cucTeMbl ®BH3 B 00jacTH BOJHOBOM MEXAaHHMKH.
[Tosicaute ¢usnueckuii cmpicn OB yuacTByromux B ypaBHeHusx Illpémuarepa u npyrux
YpaBHEHUSI KBAHTOBOM BOJIHOBOM MEXaHUKHU.

4. IlpuBenure ypaBHEHUE CBSI3U U TMOKAKUTE CHUCTEMHYIO 3aKOHOMEPHOCTb C Y4YacCTHEM
3JIEMEHTAPHOTO 2IeKMPULECKO20 3aPa0a N MACHUMHOU NOCMOSHHOU,

5. [IlpuBenuTe ypaBHEHHS CBS3W W IMOKAKUTE CHCTEMHBIE 3aKOHOMEPHOCTH C ydYacTHEM
9NIeKMPUYEeCKOoll NOCMOAHHOU U MACHUMHOU NOCMOSHHOU.

6. IlpuBemuTe ypaBHCHHE CBS3U M IOKAKUTE CHCTEMHYIO 3aKOHOMEPHOCTh C y4acTHEM
nocTostHHOM [11aHKa v 3JIEMEHTAPHOTO 2IeKMPUUECKO20 3apsod.

7. TlosicHUTEe TPOUCXOXKJIECHWE W 3HAYCHHUS TOCTOSHHOW Jko3edcona u mocTosHHON (hoH
Kmurounra.

8. Ompenenure CHCTEMHOE PACIOIOKEeHHE BO3MOkHOU DB nomoxk namaenuuennocmu.

9. Ormpenenure CHCTEMHOE pacronokeHne Bo3MokHOM PDPK «koHCTaHTa JIOKATU3AIHUH
MHUKPOYACTHI C PA3MEPHOCTHIO MPOU3BEICHUS MACCHl HA ONIUHY .

10. ITo 3amaHHBIM ypaBHEHUSM CBsi3M HaiguTe B cuctemMe ®Bu3 cooTBercTByIONINE HM
CHUCTEMHBIE N300paKEHUS.
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IMTPUJIOXXEHUA

Tabmuma I11. TensioBble ¥ U3/1y4aTe/bHble BEJIMYMHBI, Y4aCTBYIOLME B COOTHOLIEHUAX
KBaHTOBOM QU3UKHU

HanMeHoBaHIe Pazmepnocts ®B CooTHolIeHHE
Ne R —— Ve B CUCTEME pa3sMepHOCTEN
/1 00603H. LT MLT ®B (LT/MLT)
Bxoosuue 6 ounamuueckue obuue 6azosvle senudunbl
DHeprus, W 54 212
! (pabota, Temiora) (4, U) LT MLT
2 | Mommocts N LT | MLT?
3 | Ummynbce (KOTWY. TBHOKCHMS) P LT MLT !
4 OO0BEMHAS THIOTHOCTH u(T) L 274 ML T2
JHEPruH (JIaBJICHHUE) (p)
5 | Macca m L°T * M
6 | OOBbemMHast INIOTHOCTH MAacCHI Pm T? ML
7 | 3nyuaTenbHOCTH R L°T> MT°
3 CrnexTpasibHast NIOTHOCTh - L34 MT2
U3JTy4aTeIbHOCTH TI0 M
9 CrnexTpasibHast TNIOTHOCTh oy | 275 ML-LT3
W3Iy4aTeIbHOCTH IO A ‘
10 CrekrpaibHas (110 ®) Uy | 273 ML
00bEMHas! TNIOTHOCTh YHEPTUHU ‘
11 CrekrpaibHas (1o A) Ut LT ML 2T 2 ML (LgT,g) _G
00bEMHas TNIOTHOCTh YHEPTUHU ’
JlelictBue, MOMEHT UMITYJIbCA, H L,
12 | TemI0eMKOCTb, SHTPOTIHS, C, k; LT3 ML2T?
OCTOsIHHAs boibIiMana (nh)
ITocrosnnas Credana- 31 *
13 Bboapimana, [[)K/K4 © LT (MT)
Bropas nocrosinnas Buna, 2 A2y
14 Br/(v® K°) b, L (MLT9)
15 | dynkius F(o/T) Flo/T) | LT MT
16 | ®yukuus (A T) y(T) | L°T° | MLT?®
Bxoosiuyue 6 kunemamuueckue oowue 6a306vie GeIuyUNb
1 be3pa3zmepHas KOHCTaHTa B B 3
(8 cucreme LT: G'=1)
2 | Bpems t T T
3 | Jlnuna I L L
4 | ITnomans S L? L?
5 | O6bem Y L3 L3
9 | CkopocTb v LT LT!
10 | Yacrora (yrioBasi) 0) Tt T! %)ZH{,I_TP

*

Pa3sMEPHOCTHIO YAaCTOTHI T

1.
- B oTiauune oT cuctembl CU Pa3MCPHOCTb TEMIICPATYPhI ® IMpuHATa COBITaJAOIIEH C
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y4acTHeM

Ta6muma [12. Baxknelimme TenIoBbie U N3JTydaTebHbIC BETUYHMHBI U YPABHEHUS CBS3U C X

No | HamMeHoBaHuMe onpeieNsionux 1 HHBIX
n/n ypaBHeHwuii csizu OB YpaBHeHHE CBA3U MpumeyaHue
V - 4acTOTa M3JIyY.
1 | Jnuna BOJHBI M3TyYeHHS, A A =cv i
UKJTHYCCKast
2 YacroTa u3IydeHus Kpyronas, M © =20 v=UT T, — IUTUTEIBHOCTh
(mpaBWIIbHEE - YACTOTA YTJIOBAS) ' t LMKJIA, IEPUOJ
3 OObemMHas IIOTHOCTD SHEPTUU u(T) = WiV
PaBHOBECHOT'O TEIJIOBOTO W3ITyYCHHUS
Crekrpanbhas (110 ®) o0beMHas
4 o (no ©) Uo7 = du(T)/do
TUIOTHOCTh SHEPTHU
CrekrpanbHas (110 A) oObeMHas
5 P (1o 1) Uy, = du(T)/dA
TUIOTHOCTh YHEPTUU
N3ny4darenbHOCTS, MomHOCTh, H3TydeH s,
6 | (3HepreTHuecKas CBETUMOCTD — R =N/S TIPUXOIALIAACA Ha
yCTapeB,) CAMHULIY IJ101Iaan
¢ — CKOPOCTb
7 | Uznyuarensuocts AUT - (RY) R™ = (c/4)-u(T) P
CBETa
8
¢ =5,67-10
8 | 3akon Credana-Bonbumana R*=oT* 24
Bt/(M™-K")
3HaYeHUE U3Ty4aTeIbHOCTH JIJIs
9 ya a R=acT
ceporo Tena
CrextpasibHas (110 ®) MIOTHOCTh
10 P (1o ) for = dR/dw
U3JTy4aTeIbHOCTH
CrnexrpasibHast (10 A) TUIOTHOCTh
11 pantbHa (110 1) .1 = dR/d)
W3ITy4aTeIbHOCTH
OnpeneneHne U3Ty4aTeIbHOCTH Yepe3 T T
12 | C1PA i P R=[r, do R=[r,da
foTu N ’
: : 0 0
dd” dd,,- naparommii n
13 | I[TornomarensHas CrrocOOHOCTE TEN a,r = ch‘” d®d,,*- nornomenuwiii
o MOTOKM B HTepBasie do
I’uu,T roj,T rLT r;:-r
14 | 3akou Kupxroda (1859 r.) ol B f(o,T) vl R =p(AT)
o,T Jj T/
*
CrnextpanbHast IJIOTHOCTb _ « MoT — ChekTpanbHasi
15| isnywarensroctu ceporo Tena foT = doT M1 [HIOTHOCTE
i p n3nygarenpHocTn AUT
COOTHOIIICHUE CTIEKTPATBHBIX (TI0 M U
16 | A) 00BEMHOM INIOTHOCTH DHEPTUH U Uy, T = 4r,T/C Upt =4n, 1/c
P : : , ,
W3Ty4aTeIbHOCTH
17 COOTHOIIICHNE CTICKTPATBHBIX N = et do/dr NT="rot 2me/\:
TJIOTHOCTEW U3NyYaTeNbHOCTH 110 A U (nt=an7 - r*u) r*m — g AUT
2
®
18 | ®opmyna Penes - Jxunca Mot = o kT
7T C
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IlepBb1it 3ak0oH Buna

19 Am = by/T by =2,898:10° MK
(3aKOH CMEIIECHUS )
Bropoii 3akoH Buna _ 5 b, =1,287-107
20 (I[J'Iﬂ rkmax,T) rkmax,T a b2T BT/(MSKS)
r*m,T =
21 | ® 1 = ha -
yukius [Tnanka An2c? o0 o B
KT
22 | ®dyuakius Kupxroda F(o/T) F(o/T) = ry 1o’
23 | ®ynxums Kupxroda y(AT) y(AT) = r.pA°
24 | ®opmyna [Tnanka Ey =hv
o5 WHTerpanbHas INIOTHOCTh YHEPTUU u(T) = 4o T4
U3JTy4eHUs1 POTOHHOTO ra3a c
4
26 | JlaBnenue GpoTOHHOTO Tra3a p= 3—GT !
c
97 TermnoemMkocTh (POTOHHOTO ra3a npu Cy= 160 TV
IIOCTOSIHHOM 00BbeEME c
160 . 5
28 | Durponus GOTOHHOTO Traza S= 3—T V
c
VYpaBHeHue DiHIITEWHA 151 BHELIHETO _
29 dorosdhdexra hv=~As +En
30 | YpaBuenus ae bpoiins E=17o; p= hk
MoMeHT uMmysbca (MOMCHTv L = mvr = Wt = nh
31 | xonmuecTBa nBrokeHH). ([leiicTBre e~
(W] =C=Y9)
aKTyaJIbHOE)
32 | JleficTBHE MOTEHIMATBHOE IM=FS=WI [IT] = hc b3k
33 | Umnynbe (KOIMYECTBO ABUKEHMUS) Py = h/A P=mv=Ft
34 | O0beMHas NIOTHOCTh UMITYJIbCA op =PIV
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