OU3NYECKHUUA BAKYYM,
TOPCHUOHHBIE ITOJIS,
KBAHTOBASI MEXAHUKA
"N DKCIHEPUMEHTHBI H.TECJIA

I'A.lllunos

BBenenue

[Tourn 100 ner Hazax H.Tecna mpomeMOHCTpUpOBa MUPY M 3allaTEHTOBAJ
CBOM Oecrpele/IeHTHbIE SKCIEPUMEHTHl MO OECHpOBOIHOW W  OJHOIMPOBOIHOM
nepeaaye anekrposreprun [8,10]. Ograko 10 cux mop oduIlHaIbHas TeopeTHUIeCKast
¢u3MKa, BKIIOYAsh CTAHIAPTHYIO MOJENb U TEOPHUIO CYNEPCTPYH, HE B COCTOSIHUH
00BsACHUTh HaOMogaeMble (aHOMAIbHBIE C TOYKH 3PEHHS AJIEKTPOJUHAMHUKA
Makcgeia-JlopeHiia) ANEKTPOAUHAMUYECCKUE MIPOIIECCHI, ouIHanTLEHO
3aperucTpupoBaHHbIE B MHOTOUKCIEHHBIX nTaTeHTax H. Tecna. [loatoMy «cepbe3Hbie
TEOPETUKH» JHO0 HUYEro He 3HAIOT 00 3TUX JKCIEPHUMEHTaX, JUOO CO3HATEIbHO
yMaJITYUBaIOT 00 UX CYILIECTBOBAHUU, IOCKOJIbKY HE B COCTOSIHUHM OOBSICHUTD UX.

Eme omnHoli 3aragkoif, He pemIeHHOW OQUIMANTBHON HAyKOW N0 CHX IIOp,
SBIIETCS KBAHTOBas MEXaHMKa C €€ MHOTOYHUCICHHBIMH TMapaJiokcaMu U
npotuBopeunsiMu. OmHO TONBKO 3ameuanue II.J[upaka o TOM, 4YTO OCHOBHBIC
ypaBHEHUS] KBAHTOBOM 3JIEKTpogrHaMuKK (ypaBHeHUs J[upaka) HEBEpHbBI U TPEOYIOT
MPUHIMIHUATFHOTO HW3MEHEHHUS, TOBOPUT O TIyOOKOM KpH3WUCE B TMOHUMAaHUHU
u3ydaeMoil Hamu peanbHOCTH. CTaHAapTHas MOJEIb U TEOpUs CYNEPCTPYyH He
KacaloTCsl OCHOB COBpPEMEHHOW (M3MKH, a, HA00O0pOT, HCHOJB3YIOT CTapble
MPEACTABICHUS O KBAHTOBOM Teopuu, pa3Buthie B 30-50romax mponuioro cToieTus.

B mHactosmeit pabore mokazaHo, UYTO TEOpHS (PUIUYECKOTO BaKyyMma,
OCHOBHBIC MPHUHIIMITEI U YPaBHEHHS KOTOPOW ObUTH co3maHbl aBTopoM B 1988r. [3],
JaeT MPUHIUIUATBHO HOBOE OINMKMCAaHWE KBAHTOBOW Teopuu. BomHoBas (yHKIUS B
HOBOW KBAHTOBOI TEOpPUU CBsI3aHA C TOPCHOHHBIM IOJIEM, UHTEPIPETUPYEMBIM KaK
noJie uHepuuu (rpaBUTAIIMOHHOM, SJIEKTPOMArHUTHOM. ..).

B Teopuun ¢puznueckoro Bakyyma KBaHTOBasi MEXaHHKa pacCMaTPUBAETCS Kak
oObIUHAsI KJIACCHYECKasl TEOpHs, KOTOpasl OMUCHIBACT TUHAMUKY TOJICH WHEPIUU B
MHUKPO M Makpo Maciirabax. Okaszanock, HampuMmep, uto skcrnepumentsl H. Tecna (a
TAKXKE SKCIEPUMEHTBI 10 CBEPXIPOBOJUMOCTH M CBEPXTCKYYECTH) MPEICTABISAIOT
c000# Pa3HOBUIHOCTh MAaKPOKBAHTOBBIX SIBJIICHHI, B KOTOPHIX KBAHTOBBIC (B CMBICIIC
CTapoll TEOpUH) W KIACCHUYECKUE IMPOIECCH OMMCHIBAIOTCS YHUBEPCATbHBIMU
ypaBHEHUSIMH (PU3UUECKOTO BaKyyMma.

Pemenue ypaBHeHUI (QuU3HUECKOro BakyyMa Jjisi HCTOUYHUKA C MEpPEeMEHHON
Maccoil (MM 3apsZioM) OMUCHIBAET MOHOTMOJIBHOE M3JydeHHUE MCTOYHHUKA, KOTOPOE, C
OJTHOW CTOPOHBI, TOPOXKAACT CKATSPHBIC TPABUTALMOHHBIC (MM 3JIEKTPOMArHUTHBIE)



noJisi, a ¢ APYroi, MO3BOJISIIOT BBOJUTH B <KJIACCUYECKUE» YPABHEHMS JIBHXKCHHS
BOJHOBYIO (GyHKIHIO ([0J€ HHEPIUH) <«KBaHTOBOW» Teopuu. H.Tecma mnepBbrit
HKCHEPUMEHTATBHO OOHAPYKWJI MOHOIOJIBHOE H3JIyYeHHE CHCTEMBl 3apsoB H
COIPOBOXKAAIOIIEE €r0 CKASIPHOE 3JIEKTPOMAarHUTHoe mose. B pabote mpuBeneHs
pe3yabTaThI OKCIIEPUMEHTOB, 0JO0HBIX DKCIIEPUMEHTOM H.Tecna,
MOATBEPKIAI0IIUE CYIIIECTBOBAHUE CKAJISIPHOTO JIEKTPOMArHUTHOTO TOJISL.

1. KBanToBasi ;kuakocTh MajejayHra

Co BpeMeHH cOo3[jaHHs KBAaHTOBOW MEXaHUKHU (PU3HKA HAXOJUTCS B KPU3HCHOM
COCTOSIHUH, TIOCKOJIBKY JIO CHX ITOP MEXIY BIYMYHBBIMUA TEOPETUKAMH HJIYT CIIOPHI O
¢bu3MUecKoil MpHUpoae KBAaHTOBBIX sSBICHUN. Yxke B 1927 romy Bemayume TeOpETUKH
pas3eanInCh Ha JBE IPYIIbI BO riaBe ¢ A.Dunmrreiinom u H.bopowm (cm. puc.l).
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Puc.l. YuactHuku 5-ro ConBeiickoro kourpecca B 1927.

Touka 3peHns DWHINTEHHA CBOAWJIACH K TOMY, YTO KBaHTOBas MEXaHUKa B
COBPEMEHHOM €€ COCTOSIHUU HE sBIAETCS (DyHIaMEHTaIbHOM TeopueH, MOCKOJIbKY B
HEll moTepstHo 00pa3HOe MBIIUICHHE, TaK HEOOXOMMOe I TIOHUMaHUs PUPOABI U,
KpOMeE TOr0, OHa HE cOrjacyercs ¢ OOLIMM MPUHLIUIIOM OTHOCUTeNnbHOCTH. [loaTomy
KBAaHTOBas MEXAHUKA HE MOJKET CIIY)KUTb OTIPABHOM TOYKOW Ul JAJbHEHIIETO
pa3BuTHs ¢usuku. EcTe mpocTto (u3Mka U CyllecTBYMOIlee pas3jeleHHe €€ Ha
KBAaHTOBYIO U KJIACCUYECKYIO HOCUT BPEMEHHBIX XapaKTep.



CyIiecTBYIOT pa3MyHbIe MOAXOJbI PACCMATPUBATh KBAHTOBYIO (DM3HKY Kak
4acTh Kiaccuueckoi teopur. Cpeau HUX HAMOOJbIIEe PaclpOoCTpaHEHUE IMOTydusa
THIpOAMHAMHUYECKas Moenb Manenyrra [1], BioxaosuBsiias JI. ae bpoiins u [1.boma
Ha TIOMCKM J€TEPMHHUCTUYECKON KBAaHTOBOM Teopuu. B wmomenun ManenyHra
ypasHeHue lllpenunrepa

m ¢/+—D2¢/ Uy =0, *)
2m

mocjae  TOACTaHOBKM  BOJNHOBOM  ()YHKIMHM, 3aluMCaHHOM B BHJE

W=\p eprS/ h) , 1 IPUPABHUBAHUsS PEAJIbHON U MHUMBIX 4acTel I1OJIy4YEHHOIO

YpaBHEHUsI K HYIIO, MOKET OBbITh MPEICTABICHO B BUJIE YPaBHEHUS HETIPEPBIBHOCTU U
ypaBHeHui ["amunbToHa-AK00HM

a_p + D(@j = O, (**)
ot m
a5, (097,

U+ O *kKk
at 2m Q= )

S - MEXaHUYECKOEe nelcTBue,
= —FLZDZ\/; /Zm\/; = —hzmz‘l//‘ /Zﬂlﬂ‘ - KBaHTOBBI MOTGHIHAT W

2
= ‘w ‘ . Takum o6paszom, B Moziein MajsiesyHra ofHo nuHelHoe 110 {J/ ypaBHenue
(*) PKBUBaJICHTHO i ** ). C
ABYM HenuHerHbIM (**) u (***). CKOpOCTb 4acTHIIBI B yPAaBHEHHSIX

[amunbroHa-Sdko6u  (***) mpexacraBmsercs kak V = DS/ M, mosromMy MOXHO
3amucarb cucremy (**), (***) kak
0p _
—+[ =0,
o H )
_ av
m(—+ vV ) maz_D(U +Q)

WK B BUJIC YPaBHCHUN TUAPOANHAMHKH [1]

op _

o +0(ev)=0 1)
v__p P
—=-Z0u-£0q,

P ~0Q )

e P=MYP*Y - morsocts xwmaxoctn u Q= _ZSZDZ‘I/I ‘/ nfw/ ‘

KBAaHTOBBIH MOTEHIMAN, 3aIHCAHHBIN Yepe3 chuH d1ekTpona S=7/2 . Ypapuenus
(2) mepexoiT B KITacCHYECKUE YPaBHEHHUS THIPOJHHAMUKHI Diiiepa B Ipejielie, Koria



S=%h/2 - 0 nosromy xBanToBBIC ypaBHeHHs (1) 1 (2) MOXKHO HHTEPIPETHPOBATH
KaK ABUXCHUC KJIaCCHYECKOM KaIlIu KUAKOCTHU C CO6CTB€HHBIM MOMCHTOM BpalliCHUs
S.

VYpaBuenus (1) u (2) MOXKHO HCIIOIB30BATD IS OMTUCAHUS JIIOOBIX KBAHTOBBIX
CHCTEM, HAmpuMep, I aToMa BOJAOPOJA, IMPH OTOM IIOJYYarOTCS TaKHE JKE
pe3yabTaThl, KaK U IPU BBIYUCICHUH ¢ TTOMOIIbI0 ypaBHeHus [Ipenunrepa [2]. U3 (2)
CJICAYyCT, 4YTO MLOCHTP MacCC Kalllin KBaHTOBOU KUOAKOCTHU JOIBHKETCA COIJIaCHO
yYpaBHEHUSM

av
m—=-0U +Q),
dt
e V - CKOpOCTh 1eHTpa Macc. I[lpu S=h/2 50 »sm YpaBHEHUSA

NepexXoaAaAT B YPaBHCHUSA MCXaHHUKU HreroTona.

2. KBaHTOBasi MEXaHUKA, CJIeYIOLIAasA U3
YpaBHEeHUH (PU3MIECKOr0 BaKyyMa

®du3nyecKkuii BaKyyM MOKHO pacCMaTpHBaTh KaK CIIUMHOBYIO JKHIKOCTB, TIPH
3TOM POKIEHHBIE W3 BaKyyMa YacCTHI(bI CO CIIMHOM, HPEACTABISAIOT COOON Karui
BaKyyMHOW IKUAKOCTH, OOJajarmue COOCTBEHHBIM MOMEHTOM  BpAIICHUS.
VpaBHeHHsT BakyyMa IPEICTABIAIOT COOOM  CaMOCOIVIACOBAHHYIO — CHCTEMY
HEJIMHEUHBIX  CIUHOPHBIX  YpPaBHEHUH, B  KOTOPYHO  BXOZSAT  IIOJHOCTBIO
reOMEeTPU3UPOBAaHHbIE (BKJIIOYass MCTOYHHMKH) ypaBHEHMs, MOJOOHBIE YPaBHEHHSIM
IetizenoOepra [3]

O ply =V0,050, =A0,040, = 40,150, + T 5, =

.
— V1,050, + Q1,040 + Bl 1,0, =&, (As 1)

004 = 10,050, —00,04l, = 30,150, +EO,l 4, =

.
— 11,050, + P04, +01,1,0, =Kl ., (As .2)

a,B..=01, x,y.=01,
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Cosco “OcpThs TOps T * (TCD)AF T t+ (T+DC )BFTAF -
B (TAB )CFTFD - (T+BA)DFTCF' - [TABTCD] =V J peep (Bs.2)

AB..=01, B,D..=0,1

IIpu wuccnepmoBanuM MpoOJIeMbl JBMXKEHUS MAaTE€PUU B YPaBHEHMSX
OHHIITEWHa C IIOJHOCTbIO TI'€OMETPU3UPOBAHHBIM TEH30pPOM SHEPTrUU-UMITYJIbCA

T , M3 ypaBHeHH# (usmueckoro Bakyyma (A), (B) crmemyror 0000IIeHHBIE

ypaBHEHUS THIPOJANHAMUKY JUTS HECKMMACMOM KHUIKOCTH [3]

AC BD

O,(ou')=0,(pu') +puT!s =0,  (3)

du™
e o Mauu” =0, @)
i,j,k..= 0123,
__ 1 AB
e P __P'UAB'U >0 - CITMHOpHAs IUIOTHOCTh MaTepud, Mg

o m
crimHOp, Tono6HsIH crmHOpy Jmpaka [3], [ kn - cumBonsr Kpucroddens, V -
MHOXUTEIb, 3aBUCAIINANA OT TUIIA B3AaUMOJEHCTBUNA YaCTULl, POXKICHHBIX U3 BAKyyMa.

BaxHo ormeruts, urto cmuHOp M,y sABIAeTca omHOW (M3 Tpex)

HENPUBOJUMON KOMIIOHEHTOM TOPCHOHHOTO TOJIS TAB’ KOTOpoe (pu3muecku

HHTEepIpeTHpyercs Kak moie uHepuun [3]. Tlostomy ypaBuenus (3) u (4), a Tak xe
CJICAYIOIIUC U3 HUX YpPaBHCHU KBaHTOBOU MCXAaHUKH, OIMUCBIBAIOT JUHAMUKY nojeu
UHEPIIUH.

CymecTByeT HECKOJIBKO CIIOCOOOB MPEACTABUTh CBSI3b HEPENSATUBUCTCKUX

ypasrennii (3) u (4) ¢ ypapuenusimu Hlpenunrepa ms (Y u Y™ .
1. Hopmupyem cnuHopHoe mose marepuu M,; B ypaBHeHusx (3) n (4) Ha

CAWHUIY, 3aIlIMCaB INIOTHOCTh MAaTCpUn ,0 KakK

O _ .,
£ = V =
- [orwav =1 (5)

rne Y - nupakoBckuit crumop. IlpeicTaBiss B HEPENATHBUCTCKOM
npeaene mose /) B BuHe MWIOCKOH BOJHBI e Bpoiing, MoXHO 3amucarthb
HenuHeitHoe otHocuTensHO {f ypaBHenue (3) B B ABYX JTUHEHHBIX ypaBHeHHil
lpenunrepa ana ¢ u * [4]. DToT MpuMeM, TIpeaIoKeHHbIH D.MaaemyHrom,
c/ienan Ge3 UCMob30BaHMs KBAHTOBOrO moTeHImana Q , mockonbKy He yunThiBaeT
ypaBHeHus (2).



2. Hcnoab3yeM pelnieHne ypaBHEHHI BAKyyMa CO CIIHHUPYIOIIAM HCTOYHUKOM
(tuma pemrenust Keppa) monst (Maccoit wWid  3apsaoM) H  CO3JAIOIIAM
NOTCHIUABHYIO SHEpruto Bua [3]

mc? PO
U*=- ,
2 r?+a’cos’@ ©)

0 _
rne W =const - ¢ynxnus wucrounmka, @ - mapamerp Keppa [3],
ONMUCHIBAIOIIMH BpaIeHue HCTouHnKa, - yron HakoHa ocu Bpamenus k ocu Z . Ha

Gonbmux paccrosuusax (I >>a) u npu 6 =0 norenumanbHyto snEpruio (6) MOKHO
IPEICTABUTh B BUJIC CYMMBI

I’nCZ LIJO n\CZ LIJOaZ
e N (7)

B stom cnydae HepensTuBHcTCKHe ypaBHeHus (3) u (4) mis xamim
BaKYyMHOM JKUJIKOCTH C COOCTBEHHBIM BpAIllCHUEM IPHHUMAIOT B ypaBHeHHH (1)
¥ (2), eciin mapametp Keppa coBnamaer ¢ KOMITOHOBCKOH JUIMHOW BOJHBI KBAHTOBOU

gactumsl & =A = h/ mcC,a ‘l//‘ YIOBJIETBOPSIET YPABHEHUIO

2U
(Dz- . zj\w\=0- (8)

mc-r

. . 0
3. Pemienne BakyyMubIx ypasHennii (A),(B) ¢ ¢ynkumeit ucrounnka VY
MOXET OBITh TMPEICTaBIEHO B BUJAE HEJIWHEHHBIX CHHUHOPHBIX YpaBHEHUH

[eitzenbepra (As'.1) u (As .2)B BuIC

w1
DB)'( _?0/30)'( 0, = _?/a/)'(o,b” 9)
. we ) (2901
By +?0ﬂox (e =7 "z [P0k (10)

a,p,...=01, x,ir,..=01.
rae Oz M [, - JABYXKOMIIOHCHTHBIC CIHHODBHI, oOpasyronue 0000IIeHHbBIE

matpuisl [laynu, yxe cogepkat HHPOPMALIKIO O CIIUHE. DTO MO3BOJISIET MPEACTABUTh
(YHKLHIO HCTOYHHUKA KaK

W=qg—=0-—2, (11)



rie @ - Oe3pa3MepHas KOHCTaHTA, XapaKTepU3yIOIas B3auMoJeiiCTBHE
BaKyyMHOHW >KUIKOCTH. Hampumep, 1isi BaKkyyMHOU YacTHUIIBI ¢ TPaBUTALMOHHBIM

B3auMoieiictBreM [3] Wo=mG/c®* =a g h/ MC, otkyna

a, = : (12)

COOTBETCTBEHHO, JUIS DJICKTPOH-TIO3UTPOHHOTO BaKyyMa Mbl uMeeM [3]

2

e_%-

=a a (13)

h
me: °mc’

Ecmu 3apssnm € pasen nymio B ypaBHeHusx (9) m (10), To 3T ypaBHEHHUS
OIUCHIBAIOT PACIPOCTPAHCHUE TOJBKO CIHMHA, T.€. CTAHOBATCS YPABHEHHSIMU TIOJIS
HEUTPHUHO.

3. KBaHTOBasi rHAPOAMHAMMKA C IIepeMEHHOI
(pyHKIHEH UCTOYHUKA

3aKOH COXPaHEHHUS MACChl M 3apsijia SIBISCTCS OJJHUM M3 OCHOBHBIX 3aKOHOB
COXpaHEHHs COBPEMEHHOMN TeopuH 1mosist. OIHAKO, IKCIIEPUMEHTBI C DJIEMEHTAPHBIMU
YaCTHIIAMH, B KOTOPBIX MPOUCXOIUT POKICHUE YACTHUIl U3 BAKyyMa HJIH UX B3aUMHOC
npeBpalieHre, IMOKa3bIBalOT, YTO OJTOT 3aKOH HE BCErja BBINOJHACTCA. B
TEOPETHYESCKOM IJIaHE HApPYIICHUE 3aKOHA COXPAHEHHS MACChl MJIH 3apsijia O3HAYaeT,
YTO HE BBIMOJIHACTCS YpaBHEHHE HenpepbBHOCTH (1). B BakyyMHO#M rHIpoIHHAMUKE,
Kak 3T0 cieayeT u3 ypaBHenus (3), @ oOmeMm ciaydae), MbI HMeEEM JCII0 C
IIEpEMEHHBIMHU MacCaMH U 3apsiIaMH.

Hcnonb3yeM peliieHre ypaBHEHUH BaKyyMa ¢ TIepEeMEHHBIM CEePHUCSCKH-
CUMMETPHYHBIM HCTOUHUKOM MoJisi (Maccoi wiu 3apsgaom) [3]. B atom ciyuae
HepenaTuBUCTCKUE ypaBHeHus (3) v (4) 17I1s Karii BaKyyMHO#M KHUIKOCTH C
NEpEMEHHOI Maccol (3aps0M) IPUHUMAIOT BH]T

- - 1 9w°
1. N =90. N+ p———=0,
[(u’)=0,(ou’) prc T (14)

d—va = IQ:ZLIJ_OXU —mzi—awo(t)%
dt rs rc ot cdt’ (15)



a=123

rae WO(t) =m(t)G/c? - pynxums nerounnxa c mepementoit maccoit M(t)

Wi l1—’0('[) =eq(t)/ mc® - dyHKkums ncrounuka ¢ nepemennsiM 3apsmzom (1) . 13

ypaBHeHus (6) BUIHO, YTO JUIs MEpeMEHHOW Macchl (3apsijia) OObIYHOE ypaBHEHHUE
HETPEPHIBHOCTH (MJIM 3aKOH COXPAHEHHUS MacChl (3apsi/aa)) He BBITOIHACTCS.

Jlnsi pelueHusi ¢ TepeMeHHOH (yHKIMeH ucTounmka Temsop Pmuunm Ry

OTJIMYECH OT HYJIS U IJIOTHOCTH CHEePUICCKH-CHMMETPUYHOMN KAIUTH JKUIKOCTH HMEET
Buj [3]

0
2 v,

wer  cot

B npenene, koraa L|J0('[) ~ W2 =const, muorHocts HcTOUHMKA (16), c

yaerom (5), MoxkeT OBITH HpeacTaBicHa Kak O =87°5(F) /v =my i, npu

o) =- (16)

— 4 o
stom V =876/C". CoorsercrBenno, mms 3apsDKEHHON JKUIKOCTH B IIPENENIE MBI
HMEEM

P, =y ' =qd(r), (17)
mpu orom V, =878/ mc”.

Jlns  pacmpeneneHus 3apsaa, OMM3KOro K TodeyHoMy, ypaBHenue (15)
IPUOIMKEHHO MOXKHO MPEICTABUTh KaK
av e dx
Py -~

R R T

rre U = eC|(t)/ I' - moTeHuMalbHAsT PHEPTUS B3aUMOJIEUCTBUS 3apsaaoB € u

q(t), S=1/rclaq(t)/at - ckansproe mone, OpoKIEHHOE HEPEMEHHBIM 3aPSIOM

q(t) (MoromONBHOE M3NTYUCHHE 3apsia).
C npyroii croponsl, u3 (16)u (17)cnenyer

S=-4mqt)y ¢, (19)
[TosTromy (18) MOKHO 3amucaTh Kak
av P o . dX
S =-Fpu+amr £ =
p dt m m we cdt (20)

rne (1) - BonnoBas byHKIUS 3apsnaa q(t). Coorsercraento, YpaBHEHUS
JNBH)KEHUS ILIEHTpAa MAacC 3apsDKEHHOM Kalld KBAHTOBOM KUJKOCTH B TIOJIE

nepemennoro 3apsiza () , umeror Bz

av e dXx
mY - gy -s&EX
at C dt 1)



dv . dX
m— =-0U +47er —.
g qy ¢ ot (22)

W3 »oTuX ypaBHEHHWH BHMJIHO, 4YTO BOJHOBas (YHKIMS MCTOYHUKA C
IIEPEMEHHBIM 3apsAJJOM BXOJUT B KJIACCUUECKUE YPABHEHUS JABHKEHMSI TO100HO TOMY,
KaK 3TO UMEET MecTo B ypaBHeHUsX (2). [loxoxkue ypaBHEHHsT MOKHO HAIlUCATh LIS

KBaHTOBOM KUJKOCTH C IEPEMEHHON MacCou m(t) .
B o0mieii Teopur OTHOCUTENBHOCTH AJIsI OMMCAHUS IEPEMEHHON MacChI m(t)

MCIobp3yercss kKoHdopMHas Metpuka [5,6], mpu TOM KBaHTOBBIH moTeHrman Q

MOSIBIISICTCS B KJIACCHUYECKUX YPABHEHUSAX B pe3yibTare KOH(OOPMHBIX (IIOKTYaIHid
METPUKH IIOCKOTO NMPOCTPAHCTBA.

4. CBSI3b CKAJSPHOTO0 3JIEKTPOMATHUTHOTO TOJISI
¢ 3kcnepumenTamu Tecia

VYpaBuenus (21) u (22) He cieAylOT W3 YpPaBHEHHH JIIEKTPOAMHAMUKU
Makcsemia-JIopeHna, IOCKOJIbKY B HEH BBINOJIHACTCS 3aKOH COXpaHEHUs 3apsAna u
MOHOTIOJIBHOE ~HM3JIyU4e€HHE OTCYTCTBYyeT. [loaTomMy, ISl 3KCIEPHUMEHTAIBHOTO
uccienoBanus ypaBHenuil (21) u (22), HeoOXoauMo co3aaTh GU3NICCKHUE YCIOBHS, B
KOTOpPBIX ypaBHEHHE HenpepblBHOCTH (1) HE BBIMONHACTCSA, T.6. CYIIECTBYET
MOHOTIOJIBHOE M3JyYCHHE 3apsaa. B MakpoMupe 3TO MOKHO celaTh HE JJIS OJHOTO
3apsiia, a Il CUCTEMBI 3apsoB. JIeHCTBHTENBHO, MyCTh MBI UMEEM 3apsKCHHYIO

chepy (prc.2) u mycTs 3aps chepsl papen + Q.

40

2
¥

K=

-?.:| Q

-

_19Q()
Q = const -

o

— -1

Puc. 2

Eciu 3aMkHyTS K104 K, 3apsn cdepsl GyieT MEHATBCS, U B pe3yibTaTe, Kak
3TO clenyeT U3 ypaBHeHHi (21), BHE cepbl MOSBUTCS CKATSIPHOE 3JIEKTPOMArHUTHOE



more S=1/rcldQ(t)/0t. 3apsix € ¢ maccoit M Gymer ABHraThCS B ITOM TOJIE
cormacHo ypaBHeHusM (21). IlpenBapuTenbHbIC KCIIEPUMEHTHI IO OOHAPYKCHHIO
CKaJISIPHOTO AJIEKTPOMArHUTHOTO TOJISI OBLIH MpoAeIaHsl B padote [7]. B pesynbrate
AKCIIEPUMEHTOB ObLTO OOHAPY)KEHO aHOMAIIBHOE, C TOYKU 3PCHUS DJIEKTPOJAUHAMHUKHI

Makcsemia-JIopeHna, BpalieHue JIATYHHOT'O KOJIbLA, IOJABEIICHHOIO B INIOCKOCTH
sKBaTOpa chepsl.

MMOTOK CKAISIPHOT'O ITOJIST
TECJIA YEPE3 ITPOCTAHCTBO

<«— BTOPHYHAS
KATYIIKA L

TIEPEMEHHBIH TOK

5 100 iR

= drs,coswt
rc Ot rc

«+«— IIEPBHUHAA

J=J sinwt
. 3 KATYIIEAL |

(71 -HJACTOTA IIEPE3APAKH CPEPLI

V = IOTEHIHAJ CPEPBIL

| R -raguvc ceEPH

Puc.3. BecipoBoaHas nepegaya 3J1eKTPOIHEPIUU CKAISPHBIM MoJIeM S

Ha crnepyromem 3Tame SKCIEPUMEHTOB MbI HCIOJIB30BATIM IS 3apsiga U
paspsga cheper Tpanchopmatop Tecnma, cocTosSmMA W3 TEPBUYHONW KATYIIKU
tonctoro (d=5um) amoMuHHEBOrO mpoBoaa (6 BHUTKOB) M BTOPHYHOW KATYIIKH,
KoTopyto oopasytor 1500 ButkoB MenHoro nposona (d= 0.35mm), HamMoTaHHBIE Ha
noaudTHIeHoByl0 Tpyoy (d=50 mm). Ha mnepBuunyio o0OMoTKy (cM. puc. 3)
HOJaBaINCh UMITYJILCHI ¢ ammmutynoii V =17.5 BonsT ¢ wacroroii mopsaka 10 MI'n

0T reLeparopa bposuna
http://rutube.ru/tracks/1889979.html?v=e617cdbf®Bb0ce89074b0faactxema
KOTOPOTo IpeacTaBicHa Ha puc. 4. Bo BropuuHoit 00MOTKe (32 cYeT pe30HAHCHBIX
CBOMCTB CHCTEMBI) MBI MTOJyYalld CHHYCOMIAIbHOE Hanpsukenue ¢ amrumatygoi 5000
BOJIBT.
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5 L2 = 1500 purror
a0 50k
+ A o c,
12-508 — = L, = 6 purkor
4000 pz 1007 A
— \J
Puc. 4

Ecnu 3apsn chepsl Mensiercs 1o sakony Q= QySINat | to msnyuennoe
CKaJsIpHOE T0JIe Chepbl MEHSETCS 10 3aKOHY

10Q0 aV
S=——="_4/r Rcoswt
rcot rc (23)

Ecmu B mosie MOHOMOJBHOTO M3nyudeHus (23) HAXOTUTCS JiaMIla THEBHOTO
cBera (cM. puc. 3), TO OHa CBETUTCS, MPUYEM SIPKOCTh CBEYCHHS YBEITMYMBACTCS C

yBenMueHHeM 1100 4acToTsl (. , THOO ¢ yBenuueHneM Hanpsokerns V .

BriepBble OmBITBI 1O  Tiepefade d3JICKTPOIHEPTHH C  HCIOJIb30BaHHEM
MOHOIIOJIBHOTO M3myucHust ObiH mpozaenansl H.Tecna B 19191 [8]. On nepBbiM, Ha
OCHOBE MHOTOYHCJICHHBIX OIBITOB, YCTAHOBWJI, YTO 3(PPEKTUBHOCTH OECIIPOBOIHOM
nepenavyn 3JICKTPOIHEPTUH BO3PACTACT C YBEIMYCHUEM YaCTOTHl WM HANPSDKCHHUS
CHTHajJa Ha mepeparoniedl aHteHHe. [103TOMy cnpaBeIMBO Ha3BaTh MOHOIIOJILHOE
ckasspHoe u3nydenue (23) monem Tecnma. Ha puc. 5 mpuBenens! dororpadum, Ha
KOTOPBIX JEMOHCTPHPYETCS Mepeliaya SHEPTUU C MOMOIIBI0 CKasipHOro mojs (23)
WJIK MOHOTIOJIEHOTO 3JICKTPOMArHUTHOTO M3JTyICHUS]).

Puc. 5. JlaGopaTopHble 3KCIIEPMMEHTHI IO O0ecrnpoOBOAHOI mepenaye
3J1eKTPOIHEPIHUH.
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N3 dopmyier (19) cnenyer, 4To CKalIIpHOE 3JIEKTPOMAarHUTHOE MoJie — O030H,
KOTOPBI MOYKHO WHTEPHPETHPOBATH KakK Mapy (EpMHOHOB C IMPOTHUBOIIOIOKHBIMHU
CIIMHAMH, TTOI00HO KYNIEPOBCKUM IapaM B TEOPUHU CBEpXIpoBoanMocTH [9].

C y4eToM CKaJIIpHOTO TOJIsl ypaBHEeHUsI JIOpeHIa MPUHUMAIOT BU/T

av_ = e - = e = -
ma —eE+—{[VH]-SV} =eE+—-{[VH] +4mQu ¢ V}. (24)
C C

OTCIO/Ia BUTHO, YTO TIOJIE O 10 CBOEH npupojie OJuKEe K MAarHUTHOMY TTOJTIO

—

H, MMO3TOMY C€T0 MOJKHO HAa3bIBATb TAKXC CKAJIAPHBIM MArHUTHBIM IIOJICM.

OAHOBPEMEHHO 3TO IOJIE - MOHOMNOJBHOE W3IyYeHHE MCTOYHHKA IOJIA Q,
BLIPaKEHHOE Yepe3 KBaJpaT HOPMHUPOBAHHOTO MOJIs 3JI€KTPOMAarHUTHOMN uHepuuu {f .

a §

Puc. 6. a) cBeyenne Jamnbl Hakaausanus 220 BoabT 40 BaTT B nojie S B
pyKax mcciegoBaresisi; 0) ocuuiiorpad moka3biBaeT HampsiKeHHe, CO3JaHHOe
nojieM S, NpH 3TOM KOHIBI LIyNa OcUMJIOrpadga pasHeceHbl B MPOCTPAHCTBE
Ha 5 cm

Korma H.Tecna crnpocunu, Kakoe 1ojie OH HM3Iy4aeT U MPUHUMAET CBOUMHU
npubopamMu, OH OTBETHJI, YTO €ro MOJS — 3TO HE IIEKTPOMAarHUTHBIE BOJHBI [ epia.
Ha puc. 6 npencraBiieHbl SKCIIEPUMEHTHI, KOTOpbIE MoKa3biBatoT, uto H.Tecna Obut
npaB. Hampumep, Ha puc. 6 06) B memu mymna ociuniorpadga BO3HHKAET
ANEKTPUYECKUN TOK, XOTS Ienb He 3aMKHyTa. OOBSICHUTh 3aMKHYTOCTH IEIH

0ObI4HBIM TOKOM cMemenns OH / COt me ymaercst m3-3a GONBIIOrO EMKOCTHOTO
conpotuBnenuss uenu. Cam H.Tecma cumTanm, 4dYro BTOpUYHAs KaTylIKa
Tpa"copmaTopa noispusyer GU3ndecKkuii BaKyyM BOIM3M ee. Takas HHTepIpeTaus
BIIOJIHE COIJIaCyeTCs C TPEJACTaBICHHEM O MOHOIIOJBHOM 3JIEKTPOMarHUTHOM
M3JTydeHHH, MePeHOCHMOM CKaIApHBIM moneM S. Eciu HampsKeHHOCTh Tons O
3HAYUTENIbHA, TO BOKPYr CBOOOJHOTO KOHIIAa BTOPUYHOH OOMOTKH BO3HHKAET
KOPOHHBIM pa3psij, NPUPOAY KOTOPOTO OOBSICHAT IMOCIEIYIOIINE SKCIEPUMEHTHI.

12



Ckopee Bcero, 3To (CapeHHbIE) IEKTPOHBI, H3JTydaeMble (M TOTJIONAeMbIC) KOHIIOM
BTOPUYHON OOMOTKH.

5. TopcuonHasi AMa U cIapuBaHue YJIEKTPOHOB

[MorennuansHass sueprust (6), (7) npu a=h/ MC omnwmchIBaeT CIHHOBBIC

CBOMCTBa MCTOYHHUKA. ['paduk moTeHHManbHO#N sHepruu (7) IS IBYX SJIEKTPOHOB
NpeCTaBJIeH Ha puc. 6.

a O
U (r.0) U*(r, 0)

< cos@ =1

DneKmp oH-INEKMpOH
’ BReKmpon-21eKmp or

Kyaonoeckasn
— nomeHUuUaJIbHas

aHepzus

0
TopcuoH-KYIOHOBCKAA Topcuon-xyronoscran
NOMEeHYUANbHAA IHEPZUA HOMERALUANBHAA IHEPZUA
(cos@=1)

Puc. 7. IloTreHuuaabHasi S3HepPrusi B3aUMO/1eliCTBHA IBYX JIEKTPOHOB

0 —
npu ‘LIJ ‘/ a=3/2u NPH Pa3IUYHbIX OPUEHTALMUAX CIMHA UCTOYHUKA

[TockonbKyY sl SIEKTPOHOB Z‘WO‘ = 292/ mc u a:h/ MC, to u3 sTOTO

_ 11 _ 4 12
rpaduka ciaexyer, uro npu COSH =1 na paccrosrum mopsmka 107 =107 cm
MEXIy >JIeKTPOHAMH BO3HHMKAET NMPHTSKEHHME 3a CUeT TOPCHOHHOTO (CIIHHOBOTO)

B3aumogeiicteus (puc. 7a). Ecim sxe COSHY =O0umm €OSH =-1, 10 kymoHoBCKHit
6apbep OTTATKMBAHHUA 3HAYMTENHHO MOHMKAETCA U TOPCHOHHOE MPHUTSKEHHE MOYKET

-5 4
Bo3HHKHYTH Ha paccrosamsix 10° =107 cm.

[Tonobuble pe3ynbTaThl MOXHO TOJYYUTh, pellas ypaBHEHHUS KBAHTOBOM
MEXaHUKU i B3auMmojeiicTBus 4actuiy co cnuHoM [10]. [MonmydeHHoe perieHue
MOKa3bIBAET, YTO OCHOBHOE COCTOSHHE (BaKyyM) CBEPXIPOBOJISIICH 3JICKTPOHHOU
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KUJKOCTHU SIBJSIETCS KOHIEHCATOM JBYX copToB mnap Kymepa ¢ AByMs pa3ivuHBIMU
sHepretudyeckumn mensmu, O, , O = 12, npudyem napsl Kymepa kaxmoro copta
COJZICpIKAT JIMIIb SJICKTPOHBI C OJHON 33JaHHOM CIHUPATBLHOCTHIO (IIPOCKIMEH CIUHA

na uvmynse): +1/2 wmun —1/2, 1.e. amekTpoHBI ¢ 0HOI U TO# Ke CIMPATEHOCTBIO
(HO ¢ MPOTHBOMOJIOKHBIMH HMITYJIbCAMHU) CHAPUBAIOTCS. BBIBOA O CyIIECTBOBAHUH
JABYX OHEPreTHYECKHH IMIeNedl HaxXOAWTCS B  KAYECTBEHHOM  COTJIACHH  C
HKCHEPUMEHTAIBHBIM ~ OOHApYKEHHEM JIBYX TEMIepaTyp CBEpPXIPOBOMASIIETO
dbazoBoro nepexomaa [11].

6. Ilepexaya 3J1eKTPOIHEPTUM 1O OJTHOMY
NPOBOAY M PE30HAHCHI CKAJISIPHOTO MOJSA S

Ha puc. 8 mpencrasiena cxema Iepenadd JJICKTPOIHEPTHH IO OIHOMY
IPOBOJTY, aHaJorHuHas 3amareHToBanHoi H.Tecna eme B 1897r.[11]!

SHEPTETUMECKWIA MOTOK
CKANAPHOr 0 nonA YEPE3
NPOCTPAHCTBO

————

Namna

FeHepaTop

Puc. 8. Ilepenaua 3jeKTpoIHepPruu mMojieM S Mo OJIHOMY HPOBOAY U3
TOYKH A B TOYKy b, a, 3aTtem, uepe3 Tpancdopmarop Ha 1amy. Bropoii koHen
KAaTylIKd b ¥ noHm:Kawomel KaTylku BUCAT B BO3AyXe.

[Tpu m3mepeHnn pacnpeneneHus moisl S B0 KaTYIIeK W OXHOIPOBOJHOMN
JIMHUN 651.]'[0 O6Hapy)KeHBI, CTOAYUEC BOJIHBI ITOJJIA S, T.C. CTOAYUC BOJIHBI 3apA/10B,
U3JIyYCHHBIX HCTOYHMKOM. Ha puc. 9 a) mpeacraBieHa SKCIEpUMEHTATbHAS
OJTHOTIPOBOJIHASI JIMHUSA, TEpPEAarolias AJICKTPOIHEPTHI0 Ha pPACCTOSIHHE 2 METpa,
coOpaHHas 1o cxeme Ha puc. 8.
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N BOGNU3U KOHTaKTa
Wynbl pasHeceHbl
Ha 5 cM

Mpuoap nokasbiBaeT

1000 BoNbLT
nepeMeHHora Toka

\ pr-
' \ TpaHcdop- m
@ Matop
Tecna 2

Puc. 9. a) jkcmepuMeHTaJbHasi OJHONPOBOAHAsI JWHHUSA, 0) B MecTe
KOHTAKTa OJHOI0 MNpoBoAa ¢ Jammnoii mpudop mnokassiBaer 1000 BoabT npm
Pa30MKHYTBIX Ha 5 ¢M 11ynax 6e3 CONpUKOCHOBEHHS ¢ TPOBOIOM.

HaGimotaeMprid  criocod Tmepeayd JIEKTPOIHEPTHH HEBO3MOXKHO OIKCATh
YpaBHEHHUSIMH BEKTOPHOU 3JeKTpoauHamMuku Maxkcsemna-Jlopenna. IMeHHO 1o 3TOM
npudrHe skcriepuMenTsl H.Tecina He Obut BOCIPUHSATHI HAYYHON 00IIECTBEHHOCTHIO
B Hayaje mpouuioro Beka. Tem He wMenee, B 1931 r., korma H.Tecna
MPOJICMOHCTPUPOBAT  JKYPHAIMCTaM aBTOMOOWJIb, pPAa0OTAOIIMK HA IHEPTUHU
(GU3MYECKOTO  BaKyyMa, BOCXHUIICHHBIM A.DWHINTEHH MO3ApaBHII €ro ¢
CEMHJICCATUIIATHIICTHEM. BUIMMO, TeHHS MOXKET IPU3HATH TOJIBKO TCHHM.

B Hacrosiimee Bpems CHUTyalusi W3MEHWJIACh, MOCKOJIbKY CO3JaHa TEOpHUS
(U3MYECKOTO BaKyyMa, Jaromas K4 K HAy9HOMY OOOCHOBAHHMIO BOCXHUTHUTEIIBHBIX
skcriepuMeHToB Tecna. Kak um mpeamonaran paHee BeNMKHE H300peTarenb, €ro
9KCIIEPUMEHTHI JJOKA3bIBAIOT CBSA3b JICKTPOMArHUTHBIX SBJICHUH ¢ (DU3HKOH BaKyyMma,
T.€. CO CTPYKTYpOM MPOCTPAHCTBA.

3aKJII0UCHHEe

[Ipocreiimme 3KCIIEpUMEHTHI, TTOBTOpsIONTe NMuoHepckue padotsl H.Tecna,
YKa3bIBalOT Ha YPAaBHEHHS JIIEKTPOJMHAMUKU, O0000IMIAIONINE 3IIEKTPOJUHAMUKY
Makcgemna-Jlopenna-/lupaka. Kak Obuto TOKa3aHO BBINIE, U3 ypaBHEHUH
¢busnueckoro Bakyyma (A) u (B) ciemyer BakyyMHast 3J€KTpOAMHAMHKA, CIIOCOOHAS
omucath HAOIIOJAaeMble IKCIEPUMEHTHI [0 MOHOMOJIBHOMY H3JIYYCHUIO CHUCTEMBI
3apsA70B U CBA3aTh KBAHTOBBIE M KJIACCUYECKHE SIBIIEHUS B AJIEKTPOJAWHAMHUKE. ITO
yaaercs caenath Onarojaps TOMY, YTO BOJHOBas (YHKIHS B JIE€TEPMHHHPOBAHHOMN
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KBaHTOBON TEOpUU TMPEICTABIsET COOOW ToJie WHEPIHMH — YHUBEPCAIbHOE TOJIE,
CBsI3bIBatollee Bce (hU3MUECKHE MPOIeCChl, U MO npaBy HazBaHHOe EnunbiM [lonem.
JlBa renust — A.DiiHmTeitH u H.Tecna, kaxaplii mo-cBoeMy, MBITAIUCH OOHAPYKUTDH U
omucaTh 3TO TOJIe, HO TOJIbKO, MpUMepHO, Yepe3 /0 jeT ObutM HalACHBI YpaBHEHUS
(U3MUECKOTO BaKyyMa, TIO3BOJISIONINE OOBEAMHUTE UX YCHITHS.

OcHoBHass 1e7b HAcToOAMmEH pabOThl — OOpaTUTh BHUMAaHUE HAYYHOU
OOIIIECTBEHHOCTH  HA  dJJeKTpoauHamuueckue  paborst H.Tecma wu  Ha
MpeicKa3aTeNIbHYI0 CHITy YpaBHEHHUH (U3NYECKOro BaKyyma.
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