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Beenenne

Hagano mocnemneit yerBeptm XIX Beka OBLIO CBS3aHO € OOJBIITUM
KOJMYECTBOM OTKPBITUH B 00JacTU (PM3HKH, MHOTHME U3 KOTOPBIX KacajucCh
KBaHTOBOW TEOPHH, KOTOpas Chirpaja BaKHEHIIYyI0 poyib B (OPMUPOBAHUU U
YTBEPKIECHUM BO BTOPOM MOJNOBHHE XX BEKa «IOCTKIACCHYECKON» HAYKH,
MPULIEAIIEN HA CMEHY «KJlaccuueckon» Hayke XIX Beka.

VY (pU3UKOB CIOXKUIOCH PEACTABICHUE O TOM, YTO BCE NPUHIIMIHAIbHBIE
3aKOHOMEPHOCTM  HAyKM YK€  yCTAHOBJEHbl, @ a  HECOOTBETCTBUS
DKCIEPUMEHTAIBHBIX JAHHBIX TEOPETUUYECKMM IIPEACTABICHUSIM Ka3allCh
YCTpaHUMBIMU B paMKax HuMeronmxcs Teopuid. OnHako pa3BUTHE (UBUKU
pa3pyLIniIo 3TO npejcrabieHue. KBaHToOBas MexaHUKa Obljla CO3/1aHa yCUIMSIMU
MHOYKECTBA KpYyNMHEHIMX (U3UKOB U MblcauTeneid 20-ro Beka, Takux Kak A.

Ouinmreiid, H. bop, B. I'eitzen6epr u ap.



1. Teopernyeckas 4acThb

1.1. Onpeaenenue CTAIMOHAPHOTO KBAHTOBOI'0 COCTOSTHHSI

CrarmoHapHbIM COCTOSIHMEM (OT JiaT. stationarius — CTOSIIIUNA HA MECTe,
HETIOJIBUKHBIN) HA3bIBAETCSI COCTOSSHUE KBAHTOBOM CHCTEMBI, IIPU KOTOPOM €€
SHEPrusi U JAPyrue AUHAMUYECKUE BEJIMYMHBI, XapaKTEPU3YIOIIME KBAHTOBOE
COCTOsIHUE, HE M3MeHsroTes [1].

Hunsce bop B 1916 r. chopmynupoBan CBOM MOCTYJAThl, COTJIACHO
KOTOPBIM aTOM MOXET TMEePEXOJUTh U3 OJHOTO CTAIlMOHAPHOTO COCTOSHUS B
Jpyroe JHIIb C MOMOIIBIO MOTJIONICHHs] WM BBIJICJICHUS KBaHTa C SHEPrUeH,
paBHOM Pa3HOCTH SHEPrUi aroMa B HAYaJIbHOM M KOHEYHOM CTaIlMOHAPHBIX
coctosgHusXx. KBaHTOBasi Teopusi CTallMOHAPHBIX COCTOSIHUM OblLia pa3paboTaHa
OpsunoM Ipénunrepom B 1925 rony.

1.2. O6uuii BUI BOJTHOBOM (PYHKIIUHM CTAIMOHAPHOTO COCTOSTHUS

CralioHapHbIE COCTOSIHUS CHUCTeMbl [1] ONMUCHIBAIOTCSA € TIOMOIIBIO
BOJIHOBBIX QPYHKIUHN V), SIBISIONIUMUCS COOCTBEHHBIMH (PYHKITUSIMU OTIEpaTopa

['aMuJIbTOHA, T.€. YIAOBJIETBOPAIOMIMMH ypaBHeHHUTO (1):

Ay, = E,¥, = ih a;"tn, 1)

rae E,, — coOCTBEHHbIE 3HAYEHUS SHEPTUH.

KOTopoe MOJKET OBITh HCIIOCPCACTBCHHO ITPOUHTCTPUPOBAHO 11O BPEMCHH,

410 IpuBeaET K (2):

it

Y 6) = y(Pe @)
rae Y (7) rae moguuHAETCs CTalMOHapHOMy ypaBHenuro [Ipénunrepa.
1.3. BeiBog cranmonapuoro ypaBHenusi lllpexunrepa s omHoi
YacTHIbI
ITo teopeme Opendecra, monHoi »Hepruu E coorBeTcTBYeT omeparop

I'amunsToHa H. B cTalmoHapHEIX COCTOSHUAX COXPAHSETCS YHEPIUs CUCTEMBI B

[2], a 3nauwmT (3):


http://scask.ru/g_book_math_al_3.php?id=43

dH oE
—=5=0 (3)

OTcyTcTBHE SIBHOW 3aBUCUMOCTH TaMUJIbTOHHAHA OT BPEMEHH TO3BOJISICT
BBITIOJTHUTH pa3jiclicHUe MepEeMCHHBIX. BOTHOBYIO (DyHKIIHMIO BBIpaykaeM B BHJIC
npousBeneHus (4):

Y, t) = FOV() (4)

Muoxutenb f(t) oTpakaeT BOJHOBYIO MPHPOAY YaCTHII B KBAHTOBOM

teopuu. [loacraBum (4) B ypaBuenue Llpenunrepa, us uero cienyer (5):

. df (t) o
i () » —— = f(O) » Hy (1) (5)
U paszenuM 00e YyacTu paBeHCTBa Ha mpousBeacHue f(t) * Y(r), momydas
(6):
L df1 _ Hy@) _
b = — F ()
JleBass 4YacTb 3aBUCHUT JHIIb OT BPEMEHHU, a TMpaBasi — TOJBKO OT

IPOCTPAHCTBEHHBIX KoopauHart. CienoBarenbHo, OHU 00€ paBHBI OJTHOW U TOU
K€ KOHCTAHTE.
Jlerko yOenuThcs, YTO KOHCTAHTA MMEET Pa3MEpPHOCTh dHEPruu. Takum

oOpasoM, umeem jaBa ypaBHenus (7,8):

df i
w=nExf (7)
HY = FY (8)

[Ipuuém BTOpOE ypaBHEHHE IMOKa3bIBACT, YTO KOHCTAHTa pasjencHus E
JNEUCTBUTEIBHO PaBHA SHEPTUU CUCTEMBI.

3aBUCUMOCTH BOJHOBOM (pyHKIMK OT BpeMenu (9) nmosaydaem u3 (8):

i
f(t) = exp(~ Et) 9)
I/ITaK, BpCMGHHOﬁ MHOXUTCJIb CTaHI/IOHapHOI‘O COCTOAHUA ABJISICTCHA

i i, D E = E
ocruapytome ¢yHkmued. DHeprun E cooTBeTCcTByeT WacTtoTra B

CrnenoBatenbHo, hopmyna (9) B TOi ke Mepe ONMKUCHIBAET COCTOSTHUE C DHEPTUEH

E, KakK KoJieOaHMs Ha 4YacTOTE ®.



[IpocTpaHCTBEHHAss YacTh  BOJIHOBOM  (YHKIHMH  YAOBJICTBOPSIET
ypaBHEHHIO (8), KOTOPOE, UCIOIB3Ys OnepaTop I'aMIIbTOHA, MOYKHO ITEPENHCATh
kak (10):

2m
M+ 22 [E — U] = 0 (10)

Takum oOpa3om, yaagoCh TMOMYYUTh CTAIlMOHAPHOE YpPaBHEHHUE

Ilpenunrepa [2]. [Tonras BonHOBast GyHKIMS nMeeT BUI (11):

iEt

YT, t) =y(re (11)

1.4. I'paHn4yHbIE YCJIOBHS /1JI51 BOJTHOBBIX QYHKIMH JTOKAJIN30BAHHBIX
CTAMOHAPHBIX COCTOSITHU M

['panuyHbBIC YCIIOBUS K BBITEKAIOT U3 CTAHIAPTHBIX YCIOBUM [TpeOoBaHUE
KOHEUHOCTHU, OJHO3HAYHOCTH M HEMPEPBIBHOCTU BOJHOBOW pyHkuuu P(x)], a
TaKKe OINPEIETAIOTCS XapaKTEePOM JBIKEHUS. B 4acTHOCTH, B cliydae JBHXKCHUS
B OrpaHMYECHHOW OOJACTH NPOCTPAHCTBA TPAHUYHBIE YCJIOBHUS HEOOXOIUMO
BBIOMPATH HYJIEBBIMH.

['panuunbie ycinoBus [3] — ciiecTBUE PEryIIPHOCTH BOJHOBOM (DYyHKITUH,
9TO OO0ECIeYnBaeT €€ HEeMPEPHIBHOCTh. JTH YyCIOBUA (GOPMYIUPYIOTCS Ha
rpaHuiax o0JiacTel, e MOTeHIMATbHAS (PYHKIMS TEPIHUT Pa3phIBbI MEPBOTO
WJIM BTOPOTO poJa.

Croma e OTHOCATCA YCJIOBHUS Ha BOJIHOBYIO (DYHKIMIO B OECKOHEYHO
VAQJICHHBIX TOYKaX TMPOCTPAHCTBA, KOTOpPHIE OOECIICUMBAIOT BBITIOJTHCHHE

yciioBusi HopmMupoBkw (12):

j |¥P|?dV = fw*wav: 1 (12)

V-

1.5. CBoiicTBa BOJIHOBBIX QYHKIHI CTAMOHAPHBIX COCTOSTHM A

Ha BonHOBBIE (yHKUMH, SBJISIOMIMECS PELIEHUSMH YpPaBHEHHS
[IpenuHrepa, HaKJIAAbIBAIOTCS ONPEIEIICHHBIE €CTECTBEHHBIE OTPAHUYEHUSI, 110
NpUYMHE Yero BO3HMKAaeT KBaHTOBaHWEe OdHepruu [4]. OrpanuveHus

3aKJIFOYAKOTCS B TOM, YTO BoJIHOBas GyHKiws (7) U ee nepBble MPOM3BOIHbIE
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JOJKHBI OBITh KOHEYHBI, OJJHO3HAYHBI U HEMPEPHIBHBI Ta)KE€ B TOYKaX pa3phiBa
noteHuuansHoi GyHkimu U (r) (TpeOoBaHMs CTaHAAPTHBIX YCIOBHUH).

[Tpu 06xo/1e Mo M0O60MY 3aMKHYTOMY KOHTYPY (B TOM YHCIIC PU 00X0/1e
0COOBIX TOYEK ypaBHEHMs) BOJHOBas GyHKuus (7)) JOIDKHA BO3BpALIATHCSA K
CBOEMY MpexkHEMY 3HaueHHi0 [5]. B mpoTuBHOM ciiyyae Jjisi OJHOW W TOU XKe
TOYKU 7 OYIyT UMETHCA ABE WM OOJNbINE BEPOATHOCTEM, YTO JIUIIEHO BCAKOIO
(Gu3ngecKoro cMeiciia (TpeOOBaHKME OJTHO3HAYHOCTH BOJTHOBOU (DYHKITHH).

TpeboBanne KOHEUHOCTH BOJHOBOW (PYHKIMH OOYCIIOBIEHO TE€M, YTO
BEPOSITHOCTh HAXOXKJICHHUS MHKPOUYACTUIIBI B OKPECTHOCTH JIFOOOW TOYKH
MPOCTPAHCTBA JOKHA OBITH KOHEYHOH.

TpeboBanue HempepbIBHOCTH [6] — 3TO ecrecTBeHHOE TpeOOBaHHME,
MPEABSBISIEMOE K JIFOO0K BOJTHOBOM (DyHKIIMH (BOJIHA AOJKHA OBITh HENIPEPhIBHA
B OKPECTHOCTH JIFOOON TOYKU MPOCTPAHCTBA).

Kpowme Toro, BeposaTHOCTh OOHAPYKEHUSI MUKPOYACTHUIIBI BO BCEH 001acTh
JBIDKCHUSI  paBHA  €IUHUIE  (BEPOATHOCTH  JOCTOBEPHOTO  COOBITHS).
CoOcTBennbie GpyHkuuu Y(7) JTOKHBI YAOBIETBOPATH YCIOBUK HOPMUPOBKU
(12).

1.6. YpoBHM »JHepruM H BOJHOBble (YHKUMM CTAIHOHAPHBIX
COCTOSTHMII TAPMOHUYECKOIr0 OCHULIIATOPA

["apMOHHYECKUM OCHHUIATOPOM [6] Ha3BIBAIOT YaCTHIY, COBEPIIAIOIIYIO
OJIHOMEPHOE JIBIKEHHE TOJT IEUCTBHEM KBa3UyINpyrou cuibl F=kx.

3meHeHne TOTEHIMAIBHOM DSHEPTUM MHUKPOYACTHI[BI 1O OCH X
(omHOMEpHBIH CiTyvaii) onrchiBaeTcs popmydoi (13):

kx? mw?x?

U= =T (13)
re w=.,k/m, a K — xoadpdunment xecrkoctn. CBOOOIHBIC KOJIcOAHHUS
TFapMOHUYECKOTO OCITMILIATOPA OCYIIECTBIISIFOTCS IO 3aKOHY

x(t) = Asin(wt + a), (14)



rie A — aMIiuTyJa, @ — HavyaigbHas (asza, w — YacTtora KojeOaHUH.
[Ipoananu3upoBaB BUJ MOTEHIIUAIBHOW SHEPTUHU, MOKHO MOHSATH, YTO YaCTHIIA
HaXOJMTCS B MOTEHIMAIBHOM sIME C MUHUMYMOM B TOouke X = 0.

l'apMoHHUYECKHI OCUMIUIATOP B KBAHTOBOM MEXaHUKE OIMCHIBACTCS
ypaBHenueM [Ipeaunrepa (15):

42y

dx?

m(A)ZXZ

2

2m
+ v (E — =0 (15)
Y HEro HeT €CTECTBEHHBIX I'PAHUYHBIX YCIOBUW. IMCKpPETHBIE YpPOBHU
SHEPTUU MOTYHAIOTCA KaK CIEACTBHE OTPAHNUEHHOCTH BOJIHOBOM (hYyHKIIUU.
[TpeoOpazyem ypaBHeHue (15), BMECTO KOOPAHMHATBI X BBEIEM
0e3pa3mepHbIil aprymenT (16):

. mw 16
y=J5* (16)

U BmecTo E — Ge3pasmepnyro sHepruto ocimnisatopa (17):

& =z (17)

C npunsteiMu 0603HaueHussMu ypaBHeHue lllpenunarepa mpuHUMaeT BU

(18):
U+ G-y =0 (18)

JIMHEWHBIM  OCHWLIATOP HMEET DKBUJAUCTAHTHYIO CUCTEMY  YPOBHEW:
Pa3HOCTh PHEPIUMl JBYX COCEIHUX YPOBHEH MOCTOSIHHA U paBHa /iw. IMeHHO
TAKOW KBAaHT JHEPTUM M3JIYYAECTCS WM IOTJIOIIAETCA IPU MEPEXOJE MEKIY
COCEJTHUMU YPOBHSIMU.

Huxe npuBeneH rpapuk MOTEHIUMATBHOW SHEPrUU YAaCTHUIBI JUJIS TPEX

nepBbIX 3HaueHui N (puc. 1):

10



" “max “¥max

Pucynok 1. I'paduk moreHImaIbHON SHEPTUN YaCTHUIIHI.
[lapabona Ha rpaduke u300pakaeT NOTEHIUATBHYIO (QYHKIHIO, a
TOPU3OHTAJIBHBIC MPSMbIE — 3HAUYCHUS SHEPTETUUECKUX YPOBHEH.

3HauYeHHE MMOTHON YHEepruH ocImnisiTopa (19):
E,=(n+1/,)ho, ren=0,1,2... (19)
Beipaxxenue (19) mnonreepxkpaer Tteoputo Ilmanka, 4Yro sHeprud

rapMOHUYECKOT0 OCIUJUISITOPA MOKET U3MEHSTHCS JIUIIL HA BEIMYUHY, KPATHYIO
1 .
KBaHTY 3Hepruu hw. MunumanbHas sHeprusa E, = Ehw Ha3bIBAETCS HYJIEBOUN

sHeprued, T.e. mpu T = 0 K xonebanuss aTroMOB B MOJEKyJIe WU
KPUCTAJUIMYECKON pEIIETKE HE MPEKPAIIAIOTCS. DTO 03HAYAeT YTO YaCcTHUIA HE
MOXET HaXOJIUThCA Ha JHE MOTEHIUAIBHOM SIMBI.

DHeprusi rapMOHUYECKOTO OCIHUIUIATOPA U3MEHSAETCSA TOJIBKO MOPILUSMH,
T.¢. kBaHuTyercs (20):

E, = nho (20)

Kpome Toro, nampumep, npu n = 2 B CepeAuHE IMOTCHIIMATHLHOU SMBI
YJaCTHUIIBI OBITh HE MOXKET. KBaHTyeTCSI He TOJILKO SHEPTHs, HO U KOOpJIMHATA Ya
CTHIIBI.

BonHoBBIE (GYHKIIMM  CTAIMOHAPHBIX COCTOSHUN TapMOHHYECKOTO

OCIIUJIISITOpA WJIK COOCTBEHHbIE (DYHKIIMM FaMUIbTOHUAHA, UMEIOT CIEAYIOITUN

Bup (21):

11



x2

a0 = Ane 2, (=), 1)

0

rne A, — NOCTOsIHHAS, YIOBJICTBOPSIOIIAS YCIOBUIO HOPMUPOBKH (22):

f P2 (x)dx = 1. (22)

Crnenyer OTMETHUTD, UTO CKAJISIPHOE MTPOU3BEICHUE COOCTBEHHBIX QYHKINUN
(21), COOTBETCTBYIOIIMX PA3JIMYHBIM YPOBHSM JHEPTUU PABHSIETCS HYJIO, OHU
OPTOTOHAJBHBI APYT ApyTy. {Y,, (Xx)} — opTroHOpMHUpOBaHHAas cucTeMa (yHKIIH.
Hcxons u3 CBOMCTB MOJIMHOMOB DPMHTA U BBIPAXKEHUS JJIs BOJHOBBIX
(QyHKIMI CTAalMOHAPHBIX COCTOSHMWA TrapMOHHYECKOro ocuwuisitopa (21),

MOJKHO HaWTHu A, (23):

N =

1
An = (m) ' 23
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2. YacTuua B OTHOMEPHOU MOTEHIMAJIBHOU sIMe

Bapuant Nel?
Tabnuna 1. Micxonnbie nanubie, B3sIThe 13 MeTtoanueckoro yka3zanus no KP.

I-2e Uy =0,33B,d =4 Hum

2.1. BbIBOJ ypaBHEHUs /1Jisl YyPOBHEH IJHEPIUH YACTHIIbI
YcnoBusd 3a1a44 3a1at0T NOTEHIHAIBHYIO IPAMOYTOJIBHYIO IMY KOHEYHOU

riyounbl. Torma moTeHnuaabHas YSHEPTHs YaCTUIILI MOYKHO 3amucarh B Buze (24):

Uy, = 0,3 3B, x <0 o6JiacTh |
U(x) = { 0, 0<x<d, o6Jactn I (24)
Uy = 0,3 3B, x>d, obJuiactn III

VYpaBuenue lllpenunrepa B obnactsx I u Il (BHEe moTeHIMANBHON SIMBbI)

3anuchiBaeTCs B Buje (25):

d2y 2m
dx;’g - hzo (Uo — E)¢1,3 =0 (25)

BBons BomHOBOE uncio kq = \/ 2;20 (Up — E), nonyuaem (26):
d*Py 5
dXZ - k]2.¢1,3 =0 (26)

Permienust atoro ypaBHeHust umeroT Buj (27) u (28):

lIJl(X) = Aleklx + Ble_klx (27)
L|13 (x) = A3ek1x + B3e_k1x (28)

s toro, yToObl BoNMHOBas (PyHKIHsA ObUTa OrpaHUYeHa, HEOOXOIUMO
BBIMOJIHEHKE TOTO, 4T00BI A3 = 0,B; = 0.
Taxum 06pazom, BOIIHOBBIE (DYHKITUN YACTHIIBI JIJIs1 JAHHOU 3a/1a4U UMEIOT
By (29) u (30):
P (x) = Ajefr* (29)
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P3(x) = Bze~fa* (30)

VYpasuenne Ilpenunrepa B obmactu Il (BHyTpH HOTEHIIMAIBHON SIMBI)
3anuchiBacTcs B Buje (31):

d*{,  2m,
2 + 7 Ey, =0 (3D

,2m
BBojs BoirHOBOE ymcho k, = h—2°E , moiryyaem (32):

d?y,
dx?2

+ k3P, =0 (32)

Pemenwne storo ypaBaenus umeet Buj (33) wim (34):

P, (x) = C xsin(k,x + a), NpH YeTHBIX N (33)
P, (x) = C *cos(k,x + @), Npu HEYETHBIX N (34)

CmmBas 3T p€Ui€HUA Ha TIpaHULC AMbI, IIOJIy4YacM IIpH X = X

cienyrorue cootHomenus (35) u (36):

Uy (xo) =y (xo) =3 (xo) (35)
dirq(xo) _ dy, (xo) _ dys(xo)
dx - dx - dx (36)

Janee Oyaem paccMaTpuBaTh TOJIBKO MPaBYIO MOJOBUHY SIMBI (X = 0).
JIJis HeUeTHBIX PHEpreTHYecKux ypoBHe, moactasiss (30) u (34) B (36),
nosydaeM cooTHomeHus (37) u (38):

C * cos(kyx, + @) = Bye K% (37)
k, * C * sin(k,x, + @) = k; * Bge K% (38)

PaznenuB 3Tv COOTHOIICHUS, IPUXOIUM K BeIpaxkeHuro (39):

kztg(kzxo + a) = kl (39)
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Zmo

2m
VuureiBasg, uro ki = \/— .

WUo—E) u ky= [+

= E, 3anumem

cienyroriee Beipaxkenue (40):

kytg ( /%Exo + a) = /%(UO —E) (40)

YHpocTUB KOTOPOE, MOJTydaeM cienyrolnee ypaBaenue (41):

tg ( JfE +a)= 0, -BE (41)

Jlnst ueTHBIX 3Ha4YeHu# N (37) 3anuiieM rpaHudHbIe YCIOBHS (36) mpu x =
Xo (42) u (43):
C * sin(kyx, + @) = Bge k1% (42)

k, * C * sin(k,x, + @) = k; * Bge K% (43)

PaznenuB 3T cOOTHOLICHMs, TMONy4YuM ypaBHeHue (44), koropoe
MO3BOJIUT OMPEJEIUTh COOCTBEHHBbIC 3HAYCHHUS HSHEpPruM M Y-QyHKIHH Ha

YCTHBIX OHCPICTUYCCKUX YPOBHAX!
ctg( /%Exo + a) = —\/(Uy—E) +E (44)

Hckmoyas B ypaBHeHusix (41) m (44) a ¢ TIOMOIIBIO CIICTYOIIETO

TPUTOHOMETPHUUECKOTO paBeHCTBa (45):

arctg(a) = arcsin ( \/1517), (45)
MIPUXOJIUM K CIICAYIONmeMy BUy ypaBHeHHs (46) mus k:
kx, =nn—2*arcsin<\%>, n=1,2 (46)
oYo

2.2. TI'paduueckoe pelnieHue ypaBHeHUsI
VYpaBuenue (46) sBASCTCS TPAHCICHICHTHBIM U MOXKET OBITh PEIICHO

rpaduyecku. Touku mnepeceyeHus rpadukoB y=xok U y = nm— 2 *
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Zmo UO
h2

. k
* arcsin (—), rne ko = , OMNpPENEJSIOT BO3MOXKHBIE 3HAa4YeHHsS Ky

N

BOJITHOBOTO YHCJIA, & 3aTEM YPOBHU dHepruu (47):

_ h%k2 ( 47)

2m0

n

[TocTaBUB MCXOHBIC JAaHHBIC, BBIYUCIUM KoddduiueHr k, (48):

2mgyU, 2%0,511%106%0,3
ko = \/% N \/ (66+10-16)2 8,4 x10%7, (48)

TakuM 00pa3oMm, MoJIydaeM cienyromiee ypaBaeHue (49):

k*4*10‘9=nn—2*arcsin( n=12 (49)

Kk
\/8,4x1017 )"’

== L o «

c v=23.14— ‘m‘csm( \/:_ )

v==06 ltl“\'

vy=06.28 — J:u’csm(

\/:4 )

c x=29

E - 4 2 ‘ 2 Ko ¢
Pucynok 2. I'paduk pemenus ypaBaeHust (49).
C nomompbio pUCyHKa 2 HaWJeM NpUOJMKEHHOE 3HAYEHUE HSHEPruu

OCHOBHOTO cocTostHus (N=1) yactuiiel 371eKTpoH B Touke A (50):

_ h%kZ (1,1x1073%)240,469%%108
17 omgaz — 2+9,1x10~31

* 6,24 * 1018 =~ 0,009 3B (50)

AHaJIOTUYHBIM 06pa30M HaﬁﬂeM HpI/I6JII/I>KeHHO€ 3HAYCHUC OHCPIUHU

HIEPBOTO BO30YXKAEHHOTO cOCTOsIHUS (N=2) yacTHIIbI 371eKTpoH B Touke B (51):

21,2 * —-34 2* 2* 18
ke _ (L1107 )709377+10 L 694 % 1018 ~ 0,036 3B (51)

2 7 2mgyd? 2%9,1+10~31
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2.3. CpaBHeHmHe ¢ COOTHOLIEHHEM Heolpe/eJleHHOCTHe
CpaBHUM pe3yJbTaT AJii DHEPrUM OCHOBHOI'O COCTOSIHUNM C OILICHKOM,

HOHy‘IaeMOﬁ N3 COOTHOIICHUA HCOHpGI{GJ’IéHHOCTI/I. Haﬁ,HGM MHWHUMAJIBHO

BO3MOJKHYIO 3JIEKTpOHA B siMe Kak (52):

2
E = <2pr’;l> (52)

Hcnonb3ys cooTHOLIEHUE HeollpeaeleHHocTel ['eii3enoepra u yunTheiBas

MOPSI0K BeIMYUHBI TTosyunM (53):

AxAp, ~ h (53)
3Has 001acTh JIOKaJIM3anuu 3anuiiem (54):
h
Apy = E (54)

— 2y — 2 I
Tak kak AIIEKTPOH JIOKAIN30BaH, TO (P,) = 0 1 (p,°) = (Ap,)* = =
Yero cleayer, YTO MUHUMAIBHO BO3MOKHYIO SHEPIUIO 3JEKTPOHA B IME MOYKHO

IpeaCTaBUTh Kak (55):

i (55)

= 2m,d?
[IpousBens pacyeTsl MOJIYYUM 3HAYEHUE JJI YHEPTUHU IJIEKTPOHA B

OCHOBHOM cocTosiHuH (56):

_ (1,1x1073%)2 8
Eoen = P9 1e10-STa(arto o) " 24 ¥ 107 = 0,003 3B (56)

2.4. HaxoxxaeHue MUHUMAJIbHOI YHEPTrUU
OnpenenvuM MUHUMATBHYIO SHEPTHIO, KOTOPYK) HEOOXOIUMO COOOITUTH

QJICKTPOHY, yTOOBI OH I[IOKHUHYJI MYy, CCIM OH HW3HAYAJIbHO HAXOJIHUTCA B

OCHOBHOM cocTOsTHUH (57):
Epin=U—-—E; =03-0,009 =0,2913B (57)

17



3. FapMoHuYecKHH OCHUILISATOP

Tabnuma 2. Vicxogabie qanHbie, B3sThIE N3 MeTtoanyeckoro ykazanus mo KP.

11-6 n; = 1 HM, n, = 8 HM.

3.1. BbiBoa GOpMYJIbI ISl IJIOTHOCTH BEPOSITHOCTH O, (X)
VuuTeiBas yKazaHus K 3a7ade, OyJeM CUHTaTh, YTO BEPOATHOCTH dw (X)
OOHapyXXHTh OCHWJUIATOP B HHTEepBasie (X,x + dx) paBHa CIEAYIOIIEMY

otHomeHHO (58):

dw(x) = szt, (58)

ric w — OUKINYECKasd 4acToTa.

3amnuiieM cieayroliee Beipaxenue (59):

vdt = dx (59)
Beipaxast mepro 4epe3 4acToTy KoseOaHHid:
27
T == (60)

Packpoem T u moacrasum (59) B (58), monydum cieayroriee BoIpaKeHHe
(60):
wdx
d = = —— 61
0(x) = o) = — (61)

B cBoro ouepenp, KOOpAMHATA X MEHSIETCS TAPMOHHYECKHU:
x = Asin(wt + a), (62)
rae A — aMruTya Kojaebanuid, @ — pa3a kosieO0aHmil.

Takum 06pa3zom, 3anuiieM GopmMyIty A IIOTHOCTU BEPOSTHOCTH (63),

ucronb3ys Gopmyisl (59), (60), (61) u (62):

w

)
2En—-x2w?m
71' _—
\l m

- (63)

on(x) =v = - = Awcos(wt + @) =

2E

rne A =

18



Ouepruto E,, MoxHO BbIpa3utTh u3 ypaBHenus llpenunrepa (64):

d? 2m mx?w?
W+ (- ——|¥ =0 (64)

dx? h?
Y4uThiBas, 4TO Xg = /h/mw u x* = x/x,, nonyuum cieayroiiee (65),
(66):

2E,
o = m (65)
2 Y+ (- xHH¥Y =0, (66)

d(x*)?
rne o = 2E, /hw.
Pemenuss ypaBHeHust (65) mOKa3bIBAlOT, YTO BOJHOBBIE (DYHKIIMU

HETPEPHIBHBI M KOHEYHBI JIUIIb PU 3HAYCHUSIX (67):

c=2n+1,n=0,123.. (67)
[ToxcraBum (67) B (65):
1
By = o (n+3) (65)
3anuiiem utoropyio hopmyiry (68), ucroansys (65):
)
on(x) = (68)
n\/hw(Zn +1) — x?w?m
m

3.2. TlocTpoenue rpapukon
Hns moctpoeHus Tpaduka Ham TpeOyeTcs TUIOTHOCTh BEPOATHOCTH,

3aBHCAINAs OT Oe3pa3MepHo BenuunHbl X (69):
1

my2n+1+ (x)?

Qn(x") = (69)

s n = ny (70):
1

QKJI(l)(x ) = Ttm

(70)
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Hius n =n, (71):
1
QKn(S)(x ) - /17 — (x*)z

N3 teopun nuddepeHmanbHbIX CUUCICHUA MBI 3HAEM, UTO DPEIICHUS

(71)

ypaBHeHus (66) umerot Buj (21), mpeodpaszyem ero yuntbiBas x* (72):

Wn(x") = Ane_an(x*), (72)
TOTJIa IJIOTHOCTh BEPOSITHOCTH BBITJISIUT CIICAYIOIKUM oOpa3om (73):
o(x?) = Ay”e CVHA (", (73)
riue H, — nonmmaomsl Dpmuta. X 3HaUeHus 1uist nq U n, (74), (75):
H, = 2x" (74)
Hg = 256(x*)® — 3584 (x*)® + 13440(x*)* — 13440(x*)? + 1680. (75)

[Tocrosinnas A, mis (72) umeer Bun (76):

1
A, = ——, (76)
" Jemivn
JUIS Ny ¥ Ny COOTBETCTBEHHO (77):
1 1

A1 — ; A8 —
2T V10321920V

[MpencraBuM OKOHUYATEBHBIN BUI 01 (X™) 1 0g(x™) ucnonssys (74), (75) u

(77), noayuum (78) u (79):

(77)

01(x") = —— e~ (2x%)? (79)
1 2'\/E )

1 *
e~ @D%(256(x*)® — 3584(x*)6 + 13440(x*)* — 13440(x*)? + 1680)2  (80)

%) = T03219200%
[MpencraBum oxonuatenbublit Bua Wy (x*)u We(x™) ucnomnssys (74), (75)
u (77), momyunm (81) u (82):

_(x9?
e 2 (2x%) (81)

Y (x*) =

S

1

(x*)?
- p *\8 __ *\ 6 x4 *\2
————c" 2 (256(x")° — 3584(x")° + 13440(x")" — 13440(x")” +1680)  (82)

Wg(x*) =
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N306pazum HalJIeHHbIE MJIOTHOCTH BEPOSITHOCTH

ny (puc.3) un, (puc. 4):

VIS

- & « ‘ 2T Q(x9) p
= 1 +
TS -
i a
0, = 5=V (292
15
05
Xl
1.5 1 05 0 05 15 25 2
Pucynok 3. I'pauk moTHOCTH BEPOATHOCTH Q1 (X ™) M Qyn(1) (X7).
+ - & « Tax9 P
N * 1 +
Y 0. T - .
N %0 .
v 0y(M —‘—msnéeoﬁ £ (25685 -3 -
3
2
/\ /\ X

Pucynok 4. I'paux m10THOCTH BEPOATHOCTH Qg (X ™) M Qg (X 7).
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N300pa3uM  HaiiieHHbIE  BOJHOBBIE  (YHKUMU  TapMOHHYECKOTO

ociyusTopa it ny (puc. 5) un, (puc. 6):

(%)

V-
>k

Pucynok 5. I'paduix BotHOBOM (DyHKIIMU TAPMOHUYECKOTO OCIIIIIISTOPA
npun = ny.

Y ()

0.5

Pucynox 6. I'paduix BotHOBOW (hyHKIIHH TapMOHUYECKOTO OCIIIIIISTOPA TIPU
n =n,.
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AHanu3upys Tpaukd IUJIOTHOCTH BEPOSTHOCTH IS CTAIllMOHAPHBIX
COCTOSIHUM C KBAHTOBBIMU YUCIaMH | U 8, MOKHO CAENaTh CIACAYIOMMNN BBIBO!
IPU 3HAYUTEIbHOW BEJIMYMHE KBAHTOBOI'O 4YMCia N, MIIOTHOCTh BEPOSTHOCTU
OCLIIJIISITOpAa TpUOIMKAeTCsl K KJIaCCHYecKoW KpuBo# pacrpexaenenus. OHa
JOCTUTaeT MaKCUMyMa BOJIM3U TOUEK IKCIIOHEHIIMATBLHOTO POCTa KIIACCUYECKOU
KPUBOM pacrlpeliesIeHUuss U PE3KO SKCIOHEHIMAIbHO YOBIBACT 3a Mpejeiamu

KJIACCUYECKOM 00JIaCTH IBMKEHU.
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3aKJII04YeHne

B nanHO# KypcoBoii paboTe paccMaTpHUBAIOTCS CTAIIMOHAPHBIC COCTOSTHHS
KBaHTOBOW CHUCTEMBI, IPU KOTOPBIX SHEPrUs UMEET OINpPEICICHHbIC 3HAYEHUS.
beuta paccMoTpeHa mpocrennias MOAENIb OJHOMEPHOTO JBMIKECHHS YACTHIIBI C
KBaHTOBaHUEM 3HEpruu (NMOTEHLHAJbHAA sSMa C KOHEYHbIMM cTeHkamu). C
MTOMOILBIO TPAHCIEHACHTHOI'O YPaBHEHHUSI ObLIIM HAalJIEHbI 3HAYEHU S SHEPT U 115
OCHOBHOI'O M MEPBOr0 BO30YKJIEHHOTO COCTOSIHUI, a Takke Oblila ompenesieHa
MUHUMAaJbHAas HEOOX0UMasi SHEPIUsl AJi TOr0, YTOOBI 3JIEKTPOH MOT MOKUHYTh
amy. OmnpeneneHHass 4acTh KypCcOBOM paboThl OblLIa MOCBSLIEHA KBAHTOBOMY
OCLIMJIJISITOPY — CUCTEME, CLIOCOOHOM COBEpILIATh TAapMOHUYECKHUE KojieOaHus. B
(pu3nKe MoJIe]Ib TaPMOHUYECKOTO OCIMIUISITOPA UTPAET BaXKHYIO POJIb, 0COOEHHO
IPU UCCIEAO0BAHUN MaJIbIX KOJEOAHUH CHCTEM OKOJIO MOJIOKEHMSI yCTOMYHUBOIO
paBHOBecus. [Ipumepom Takux KosieO0aHUI B KBAaHTOBOM MEXAHUKE SIBIISIOTCA
KoJie0aHUsI aTOMOB B TBEpPJBIX TelaX, MOJEKyl1ax W T.J. bbuim HaiijeHsl
BOJIHOBbIE (DYHKIMU TpPU 3HAYEHHUSIX Nq U N, DHHEPreTHUECKUX YPOBHEU
rapMOHMYECKOTO OCLMIUIATOPA, a TaKKe Oblila BbIBeIeHa (hOopMyIia, ¢ TOMOUIbIO
KOTOpOM OBLIM ONpeZesieHbl IUJIOTHOCTH BEPOSITHOCTEW, 3aBUCSIIME OT

0e3pa3MepHOl BEIMUMHBI X .
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