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JNlekuns 6.

TynHeabHblIl 3¢ PexT.

PaccmoTpuM Tenepb OHO M3 Ba)KHEHIIMX KBAaHTOBOMEXAHWYECKHMX SIBJICHUH, KOTOpPOE
ACIAaCT ABMXKCHHUEC YaCTHUL HNPUHOUIIMAIBHO HCKIIACCUYCCKHM. Peun HJICT O TaK Ha3bIBAEMOM
TYHHEJIBHOM 3((eKkTe — BO3MOKHOCTH TyHHEIMPOBAHUS (MPOCAYMBAaHUs) YaCTUIBI Yepe3 00-
JacTh KJIACCUYECKH 3aIPEIIEHHOTO IBUKEHMUSL.

KayecTBeHHO MOHATH MPOMCXOXAEHUE Takoro 3(pQeKkTa MOXKHO Ha OCHOBE aHAJIN3a
paCCMOTpCHHOI\/JI BBIIIC 3aJa4d O CTAMMOHAPHBIX COCTOAHUAX YAaCTHLLI B HOTGHHI/IaJ'II)HOI\/JI SAME
KOHEYHOH riryOouHbl. Mbl Buaenu (cM. JI 5), uto B 001acTu KJIaCCHUECKH 3aMpeleHHOTo JBU-
JKEHUS BOJIHOBAsA q)yHKIII/ISI, OMmUChIBAromas COCTOAHNE 4aCTULbI, OTJIMYHA OT HYJIA, TPUYCEM

W(x) ~ exp(—Kkx),

Ie X - yJaJeHHEe YacTHIIbl OT KJIACCHYECKOM TOYKU MOBOPOTA, a K = \/ 2m(V, —E)/ h* (em.

puc.6.1). DTO 3HAYUT, YTO BEPOSITHOCTb OOHAPYKUTH YACTHILy B OOJIACTH KIACCUYECKH 3ampe-
HIEHHOTO ABIKeHHs (110 OapbepoM) Ha TIyOnHe d ecTh

D~|y(x=d)|" ~exp(-2xd)= exp(—% 2m(V, — E) j (6.1)

Ecmu paccmarpuBath bacTuily B sIMeE,

Y T OTJIENICHHON OT 00yacTi MHGUHUTHOTO
\:\ JBUXCHUS TOTEHIMAIBHBIM 0apbepoM
E KoHeuHOU mupuHbl d (cMm. puc.6.1), To
WHTYUTUBHO SCHO, 4TO BbIpakeHue (6.1)
OIIpeNIeNIIeT BEPOATHOCTh MPOHUKHOBE-

|

|

|

: HUA (TYHHEJIMPOBAHUS) YAaCTHIIBI Yepe3
| MOTeHLUaIbHBIA Oapbep. Benuuuny D
|

=0 o Ha3bIBAIOT TAKXK€ TYHHEIbHOH IPOHH-
Puc.6.1. MpoHUKHOBEHMe YacThysl B 0BnacTb L@AeMOCTBIO (IPO3PAIHOCTHIO) Oapbepa.
KaccU4eck 3anpeLLeHHOro fBUKEHNS. HerpynHo 00600muTh mOIYyYeH-
HBI pe3yJbTaT Ha Cilyyall NOTEHIHMAb-
HOro Oapwepa MpPOW3BOJILHOW (popMBI  (CM.
puc.6.2). I[lycts moTok 4actuil ¢ sHeprueil £ Ha- Ve
JeTaeT Ha IOTEHIMANbHBINA Oaphep, ONUCHIBAac- N
MBIA  QyHkumedr V' (x), cmeBa, mpuueM
E <max(V(x)). Torma ¢ kiacchueckoii TOUKH
3pEHUs] YaCTUIb! JOILIAa OBl 10 TOYKU C KOOPIH-
HaToil X, (Kjaccuyeckas TOYKa IOBOPOTAa) M OT-
¥ 2

pa3uiauch Obl OT NOTEHLMaNbHOTrO Oapbepa. Kan-
TOBOMEXaHMUYECKOE MPOCAYMBAHUE YACTHIL B MOJ-
OapbepHyI0 00JIaCTh MPUBOAUT K TOMY, UYTO C HE-
HYJIEBOI BEPOSATHOCTBIO OHM MOI'YT OKa3aTbCs B APYToi 00JacTH KJIACCHUYECKH PA3pPEeIIeHHOr0
IBIXKeHus (x > x, ), T.e. IPOTyHHEIUpoBaTh yepe3 Oapwep. [lo ananorum ¢ (6.1) ans BeposT-

Puc.6.2. K Bonpocy ob onpegeneHuu
BEPOATHOCTH TYHHENMPOBAHWA.

HOCTH 3TOr0 mpouecca 3arunuicm

2%
D~ exp — j 2m(V (x)— E)dx |, (6.2)
X
rJie MHTerpan Oepercs 1Mo 00JIacTH KIACCHYECKH 3alpenieHHOro ABrmkeHus. OueBuaHo, B Ya-
CTHOM Clly4yae MOTeHLUAIBHOT0 0apbepa MpsIMOYToJIbHOM (OpMBI BeIpaskeHHe (6.2) MepexoauT
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B (6.1). Kak BugHO U3 (6.2), BEpOATHOCTh TYHHEIUPOBAHMS YKCITOHEHITMATBHO CHIIBHO 3aBUCUT
OT IIUPUHBI MOTCHIMAIBHOTO 0aphepa U €ro BHICOTHI (TOYHEE BHICOTHI MOTEHIIMANA B 00JIACTH
KJIACCHYECKH 3alpEelICHHOr0 JBIKEHUS). Takke BHIIHO, YTO BEPOSTHOCTh TyHHEIHUPOBAHUS
OBICTPO YOBIBAET C POCTOM MAcCChl YacTHUIIbl. IMEHHO MoOCIieiHee 00CTOATEIBCTBO PUBOJIUT K
TOMY, 9TO TYHHEIUPOBAaHHE MPAKTUYCCKH HHUKOTAA HE HAOIIOAACTCS ISl MAaKPOCKOMUYESCKUX
00BEKTOB.

Hamm paccyxneHust sIBISIFOTCS, KOHEYHO, HECTPOTUMHU ¥ HE MO3BOJISIFOT OTIPECIIUTD, B
TOM YHCJIC, IPEAIKCIIOHCHITUAILHBIA MHOXHTENb B BhIpakeHUH (6.2). Bonee crporuit ananms
PACCMOTPEHHON CHTYaIUH JUTsl CTydasi MOTSHIIMAILHOTO Oapbepa MpsSMOYToJbHOM (HOPMEI CO-
nepxurcs B [lpunoxkenun 2. B oOmem ciaydae Bbipaxkenue (6.2) MOXET OBITh TOJYYCHO B
paMKax TaK Ha3bIBAEMOTO KBa3UKJIACCHUECKOTO NPHUOIIKEHUSI B KBAHTOBOW MEXaHHKE.

PaccmoTpuM Ternepb HECKOJIBKO SIBJICHUH, HEKOTOPHIC U3 KOTOPBIX OBLIM W3BECTHBI 3a-
JIOJITO JIO CO3JaHMsI KBAHTOBOM MEXaHWKH, (PHU3UYECKYIO0 CYTh KOTOPBIX yAaJ0Ch OHSATH TOJb-
KO B paMKaX KOHIICIIMH TYHHEIUPOBAHHUSI.

A8moaneKmpoHHAsA SIMUCCUA.

ABTO3JIEKTPOHHON 3MHCCHEN Ha3bIBAIOT SIBIICHUE HCITyCKaHUs 3JIEKTPOHOB IPOBOJIS-
IIMMH TEJIaMU MOJI IEMCTBUEM BHEIIHET0 IEKTPUUYECKOTO MOJIs J0CTaTOYHO OOJIBIION HArpsi-
JKEHHOCTH. B oTim4me oT TepMO3IEKTPOHHON SMHUCCHUM, KOT'1a SMUCCUOHHBIN TOK BO3HUKACT B
pe3yJbTaTe HarpeBa MOBEPXHOCTH M O0OPa30BaHUs HEKOTOPOM JOJIM «TOpsYUX» 3JIEKTPOHOB,
CIIOCOOHBIX NOKHHYTH IOBEPXHOCTb, aBTO3JIEKTPOHHAS dMHUCCUSI HE CBSI3aHA C HArpeBOM IIO-
BEPXHOCTH U MIOTOMY HAa3bIBAETCS XOJOJHOM WJIM MOJIEBOM AIMHUCCHUEN. SIBJIEHNE aBTORIIEKTPOH-
HOM MHUCCHH OBLIO SKCIIEPUMEHTAIBHO 06Hapyxero P.Bymom' B 1897 roxy, B 1928-1929 ro-
y P.CIDaynepOM2 u JI.Hopz[xeﬁMOM3 ObuIa MpeAIokKeHa TeopeTUIecKas MOJielib, B OCHOBE KO-
TOPOM JIGKHT MPECTABICHUE O TYHHEINPOBAHUH JIEKTPOHOB Yepe3 MOTEHIMAIBHBIN Oapbep.

JIeCTBUTENBHO, METANIMYECKUH HPOBOJHMK JUIsl HAaXOIAIIUXCA B HEM CBOOOIHBIX
JIEKTPOHOB IMPEJCTABIISAET IOTEHIUAIBHYIO MYy [NIyOMHOW V), CXeMaTHYECKUI BHUJl KOTOPOi

MpeACTaBiIeH Ha puc.6.3a. DieKTpo-
a o
® HBl B OTOM SIME 3aHMMAIOT pa3iMy-

BCE COCTOSIHMS C dHepruei Oosbliei

% HbIE OHEPreTUYECKHUE COCTOSHUS,
x* pUYeM MpU HYJIEBOH Temmeparype
\
| E. (oueprus depmu) sBISIOTCA
|

CBOOOJHBIMH, a BCE HUKEIIEKAIINE —
x=0 3aHATBIMU. OHEpPrus, OTCUUTHIBAE-

Puc.6.3. MNoTeHynaneHeIA pensed N8 3nekTpoHoB BGNU3aK Mas OT ypoBHsA E . 10 IpaHMLBbI I10-

rpaHyuybl METAaNN - BaKyyM B OTCTYTCTBWE W NPXU HANTWYKWIA TeHHI/IaHBHOI\/'I AIMBIL. €CThb pa60Ta BBI-
BHELWHEND 3NekTPpOCTAaTUMESCKOro nonA. ’

X0/4a, T.e. MUHMMAaJIbHO HEOOXOaU-
Masi PHEPTHUs, KOTOPYIO HA/J0 COOOMIMTH AJNEKTPOHY, YTOOBI OH OBLI CHIOCOOEH MOKHUHYTH I10-
BEpXHOCTh MeTaia. [Ipy moMerieHnu mMerania BO BHEIIHEE 3JIEKTPOCTATUYECKOE MOJIe ¢ Ha-
NPSOKEHHOCTBIO € HA IyTH JIEKTPOHOB C MOBEPXHOCTH METallla BO3HUKAET MOTEHLUAIbHBINA
Oapbep KOHEUHOU MHUPHUHBI (CM. pUC.6.30).

V(x)=V, —eex. (6.3)

' R.W.Wood (1868-1955) — amepuKaHCKHil HU3MK — SKCIIEPHMEHTATOP.

> W.A.Fowler (p.1911) — amepuxanckuii gusnk, Hobenesckas npemus (1983) "3a Teoperndeckoe i SKCIEPUMEH-
TaJBHOE HUCCIIEIOBAHME SACPHBIX Peaknuii..."

3 L.Nordheim(1899-?) — ¢u3MK — TEOpETHK.
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3nech Touka x = 0 BbIOpaHa Ha TPAHUIIE pa3/ielia METAT — BAKYyM, a SHEPTHs OTCUUTHIBACTCS
ot ypoBHst @epmu. TyHHEIBHYIO MPO3PAYHOCTh Oaphepa JIETKO OLEHUTH M0 (hopMyJie
2 X
D ~exp —Ej\/2m(Vo —E, —eex)dx |, (6.4)

0

rze, Kak HeTPyJIHO BUAETh U3 pHc.6.30, Kiaccudyeckass TOUYKa [IOBOPOTA X OMpenessercs u3
YCIIOBHS

*

Vy—E. =eex .
Beruuciiss unterpan u yuurtsiBasi, uro ¥V, — E,. = A, - paboTa BbIxona, u3 (6.4) Haxonum
D 4 y2md, 6.5)
~exp| ——— |. .
P 3 ehe

Cuuras, 4yTO MIOTHOCTh TOKAa aBTOAMUCCUHU IMPONOPLUUOHAIbHAS TYHHEJIBHOW MPO3PauHOCTU
Oapbepa Ui 3JIEKTPOHOB, SHEPTUs KOTOPHIX JEKUT BOMU3U TpaHUYHOM sHepruu depmu, u3
(6.5) mosry4aeM TEOPETHUYECKYI0 3aBUCUMOCTH TyHHEIBHOTO TOKAa OT HANpPSKEHHOCTH DJICK-
TPUYECKOTO TOJIA

Jj ~exp(—afe), (6.6)
rae o = (4/3)1/2mAe3 / eh . I[lonyuennas 3aBUCHUMOCTb (6.6) XOPOIIIO COTIACYETCS ¢ UMEIOIIH-

MHUCA SKCIICPUMCHTAJIIbHBIMU NAHHBIMU.

Henenue o - pacnada amommbix sioep.

Eme ognum nmpumepoM KBAHTOBOMEXAHWYECKOTO TYHHEIMPOBAHUS SBIISIETCS OL - pac-
naj TSDKENbIX aTOMHBIX siiep. Bckope mocne OTKphITUst A.EeKKepeneM4 PaIMOAKTUBHOCTH O -
Jydyamu ObUT Ha3BaH HaWMMEHEE MPOHUKAIONIMN BUJ W3TyYCHHsI, UCITYCKAEMbI paTlOaKTHB-
HeiMH BenecTBamu. B 1909 rony D.Pesepdopa mokasai, u4To o - 4aCTUIBI SBISIOTCS TBAXKIbI
MOHU30BaHHBIMU aToMamu renus. [1po-
cTeilmas Teopuss o - pacmaaa Oblia
npemsioxkena ['.I'amoBeiM B 1927 rony u
HCXOAUT U3 MPEIOI0KEHUS O CYIIECT-
BOBAHHUM O. - YACTHI] B TSHKEIBIX aTOM-
HBIX sApax. XapakTepHbIM BHUJ IOTEH-
[Yajia B3aMMOJICHCTBHS O - YaCTHIIBI C
SiApoM  —  ocTatkoM  (ero  3apsj

'=Z —2 ) npencrasieH Ha puc.6.4. Ha
OOJIBIIUX PACCTOSHUSX 110 CPABHEHUIO C

pasmMepoM aTOMHOTro sfapa R, 3TOT HO-

Vi) §

TEHIIUAJl OMPEIEIACTCS KYJIOHOBCKUM
OTTAJIKUBAHUECM
V(r>R,)=22'¢/r,

Ha PACCTOSHHMSIX MEHBIIE U TOPSIIKa
pasMepa aTOMHOTO SiJpa OKAa3bIBAIOTCA
CYIIECTBEHHBIMH SIJICPHBIC CHJIIBI, KOTO-
pBIC HpI/IBOI[ﬂT K BO3HHUKHOBCHHUIO IIO-
TEeHIMAJIBHOU sIMbl. POpMa €€ TOYHO HE

Puc.6.4. K Teopum o —pacnaja aToMHbIX 84ep.,

* A.Becquerel (1852-1908) — dpanrrysckuit dusuk, HoGenerckas mpemus (1903).
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OTpeieNieHa, HO B TIEPBOM MPHUOJIMKEHUN MOKHO CUUTATh, YTO €€ pa3Mep COBIAIAET C pa3Me-
poM dapa RN , @ CTCHKU SBJIAIOTCA BCPTHKAJIbHBIMHU. Ecmu SHCPrud O - 4aCTUIlbl B AAPC OKa-

3bIBaETCsl OOJIBIIE HyJIS (32 HYJIEBOE 3HAYCHUE YHEPTHH MbI IPUHUMAECM YHEPTHIO HETIOBUK-

HOM Ol - 4YacTUIIbI HA OECKOHEYHOM YJIaJIEHUU OT SApa-0CTaTKa), TO Ha €€ MyTH U3 sipa JEeKUT

MOTCHIMANBHBIA Oapbep KOHEYHOH MpoHuIaeMoctu (cM. puc.6.4). O4eBHIHO, BEPOSTHOCTH
TYHHEJIUPOBAHUSI Yepe3 dTOT Oapbep MOXKET OBITh OlIEHEHa 10 hopMyJie

r v 2

D ~exp —%J- 2M 2Ze

Ry

-E, |dr]|, (6.7)

r

rae £, m M - oHeprus BbUIECTAIOUICH O - YACTULBI €€ MACCa, 4 BEPXHUU TPEIeNl HHTETPUPO-
BaHUS ONpPEACIAETCS U3 YCIOBUS

r= 2Z'e2/Ea .
Wuterpan (6.7) Jerko mpuUBOAMTCS K BUILY I1/1—1 Xdx W 3aTeM BBIYUCISIETCS C TIOMOIIBIO

. *
TOJICTAHOBKH X = sin’ & . B mpenosnoxeHuu, uto pasMep aapa R, << 7 , IOdy4uM

y 2
D ~ exp —A‘T;li , (6.8)
v

o

rae v, =+2E, /M, - CKOPOCTb BBUICTAIOLICH O - YACTHIIBL.

Bpewmst sxu3HM (MM nepro Nodypacnaaa) o - paAnoaKTUBHBIX fep 0OpaTHO MPOIOp-
IMOHAJIBHBI BEJIMUMHE MPOo3payHOCcTU Oaprepa. [loaToMy Teopus mpeackasbiBaeT pe3Koe BO3-
pacTaHue BpPEMEHM HU3HH s][pa OTHOCUTEJIBHO Ol - paclajia ¢ yBeJIWYeHUeM 3apsana (IIpu oJ-
HOM U TOM K€ 3HAYCHUU SHEPTHH Ol - YACTULBI) U, HAOOOPOT, YMEHbIIIEHUE Ha TOPSIKU BEIIH-
YUHBI BPEMEHU KU3HU J1a)Ke IIPU HEOOJIBIIOM YBEIUUCHUN 3Heprun £, . DTH 3aKOHOMEPHOCTHU

IleICTBHTGJIbHO TOATBCPIKAAIOTCA SKCIICPUMCHTAJIBHO.

TyuHenvHas uoHus3ayusl amomos 8 ONMUYEeCcKoM noue.
Beimie MBI paccMOTpenu SBJIEHUE aBTOAJIEKTPOHHONW 3MHUCCHU. AHAJOTMYHO MOMKET
OBITH PACCMOTPEH NPOILIECC MOHNU3ALUN aTOMOB CHJIBHBIM 3JIEKTPOCTATHUECKUM TojeM. JlercT-
BUTEIIBHO, €ciii V (X) eCTb aTOMHBIH

IMOTCHIHAJI, TO IMMPU IMOMCIUICHUH aToOMa
BO BHCHIHCC JJICKTPOCTATUUYCCKOC II0-
JIE€, IOTCHIHAJI, B KOTOPOM JABHIXCTCA
aTOMHBIH  DJIEKTPOH, MOXET OBITh
IpeaACTaBJICH B BUJIC
V(x)=V,(x)—eex. (6.9)

. Torga 92JIEKTPOH MOXKET IIOKUHYTh
\ / aToM, NPOTYHHEIMPOBAB Yepe3 MOTEH-
= nuanbHbIi Gapbep (M. puc.6.5). Eciu
Pnc.6.5. MoHnsaluus aToma B CAMBHOM 3MEKTPOCTaTUMeckoM none.  aTOM HaXOIUTCS B IIOJIE€ JJIEKTpoMar-
HUTHOM BOJIHBI, TO BbIpaxeHue (6.9)

TaK)Ke CIPaBEIJIMBO, HO HAMPSHKEHHOCTH TOJISI BOJHBI SBISIETCS (DYHKIIMEH BPEMEHH

g(t) =g, cosmt.

OTO MPUBOIUT K TOMY, 4TO Oaphep KOHEYHOH MPOHHUIIAEMOCTH MONEPEMEHHO BO3HUKAET TO
cJleBa OT aToMa, TO crpaBa (CM. puc.6.6), mpu4eM BpeMs, Ha KOTOpoe Oapbep OTKPHIBACTCS,
COCTAaBJIAACT BCIIMYMHY HOpAAKa ITOJIOBHUHBI IICPpUOIA BHGKTPOMHFHHTHOﬁ BoJHBL. Ecim 3iek-
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TPUYECKOE I10JIE ABISAETCA HU3KOYACTOTHBIM, TO MIPOLECC TYHHETUPOBAHUS MPOUCXOAUT IMPaK-
THYECKH TaKKe KaK B CTaTHUeckoM moje. B 1964 roxy JI.B.Kemjpimem® mpu paccMOTPeHHH
3a1a4 0 (POTOMOHM3AIMM aTOMOB CHUJIBHBIM AJIEKTPOMArHUTHBIM I0JIEM OBLIO MOKAa3aHO, YTO
CTaTUYECKUN TYHHEJIbHBIN Mpeiesl pean3yeTcs B 00JIacTH 3HaYeHUH

2ml
y= N (6.10)
eg,

(/ - norenuuman uoHuzauuu, y - napamerp Kenppiua). IIpu Beimonnenuun ycnosus (6.10)

MOKHO I'OBOPUTL O TYHHCIIbHOM MCXaHU3MC (1)0TOI/IOHI/ISaI_II/II/I aTOMOB, T.C. BCPOATHOCTDH (1)0T0-
HOHM3alu w; ONPEALIIACTCA BECPOATHO-

CThIO TYHHEIUPOBAaHHUS OJJIEKTPOHA U3
aToma

3
w, ~ D ~exp _AN2ml . (6.11)
3 ehg,
‘ [Ipu »TOM CyIIECTBEHHO, YTO PACCMOT-
- PEHHBIM TYHHENbHBIH MeXaHu3M (OTo-
WOWOHHU3AIUA PEeAN3yeTCsd, B TOM YHUC-
nie, B uH(paKpacHOM JHara3oHe 4acToT.
OKCIEPUMEHTAIIBHO TYyHHEJbHAs
MOHU3ALIMSI aTOMOB HMHEPTHBIX Ta30B B
oJie 1/13J1y6quI/Iﬂ morrHoro CO, ma3epa BrepBbie Habmo1amack B 1985 romy B sKcriepuMeHTax
C.JI.Yuna’.

Pwnc.6.6. TyHHenbHas MOHW3aLUA aToMa B BLICOKOYaCTOTHOM More.

TyHHenbHbIl MUKDOCKON.

TyHHENBHBI MUKPOCKOII - 3TO Npudop (npennoxen I.bunaunrom u I'.Popepom B 1982
rofy), NpeAHa3HAUEHHBIA /I U3YUYEHHsI CBOMCTB JIEKTPONPOBOJISALINX MOBEPXHOCTEM, B OC-
HOBE PabOThI KOTOPOTO JICKHUT TYHHEIbHBIN 3¢ dekt. OO mpuHIUI paboThl TYHHEIBHOTO
MHUKpPOCKOIIA sICEH U3 pUC.6.7. OCHOBHBIM 3JIEMEHTOM TYHHEJIBHOTO MUKPOCKOIIA SIBIISIETCS Me-
tayumaeckoe octpue (STM tip) ¢ paarycoM KpUBU3HBI Y BEPIIMHBI BIIOTh 10 1 A. Tlpu npu-
ONMMKEHUH TaKOTO OCTPHUS K TMPOBOASIIECH
MOBEPXHOCTH Ha pacctosiHue 3 — 10 A TyH-

—— HEJbHAsI TMPOHUIIAEMOCTh TOTEHIUATHHOTO
’::’/ bapbepa MEXJIy OCTPHEM H 0Opa3loM OKa-
RIICTEDHEIE I -;:um:m\x' 3BIBAETCSl KOHEYHOW U MPH MPHUIIOKESHUN Ha-

NPSDKEHUS. K KOHTAKTY BO3HUKAET TYHHEIb-
HBIM TOK. O6BI‘-IHLIC €ro 3HaducHHs COCTaB-
......................... mm 10T 1 — 10 HA npu pa3HOCTH MOTEHIMATIOB
PHE.6.7. TYHHENbHLIA MUKDOCKON. OT eIuHuI MWUIMBONBT 10 HECKOIBKHX

Bosibr. BeposiTHOCTP TyHHEIUpPOBaHUS, a,

CJICAOBATCIIbHO, U BCJIMYMHA TYHHCIIbHOT'O TOKA, S9KCIIOHCHIIMAJIBHO CUJIBHO 3aBUCAT OT LIUPH-
HBI 3a30pa MEXIy ocTpueM U oOpasnom. [loaToMy mpu JBHIKEHUU UTIJIbI MUKPOCKOIA BJIOJIb
MOBEPXHOCTH 00pasiia ¢ HEKOTOPOH CKOPOCTHIO BEIMYMHA TYHHEILHOTO TOKA U3MEHSETCS, OT-
CIeKHMBAs M3MEHEHHE penbeda MOBEPXHOCTH . Paspelmaiomas croco6HOCTh MUKPOCKOIA SIB-

i

> JI.B.Kenapin (p.1931) — poccuiickuii (pU3MK — TEOPETHK.

6 S.L.Chin — kaHaJCKuii (UMK — SKCIIEPUMEHTATOD.

7 Ha mpakTHKe, KaK IPaBHIIO, ¢ TIOMOIIBIO OOPATHOM CBSI3H MOUIEPKUBAIOT MOCTOSHHBIM 3HAUEHHE TYHHEIHHOTO
TOKA, a JIBHYKCHUE UTIIBI MUKPOCKOIIA OTCIIEKHMBACT H3MEHEHHUE pelibeda MOBEPXHOCTH.
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JSIeTCSl YHUKAJIBHOM — OHA JIOCTUTaeT BEJIMYMHBI TOPAJKA OJHOIO AaHICTPEMA BJI0JIb IOBEPXHO-
CTH 00paslia U COThIX J10JIeH aHrcTpema 1o BbicoTe penbeda. TyHHEIbHbIN MUKPOCKOII 1103BO-
JISIT TaK)K€ PErMCTPUPOBATh HAa OBEPXHOCTH JIOKAJIbHBIE 00JIACTH C OHMKEHHON WJIU MOBBI-
HIeHHOW paboToi BeIXoga. IIpM AOCTYHIHOM NPOCTPAHCTBEHHOM pa3pelIeHUH OKa3bIBaeTCs
BO3MO>KHBIM JIMarHOCTUPOBATh MOJIEKYJIIPHBIE KJIACTEPhl U AK€ €IMHUYHBIE aTOMBbl WIH MO-
JeKYJIbl, aICOPOUPOBAHHbBIC HA TIOBEPXHOCTH.

TynnenvHulil 2¢hhpexm: onmuueckas ananous.

TyunensHbIi 3 dext npencrapnser co00ii HECOMHEHHO 3araJlouHOe SBJICHHE C TOUKH
3peHus Kiaccuyeckoil Mexanuku. Kazanock Obl, BEpOSATHOCTE OOHAPYKUTh YACTUILY B 00JIACTH
KJIACCUYECKH 3alpEelICHHOTO JBIKEHHS NPOTHBOPEYHT 3aKOHY COXPAHEHUsS SHEpPIruu, II0-
CKOJIbKY BEJIMUYMHA KMHETUYECKOM SHEepruu 3aBeoMO NojoxurenbHa. OgHaKo, HAJI0 UMETh B
BUJIY, YTO B KaXKIbIi MOMEHT BPEMEHH COCTOSIHUE YaCTHIIbI OMUCHIBACTCA Y - (YyHKLUEH,

BOJIHOBBIM I10JIEM, IIPUYEM 3TO COCTOSIHME 3aBEAOMO HE XapaKTEPU3YETCS TOUHO OIpPEIEIICH-
HbIMU 3HAUEHUSMU KMHETUYECKOW U MOTEHLMAJIbHOW SHEPTruu. DKCIEPUMEHTAIbHOE OOHApY-
KEHHE YacTUllbl B M0J10aphepHON 00JaCTH, OYEBHUIHO, MIPEANOIaracT U3MEpeHHe ee KOopIu-
HaThl C JOCTATOYHO BBICOKOM TOYHOCTBIO, YTO HEU30EKHO BEJET K M3MEHEHUIO BOJHOBOM
(YHKLIHMU CUCTEMBI M COIPOBOXK/IAETCSI U3MEHEHUEM €€ SHEepruu. Ba)kHo MOHUMATh, YTO Ipea-
CTaBJICHHE O TYHHEJIIMPOBAHMUHU, KaK O IPOLECCE, B X0JIe¢ KOTOPOr0 HEKOTOPOE BpeMsl YacTHlia
HaXOJUTCs B oAOapbepHOI 00s1acTH HEBEpHO. Takoi cUTyaluu COOTBETCTBOBAJIO OBl pacrpe-

2
ACJICHUE IIJIOTHOCTU BECPOATHOCTU |\V , OTJIMYHOC OT HYJIA TOJIBKO B 001aCcTH KIacCHYECKH 3a-

MPELICHHOr0 JBMKEHHSI B TEUEHUE HEKOTOPOr0 KOHEYHOr0 MHTepBajia BpemMeHH. Ha camom
nene o0jacTh JIOKAJIM3allMM YacTULBl B TPOILIECCE TYHHEIMPOBAHUS BCEra 3HAYUTEIHHO
0O0JIbIIIe MUPUHBI MOTCHIIMATHFHOTO Oaphepa, MOATOMY MPEICTABICHUE O TOM, YTO YaCTHIIA Ha-
XOJUTCS B TToA0aphepHOM 00J1acTH, HE CO-
OTBETCTBYET JACHUCTBUTEIBHOCTA HHU IS
KaKoro MOMEHTa BpEMEHH.

B 10 Xe Bpemsa ycCTaHOBJICHHas
HAaMU aHaJIOTUsA MEXAY IBIIKEHUEM dac-
THLIBI B KBAHTOBOW MEXaHHUKE U BOJIHOBBIM
IIPOLIECCOM B ONTUKE IO3BOJSET HAWTH
ONTUYECKUM AHAJIOT ABJIECHUIO TYHHEIUPO-
BaHMs. PaccMOTpuM sIBIIEHHE MPOXOXKIeE-
HUsl CBETOBOM BOJIHBI 4€pe3 Cpely C Ky-
COYHO-HENIPEPBIBHBIM IIOKA3aTeyieM IIpe-
JIOMJIEHUs, HAIIPUMEDP, CUCTEMY CTEKJISH-
HBIX IUIACTUHOK, pPa3JelICHHBIX BaKyyM- II
HBIM 3a30poM (cM. puc.6.8). N3BectHo,
9TO MpU  TIAZICHUM  3JIEKTPOMArHUTHOMH Puc.6.8. OnTuyecknin aHanor TyHHenbHoro acdekta
BOJIHBI M3 ONTHYCCKH 00JIce TIOTHOM Cpe- (npoxoaeHwe nydka cBeTa Yepes CUCTEMY CTEKNAHHbIX
Jbl HA ONTHYECKM MEHEe IUIOTHYIO IIpH NNACTWH, pasAeneHHbIX BaKyyMHbLIM 3a30poM).
OTIpeICNIEHHBIX YCIOBUSAX (YToJ MaJeHUs] MPEBBIIIAET HEKOTOPBIM KPUTUYECKUN) BO3ZHUKAET
SIBJICHHE TIOJIHOTO BHYTPEHHETO OTpa)Ke€HUs. Takasi CUTyalusi Kak pa3 MOXKET ObITh peaqn30Ba-
Ha Ha TPaHHULE pa3jielia CTEKIO — BakyyM. CBET LIETMKOM OTPa)KaeTcsi OT PaHMIIbl pas3zena,
OJIHAKO B ONTHUYECKH MEHEE IUIOTHOM Cpele BO3HUKACT OCLWLIMPYIOIIEE I0JIE, SKCIIOHEHIIH-
aIbHO clajaroliee Mo Mepe yJajleHus BriayOb oT rpaHuibl pasgena. [Ipu Gombiioi mupune
BAKYYMHOT'O 3a30pa HAJIMYUE BTOPOM CTEKJISTHHOW MUIACTUHKM HUKAK HE CKa)XETCs Ha Mpouecce
OTpa)K€HUs OT IpaHMIbl paszznena. OQHaKo, €CIM BaKyyMHBIM 3a30p SABIISIETCS JOCTaTOYHO y3-
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KUM (€ro HIMpHUHA HE JOJDKHA CYHIECTBEHHO IPEBBIIATh MTyOMHBI IPOHUKHOBEHHUS 3JIEKTPHU-
YECKOT0 MOJIs B BaKyyM), TO B riacTuHke Il TeM He MeHee BO3HUKHET BOJIHOBOE I0JIE, Pactpo-
CTpaHsIoOIIeecss OT IpaHUIlbl pasaena. PaccmorpenHbii 2Q(EeKT MOTHOCTHIO aHATIOTHYEH A(-
(dexTy KBaHTOBOMEXaHMUYECKOTO TYHHEIHpOBaHMUS. B paMkax ONTHKO-MEXaHWYECKOW aHaio-
MM BaKyyMHbIN 3a30p SKBHBAJIEHTEH MOTEHLUAIbHOMY Oapbepy KOHEUHOW IIMPHUHBI, IKCIIO-
HEHIMAIbHO YOBIBAIOIIEE AIEKTPUUYECKOE IMOJI€ — IKCIOHEHIUAIbHO yOBIBAIOIICH BOIHOBOU
(GyHKIMU B 00JIACTH KJIACCHUYECKHU 3aPEIICHHOTO JBIKEHUS, a MPOXOAAIIasl CBETOBasi BOJIHA
4yepe3 CUCTEMY «CTEKJIO — BAaKyyM — CTEKJIO» - KBAHTOBOMEXaHHYECKOMY TYHHEIUPOBAHUIO
YaCTHLIBI.

Ilepuoguyecknii MOTEHIMAI.

Ml yxe OoTMeYaly, YTO aTOM CO3JaeT VISl IEKTPOHOB HEKOTOPYIO MOTEHLHAIbHYIO
aMmy. PaccMoTpuM Tenepb OJHOMEPHYIO LIETIOYKY aTOMOB, PACIOJIOKEHHBIX APYr OT Apyra Ha
HEKOTOPOM paccTosiHud d . Ecnu BenmnunHa d MHOTO 0OJbIIE XapaKTepHOro aTOMHOTO pas-
Mepa, TO Mbl UMEEM COBOKYITHOCTh M30JMPOBAHHBIX aTOMOB. Eciu jxe Mbl cONMMKaeM aTOMBI
TaK, YTO PACCTOSTHUE MEXIY HUMH OKa3bIBA€TCs IOPsAIKA aTOMHOIO pa3Mepa, TO Hallla CUCTe-
Ma MpPEJCTaBIseT COOOM MPOCTEHIIYI0 MOJENb KpUCTaula. XapaKTepHbIM BUA MOTEHIMAIa
V(x) B Takoi cucteMe MMeeT BHJ, U300pakeHHBIH Ha puc.6.9. [lycTh M30IMpOBaHHBIN aTOM

XapaKTEepU3yeTCsl HEKOTOPOH CUCTEMOW 3HEPreTUYECKUX YpPOBHEW. OUYEBUAHO, IEKTPOH, JIO-
KaJIM30BaHHBIM IIEPBOHAYAILHO B OJHOM M3 MOTEHLIUAIBHBIX M, MOXKET NPOTYHHEINPOBATH B
cocennue AMbl. [103TOMy Bpems KU3HM DJIEKTPOHA B KOHKPETHOH SIME€ T OKa3bIBACTCS KOHEY-
HBIM U ONpEJeNseTcs JIMTENbHOCTBIO Ipoliecca TyHHenupoBanus. Ho Torna B cuiy cooTHO-
LICHUs] HEONPEJECIIEHHOCTEN Il SHEPTUU — BPEMEHU
AET~h

SHEPrusi COCTOSIHUS OKa3bIBA€TCS TOYHO HE OINpEsesieHa: YHEPreTUUECKUN ypOBEHb pa3MbIBa-
€TCsl U NPEBPALLAETCS B HEPIETUYECKYI0 30HY IIMPUHOW AE . OTMETUM TakkKe, 4TO MpOBe-
JICHHBIE PACCY>KJIEHUS TIOKA3bIBAIOT, YTO AJIEKTPOH B MEPUOJUUYECKOM NOTEHLMANE MTPUHAJIe-
JKUT HE KOHKPETHOMY aToMy, a JeJIOKa-

JM30BaH Mo BceMy Kpucrauty. O4eBu- : . d
HO, YEM BBILIE IOJIOKEHUE HCXOIHOIO ) |
HHEPreTUYECKOTO COCTOSHUSL B CIIEKTpE
MCXOAHOI0 U30JINPOBAHHOIO aToMa, TeM ' |
00JbIlIE BEPOSTHOCTh TYHHEJIUPOBAHMS,
U, CJIEJIOBATENIbHO, TEM OOJIbIIE IIMPHUHA
IHEPreTUYECKOi 30HbI. Takum oOpazom,
MBI IIPUXOJIUM K BBIBOJY O CYILECTBOBA-
HUU 30HHOHN CTPYKTYpPbl SJHEPI€TUYECKO-
o CHEKTpa KpUCTAIOB. JIMCKpETHBIE
aTOMHBIE YPOBHM MPEBpAILAIOTCS B pas-
PEILIECHHBbIE YHEPreTUYECKUE 30HBI, Pas-
JIeJICHHBIE JIPYT OT JIpyra 3ampenieHHbIMH 30HamMu (cM. puc.6.9). MHorna 30HBI, CO3/1aHHbBIC
JBYMs Pa3JIU4YHBIMU aTOMHBIMU YPOBHSIMH MOTYT IEPEKPBIBATHCA, CO3/1aBasi €OUHYIO paspe-
IIEHHYIO SHEPreTUYECKYI0 30HY. 30HBI, MOJHOCTbIO 3aIIOJIHEHHBIE 3JIEKTPOHAMH, HA3bIBAIOT
BaJICHTHBIMH, YaCTUYHO 3aII0JHEHHBIE WM IIyCThIE — 30HAMU MPOBOAUMOCTH. Eciau npu Hye-
BOIl TemIiepaType B OTCYTCTBHE BHEUIHMX BO3JEHCTBUI B KPUCTAJUIE UMEETCSl HE MOJIHOCTHIO
3aI0JIHEHHAsA 30HA (T.€. B 30HE MPOBOJUMOCTH MPUCYTCTBYIOT 3JIEKTPOHBI), TO TaKOH oOpasel
aBiseTcss MetaisioM. Eciu 30Ha MpoBOJUMMOCTH SIBJISIETCS IIyCTOM, TO B 3aBUCUMOCTH OT LIH-
PHHBI 3aIIPEIIECHHON 30HbI, PA3ACIAIONIEH BEPXHIOI BAJICHTHYIO 30HY U HUKHIOIO 30HY IIPOBO-
JUMOCTH, 00pa3el] Ha3bIBAIOT IUIIEKTPUKOM WIIM NOJIyIpoBoAHUKOM. Hanpumep, B kpucrasie

Puc.6.9. MNepuoguyeckuid noTeHyWan. 3oHHaa CTPYKTypa cnekTpa.
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anmasa (ITMPOKO30HHBIA JUAJIEKTPHK) IIMPUHA 3alPEIICHHBINH 30HbI COCTaBIsAET S5 3B, B Kpu-
cTayyie KpeMHHsI (TUMUYHBINA nonynpoBoaHuK) — 1.1 3B. C noBsieHnem temmepatypsl (MBI,
KOHCYHO, 'OBOPHUM O AHAIIA30HC TCMIICPATYpP, HC MNPCBLINAIOIIUX IMOPOrOBLIC 3HAYCHUA, ITPHU
KOTOPBIX MPOUCXOAUT pa3pylleHUe KPUCTAJUIMYECKON CTPYKTYPhI) B MOJIYIPOBOJAHUKAX B 30HE
MMPOBOAMMOCTHU MOSABJIAIOTCA 3JICKTPOHBI, KOTOPLIC NPHUBOIAT K CIOCOOHOCTH IMOJIYIIPOBOAHHKA
MPOBOUTH AEKTPUUECKHM TOK. [I0CKONBKY YMCIIO 3JIEKTPOHOB B 30HE MPOBOJUMOCTHU IKCIO-
HEHIIMAIBHO PACTET C TEeMIIEPaTypoil, MOKHO OXKHIATh, YTO 3aBUCHMOCTH COOCTBEHHOH MpO-
BO,ZLIgIMOCTI/I MOJYIPOBOIHUKOBOTO MaTepHalia OT TeMIIepaTyphl Takxke OyJeT SKCIOHEHIHAIb-
HOM".

I'apmoHuYecKkni OCHULIATOP.

PaccmoTpuM Teneps 3agady 00 ONpesieleHud CTallMOHAPHBIX COCTOSHUM OJHOMEPHOTO
rapMOHHYECKOI0 OCLIILIATOpA. JTa 3a/1a4ya SBJSETCS OJHOM M3 BaKHEHIINX B KBAHTOBOW TEO-
pun. [IpubamkeHre rapMOHMUYECKOr0 OCLMIIISATOPA YacTO MCIOJb3yeTcs B (PU3MKE MOJIEKYI
IPU U3YYEHUU KOJIEOATENIbHOTO JIBUYKEHUSI MOJIEKYJI, B TEOPUU aTOMHOTO Jpa IPU U3yYEHUU
HU3KOJISKALIUX SJEPHBIX COCTOSHUM, B pa3iIMuYHBIX 3a7ayaX (DU3MKM TBEPAOro Tejaa M T.1.
Baxao otMeTnTh TAKXKE, YTO DJICKTPOMATrHUTHOC IIOJIC TAKKC MOXKET OBITE pPacCCMOTPCHO Kak
COBOKYITHOCTb ITOJIEBBIX MO/, KayKJasi U3 KOTOPBIX SIBJIETCA FTAPMOHUYECKUM OCLIMIIISITOPOM.

HyCTB NMoTeHUMaJIbHAaA SHCPIrusaA CUCTCMBI 3aIIMChIBACTCA B BUJIC

Vi(x)= mm2x2/2 ,
re ® - yactora Konebanuil. Torga raMuabTOHUAH TAPMOHUYECKOTO OCHUIIIATOPA UMEET BU]L

2 2 2.2
: :—h—d—2+”“’°—x. (6.12)

2m dx 2
Hama 3agaua 3axitoyaercsi B OPEJesIeHMH COOCTBEHHBIX (DYHKIMN U COOCTBEHHBIX 3HAYCHUH
oreparopa H:

W dy mo’x’

22V T y=Ey,
om a2 Y

170011
d’ B m*w’x’ N 2mE
dx’ n’ h’

[Ipu 3ToM Ha GeckOHEYHOCTH (X —> F00) BOJHOBAs (YHKIHS JOJDKHA CTPEMHUTHCS K HYIIIO.

Vpasuenue (6.13) yno6uo o6e3pasmeputs. BBoas HOBble Ge3pa3smepHbie KoopauHary & = x/a

y(x)=0. (6.13)

usHepruio € = E/E, (a=h/mo, E, = ho/2), nepenuuiem (6.13) B Buze
d2
dg’
Haunem pemenue 3agaud ¢ aHaju3a aCUMIITOTHYECKOTO TOBEICHUS BOJHOW (PYHKIUH NpH
E — too. [lpu GonblIux 3HAUYEHUAX & TOCIEIHUM cliaraeMbiM B (6.14) MOXHO mpeHeOpeyb,

~&2 +e|y()=0. (6.14)

TO €CThb:

¥ MBI HCIonb30BAIH 37€Ch TEPMHH «COOCTBEHHAs MPOBOJMMOCTE», HOCKOIbKY HA MPAKTHKE MOIYIPOBOIHHKH
4acTo JETUPYIOT, BBOJS HEKOTOPOE KOJUUECTBO MPUMECHBIX aTOMOB, JHEPIreTUYECKH YPOBHU KOTOPBIX Pacloio-
JKEHBI B 3allPELICHHONM 30HE MCXOJHOIO NONYyNpOBOJHMKA. B 3aBHCHMOCTH OT TOrO, TI€ OHU PACHOIAraroTCs
(6:113K0 K BaJIEHTHOMW 30HE, WJIM 30HE MPOBOANMOCTH) BO3HUKAIOT MOJIYIPOBOIHHUKH p W 71 TUIA, TIPOBOJUMOCTh
KOTOPBIX MOJKET OBITh 3HAYMTEIBHOM YK€ IPU KOMHATHBIX TEMIIEPATYPax M OMPENEINAeTCs], IIPEkKAE BCETO, YPOB-
HEM JIETHPOBaHUSI.
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d’y .,
Ral S ~0. 6.15

DTO ypaBHEHHE UMEET aCUMIITOTHKY

y ~exp(-£°/2).
Heitcteutensuo " = (£ —1)exp(-&’ /2), T.€. JUIS |<2| >>1 ypaBHenue (6.15) oka3biBaeTcs
BBITIOJIHEHHBIM. byieM moaToMy uckats pernienue ypaBuenus (6.14) B Buje

w(©) = v&)exp(-&*/2), (6.16)
rae v(§) - HEeKoTopas HOBas HEW3BECTHAs (DYHKIMS, HE MEHSIONIAs aCUMIITOTHKY (YHKIIUU
y(&) Ha 6eckoneunoctu. [loacraBum mpencrasienue (6.16) B ypaBuenue (6.14). Torna yuu-
TBIBasl, 4TO

2
TV - (v -eexp(-22/2)= (" v -2+ EV)exp(-£2/2),
dg’  dg
i GyHKIMU v(E) MOyYuM HOBOE YpaBHEHUE
V=28V +(e—1)v=0. (6.17)
Bynem uckathb pemienue ypaBHenus (6.17) B Buje moJMHOMa KOHEUYHOM CTeneHu &, T.e.
o= Yok (6.18)
=0

Kak mbl yBHIUM TI03K€E, HEOOXOAMMOCTh UCKaTh pemieHue (6.17) UMEHHO B BHJI€ TIOJIMHOMA, a
He OECKOHEYHOrO psjia, CBsi3aHA C HEOOXOIMMOCTBIO COXPAaHUTh MPABUIBLHOE ACUMITOTHYE-
CKOE TIOBEJIcHHE BOJIHOBOW (hyHKIMM Ha OeckoHeuHocTu. llonmcraBnss pasnoxenue (6.18) B
ypaBHenue (6.17) u cobupas 4ieHbl IPU OJAMHAKOBBIX CTENEHIX & , MOTy4YUM

n

> (e +2)(k +Day,, +(e—1-2k)a, & =0.

k=0
[TockoJIbKY 3TO PaBEHCTBO JIOJKHO YIIOBIECTBOPSATHCS IMPH JIIOOOM 3HAYCHHUU &, TOIydaeM
CJIeyIoNIee PEeKypPPEHTHOE COOTHOIICHNE MEKAY Ko duimeHTaMu moimmHoma:
2k —(e-1)
A2 = Q-
(k+2)(k+1)
Ecnu u3BecTHbI KOOPQUUHUEHTH! a, U d,, TO OCTAJIbHBIE MOXKHO HAalTH ¢ ToMoLbIo (6.19). Psan

(6.19)

OyZeT KOHEYHBbIM, €CIIM Ha HEKOTOPOM CJIaraéMOM C HOMEPOM 7 KOX(Q(QHUIMEHT a, oOpaTuTcs
B HOJb. VI3 (6.19) uMeeM, 4TO 3TO BO3MOXKHO €CJTH

e=2n+1,
HJIHU TMIEPEXO0Js K pasSMCPHLIM CIMHHULIAM
E, =ho(n+1/2), n=0,12,.. (6.20)

YcnoBue oOpeiBa psia HE MOXKET OBITh BBIMOJIHEHO OJHOBPEMEHHO U JJIsl YETHBIX U ISl He-
YETHBIX YJICHOB paszioxkeHus. [loaromy mosmuoMm (6.19) momxeH coaepKaTh TOIBKO YETHBIE,
WM TOJIBKO HEYETHBIE CTeNeH! &, T.€.

a,—>a, >a, >.., a=a,=..=0,
WU
a, >a, >a; —>.., a,=a,=..=0.
Takum ob6pasoM, 3amada pemeHa. Bwipaxenue (6.20) omnpenenseT 3HEpreTHUECKHH

CIEKTP TaAPMOHUYECKOTO OCIIWIIISITOPA,  BOJTHOBBIE (DYHKITHH MPEACTaBUMBI B Bue (6.16), Tie
byukuuu v(E) ecTh MOJUHOMBI, KOTOPBIE JIETKO MOCTPOUTH C MTOMOIIBIO cOOTHOMIEHUs (6.19).
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ITpu 3TOM 3HaUeHUs KO3(PPUIMEHTOB a, U @, AOJKHBI ObITh OIPEENICHBI U3 YCIOBUS HOPMHU-

POBKH BOJHOBOH (pyHKIIHH.
Ecnu Obl MBI uckanu pemenue ypaBHeHus (6.17) B Buae OECKOHEYHOTO psijia, TO JUIS
OOJBIINX 3HAYEHUN k MBI ObI MOJIYYHITU CBSI3b MeX Ay Kodddunuentamu (cM. (6.19)):
2

a ~—d,.
k+2 k
k

Taxkast cBI3b MC)K,Z[y KOS(I)Q)HLII/IGHT&MI/I BO3HHUKACT HpI/I pa3J'IO)KeHI/II/I (I)yHKHI/H/I

0 ak

2

pE)= Y =
i=.2s... (k/2)!

TO €CTb HpI/IBOIH/IT K TOMy, YTO BOJIHOBAs q)yHKHI/Iﬂ Ha 6eCKOHeI‘IHOCTI/I HeOFpaHI/I‘IeHHO BO3paC'

TacT.

[TommHOMBI, KOAPPHUIHUEHTH KOTOPBIX YIOBIECTBOPSIOT PEKYPPEHTHOMY COOTHOIICHHUIO
(6.19), xopo110 U3BECTHBI B MAaTEMAaTHKE U HA3bIBAIOTCS MOJIMHOMaMu DpMmuTa. [IpuBenem sB-
HbIE BBIPAYKEHUS JJIs1 IEPBBIX HECKOIBKUX IMOJIMHOMOB:

H (&) =1, H,(§)=28, H,(&)=4&" -2, H,(§) =88 ~12¢,... (6.21)
Bce onu sBisroTCst 100 YETHBIMH, TUOO HEUETHRIMU GYHKIUAMH & . 3HAUUT, B HAIIEM CITy4ae

CTAallMOHAPHBIE COCTOSIHUSI OISITh XApPaKTEPU3YIOTCS OIpeNeIeHHONM 4YeTHOCThio. OO0 3TOM
MOYKHO OBIJIO JOTa/laThCsl, KOHEYHO, 3apaHee, T.K. JETKO BUAETh, YTO ONEPaTOp YETHOCTH KOM-
MYTHUPYET C TaMUJIbTOHUAHOM.

YacTo GbIBaeT yJOOHO MCMOIb30BaTh U APYroi COCO0 NOCTPOEHUS TOJUHOMOB DpMU-
Ta!

H,(&) =(-1)"exp(§’) ;Z,, exp(-£’). (6.22)

BrimuimeMm taxxke YCJI0BUC OPTOHOPMHUPOBAHHOCTHU IMOJIMHOMOB!
[, ©)H, € exp(-& g =2"nm5,,. (6.23)

OTH U HEKOTOPBIE JIPYTHE CBOWMCTBA TMOJMHOMOB DpMHUTa 0oJiee MOAPOOHO OOCYKIarOTCS B
[Ipunoxenun 3.

VYcnosue (6.23) mo3BONISIET 3amUcaTh YIOBJICTBOPSIONINE YCIOBHUIO HOPMHPOBKH BOJI-
HOBBIC (bYHKHHH CTallMOHApPHBIX COCTOSIHUU rapMOHHUYCCKOI'0 OCHUIIATOpA

v, (x) = N,H, (x/a)exp(- x*/24>), (6.24)
rac HOpMHpOBO‘IHBIfI MHOXHUTCJIIb Nn - OHpeHCHHeTCH KaK

N (6.25)

' V2" nlavn

[epeiinem Teneps kK 00CYXICHUIO CBOMCTB MOIYYEHHOT'O PEILICHHS.

[Ipexxne Bcero OTMETHM, YTO SHEPreTHUECKUN CIIEKTP OCLMILISATOpPA CTPOro JTUCKPET-
HBIH, KaK U y BCAKOH CHUCTEMBI coBepIIaromieid GUHUTHOE BUKEHUE. DHEPrUsi OCHOBHOIO CO-
CTOAHHUA OCHUIIIIATOPA OTJIMYHA OT HYJIA! CYHICCTBYIOT TaK HAa3bIBACMBIC HYJICBBIC KOH€6aHI/I$I,
UX PHEPIUsl OKa3bIBAaeTCs paBHA

E, =ho/2,

¥ 3TO MUHMMAaJIbHO BO3MOXXHOE€ 3HaYEHHUE SHEPTUU OCLUIIIATOPA.

ITpoucxosxaeHne HyJeBbIX KOJeOaHUI HETPYTHO MOHATh HA OCHOBE COOTHOILICHMS He-
onpezaeneHHoctel ['eitzendepra. JlelicTBUTENBHO, JTOKATU3alUs YaCTUIIBI B 00JIaCTH pa3MepoM

Ax BeJleT K MOSABJIEHMIO y Hee KMHeTHdeckoi suepruu T ~ i’ / 2m(Ax)*. C mpyroii cTOpOHBI
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JUTSL 9aCTHIIBI C TAaKOW 00JIACTHIO MPOCTPAHCTBEHHOM JIOKAJIM3AIMH, ¥ HAXOISAIICHCS B OCITHII-
JSTOPHOM  MOTEHIMale, BeIMYMHA  IOTCHIMANbHOM  dSHepruu  OyJeT  COCTaBIATH

V ~ mo®(Ax)> /2. MunHuMyM nosiHOW 3Heprun E =T +V pocrturaercs s BIIOJHE OIpese-

JICHHO} TPOCTPAHCTBEHHOM INMPHHBI BOJHOBOTO MNakera Ax =7/m® . i MHHAMAIbHO

BO3MO>KHOT'O 3HAQYEHMsI SHEPTUU OCLMILIATOpA IPU 3TOM Mojdy4daeMm E . =fio. OTo 3HaueHHe
BCETO B JIBa pa3a OTIMYAETCS OT TOUHOTO 3HAYEHUS SHEPTUH HYJIEBbIX KOJEOAHUN OCHUILIISATO-
_ pa.

Ha pwuc.6.10 npuBeaeHo mMoOJIOKEHUE
HECKOJbKHX HIKHHUX SHEPreTUYECKUX YPOB-
Hel ocuuisTopa. s 3THX e COCTOSIHUM Ha
puc.6.11  mpencraBieHbl  pacnpeneacHUs

2 .
IUIOTHOCTU  BEPOSATHOCTHU |\|/(x)| . Baxnon

0COOEHHOCTBIO YHEPIETUUECKOI0 CIEKTpa SB-
JSIeTCsl €r0 SKBUIAMCTAHTHOCTD, T.€. SHEPreTH-
YECKOE pacCTOSHUE MEXIy JI000M mapoit
YPOBHEW OJTMHAKOBO

- - - E -E  =ho.

Puc.6.10. YPOBHW 3HEPTWK W BONHOBLIE OYHKLUKW 1
rapMOHWYECKOro ocLunnaTopa. pH 5TOM, TaK KC KaK U B paHEC paCCMOTPCH-

HBIX 3aJladyax, CYIIECTBYET HEHYyJIeBas BeEpo-
SATHOCTH O6H€lpy>KI/ITI) JacTuuy B O6J'IaCTI/I KJIIACCUYCCKHU 3allpCIICHHOI0 ABMIKCHUS.

Heo0xomumMo OTMETHTB, YTO XOTSI 3HEPrUsi BO30OYKICHHOTO COCTOSIHHS OCHMJLISATOPA
MOJKET OBITh BECbMa BEIIMKA, CPEIHUC 3HA-
YCHHUST KOOPIWUHATHI U HUMITYJIbCA YaCTHUIIBI
OKa3bIBAIOTCSl PaBHbI HYJII0. B 3TOM Jerko
yOeIUThCsl TPSIMBIM BBIYMCIICHUEM WHTE-
rpajoB

<x> = J.x|\|/(x)|2dx ,

(p)=[v )pw(x)dx.
B 9TOM CMBICJIE BCC CTaI_[I/IOHapHLIe CO-
CTOSAHUSA COOTBGTCTBYIOT HCHO,I[BI/I}KHOI\/'I
yactule. bosee TOro, Kkak Mbl yxe paHee
OTMCEYaJIu, pacnpeneneHHe IINIOTHOCTHU BEC-

2 Puc.6.11. PacnpegeneHuna NNOTHOCTU BEPOATHOCTH ANA HWKHUX
POATHOCTH |W| TaK>Xe HC 3aBUCHUT OT BpC- CTALMOHAPHBIX COCTOSHUI FAPMOHUUECKOTO OCLMINATOPA.

MeHU. OHAKO, CpeIHUE 3HAUYECHHS] KHHETHU-
YECKOM M MOTEHUHUAIBHOW YHEPTUM OTIWYHBI OT HYJIS. Z[eﬁCTBHTeJH,Ho9,

(2 _ b _ho
(T). —<p /2m>n = 2mJ.W"p v, dx 5 (n+1/2),

mo’ ¢ . ho
V) = <m(02x2/2>n = Tj.wnxzwndx = 7(;1 +1/2).

[Ipy 5TOM JUII KBAaHTOBOMEXAHMYECKHUX CPEAHMX OKa3bIBACTCS BBIIIOJHEHHBIM DPABEHCTBO
CPEIHMX 3HAYECHUU KUHETUYECKON U MOTEHIIUAIIBHON YHEPTUU

() =(V) =E,|2, (6.26)

® DT HHTErpaJIBl JIETKO BHIUMCIISIOTCS C Y4eTOM GOPMyII, IpHBeaeHHbIX B [Tpuitoxkennn 3.
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3HaKOMOE€ HaM IO Kjaccudyeckoil MexaHuke. OJIHAKO, MOAUYEPKHEM €lIlle pa3, B KIIACCUKE peub
uaeT 00 yCpeAHEHUU IO MEepUoay KojebaTenbHOro NBHKeHHs. Bripaxenue (6.26) momaydeHO
JUIsl KBAHTOBOMEXAHUYECKUX CPEIHUX.

A 4TO Takoe HecTallMOHapHbIEe cOCTOsHUA ocumuisiTopa? Kak «yBuaeTb» koneOaHUs
YacTHUIIbI (BOJIHOBOTO TMAKETa), aHAJIOTUYHBIE KJIACCUYECKUM KoJiebaHusiM? PaccmoTpuMm camblii
npoctoii ciayyail. [lycTe B HauanbHBIE MOMEHT BPEMEHH COCTOSHUE YaCTHUIbl OMHCHIBAETCS
BOJIHOBOW (DYHKITHCH, KOTOpas SIBJIISICTCS CYIEPIIO3UIUEH IBYX HWKHHX CTAIMOHAPHBIX CO-
CTOSIHUN OCHIJUISTOpA:

w@ﬁ=®=j%@&@+%@ﬁ- (6.27)

Torna, B COOTBETCTBUU € OOLIMM CIIOCOOOM pelieHHs HecTaloHapHoro ypasHenus Lpenun-
repa, paccMOTpeHHBIM B JI_4, BoiHOBasi (yHKIMSI CUCTEMBI, YIOBIECTBOPSIONIAs HECTAIIMOHAP-
HOoMy ypaBHeHuto [llpenunrepa u onmchiBaroniasi dBOJIOLHUI0 COCTOSHHUS BO BPEMEHH, 3allM-
LIETCS BUIE

1 . ot .3t
y(x,t) = N Vo (x) exp(— i 7} +y,(x) exp(— i 7} - (6.28)
JI71s1 TUTOTHOCTH BEPOATHOCTH P(X,¢) TOJIydaem
2 1 2 1 2
pCe.) = [wr )] = Zfwo (0 + i )+ wo )y () cosor. (6.29)

[TepBbie nBa crnaraemsbix B (6.29) He 3aBUCAT OT BPEMEHHU M JAIOT HEKOTOPOE CTAaTHYECKOE pac-
IIpEJIeIIEHUE TUIOTHOCTU BEPOSATHOCTH, OJJHAKO TPETHE CIaraeMoe IO0Ka3bIBAa€T, YTO IJIOTHOCTh
BEPOSITHOCTH B CUCTEME IEPETEKAET U3 OJHOM NMPOCTPAHCTBEHHOM 00JIaCTH B IpYryI0, IpUYEM
3TO MEpeTeKaHue MPOUCXOAUT C YACTOTOM KojeOaHWH kiaccuyeckod dacTuibl. YToOBI ere
0osiee MOJHO YCTAaHOBUTh AHAIOTHIO C KJIACCHUKOM, HaiiieM cpeaHee 3HAYeHUE KOOPJUHATHI
YaCTULIbI

(x(0)) = j xp(x,f)dx = jx[%|\|/0(x)|2 + %|\|11 )+, (0w, (x) cos mtjdx = x, cosf, (6.30)

rac

Xo = J.x\uo(x)\yl(x)dx = a/2 =\n/2mo .

OTOT UHTETpal JIETKO BBIYUCIISETCS C UCOIb30BaHuEM (opmyi lpunoxxenus 3. Msl nonyqu-
JIM, YTO YaCTHIIa COBEPIIAET KOJIeOaTeNbHOE ABMKEHHE C YaCTOTOM KIIAaCCMUYECKUX KOJeOaHHi

M aMIUTATY0H X, = +/71/2mo .

Takum 00pa3om, MbI BUIENIH, YTO JBUKEHHE BOJIHOBOI'O IaKeTa, MOAOOHOE IBUKEHHIO
KJIACCMYECKON YaCTHUIIE B OCLIMIUIATOPHOM IOTEHIMAJIE, BOSHUKAET TOJIBKO B HECTALMOHAPHOM
COCTOAHMHU. B 3TOM CMBIC/IE CTALIMOHAPHBIC COCTOSIHMA SBISAIOTCS YUCTO KBAHTOBBIMHU U HE
UMEIOT aHAJIOra B KJIACCUYECKON MEXAaHUKE.

MoO>HO, OZJHAKO, TONBITATECA COMOCTABUTh KBAHTOBOMEXAHMYECKUE TUIOTHOCTH BEPO-
ATHOCTH, COOTBETCTBYIOIUE CTALMOHAPHBIM COCTOSHUSAM, U PACIpPEIEICHUE BEPOSITHOCTH 00-
HapYKUTh KJIACCHYECKUI OCLMIUIATOP B HEKOTOPOM OIIPEJCIIEHHOM II0JIOKEHUH B CITy4alHBIN
MOMEHT BpeMeHH. [lycTh Ki1accuueckas yacTUIa COBEPILAET KolebaTesbHOe ABMKEHUE 110 3a-
KOHY

X =X,Cosmf.

Toraa B uHTEpBasie KOOPAUHAT (X, X + dx) YaCTHIIA HAXOIUTCS B TEUEHUE BPEMEHU df

dr =% _ dx

|x| Xo01— (x/xo )2 |
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[TockoybKy 4YacTHIla MPOXOIUT BCE BO3MOXKHBIC 3HAUCHHSI CBOETO MOJIOXKECHHS 32 TIOJOBUHY
Mepro/ia, TO BEPOSATHOCTh OOHAPYKUTH €€ B MHTEpBaJie (X, X + dx) ecTh

aw =24t _ dx . 6.31)

T o411 - (x/ Xo )2
Kak BUIHO, MaKCHMaJIbHAsI BEPOSTHOCTD JIJISl KJIACCHYECKOTO OCHUIIISTOPA TOCTUTACTCS BOJIH-
34 TOYCK IMOBOpOTA. 9TO MOHSITHO: B6HI/I3H TOYKH IMOBOPOTA CKOPOCTH YaCTHUIIbI MaJja, U II0-
OTOMY OHA TaM JOJII'O HAXOAUTCH. Bexununna

1

oy 1= (/)

B HCKOTOPOM CMBICJIC SABJISICTCA KJIACCUUECKOM IJIOTHOCTBIO BCPOATHOCTU U MOKET OBITH CO-
2
b

Pu(x)=

2
MOCTaBJ€Ha C KBAaHTOBOMEXAHMYECKUM 3HAYCHHEM |\|/(x)| . 3aBucumocta p(x) u |\|/(x)

COOTBETCTBYIOIIME COCTOSIHUSIM C OMNpPEACJICHHbIM 3HAYEHUEM DSHEPruu, MPEeACTaBICHbI Ha
puc.6.12. Kak BugHO, Mg MajblX KBAHTOBBIX YMCE MOBEICHHE KPUBBIX CYIIECTBEHHO pa3-

2
[wl? [l

Punc.6.12. Knaccuyeckune 1 kBaHTOBbIE pacnpeaeneHns NioTHOCTEN BEPOATHOCTH.

JMYHO, OJJHAKO JJIsi O0NbIIMX 7 (U1 CHIIBHO BO30Y)KIICHHBIX COCTOSIHUI) yCpeIHEHHAas! Kpu-
Bas JUIsl paclpeeeHHsl INIOTHOCTH BEPOSTHOCTH KBAHTOBOMEXAHMUYECKOTO OCLMIUIATOPA XO-
POIIO COTIacyeTcsi C KPUBOU I KIIACCUYECKOIO OCIMILIATOPA.

Cnenyet, 01HaKO, OTMETUTH €ILIE pa3, YTO PACCMOTPEHHAs aHAJOTUsl JOCTaTOYHO yC-
noBHa. CTallMOHApHBIE COCTOSHHS KBAaHTOBOW CHUCTEMbI HE UMEIOT KJIACCHMUYECKOI'O aHaJIora.
Jl1g knaccuyeckoi 4acTuIbl Mbl HMEEM 3aBUCUMOCTH KOOPAMHATHI M MMITYJIbCA YACTHULIBI OT

BpeMeHu x(¢) u p(¢), B TO BpeMs Kak KBAHTOBOMEXaHUUYECKHE CPETHUE <x> " < p> HE 3aBUCAT

OT BPEMEHM M PaBHBI HYJIO AJIS JHOO0T0 CTAllMOHAPHOIO cocrosims'’. B paccMaTpUBaeMbIX
HaMH CTALlMOHAPHBIX COCTOSIHUAX IUIOTHOCTH TOKA BEPOSTHOCTH TAK)KE paBHA HYJIIO, TO €CTh
OTCYTCTBYET NEPETCKAaHUE IUIOTHOCTH BEPOSATHOCTU U3 OJHOM TOYKH IPOCTPAHCTBA B APYTYIO.
Takast kKapTHHAa HE MMEET HUYEro OOILIEr0 ¢ TapMOHHUYECKUMHU KOJECOAHUSMH KIIACCHUYECKOU
YacTHUIbl B OCIWJUIATOPHOM IOTEHIMAJIE, TAK)KE KaK M C KOJIEOaHUSIMH KBAHTOBOT'O BOJIHOBOT'O
IIAKeTa, KOTOPBIM BCErla MOKHO IPEICTABUTh B BUJIE CYNEPIIO3UIIMM HEKOTOPOrO0 KOJIUYECTBA
CTallMOHAPHBIX COCTOSHUN CUCTEMBI.

10 Crenyer oroBopuThCsi. IMEHHO OCHOBHOE COCTOSIHME KBAaHTOBOW CHCTEMBI (B TaHHOM CIydae, TapMOHHYECKOTO
OCHWJIIATOPA) TI0 CBOMM CBOICTBaM HamOoJjee OJU3KO K COCTOSHHIO KJIACCHYECKOTO OCIIUUIATOPA C MUHHMAJb-
HbIM 3HAUE€HHEM 3Hepruu. JleHCTBUTENBHO, B KJIACCUYECKOW MEXaHHUKE COCTOSHHI0 ¢ MUHMMAJIbHOW SHEpPrueit
COOTBETCTBYET CHTYallHs, KOT/Ia YacTHUIIA TIOKOUTCS Ha JHE MOTeHIUanbHOM aMbl, To ecth X(7) =0 u p(t )=0.
B kBaHTOBOI T€OpHUU OCHOBHOMY COCTOSIHUIO COOTBETCTBYET BOJIHOBOH IMAKET C HYJEBBIMH CPEJHUMH 3HAYECHUSI-
MU SHEPTHH W MMITYJIbCa, JeTOKATN30BaHHBIN BOMM3N Hadana koopAauHAT. C TOYHOCTBIO /O KBAHTOBOM HEOIpe-
JIEIIEHHOCTH 3HAYE€HUH KOOPIWHATHI U UMITYJIhca (M BO3SHHUKAIOUIEH BCIIEACTBUE STOTO SHEPTHH HYJIEBHIX Kojeba-
HUI) TAKOE COCTOSHUE KaK pa3 COOTBETCTBYET YAaCTHIIE, «JISKAIICH» Ha THE MOTCHIINATHHOHN SIMBI.
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3amaun.

Onpenenuts  BEMIMYMHY  IJIOTHOCTHM  TOKA  BEPOSTHOCTH  UIA  COCTOSIHHSA
y(x) = dexp(ikx)+ Bexp(— ikx).

[ToTox wactur ¢ 3Hepruel £ pacceuBaeTcs Ha MPSMOYTOJIBHOW MOTEHIUAIbHOU CTYy-

0, x<o0,

neHeke V(x) = Onpenenutb BEPOATHOCTH MPOXOXKAECHUS M OTPAKECHHMS.

0° X =z
2
HapucoBats rpaduxu 3aBucuMocTu |w(x)| Ul cilydaeB «moabapbepHoro» E <V, n

«HaznbapbepHOro» E >V, nBuxeHwHs.

[lotok wactui ¢ sHeprued E paccenBaeTcs Ha NPSIMOYTOJIBHOM ITOTEHIMAIBHOM
Oapbepe BBICOTON V|, u mmpuHOH a, npuueM E >V, (HagbapbepHOE MPOXOXKIACHHE).
OnpenenuTs SHEPTHH, IPH KOTOPBIX BEPOSTHOCTH OTPAKEHHS OT Oaphepa paBHA HYIIIO
(pe3oHaHC MPO3PaYHOCTH).

[ToTok yvactui ¢ 3Hepruerd E TYHHEIUPYET 4Yepe3 MPSAMOYIOJIbHBIM IMOTEHIHAIbHbIN
Oapbep BbICOTOM V), m mupuHoil a, npuueM E =V, . Onpenenurs 3aBUCUMOCTb IIPO-
3padyHOCTH Oapbepa OT €ro MHUPHUHBI.

OLEHUTH BPEMS JKU3HH O - PAJIMOAKTUBHEIX Sep o Rn u 53U . Duepruu E, BbUle-

TAIOIIMUX O - YACTUIl COOTBETCTBEHHO paBHBI 6.6 MaB u 4.2 M»sB.

Onpenenuth CpeHUE 3HAYCHHS] KUHETUYCCKON M MOTCHIIMATHHOM SHEPTUU B OCHOB-
HOM COCTOSIHUU JTUHEHHOTO TAPMOHUYECKOTO OCHUIIIATOPA.

BomnoBas (GyHKIHMS YacTHIIBI, HAXOMAMICHCS B OCIHLIATOPHOM IOTCHITHANE

V =m»*x® /2, uMeeT BHI
a) y(x) = Ax’ exp(—%(x/a)z); 6) w(x) = Ax’ exp(—%(x/a)z); a=h/mo.

Onpenenurts, Kakue 3HAYEHUS DHEPIUU U C KaKOM BEPOATHOCTHIO B 3TUX COCTOSTHHUAX
MOTYT OBITh U3MEPEHBI.

OnpenenuTs 3HEPreTHUECKUI CHEKTP M BOJIHOBBIE (DYHKIMM CTALlMOHAPHBIX COCTOS-
HUI CHCTEMBI CBSI3AHHBIX JIMHEHHBIX TAPMOHUYECKUX OCLWLIATOPOB C FaMUJIbTOHHA-

HoM H = Fll +I—A[2 +a(x, —x,)*, rae Fli = fl +mogx} /2 - raMWIBTOHHAH TaPMOHH-
YECKOro OCHHUJUIATOPA C YaCTOTOM ®,, O - KOHCTaHTa CBA3H.

OmnpenenuTs SHEPTUU CTAlIMOHAPHBIX COCTOSTHUM 3apsyKEHHOM YaCTHII, HAXOAALICHCS
B TAPMOHHYECKOM roTentmane U = mo’x’/2 , B IPUCYTCTBHE BHEIIHETO OTHOPOTHOTO

MMOCTOAHHOTI'O 3JICKTPHUYCCKOT'O ITOJIA.
BomnoBas CPYHKI_II/IH YaCTHUIbI, HaXOZ[HHleI;'ICH B AapMOHHWYECKOM IIOTCHLHUAJIC, B MO-
MCEHT BPEMCHH [ = 0 OMPEACIIAACTCS BBIPAKCHUECM

1 1 )
d(x) =\/%'ﬁ'(l+)€/a)exp(—§(x/a) j,

rae a’ =h/mo. OnpesenuTsh cpejiHee 3HaYeHHe KOOPAMHATH YACTUIIbI, KaK (DYHKIUIO
BPEMEHU.



