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Ceemaoii namamu

Havu Anexcanoposuwa AXHUE3EPA

INPEJUCJIOBUE

Ipennaraemas MoHorpadus NOCBAIICHA M3JOXKEHUIO TEOPHH
9NIEKTPOMArHUTHBIX TPOIECOB, BO3HUKAIOIIMAX IPH INPOXOXKICHUH
3apsHKeHHBIX YacTHI M (OTOHOB BBLICOKHMX 3HEPIHil depe3 BEIIECTBO.
B He#t moapoOHO paccMaTpHBAIOTCS TaKHWE NMPOIECCH, Kak YIpyroe
paccesiHue, H3JIy4eHHe, oOpa3oBaHHe JIEKTPOHHO-TIO3UTPOHHBIX Tap,
pa3NdYHbIE MEXaHW3MBl NOTEPh JHEPruu OBICTPLIMH YaCTHUIIAME
H Pa3BUTHE JIEKTPOMArHUTHBLIX JIMBHEH B aMOpGHBIX H KpPHUCTaJl-
JIMYECKUX cpenax. Bce 3TH mpoueccsl pa3bITpHIBAIOTCS IPH BBICOKHX
9HEeprusix B OOJBIIMX, PACTYLIMX C 3HEPruei, MpOCTPaHCTBEHHBIX
obnacTax BAOJb UMMNYJIbCOB 4vactul. IIpm mocTtato¥yHO BBICOKHMX
JHEpPIrusax 3TH 00JACTH MMEIOT MaKpOCKONMYECKHE pa3MEphl H OXBa-
THIBAIOT OOJBIIOE YMCIO ATOMOB Cpedpl. BeiencTsue 3TOro cpena
OKa3bIBaeT BJIMSHHE HA YKa3aHHBIE JJIEKTPOMATHUTHbBIE TPOIECCHI
NpH CKOJIb YTOAHO BBICOKHMX 3Heprusax dactuim. [lo 3ToH mnpuympe
BO3HMKaeT CleuManbHas o0jacTh 3JIeKTPOIMHAMUKH, KOTOPYIO
MOXHO Ha3BaTh «3JIEKTPOAMHAMHMKON BBICOKMX OJHEpPrUid B Be-
IIECTBEY.

HccnenoBanne MHOTMX M3 TEpPEYHCICHHBIX BBIIE TPOOJEM
HayaJioch B Qu3Mke oueHb AaBHO. [loXkany#, MCTOPUYECKH NEPBOH
paborToif, oOTHOCsamielics K O3Tod objacTH, Obuaa KJaccHuecKas
pabora bopa 1913r. 00 HOHM3AMOHHBIX TOTEPSIX OJHEPIHU
OBICTPBIX 4YACTHUIl B BElECTBE. BaXHOCTb 3TOTO BONIPOCA BHAHA
U3 TOro, YTO MOCJE TIOSIBJICHHS KBAHTOBOW MEXaHMKH BO3HHKIIM
HOBBIe BaXKHble paboTel—cTathbu bioxa u bere, mocasmeHHBIE
KBaHTOBOMEXaHHYECKOH TEOPHM HOHH3ALMOHHBIX IOTEPb, a TaKXKe
paboter ®epMu 06 dddekTe IIOTHOCTH B TEOPHH HOTEPL SHEPTUH
ObicTppiMH dYacTHIaMH B BelectBe. Croga OTHOCHTCS Takke
oTKpbiTHEe B 1934 r. m3nyuenuss BaBunosa — YepeHkoBa M mocTpo-
€HHe TeopuHu 3Toro smieHus Tammom H Ppankom. Baxuyro posb
ceirpayu mpenackasanue B 50-x romax ®Peppertn, Tep-Muxaensna
u HOGepanna uHTepdhepeHnHOHHOTO 3ddexTa B u3IyYeHHH peis-
THBHCTCKHX DJJEKTPOHOB B KpUCTajUlax M npenckasanuwe Jlammay
u [lomepanuyyka s¢dexTa NonaBieHHS TOPMO3HOTO H3JIYYEHHUS
PENIATUBUCTCKUX OJJIEKTPOHOB B amopdHoi cpeme. Hanee Heo6-
XOOMMO YKa3aTh Ha OTKDPBITHE, cIejiaHHOe B Havane 60-x romos
PoburcoHoM u O3HOM, SBJICHHS KaHAJIMPOBAHHSA OBICTPBIX HOHOB
B KpHCTajulax, IepBasg Teopus Kotoporo Omuia pa3Buta Jlumn-

7



1, x=0

—————MmomubuiupoBantas ¢GyHkuus XaHKens.

Jdt cos(tx)

t2+1
Q

1 |
=7 Jd&cos <x§+§ 't",3> — yskuns Ditpu.
T
o

Ks3(y)=2 \/—_ [d) u(u % fd&dl (g)] — ¢yHKIMs, ompenensioLas

* 3}’ 2/3
CHHXPOTPOHHOTO u3ny4eHus (5.9), u=(7)

«©

; dt
Ei(—x)=— j —e '—HuHTerpanbHas NoOKas3aTeNbHas (QYHKIHUA.
t

x

Zle
u(r)-——U e "R —skpanupoBanHeli moTenmman Kymona (7.5).
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Fr'JABAI

KIIACCUYECKASl TEOPHUS M3JIYYEHWNSA
BBICTPOI 3APS)KEHHOW YACTULIEN

§ 1. [IBmxkenne 3apsoKeHHON YACTHIBI BO BHeEIIHEM TOJe

B oaroii rnaBe Mbpl OyAeM u3y4aThb B OCHOBHOM H3JIydcHHE
3JICKTPOMAarHUTHBIX BOJIH 3apsDKEHHOM YacTHHE B 3adaHHOM
pHellHeM ToJie. [IpenBapUTENbHO MpHUBEAEM OCHOBHBIE COOTHOIIE-
HUS PENSTHBUCTCKOM MHHAMHKH 3apsOKEHHOH YacTHIBI B 32JaHHOM
JMIEKTPHYECKOM  TOJIE HanpsokeHHOcTH E ¥ MarHuTHOM TIoJie
manpsoxkeHsocts H [1].

VpapHenusl ABMXEHHs dYacTHls! (ypaBHeHusi JlopeHna) B 3TuX
NOJISIX HMEKT BHI

d| e .
2 _eE+i[v, H], (i.1)
dt ¢
rae p=mv/./1—v?/c?> —HUMIyJILC 4YacCTULBI, m U e—ee Macca
M 3apsjd, V—ee CKOpPOCTh (c— CKOPOCTH CBETa).

KuneTHueckas SHEPIHMs YaCcTHUIBI paBHA

mc?

E=—"__. 1.2
1—v3/c? (12)
OHa W3MEHSEeTCs C TeYeHHEM BPEMEHH COTJIACHO YPaBHEHHUIO
dE
e (VE). (1.3)
M3 (1.1) u (1.3) nerko mOJIy4HTh YpaBHEHME ISl YCKODESHHS:
. ec? 1 1
=?{E+; (v, H]— v(vE)}. (14
3Has CKOpPOCTb YacTHIB! V(f), MOXHO HAfiTH €€ TPaeKTOPHIO:
t
r(t)={dr'v(tr'), (1.5

ty N
rae to— HayaIbHBIHE MOMEHT BDPEMCHH.

B npasyro vacts ypaBueHHd (1.4) sHeprus £ BXOZUT B 3HaMeEHa-
TeNb. DTO O3HA4YaeT, 4TO B OOJIACTH BBICOKMX 3JHEPrHii W3MEHEHHE
CKOPOCTH 49acTHIbI MaJjlo, HO3TOMY B 3ToH objactm >Heprui
BEKTOP CKODOCTH MOXET OBITH 3amnucad B BHAE

zvo<l—5i—2vi(t)>+n(t), (1.6)
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7€ Vo— CKOPOCTb B HAYAILHBIA MOMEHT BpeMeHH [=1ly, ¥V, (1)—
U3MECHEHHE CKOPOCTH B HHTEpBaje BpeMeHH (f1—{y); IPH 3TOM
v, 'vo=0 ¥ v, K.

ITonepeunas cocraBisirolas CKOpocTu corjiacHo (1.4) ymosiet-
BOPAET YpaBHEHUIO

i, = {EL-I— [Yo. H]} (1.7)

rie E, —cocrasmmomas 3J1eKTpnqecxoro nons E oproronansHas
Vo, B Eg=mc?(1—vg/c?) ™12

§ 2. Ilone, coznaBaeMoe IBHXKYlelcA YacTHHEH

3apﬁ)KCHHaﬂ YaCTULA HE TOJIBKO MHCIBLITHIBACT I[el"'ICTBHe 3JICK-
TPOMArHdTHOrO I1mojsd, HO M caMa IO cebe CO3MacT JJICKTpoMar-
HUTHOE ToJie. BeXTOPHBIA M CKAaJISIpHBLIA TOTEHIUAJBI 3TOTO TOJA
YAOBJIETBOPSIOT ypaBHeHUSIM (CM., Hanpumep [1])
1 92 4,
AA—— SA=——|

2Et ¢

R Q.1
2 atz o= —'_pea

rae jo 4 p,—IUIOTHOCTH TOKa M 3apsna. B ciyyae TtoweyHoit
YACTHIBI, JBIKYIUEHCS 1O TpaekTopu r(f),

j=ev(t)d(r—r(r)), p.=ed(r—r(?)), (2.2)

rae 8(r)— nenwbra-GyHKuUMS.
DJIeKTPUYECKOe M MarHHTHOE IO, TOPOXIA€MBIE YaCTHUIEH,
CBS3aHBl C A H @ COOTHOUIECHUSMH

E=—§%A—V<p, H=r0tA. 2.3)

Ou3pueckui CMBICT MMeeT pellieHHe ypaBHeHHs: (2.1) B Bume
3ana3/blBAIOIIMX NMOTEHUUANoB. JIjisi TOYE€YHOH YaCTHLBI COTJIACHO
2.1 u (2.2)

+

Ace f h—dr( : ()6(r—t~-i~lr~r(t)l>. 2.4

-~ ®

AHaJIOTHYHOE PpEILCHHE MMEET MECTO M Ul CKaJISIPHOTO IIOTEH-
nuana. [Ilpy 3ToM B ciydae paBHOMEPHOrO ABMXKEHHS 3apsaa

ev e

A= , @= , 2.5
Vz=vt)2+p2y2 ® (z—vr)>+p2y~2 @3)

T/l z—KOOpJHHATA, MapajiebHas CKOPOCTH 4YaCTHUBL V; p—
pafuyc-BEKTOP B IUIOCKOCTH, OPTOrOHANBLHOW V; y=FE/mc?—no-
peHl-QakTOp YacTUUBL.
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Popmyibl (2.5) MOKa3kpBalOT, YTO IKBHOOTCHIWAILHEIE NOBEp-
XHOCTH PaBHOMEDHO [BHXXYLIETOCs 3apsla NpenCTaBIsIOT coboi
9NUIMTIICOMA, CIUTFOCHYTHI B HANpaBJICHHH IBIKEHHMsS YaCTHLBL.

Onpenenum Tenepb ToOJie, IMOPOXKAAEMOE YaCTHUEH B TOM
ciydae, KOTJa €€ CKOpOCThb pe3KOo MeHsieTcs OT 3HadeHus
Vo K 3HauYeHMIO v; B MOMeHT Bpemenum ¢=0. C 3Toil mnennro
OpeABAPUTENBHO 3anMIlieM 3ana3abiBatolnyi noresunai (2.4) B suzae
bypre-pas3noxeHus:

t

a3k (cki— —i ~
A=—%Im jTe’(Ck’ kr) jd‘rv(t)e i(cke—kr (@) (2.6)
~— o0
Torga B MHTEpeCyrOlIEM Hac ciydae npu (<0
d3k v i(ckt—X
A=A =—2 Re [£5___ Yo gilcki—kn) 2.7
D YEN Jk k—kvoc"e 2.7

DTO BbipaxeHHe I A TpeAcCTaBiiseT coDOH (ypbe-pa3iioxkeHde
(2.5) cobCTBEHHOrO IOJII PABHOMEPHO MABHKYINEHCS YaCTHIBL

Mpu ¢>0, T.e. nocne paccessHUs 4acCTUNBI, KaK JIETKO OPO- -
BEPHTD,

e &k v ~i(ck—Kk —ikv,t
=2 Re L 1 l—e i(e vyt e ikv,
A 2n? j k {ck——kv,[ ] +

Yo

—ickt
+ s } (2.8)

Bommonaue B (2.8) mHTerpuipoBanue mo k, sHaxogum, 4ro npm >0
A=0O(r—ct)Ag+0O(ct—r)A,, (2.8a)

rie A, —BEKTODHBIM HOTEHIMAJ MOJNA YaCTHIbI, PABHOMEPHO
ABWXKYLIEHCA CO CKOPOCTBIO V;, M O(x)-—cryneHyaras ¢yHKuuA
Xepucaina:

1, x>0,
G(")z{o x<0.

®opmynst (2.7) u (2.8) moka3eBaroT, YTO 1O paccedHus (T. €.
npa t<0) OKpyXarolilee IJEKTPOH 3JIEKTPOMAarHATHOE MHOJIC Tpen-
cTaBisieT coOOM KYJOHOBCKOE MOJIE, IBUXKYILEECS BMECTE C 2Jie-
KTPOHOM CO CKOPOCTBIO Vy. OCHOBHOH BKJaA B 3TO MOJIE€ BHOCHAT
bypbe-KOMIIOHEHTH C BOJHOBBIMH BekTopamu Kk, HanpasieHus
KOTOPBIX ONU3KH K HANpaBJIEHHIO CKOPOCTH YaCTHLBI Vo; @ HMEHHO,
yron Mexnay 3(¢deKTHBHbIMM 3HaueHWAMH k # v, HO TNOpPAIOKY
penuuuHbl paBed mc?/E. Tlocne paccestnus (1>0) KyJIOHOBCKOE
HOJIE «CpPHIBAaeTCA» C JJIEKTPOHAa H MPOAOIKAET JBHUraThCs CO
CKOPOCTBIO Vo B HanpaBJICeHHW HAYajbHOTO [ABHXKEHHS 4YaCTHIBI,
MOCTENIEHHO TEepecTPauBascCh B TOJie M3JIyUYeHHs. JTO 3HAYMT (Kak
nokaspiBaeT QyHKUMs O (r—ct)) B mepBoM ciiaraeMoM B (dopmye
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(2.8a)), yto B oObjacTH r>ct,
0 KOTOpOM He ycrlen JOWTH
CHUI'HAJ1 O pACCEesIHMN, T10JIC 6YIICT
KYJIOHOBCKMM HECMOTpsl Ha TO,
4TO JJIEKTPOHA B TOYKe Z=0vt
HET — OH [BHMIKETCS IIOCNIE pac-
CestHUSI B HamlpaBJICHHH V4
(puc. 1.1). IIpn r<ct B (2.82)
OpPUCYTCTBYET TOJILKO BTOpOE
cl1araeMoe, NpeACTaBJISIOLIEe
KyJIOHOBCKOE TOJie  YaCTHIBI,
IBMKYIIEHCS B HANpPaBJIEIHH V.
Takum oOpazoM, IpH r=ct UMe-

Puc. 1.1. DBo/touns BO BpPEMEHM OKpyXa- M
fomiero GHICTPLIA 3MekTpon mons mpm pac- ©T MECTO IIEPECTPOHKA  IIOJIA
CeTHHM Ha aToMe 3JICKTpOHA, B PE3YyJbTAaT€ KOTO-

poil ¥ NUPOUCXOAWUT WU3JIy4CHHE.
VYV paccessHHOro 3JeKTPOHA CBSI3aHHOE C HUM KYJIOHOBCKOE
moJie mosiBiseTcss He cpa3y. CornacHo (2.8), B TeueHHWe HHTepBasa
Bpemenn Ar<S(ck—kvy)™!  (dyphe-KOMIOHEHTBl HOTEHIHana A,
obianaromme BOJIHOBBIM BEKTOPOM K, MpPakTH4ECKH OTCYTCTBYIOT.
Tax xak OCHOBHOH BKJIAZi B NOTEHIMANT A; BHOCST BOJIHOBBIE
BeKTOpPHl Kk, HampaBjieHHS KOTOPBIX OJM3KH X HalpaBJIEHHIO
CKOPOCTH V,;, TO WHTEPBAJ BPEMEHM, B TEYEHHE KOTOPOTO IpPakK-
THYECKH OTCYTCTBYIOT (yphe-KOMIIOHEHTH KYJIOHOBCKOrO MOJIS
paccesHHOro 5JeKTpoHa, Oymetr Macmraba At~2E2?/m2c3k. O6-
Pa3HO BBLIPaXasCh, MOXHO CKa3aTh, YTO HOCJE PACCESIHHS JIEKTPOH
B TE€YEHHE 3TOr0 BPEMEHH HAXOOUTCA B «IIOJIYTOJIOM» COCTOSIHHH,
T. €. B 3HAYATENbHOHN crenenu Oe3 cBoero mojs. IToHsTne «moJyro-
N6l 3neKTpoH» Obiio BBeneHo B pabore deitnbepra [2] mupm
H3YyYEHHH 3BOJIIOIIMM BO BPEMEHH BEKTOP-COCTOSIHUS CHCTEMBI
«QJIEKTPOH IUTFOC (POTOH» TOCJe paccesHHs OBICTpPOro 3/IEeKTpoHa
ga atoMe Ha Oospmoi yron. Knaccnueckas teopust 3dexta
6puta maHa B pabortax [3—6].

§ 3. HTEeHCHBHOCTL H3JTy4eHHs

B npenpiaymemM mnaparpade Mbl BHOEIH, YTO IPH PE3KOM
HM3MEHEHUHM CKOPOCTHM IJIEKTPOHA TNIPOUCXOAUT HU3JIYYEHHE IJIEKTPO-
MAarsuTHbIX BOJIH. M3ydeHMe HMMeeT MECTO BCEeraa, €cld 3apsi
JBUXETCA C YCKOPEHHEM *). ITonnas noTeEPpS SHEPruu qacrnueﬁ Ha
M3JIydeHHE TPU 3TOM ONpeldeNnseTcs H3BecTHOM dopmysoi [1]

+ 0

21 212
2e? ¥ —cj[v’ ]
Aéa=3—c—3 J‘ dtm’ 3.1

= oo

*) JlanHOe YTBEPXACHHE COPABEAIHBO, €CIM 4YACTHIA HBJACTCH TOHUEHHOI.
B npoTuBHOM Xe cilyuae MOryT ObITb BBIIOJIHCHBI YCJIOBHS, IPH KOTODBIX 3apsif,
OBHXKYLIMACSH C YCKODEHMEM, HE M3JIyYaeT 3JIEKTPOMAarHuTHbIX BOJH (CM. paboTrt
[7—10] 1 ccouiku B Hux).
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a CIHCKTPAaJbHO-YIJIOBasi NJIIOTHOCTh HSHY‘ICHHﬂ—d)OpMYJIOﬁ
+

2 i(wr—kr(2))
dmdd - [k 112 f drv(t)e , (3.2)

— @
rme Kk M ©-—BOJHOBOH BEKTOP M 4YacTOTa W3JYYCHHOM BOJI-
Hbl (3meck  mpeanonaraercs, u4ro wo=clk|), r(r)—rpaek-
TOPHS YacTHIBI, dOC—3JEMEHT TEJIECHOTO yrjia B HaNpaBliCHUH
H3JIYUCHHS.
Bomonaue B (3.2) uHTerpupoBaHHE 1O TEJIECHOMY YTy,
MOJyYMM CIEKTPAJbHOE paclpeleCHHe H3JyICHYs

46 _ €70 | gt diyeiot) x
do

c? . [o
X [vlvz—F(VIVI)(szZ)] sin (; fr,—r, l) /|l‘1—fz|, (3.3)

rne
0 0
v, =v(¢t v,=v(¢ Vi=— u V,=—.
1 ( l)’ 2 ( 2)’ 1 arl ar,
3amevas, yro v,V,=d/dt, u v,V,=d/dt,, Bo BTropoMm ciara-
eMoM (3.3) MOXHO BBIIOJHATL WHTEIPUPOBAHHE IO BPEMEHH IO
4acTsM. PesynbTupyroliee BbIpaX€HHE [UI CHEKTPa H3JIyYEHHs
MBI 3amHIIEM B BHIE

@
sin [ — |r(t+1)—r(t))

if—f—m dtdve’® [v(1)v(t+1)—?] <

do  mc? [r(t+1)=r(e)}
]"Lle T—tl-tz Hu t-—tz

IIpu BBICOKHX DHEPrusiX OTKJIOHEHHE TPAEGKTOPHH YaCTHUbI OT
OPAMOJIMHEHHOH Masio, no3ToMy B (3.4) MOXET OBITH BBIMOJHEHO
Ppa3JIoXKEeHHE O 3TOMY OTKJIOHEHH!O. BOCHOJIb30BaBIIMCH MAJIOCTHIO
yrjla paccestHusi 4aCTUIbl HA HHTEpBajie BPEMEHH (7, {+T), HAXOIUM,
YTO

(3.4)

v(t4+1)~xv [lﬂi%vf(t)]+v‘(t), (3.5)

rae v-v,=0, v=v(t) u v, <.

3Be304ka y BEKTOpa V, O3HAYaeT,
4TO KOMIIOHEHTBl V, OTHOCATCS
K IUIOCKOCTH, OpPTOTOHAJIBHOH V.
Ionoxenne 3TOH IUIOCKOCTH, BO- \

obILe roBops, M3MEHSETCH CO Bpe- | \ D (L)
MmeHeM (puc. 1.2). Ilpm atoMm ode- : \
BHUIHO, 4TO ) v \e

I

l—c72v(t)v(t+1)=
1 Puc. 1.2. Tlonoxenue IUIOCKOCTH *, Onpe-
Ay 4 —v2 (T), HENMOMIEA  KOMIOHEHTHI  BEKTOpa V.

2¢? B dopmyre (3.5)
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mvt— o | dev2 (D) + ——r2
Ir(t+1)—r(t)lmvT o Jdtv. (t)+2ct r?,

0
rnc

r=fdv,(t), y=(1—vic )2
0

Hcnonw3ys stu dopmynsl, Haxomum [11, 12]

+ o0 +
d__évN_ e’w dt _‘{Iei(mx
do ncy? T

- -

1 . 1 1
x[]-]-z?}ﬂv}(t)] sink I:vt—-zzjdtvf(t)+§a—rf]- (3.6)
4]

KoMIIOHEHTHI BEKTOpA V, MOXHO BBIPa3sUTh IIPHM MaJjibix yrjiax
paccessHMsl uepe3 KOMIOHEHTH BekTopa v, (f), NpeaCTaBJISIONIEro
co60if HPOEKIHMIO CKOPOCTH HacTHIbI HAa IUIOCKOCTh, OPTOTOHAJb-
HYIO0 CKOPOCTHM MaJaroliei 4acTUII ¥, (0JIOXKEHHE 3TOH IJIOCKOCTH
¢UKCHpOBAHO BO BPEMEHH B OTJIHM4ME OT IUIOCKOCTH *—CM.
puc. 1.2):

v.(t)zv (t+1)—v. (1) (3.7

Ipu Maneix yrimax paccesHWss H w3nydeHus ¢opmyna (3.2)
MOXeET OBbITh INpPEACTaBJCHA TAaKXe B BUMIC

a6 e*w?

m-:a;z—c—slh—ﬂllnlz, (3.8)
rae I, um I,—xomnoHeHTHl BekTOpa I, opToronajbHBle M mMapan-
JenbHas V,; D, —npoeknus Bekropa n=k/k Ha 1IOCKOCTB,
OPTOTOHAJILHYIO V.

IIpuBenerdsie Bbile (GOpMyNbl OTHOCHJIHCH K CIIy4aro, KOrja
3apsOkeHHast YacTHIla JBWKETCS B 33aJaHHOM HOJie B BaKyyMe.
Ecmu 3apsin IOBHKETCS B Cpelle, TO OHA OKa3bIBacT BJMSHWE HA
NoJIe, CO3JaBaEMOE 3apsIOM, a CJIEJOBATEIbHO, H HA €r0 M3JIydeHHE.
CpoiicTBa CpeIbl B IPOCTEHINEM Cciiydae OTCYTCTBHS HPOCTPAHCT-
BEHHOH MHUCHEPCHH ONMCHIBAIOTCH IUAJIEKTPHHMECKON IPOHHIIAEMO-
crbio £(®), 3aBHCAmEH OT 4acToThl ® (cM. Hanpmmep, [13]).
OTta BeJIMYMHA BXOOHT B COOTHOUIEHHE ck=@./€, CBA3BIBAIOLIEE
BOJIHOBO# BEKTOp Kk M 4acToTy ® W3ay4eHHOH BOJNHBL CrieKTpanabHO-
yrjioBas IUIOTHOCTb H3JIydeHHMS B cpefie omnpexnensiercs (popMyJioi

+ ©

2
[k, j dt v(t)ei(co:—-kr(:))]

— a0

a3 ¢ e 1

dwds e/ ’ 39
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30ech He YYATBHIBAIOTCS TEH3OPHBIC CBOMCTBA JHINEKTPHYECKOM
NPOHALAEMOCTH H CHHTAeTC, 4YTO MAarHHTHas IIPOHUIAEMOCTh
cpenbl paBHAa eNUMHHIIE.

IIpy BBICOKMX JHEPrHAX CIEKTpaJibHas ILUIOTHOCTh H3Jy4eHHS
YaCTHIBI B BELIECTBE MMeET CHEHYIOUIUH BUI:

dé e’k dr 1 v 1
Coloddt ) =t ———+—=v2[1)|x
do n J\d j 7€ [s(m) cz-}-Zc‘2 ( )]

T

x sin{k [m-zic fdt'vz(z')+2‘?r3 (r)]}. (3.10)
[}

3amMeruM, uTO coriracHo ¢opmyiae (3.1) HHTEHCHBHOCTH H3JIy4e-
HMS TPONOpPUMOHANBHA KBaIpaTy YyckopeHdus dwactrubel. OTtcioma
CleAyeT, YTO PaBHOMEPHO IBHXYIIMIiCS B BaKyyMe 3JIEKTpUYECKHM
3aps He H3JIyd9aeT J3JCKTPOMAarHUTHBIX BOJH.

CuTyanus KOpPeHHBIM 00pa3oM M3MEHSIETCS, €C/IU 3aps JBUXKET-
¢ paBHOMEPHO B CpeJie C OTJIMYHOM OT €IMHHUILI IHM3JICKTPUYECKOH
OpPOHMIAEMOCTBIO. B 3TOM ciydae 3apsan Oyner M3iy4yaTh BOJIHBL,
PacIpOCTPaHAIOLIHECS MO KOHYCY C OChIO BIOJIb CKOPOCTH Y4CTHIIbI
v, OpUYEM YTOJ pacTBOpa KoHyca OylneT paseH

9=arcos<;—:ﬁ>. (3.11)

JIeHCTBHTEIBHO, €CIM OBHXEHHE SABIACTCS PABHOMEPHBIM, TO
dopmyna (3.9) Moxer ObITh IIPEINCTaBICHA B BHIE

+ o0
f dre' 1~ /eeest,

— a0

3 2,2 2
4°& —e—v—\/?-:(n)2 sin2@ , (3.12)

dods  anic’

rae 9—yroa Mexay CKOPOCTBIO YacCTHUBI V H HaIpaBJeHHEM
BOJIHOBOTO BEKTOpa K H3JIyYeHHON BOJIHBL
BuIDOJIHMB 3/1€Cb MHTETPHPOBAaHHE [O BpEMeHH, HaiineM

d3tg _ezuz 20, __U
=g twsin®d 8(1 E\/Ecosﬁ), (3.13)

[fle !—WHTEPBAN MHHTETPHPOBaHHS MO BpeMeHH, O(x)— aenbTa-
¢yaxumus npaxa.

Tak Kak 3Ha4YeHHE v BCErJa MEHBIIE ¢, TO MpH € < | BBIpaKeCHUE
(3.13) obpamaercs B Hymb. Eciu ke €>1, TO HHTEHCUBHOCTH
H3JydeHHss OyJeT OT/JIWYHA OT HyJS IpPH BHIIOJHEHHH YCIOBUSA
(3.11). UapiMu cioBaMH, NPH PAaBHOMEPHOM IIBIDKCHHM YaCTHIIbI
TOJBKO B 3TOM Cly4ae BO3MOXHO wH3nydeHue. Yciorue (3.11)
0o3HauaeT, 4YTO VIS HM3JydeHHs HeoOXoaumMo, 4TOObI CKOPOCTH
YacTHILI B BEIECTBE IPEBOCXOAWIA (a30BYI0 CKOPOCTH c/\/_é
JIEKTPOMATHUTHBIX BOJH. DTO H3Jy4eHHE HA3BIBACTCA HIJTYyICHHEM
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BaBusioBa — Yepenkona [14, 15]. OHO Ob110 OTKpHITO YEepeHKOBBIM
B 1934r.

Bomonnue B (3.13) mHTErpHpoBaHHe mo yriiy 6, Noxydum
CHEKTPaJbHYIO IUIOTHOCTh YEPEHKOBCKOI'O H3JIYYEHHS NPH HacToTe

[O%
d&_ 2 -2 _ (,‘2

®opmyna (3.14) mocur Haszpauue ¢opmyisl Tamma — DpaHka.
Teopus abdexra BaumoBa— Uepenkosa Obuta passura TaMMoM
u Pparxom [16].

UepeHKOBCKOE H3JIyYEeHHE MOXET pacCMAaTPUBATLCH KaK MHOTEPS
SHEprdd paBHOMEDHO MIBHXYIUEHCA vacTUIbl Ha wusnyuyenue. Ho
Ipd pPaBHOMEPHOM [IBUXKEHHM YaCTUIA TEPSAET CBOKO 3HEPTHIO
TaKXe Ha HMOHM3aluil0 atoMoB cpenbl. 110 cpaBHeHHIO C nmoTepeit
SHEPruM Ha MOHHU3ALHIO YePEeHKOBCKHE IIOTEPH, BOOOINE TroOBOpS,
MaJibl (CM. HXke, . 9).

§ 4. /l/mmma KOrepeHTHOCTH

OcHOBHOM OCOOEHHOCTBIO NpPOLECCa W3JIYyYEHMS YNbTPapeisTv-
BHCTCKOM YaCTHLBI SBJISETCS TO, YTO OH Pa3bIIPLIBAETCH B 0OJIACTH
OOJNBIIMX pPACCTOSIHUA B HANpPaBJIEHHH [ABWXEHUS. DTO sBJICHHE

X OPOSBJISETCS. TEM CUJIbHEE, YeM O0JIb-

e BHeprus vactrubl. YUToObl ybe-

IATHCA B CIPABEITMBOCTH O3TUX VT-

BEPXKACHMHA, PACCMOTPHAM BHAKCHHE

g 2 GwicTpoit wacTHUBI B Cpese mO Tpa-

0 t eKTOpHH, OJIM3KOH K MPSMOJIMHCHHOM.
Puc. 1.3. Pasmocts a3 anextpomar- laKasl dacTMma OyaeT, O4YEBHIHO, H3-
HHTHBIX BOJNH, HIAYSaeMBIX OMeKTpo-  jryqaTh. IIpW 3ToM pasHOCThL (a3

Hom ma mymn / A@ BOJIH, H3/Iy4a€MBIX YaCTHIEHA MOM
yrjioM O K ee HMIyIbCy B MOMEHTH BpeMeHd ! u (t+1/v),
oyner pasHa (puc. 1.3)

Ap=ol/v—kicos0, 4.1

{ne / —)IlyTb, NPOXOJUMBIH dacTHUeil 3a MHTEpBaJl BpEeMEHH
t, t+1/v).

Onpenenam amuny !, 6), Ha KOTOPOI popMUpyeTCs W3TyueHHe
YaCTHIBI C YaCTOTOM ® MOA YIJIOM 0 K ee MMIYJILCY, KaK PacCTOSIHHE,
Ha KOTOPOM A@ =1, T. €. Kak OTPE30K IyTH, C KOTOPOTO BCE BOJIHbI
H3JIyYaroTCs MCTOYHMKOM B ¢asze. Torma Jierko BHMIETb, 4TO

(o, 8)=(w/v—kcos0) ~ 1. 4.2)

B cpenie wacTtoTa o cBsi3aHa ¢ BOJHOBLIM BEKTOPOM H3JTyYeHHOMN

BOJIHBI K COOTHOIIEHHEM ck=\/;:(o, II09TOMY JUIMHA (GOPMHPOBAHHUS
ustydenus /(o, 6) npmobperaer Bun

/o, 9)=£(1—§\/Ecose>_l. 4.3)
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Mpbl BUOMM, 9UYTO €CJIH v"\’/gcow:c, TO JAJUHA l(co, 6) 00-
pamaercs B O€CKOHEYHOCTb. YacTuma B 3TOM CJyvae NBHXKETCS
BMECTE€ C BOJIHOH, HAXOMsCh BCE BpEeMsS B TOYKE C OJWHAKOBOM
(da30#; mpM O3TOM DJHEPrHs YacTUIbI HENPEPLIBHO HEPEXOTUT
K BOJIHE. DTOT CJIy4yall COOTBETCTBYET HYePEHKOBCKOMY H3JIyYCHUIO
IpM PABHOMEPHOM [BHXKCHHH 3apsDKEHHOH 4YacTHIbl B CpeEZe.

Taxo# moaxon K paszbicHeHUIO (GU3UUeCKOU CyIHOCTH 3ddekTa
BaemioBa — UYepenkoBa upuHamiexutr Ppanky [17] (cm. Takxke
[18]). HcxomubiIM B HEM SBJISAETCS PpaccMOTpeHue (ha30BBIX
COOTHOIIEHMHN Ui BOJIH, M3JIy4aeMbIX YacTHLEH ¢ pas3sauyHbIX
yyacTkoB nyTH. ([AnmHy GOpMHpOBaHMS W3JIy4YeHHS, T. €. UIHHY,
Ha KOTOPDOH H3Jy4YeHHbIE BOJHBI CKJAAblBalOTCS H YCHJIUBAIOT
Apyr Ipyra, ®pask Ha3Bag 30HOH PpeHens, MO aHAJOTHH
¢ TeopHed IuppaKIUA.)

TlomuepkHeM, 4TO NOHATHE UIMHbI (POPMHMpOBaHUS H3JIyYeHMS
HMeeT CMBICT BCETa, HE3aBUCHMO OT BEJHYHHBI € OHa BCETNA
onpenensieT IMOPSAOK BEJWYWHBI MPOCTPAHCTBEHHOW obsactw, s
KOTOPOM CYHIECTBEHHBI HHTEep(hEpPEeHUMOHHbIE 3PQeKTsl TpH U3-
JIyYEHHUHN.

IIpu BBICOKMX 3HEpPrUsiX XapaxTepHblE 3HAYCHHS YIJIOB H3Iyde-
HAsL 4acTHIbl B BELIECTBE Majbl 1O CPaBHEHHIO C eOUHMLCH:
Bs~mc?/E. B atoit obnactu yrinos mpu e=1, cornacuo (4.3),

J/
Ho, 0)=—5, 4.4
(O)’ ) 1 +7292 ( )
rae y=E/mc?—nopeHu-GpakTop YacTHMIBI, BXOAAIIAs B ITO BbI-
paxeHue OJjuHa

=2 (4.5)

Q]

onpeAesiseT NOPANOK BEJIMYMHB! NPOCTPAHCTBEHHON 00JacTH BAOJb
UMIYJbCA YAaCTHIBI, B Mpeleiax KOTOPOH MpOABIAIOTCS HH-
TeppepeHionnbe 3GGEXTHl NPHA HM3NYUYeHMH. JTa BeJHYMHA HOCHT
Ha3BaHHe AIMHBI KorepeHTHoctH [19, 20] (mpuyuHa 3TOrO Ha3BaHWS
Oymer pa3swsicheHa Huxke, B § 13).

3navenne /. OBICTPO pacTer C POCTOM J3HEPrHM YacCTUIbI
E u c yMeHpIICHMEM 4YacTOTbl H3JyYCeHHOH BOJHBI 0, U TIpH
J0OCTaTOYHO OO0jgblMXx E H Majiblx ® OHa MOXET JIOCTHraTh
Makpockonuyeckux pa3mepoB. [lo 3Toit npuumHe He Bcerga MpH
MCCJICAOBAHUHU OPOLIECCa U3IYYEHNS MOXHO OTPAHUYMBATHCS YHETOM
B3aMMOJICHCTBHSA 3JICKTPOHA C OJHOH 3aps>KeHHOM vacTHIeH, B ua-
CTHOCTH, C OJHHM 3apsiKE€HHBIM SAPOM. OTO 3Ha4UT, YTO €CJIH
I, 6onpme pa3Mmepa aToMa, TO HEOOXOIUM YYE€T B3aHMONEHCTBHS
Hafarolliero 3JJIEKTPOHAa HE TOJBKO C ATOMHBIM SIPOM, HO
U C aTOMHBIMHU 3JIEKTPOHAMK. ITO B3aHMOICHCTBHE YYHTHIBAETCSH
kak 9p¢eKkT SKpaHMPOBAHUS B TEOPUHM TOPMO3HOIO H3IyYCHUS
bere m Taiitnepa . [21, 22]. Ecau xe [, mpeBocXomauT cpenHee
PaccTOsiHAE MeEXIy aTOMAaMH Cpelbl, TO HEOOXOONM y4eT BJIHMSHMS
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KaKk aTOMHBIX 2JIEKTPOHOB, TaK M MHOIMX AaTOMOB Ha IIpoOIecc
uznydenus [23—25].

IIpu nonyuennn BeipaxeHust (4.3) mid nyTtH GoOpMHpPOBAaHUS
H3JIyYEHHs] TIPEANOoJIarajioch, YTO TPAEKTOPHS YaCTHIL! B BEIIECTBE
npeacraBasger coboil MPAMYIO JIMHUIO WM Majo OTJNYAeTCs OT
Hee. MOXHO JIeTKO ydYecTh TakXe H H3MCHEHHE HalpaBICHHS
TpaekTOpHH, 00YCIOBIEHHOE CTOJIKHOBEHMAMH (YIPYrMMH) 4aCTHIIbI
C aroMaMH cpedpl. s 3TOro HYXHO TONBKO B dopmyie (4.3)

3aMEHHMTh ¥ Ha v =0vC0sY;, rae 9,—yron MHOrOKpPaTHOro pac-
CEesIHUS YaCTHIUBI HA [UIMHE KOEPEeHTHOCTH (YepTa O3HAYaeT CpelHee
3HaueHue BeaMYHHBI cosY;). Torma Mel mpuaeM K cIeOyrOIIeMy
BBIpQKEHUIO [UIA JUTHHB! (JOPMUPOBAHHS U3JIyYCHHUs, MOJIYHYCHHOMY
B pabore I'anmuuxoro m I'ypesmya [26]:

o, )= — 2% 4.6)

o—kv-cosI;-cosO

3aMeTuM, YTO CpeflHEe 3HAa4YCHHE COsY; B BelecTBE camMo Mo cebe
3aBHCHT OT IUIMHBI (POPMHPOBAHHSA H3JIY4eHHs, mMO3TOMY dopmMyna
(4.6) mpencraenser cobo B HEHCTBUTENHLHOCTH YpaBHCHHE I
onpenenexns (o, 6).

VyuteiBas MajoCTh XapakTEPHBIX YIJIOB PacCcesHUsl U M3JIyYECHUs
PEIATUBHCTCKOH YacTUIbl B BEUIECTBE, HAXOOUM, 4YTO IpH &=

L

Mo )=

4.7

W3 3T0orO0 COOTHOIUICHHWS BBITEKAET, YTO €CJAM Ha JINHE

KOT€PEHTHOCTH BHINOJHSETCs yciaoBue Y292 <1, o ¢opmyna (4.7)
nepexoautr B ¢opmyny (4.4), nmpudeM Takoi nepexo] OCYLIeCTB-
JISETCS. HE3ABHCHMO OT TOTO, B KaKO# cpelle IPOUCXOIUT H3JIydeHHe
(8 amopdHO# wiM KpucTa/uM4eckoif). JTo oO3HA4aer, Y10 cama
no cebe IJMHA KOTEPEHTHOCTH elle He ONmpeneiseT IWHAMUKH
mporecca u3nyueHusi. VIHBIMH CIOBaMM, OCHOBBIBASICH TOJIBKO Ha
BhIpaXeHuu Wi /(w, 6), MbI He MOXeM CKa3aTb, NPUBOIHMT JIH
uaTepdepeHMsa B INipelenax JUIAHBI KOTEPEHTHOCTH K YCHJICHHIO
W OCJIabJIeHHI0O WHTEHCHBHOCTH U3NIydeHus. B dactHOCTH, npH
PaBHOMEPHOM [BHXKEHHM dacTuibl ¢opmyna (4.4) cama mo cebe
TOXE HMeEET CMBICJ, XOTS B 3TOM Ciydae NIpH £=1 HHKAKOTO
U3JTy9eHHus HET.

C pocroM sHeprum 4YacTHupl £ M C yMEHBIICHHEM YacCTOTHI
® W3JTyYeHHOH BonHbI 3Hauenme /(w, 0) pacrer. Pactyr mpm stom
u cpequne 3Hauerus 97, Ilosromy ¢ pocrom /(w, 8) ycnosue
v?97 <1 Gymer HapymaThCs. .

®opmyna (4.7) nokaseiBaer, 4ro npu y>37>1 mmna hopmu-
pOBaHMS H3JIyYeHHs OYAEeT YMEHbIIATHCS IO CPaBHEHMIO C IJIMHOIMA,
ompenensiemoi popmynoit (4.4). IloauepkHeM, 4TO ITOT pe3yabTaT
CBUIETEJILCTBYET TOJIBKO O TOM, 4TO npu 297> 1 ymeHbIIaeTcs
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pa3Mep TIpOCTpaHCTBeHHO! OONACTH, B mpeaesiax KOTOPOH CyImecT-
BeHHB HHTepdepeHIMOHHble 3GQeKTH Npu W3JTyYeHWH, HO TIo-
MPEXHEMY, OCHOBBIBAsICb TOJNbKO Ha BenuuuHe [(w, 0), Hesb3s
CKa3aTh, KaK pa3BHUBAETCA NPOLECC M3JIYYEHHWS B Ipeaesax MIIMHBI
KOT€PEHTHOCTH.

§ 5. U3znyuenwe npm pa3/MuHLIX COOTHOIIEHHSX
MKy YrjJaMH paccesiHMsi H H3IYYCHHSI PeJISTHBHCTCKOH YacCTHIbI

Ilpn paBHOMEPHOM JBHXKEHHH 3apsDKEHHOW YacTHIBI B BaKyyMe
d3Jayuenre orcyrcrsyer. s H3nyvyeHUss HEOOXOOUMO, YTOOBI
TPAeKTOpHUSl OTJMYajdach OT MNpsAMOH. Mbl paccCMOTpUM Hpexie
BCEro 37eCh cCiy4yaH, KOra TpaeKTOpHs MaJio OTJIMYAeTCs OT
npsmoil. Bynem cnepsa mpeanonararb, YrO YroJi paccesiHUS
YaCcTUIBI Ha JJIMHE KOTEpEeHTHOCTH 9; Majl IO CpPaBHEHHIO C Xapak-
TEPHBIM YIJIOM H3JIy4€HUS PEATHBHCTCKOM HaCTHHBI O~y '

<1, .n
Torma B ¢opmyne (3.8) Moxer OBITb BBINOJHEHO pa3JiOKEeHHE

0o YIJy paccesHusi. B nepBoM NpHOJIMXEHAH TAKOTO Ppa3JIOXKeHHUs
CHEKTpajibHash TUIOTHOCTh H3JIYYEHHs HUMEET BHI

+ o
d¢ _e*o dgf , _8(, 3 2
e J?[l 2:1(1 Z)Z’IW(q)I , (5.2)
)
rae
+
« s i
SZEE'Y_Z W(q)= Jdtvle qt. (5.3)

hlle )
Bxomsias crofia BEJIUYMHA ¢ CBSi3aHA C YIJIOM 0, TIOJ KOTOPHIM
() —
NPOMCXOAMT M3JIy4YeHue, CooTHoIueHneM g=—(1—nve™!), mosromy
[4

HHTErpUpoBanye 1mo ¢ B (5.2) (akTHYeCKH COOTBETCTBYET HHTET-
PUPOBaHHIO IO YIJIaM H3JTy4YeHHs.

MBI BHIMM, YTO NpH BhIMOJHeHUM ycioBHs (5.1) cmexTpanbpHas
IUIOTHOCTh H3JIyMEHHsS] OIpPENENseTCs TOJBKO (ypbe-KOMIOHEHTOH
yCcKOpeHus vacTunpl. Ilpn 3ToM monepeyHoe cMelieHne H3JTyqaronei
YaCTHLBI HA JJIMHE KOTEPEHTHOCTH Ax~ 3/, Mamo mo CpaBHECHHUIO
¢ JUIHHOH H3NY4YEHHOH BOJHBI A=c/®. Ilo 3THM mpUIMHAM MOXHO
CKa3aTh, 4TO PopmyJia (5.2) COOTBETCTBYET JUNOIBLHOMY NpuOIHKe-
Huro [27].

CpaBHMUTENBHO OpOCThie (OpPMYJIBI MOTYT OBITH IOJYYEHBI
TAaKXe B ClIyyae, KOTZa BBITIOJIHSAETCS YCIOBHE MAaJIOCTH U3MEHEHHS
KPUBH3HBI TPAEKTOPUM YACTHIBI MO CPABHEHHUIO C CAMUM PaJUyCcOM
KPUBU3HBI B Ipedenax IJIMHBI kKorepeHTHocTu. [locnenHee ycioBue
O3HayaeT, 4To JMHA /=vAT, Ha KOTOPOH (HOPMHUpPYETCS H3JLyuYCHUE,
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JI0JDKHAa OBITh Majla 1O CpPaBHEHHIO C JUIMHOA As, Ha KOTOpPOH
CYUIECTBEHHO HM3MEHSETCS BHEIIHee mosie. MHBIMH CIOBaMH, BHe-
IIHee MoJie B HOpeAeiax [JIMHbI KOTEPEHTHOCTH HOJIKHO OBITH
6mmu3ko kK omHoponHoMmy. Ilo 3ToH nNpHuMHE paccMaTpUBAEMOE
NpHOJIMKEHNE MOXHO Ha3BaTb MNPHOJMKEHHEM OTHOPOIHOTO HOJIS.

Ilpu BBIMONHEHUH YCNIOBHUSA [ << As KOMIOHEHTH! BEKTOpa V, Ma-
JIO H3MEHSIOTCS HAa HHTEpBaje BpeMeHH AT, NaioHIeM TJIaBHBIN
BKJIaA B uHTErpan mo t B (3.6), noaromy cormacuo (3.7), umeeM

ve(D)xw, v (1)
Hcmonb3yst 3TO COOTHOIIEHWE, MOXHO mpeAcTaBuTh (3.6) B BHAE
+ o0
dé& 2e%m 1 1 .
—=— T|-@ — | dx®d(x) |, 5.4
w22 gl o] [ asor| (4

rae u=(o0cy |V, Y)?? u ®(u)— bynkums Oiipu:

®(u)= \/_ d&cos <u§+ &3) (5.5)

Ilepemennass & 3aech cCBsi3aHA C_ INEPEMEHHOM 1T, BXOIAIUEH
B (3.6), coorHowennem 28=t1(c” (ovz)”3
OcHoBHON BKjJad B (QyHKUHIO OWpH BHOCAT 3HaveHHs E~1,

ecmt usl m E_,~\/;, ecmd u> 1. Ompegensig OTCIOAa MHTEPBAI
BpeMeHd AT, 3a XoTopeif GoOpMHpyeTCs U3JIYyYCHME, 3alMIIEM
HepaBeHCTBO VAT<KAs B BHIE

9 (As)min (1, /u)> 1, (5.6)
rae 9(As)=v,v7?-(As)-—yron paccesHHs Ha HHTEpBaje BPEMEHH
At=As/v. Takum o00Opazom, ¢opmyna (5.4) chnpasennusa, €Ciid
YroJl paccesHusi 4acTHIbI Ha IjuHe As MHOro O6oJiblie XapaxTep-
HOTO YIJIA M3JIyYEHHS PEJIATUBACTCKOM YACTHLBI O ~7~

DTO YyclioBHE, B YACTHOCTH, BBINOJIHSETCS NPH OBMXECHHH
YacTHIB! B IIOCTOSHHOM H OJHODOJHOM MAarHMTHOM TOJie, Korja
paguyc KpHBH3HBI TPAaeKTOpHHM BooOIIe He m3MeHseTcs. Tax, npu
JBIXKEHHH 1O OKPY)XXHOCTH B MAarHUTHOM MOJIE C HaNpsKEHHOCTHIO
H pammyc OKpYXHOCTH, Kak H3BecTHO ([l], paBeHn

Ry=my/eH. 5.7

VYckopeHne B 3TOM cCilyyae HANpaBJICHO N0 pAaXUyCy K UEHTPY
OKpYXHOCTH Hu ompexnensercs dopmynoid v=eH/E. Ilpu 3tom
yrojl paccesHUss 4YacTHIbI Ha uHTepBane BpeMmeHH (0, 1), Majom
[0 CPaBHEHHIO C MEPUOIOM €€ BpaHICHWS HO OKPYXHOCTH, paBeH
9(t)=eH1/E. Tloacraass 310 cooTHomenue B Gopmyny (3.6),
HOJIyIMM CJIEAYIONIiee BbIpaKEHWE IIsi CIIEKTPAJIbHOH IUIOTHOCTH

H3JIYYCHRA!
3
48 _\3eHT TF(—), (5.8)
Oy

-2

do 2n m
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rae
(DH=3€H'YZ/2m, F(E_,)=§?dXK5/3(X)
13

3xech

X0

Ks)s (x)=2\/3—nd_‘i[&u(“2+§ de(l)(y)], (5.9)

u
rae @ (x)—oynxkuus Diipn u u=(3/,x)?3.

V3nyyeHne B 3TOM Cilydae HOCHT Ha3BaHHE CHHXPOTPOHHOIO
u3siydends. (TeopHH 3TOTO M3JyYeHHs TOCBSINEHO GONBILOE YHCIIO
pabor—cm. o63oper [1, 28-—32])

Ha puc. 1.4 npencrasien rpapux dynkuun F(E). [IpuBenenusle
pE3yNabTaThl  MOKa3bLIBAKOT,  HYTO -
CHEKTP CHHXPOTPOHHOTO H3Jyde- g gz |-
HUS CONEPXHMT MAKCHMYM B 06-
JIACTH  4acTOoT @R~ /30y H
4TO B OOJNACTH 3TOTO MAaKkCUMyMa  , o
CHEKTpa/JbHasg  IJIOTHOCTH W3- !
Ay4EHHS 1O TOPSAKY BENMYMHBL
paBHa

ld_‘g_e~‘izl. (5.10) 0 029 1 2 E
Tdo Ry Puc. 1.4. T'papux dynxmuu F(E), ompene-
OTMCTHM, uTO JNUHA Korepeﬂ_ JISIOLIMH CHEKTP CHHXPOTPOHHOIO H3JIy4e-
THOCTH B 00JIaCTH MaKCHMyMa CHH- s
XpoTpoHHOro u3nyuenus [, =2y2c/wgz~4m/3eH mana mo cpasHe-
HHIO C DaJMyCOM KPWBH3HBI TpPaeKTOpHH dvacthubl (5.7).

§ 6. OnaynsiTopHoe u3JIy4eHHe

PaccMoTpuM Temeph M3NyYEHHE B TOM Cllyyae, Koraa Ha
YacTHIy M[CHCTBYET MNEPHOAMYECKast B NPOCTPAHCTBE H BPEMEHH
Clila B HalpaBJeHNH, NEpIeH-
OUKYJISIPHOM Ha4aJIbHOMY [BH-
xenuro vactuusl (puc. 1.5). Ta-
KOe MBYOKEHHE Ha3bIBaeTCsl OH-
NYJIATOPHBIM. YacTHBEIM mpHMe-
POM OHAOYJISATOPHOTO [IBHXKECHHUS
SBJISIETCS NIBHXXEHUE MO BHHTO-
BOU JIMHUM, OCb KOTOPOTO HampaBJjieHa BIOJbL Ha4aJbHOM CKOPOCTH.
B oOmem ciayvyae npu OHAYIAATOPHOM JIBHXXCHHHM KaK IOIEpevYHas,
TaKk M INPOJOJbHAs COCTABISIIOIIME CKOPOCTH YacTHHBl OyayT
nepuonuyeckuMu  (QyHKnMsiMu BpeMeHu. (CaMa TpaeKTopus IpH
3TOM OyIeT YHOBJIETBOPATH COOTHOILEHHSIM

- + = 4+

Puc. 1.5. [Bmxenue ObICTPOH 3apsKCHHOK
4aCTHIBI B IJIEKTPHYECKOM OHIYJATOpE

v+ T)=v \T+r(t), r. (t+T)=r (1), 6.1
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rae T—mnepuon kosneGaHus, v)— CpeaHsis CKOPOCTh HOCTYNATENb-
HOTO JBMXKEHMS 4YacTHIIbI
T

1
V” =°7';J\dt v (t), (6.2)
o
r,(f) u r, (tf)—cocraBnsroume paJHyc-BeKTOpa TPaeKTOPHH YacCTH-
ubl r(¢) BIONBb U HONEPEK V.

Jns Toro 4To6bl HaWTH CHEKTP U3JIyYeHUs IPU OHIYJIATOPHOM
JBYDKCHIH, HEOOXOAMMO NMOACTaBUTEL GopmyJs (6.1) B cooTHOIIEHHE
(3.8). ITocne N xonebanuit YacTHIpl B OHAYIATOPE CIIEKTpajIbHAsI
IJIOTHOCTh H3NIydeHHs OyaeT paBHa

s _ e*w? sin{NeqT/2) 2, - 2
%~4n2c3jdc(sin(cq7/2)) I nlIH s 6.3)
rae
q=%)(1—-nV”C_l),
T
{Iy; 1}=Jdt{c; vl(t)}exp[i-?(ct—nr(t))].
0
Eciu N>1, TO
2
sin NeqT |2 2n .
(sinch/Z) _’NC—T‘,ZV‘,S(Q V)’ (6.4)

rae v=2nn/Tc u n=0, +1, +2,.. Ilpu stom dopmyna (6.3)
npuobperaer BULI
2n

do|1, —n I}|% (6.5)

dw 2nTc? _
v(l4+c72y2v21)8 o

d¢ N eln Z

3mech d=w/2cy? @ —a3MMyTanbHLIA yYron (B OpPTOrOHANBLHOM
V| IUIOCKOCTH) BEKTOPA N, ONPEACISIOUIEro HanpapieHUe U3JTyYeHHUS;

¥ v3-——cpenHee 3HavyeHMe KBaApaTa MNONEPEYHOH KOMIIOHEHTHI
ckopoct vactuust v, (¢). Tak xax

q=:)—2(c—nv“), 10 v=(1+c 2yv2+7202)8

onpezeseT 3Ha4CHUE yria 9, MojJ KOTOPbIM NPOHUCXOIUT HU3JTyYeHHE.

B _JMIIOJIbBHOM HpHGJIH)KCHHH, KOrga BbINOJIHACTCA YCIIOBHUC

c " 2yivi <1, nMmeeM

s _ etow o, ,8( 8 vy 2
%_Nigmv [1 2v(1 v)]lW(v)l, (6.6)
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rae
W' (v)= £ drv (t)exp(ivet).

®opMmysia (6.5) mokaspiBaeT, YTO CHEKTP M3JIy4YeHHsi OwicTpoit
4aCTHILI B OHAYJSATOPE COJAEPXKHUT Pe3KHE MAaKCHMYMBI Ha 9acToTax,
KPaTHBIX 4acTOTe

2
o=—2 21 6.7)
1+c72y%w2 T

BO3HMKHOBEHHE O3THX MaKCHMYMOB CBS3aHO C HHTepdepernueit
BOJIH, H3JIy4aeMBbIX YaCTHLEH C TNEPHONHYECKH MOBTOPAIOUIUXCS
y4aCTKOB MYyTH, ¥ COOTBETCTBYET 4acCTOTaM, IUIS KOTODBIX IUIMHA
KOFEPEHTHOCTH CpaBHHMa ¢ UIMHOM )T, MPOXOAMMOH YacTHLEH
3a mepuo OgHoro kojiebanus. OTMETHM, YTO VIS PENSTHBUCTCKUX
YacTHIl MaKCHMYM OHIYJIITOPHOroO u3ny4deHus (6.7) coOTBEeTCTBYyeT
4acTOTe, KOTOpas HO HMOPSAKY BEJWYHMHBI B 2y° pa3 NpeBOCXOIHUT
yacrory (27 /T) meficTBusl Ha YaCTHLly BHENIHErO IMOJS.

TakuM 00pa3oM, OHOYJATOP MOXHO pPacCMaTpUBaTh Kak
reHepaTop 3JIEKTPOMAarHUTHOTO H3JIYYEHHs, NO3BOJIAIOIIAA moJly-
YATh M3NYYCHHE CYIECTBEHHO OOJIbIEH YacTOTHI MO CpPaBHEHHIO
C YacToTo# [eicTBHA Ha 4dacTuuly BHewHero nois. Ha sto
BriepBbie oOpatusi BHuMaHue I'uu3Oypr [33]. Teopus ommynsTop-
HOro u3JiydeHWs B JajbHeiinieM pa3BuBajiach B paborax [34—38]
¥ H3jIoXeHa B oO3opax [18, 38—42].

B xavecTBe OHIOyNATOpa MOTYT ObITb MCIHOJIB30BAaHBl TaKXe
€CTECTBEHHBbIE KpHCTAJUIbl, TaK KaKk MpHW [BIKEHHH 3apsKEHHON
YaCTUIBI B KPHUCTAJUIE MOXET OBITH peaju3OBaHO OHIYJISATOPHOE
neuxenne. K sTtoMy Bompocy MBI BepHEMCs HIDKE, B IJ. 6.

PaccMOTpHM B KayecTBe IpHMEpa OHAYSITOP, B KOTOPOM
IBYOKEHME OLICTPOH 3apskeHHON 4acTHUBI NMPOMCXOMUT BHOJb OCH
z, a Bg:]%Mymaromax CHJIa HamnpaBjieHa BAOJIb OCH X W HMeEET
Bun [3

F=2[v, H], H=-JHsin, (6.8)

rae J-—eIMHUYHBIH BEKTOP B HANpaBleHHH ocH y. JIBimxeHHE
YacTHIB! B 3TOM CJIy4a€ NPOHCXOAUT B TapMOHHYECKH W3MEHS-
JolileMcsl BAOJIb OCH OHAyJsATOpa (OCH Zz) MAarHUTHOM ToJie
HanpsokeHHocTH H (A — miviHa, Ha KOTOPO# NMEPHOOUYECKH H3MEHS-
€TCS MAarHuTHOE IIOJieé BNIOJIb OCH Z).

TpaekTopuss yacTHLBl B TaKOM TIOJI€, YIOOBJIETBOPSIOIIAS Ha-
4aJibHBIM YCIOBHSIM Xx=y=z=0 u x=cf, mpu t=0, corjiacHo
(1.6) u (1.7) oupenmensercs COOTHOLICHHEM

r(¢)=ix,sin Qt+k vt —(82),sin 2Q¢], (6.9)

rae i u k—enuHUYHbIE BEKTOpPHI BAOJbL ocelt x u z; Q=2rn/T—
yactota KojeGammit u T=A/2ny,—uX ©NEPUOT; X, =cP,/Q
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" (82),,,=Qx,2,, /80— MaKcHMAIbHBIE SHAUCHHS aMILTATY ] KoJiebaHuit
qacTiipl BIOMb oceil x u z; v=v(l—c B,,,/_étv )—cpenHee 3Have-
HUe CKOPOCTH BIONb OCH z; CBn=ecHAE™', npmieM B,<1.

IMoacTaBisis 3TO BbIPAXEHHE I TpaekTopuM B (opmyiy
(6.5), HOJyYHM CHEKTp H3JIyYCHHA.

[Ipu  BBLINOJHEHMM  YCJIOBHMS  JHMIONBHOCTH  U3JIyYEHHS
¢ 2y%v1 <« 1 HU3MEHEHWEM IPONOJILHON COCTABIAIOMIER CKOPOCTH
yactunsl B (6.9) MoXHO mnpeHeOpeun:

r(¢)~ix, sin Q+kyyt. (6.9a)

Ilpu sTOM corjiacHO (6.6) creKTpajpHas IJIOTHOCTH M3JIy4eHHs
Oyner paBHA

" ere200|1-2%8(1 58 .
d& N20—3e x,,,Qm[l 29(1 Q)] Q=6-¢, 6.10)

dw 0, Q<d-c

Takxum o6pa3om, B AUNOJHHOM HPHOIMKEHAN CIIEKTP U3JIy4eHUs
4acTHIbI, ABWXKYLIeHcs B mosie (6.8), cONEpXHUT OOUH MaKCUMyM
OpY 4acToTe ®p=2y2Q.

®opmyna (6.10) cnpaBemMBa, €ciM BBINOJIHAETCA YCJIOBUE
YBpn<<1l. C pocrom 3Hauenmit H ®W A 3TO HEpaBeHCTBO
Hapymaetrcs. Ilpm SToM Henb3s nonab3oBarthesi  (popmynamMu
OUIOJIbHOTO IPUOJIMKEHHS, ¥ CHEKTP W3JIYyIeHHS HeoOXO0AMMOo
onpedenaT) mno obmei Qopmyne (6.5). B obmem cnyuae
BBLIYKCJIATH BXOISIIKE B 3Ty GOPMyNy MHTErpajbl B aHAJMTHYECKOM
BUAE HE YHAE€TCAd, TNOITOMY HAXOXAEHHE CHOEKTpPa W3JIyuYCHHS
MOXeT ObITh MNPOBENEHO C TOMOINBIO YHCIEHHBIX pPacdeToB
Ha OBM (mns maxoxnmenus dé/do® HeoOXOOUMO BBIYHCIHTH
JBOMHOM WHTErpaj MO BPEMEHH H [0 a3uMyTaJbHOMY YriIy
® ¥ BBHIIOJTHUTE B (6.5) CyMMHpOBaHHE IO V).

Ha puc. 1.6 npeacraBieHsl pe3yibTaThl BLIYHCIEHHHA CHEKTPOB
OHAYJIATOPHOrO H3JIydeHHMs B CIIyyasix, KOrJa NapaMeTp HeOHNOJb-

fol
x=

sl g5
6 !
4 -

- 2
2}

.

" - ' 1 i 1
0 09,5 1,0 15w,

Puc. 1.6. CrniekTpaysibBas IJIOTHOCTE OHAYISTOPHOIO HM3JIy4E€HHA IPH Pa3JIMYHBIX 3HAYEHHSX
nmapaMeTpa HEIRNOJILHOCTH M3Jy9eHUs
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HOCTH ®=Yf3,, cooTBeTcTBeHHO paBeH 0,5; 1 u 2. [lo ocu opauHaTt
Ha 3TOM pPHCYHKE OTJIOXKeHa ¢yHkuus f,, CBs3aHHast ¢ dé/dw
COOTHOLIEHUEM c d& [do=8Ne?n*n~3f,.

W3 cootHomeHus (6.7) ciaeayer, 4TO C y4eTOM HEIUIIOJBHOCTH
npu OBWKEHHH YacTHIBI TO TpaekTopuu BHUAa (6.9) mnepBsi
MAaKCUMYM CIEKTpa H3JIYYEHHS] COOTBETCTBYET YacTOTE

Om=0p/(1+1/,%2), (6.11)

rae op=_2y2Q—nojoxeHHe MakCUMyma B JUIOJLHOM NPHOIIHXe-
guu. Taxum oOpa3oM, yYeT HEOUNOJLHOCTH H3JIYYEHHS MPHBOJUT
K CMELICHHUIO TIOJOXEHHS MaKCUMyMa OHIYJIAITOPHOTO H3JIyYeHHs
B obOylacTh Oo0Jiee HM3KMX YacTOT 4YeM 9YacToTa Mp.

[IpencraBnensple HA puc. 1.6 rpadMky MOKa3BIBaIOT, YTO IPH
0<®, B paccMaTpuBaeMoil 00JacTH ¥ AMIOJbHOE NPUOIKEHHE
¥ TouHasg GopMmyJia HaroT OJH3KHE pe3yibTaThl A1 WHTEHCHBHOCTH
M3JIyYEHNs HE3aBUCHMO OT BEJIMYMHBI Hapamerpa x. CBsi3aHO 3TO
C TeM, 4YTO MapaMeTp HEOHIOJbHOCTH % BXOAHT B CHEKTP
usnyyenns (6.5) B Buge komOuHaumu (ox?/2wp), mosTomy B 00-
JACTH MaJslbiX 4acToT (W<<®p) 9Ta BeNMYMHA OymeT Mana
HE32aBUCHMO OT 3Havyenus x [12].

HetictBatenbHo, moacTtasiss (6.9) B (3.6) u 3ameyas, 41O

yos(t)=v[v. (t+71)—v, ()] = —2usin % cos(n +§>,

rae £E=Q1 1 =0, OOJYYUM IOCJe HHTETPUPOBAHUS MO T

[e ¢}

s de e\,
%=4Ne2C{J€[<1+u2sm2§)(smC)Jo(D)—

0

—uz<sin2§>(cosc)11(p)]—g}, (6.12)

rae Jo(D) u J,(D)—oyuxuun beccens, {=o/0p,

C=C[<1 +§>§—2u2@¥], D=%Cx2|:sin§_‘%&ﬁ)]'

®opmyna (6.12) cnpaBepnumBa npu moObIX wactotax. OHa
HENOCPEJACTBEHHO IOKAa3bIBAC€T, YTO X BXOOUT B CHEKTP M3JIyYCHHMS
B BHOEe KoMOumaumu 1/,{u2

B nepBoM npubGiMxeHHH 1o napamerpy !/,{x? cnexrp usiyde-
Hus (6.12) npuoOperaer BuA

&
do
rae ©(x)—crynenuatas ¢yHkuus Xesucaiina.

NfcfnuZC(l—2§+2§2)®(1—§(1+%%2)), (6.13)
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Dra mpoctas (GopMyiia XOPOIIO ONMCBHIBAET CNEKTP H3JIy4eHHs
B OBJIACTH 94CTOT O < ®,,. IIpH ©®> 0, B IMIOJLHOM NPUOIHXEHHY
CleKTpaJibHasg IUIOTHOCTh H3JIyYCHHS (6.10) paBHa HyJI0, TOTAA
KaK yueT HEJMNOIBHOCTH W3JyYeHHs (CcM. puc. 1.6) npusour
K OTAMYHOM OT HyJiss CIEKTPAJIbHOH IUIOTHOCTH H3JIy4EHHS.

§ 7. Vznyyenne npm pe3KoM H3MeHEHHH
TPAeKTOPHH YaCTHIbI

O6mas ¢opmyna O MHTEHCUBHOCTH m3iyuenud (3.1) cymiecr-
BEHHO YIpOIHAeTCs, €CJIM B IpeAeiax JIHHbI KOTEPEeHTHOCTH
[POMCXOJUT PE3KOoe H3MEHEHHE TPAaeKTOPHM YacTHIBI, T. €. €CIH
BBINOJIHSAETCS yCIOBHE

I.>vAt, 7.1

roe At—WHTepBajJ BpPEMEHM, B TEYEHHE KOTOPOro Ha OBICTPYIO
YaCTHIy [EHCTBYET BHEIUHEE TIOJ€.

JleiicTBHTEILHO, BEHIMOJHUM BO Bxonsmied B (3.2) BejuumHe
I wHTerpupoBaHHe NO +too"0 YaCTAM: ‘

=i_c l'u)(t—c"nr(t))_‘i v(t)
=2 J dte et (7.2)

— ™
IMonsiHTErpaibHOE BHIpAXKEHHE 3/1€Ch OTJIMYHO OT HYJIS B HHTEpBaJe
BpeMeHH Af, Ha KOTOpPOM Ha 9acCTHLy ICHCTBYeT BHEIIHee MOJIE.
IIpu BwmosHeHMu yciaoBus (7.1) aprymMeHT 3kcmoHEHTHI B (7.2)
Ha HHTEpBaje BpeMeHHM A! Majl [0 CpaBHEHHIO C EIWHHIICH,
MO3TOMY OKCIIOHEHTA MOXET OBITh 3aMEHEHa eNWHMIECH:

ic v’ v
I—5<c—nv’_c—nv>’ (7.3)

rae v H V —CKOpocTH OO0 W mocie paccesuus. I[loacraBus
3TO BbIpaxeHwe B (3.2), MOJYyYMM NOCJIE HHTETPUPOBAHHUS IO
TEJIECHOMY YIJIy CleqyIolryo (GopMysly Ui CHEKTPajbHOH Iuio-
THOCTH H3JIy4CHHS:

w2 f e —
do =c {gmln(§+\/ﬁ) 1}’ (74)

roe £E=v9/2 u 9=|v'—v|/v—yron paccesnns (3<1).

TaxuM o06pa3oM, HpH BBIIOJIHEHHU ycioBHs (7.1) crekTpanbHas
IUTOTHOCTh HM3JIy9CHHS] OIPEHENsiCTCS TOJBKO YIJIOM pacCessHUS
YacTHIHI 3 M ee nopeHU-PakTOpoM Y.

VcnoBue [,>>v At BBINOJHIETCS, B YaCTHOCTH, NPHU CTOJIKHOBE-
HHA OBICTpOM 4YacTHHOBI C AaTOMOM, NOTEHIHAJ KOTOPOro Ipen-
craBiser cobOoif skpanMpoBaHHBIH moreHmuan KysoHa

u(r)=@exp(—%), (7.5
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rae Z|e|—3apsan sapa atoMa © R—paduyc IKpaHHPOBKH aTOMa
(8 momenun Tomaca—®epmu R “l=me?Z'3). [eiicrBuTensHo,
B JOTOM ciydae Af~R/v, mMO3TOMY HpPH HOCTAaTOYHO OOJBIIHX
SHEPrHsiX yciaoBue />R Bcerga MOXeT OBITH BBINIOJHEHO.

VYron paccesaus ObICTpOH 4acTHIBl NPH CTOJKHOBEHHH
Cc aTOMOM omnpeaenseTcs coryiacHo (1.7) nmpHueabHbBIM HapaMeTpoM
p:

+ o

9(p)= —%;; f dzu(r)=22;1|:|K1 (%) (71.6)

- ®©

rae K (x)—momudumuposanHas ¢yskuus Xaxkens. B 3amauax
00 H3JIydeHMHd NpPH CTOJKHOBEHHSX OOBIMHO MPHXOOHWTCS paccMart-
pHUBaTh paccesHHEe IyyYka MapajuIeJbHO IBHKYIIUXCS 9acTHI,
[I03TOMY 3allaya COCTOMT B ONpedeICHHM H3JIyYeHHS, OTHECEHHOTO
K €IVHHIE IUIOTHOCTH. HOTOKa 4YacTul. ECIM MIOTHOCTH MOTOKA
4aCTHI B Iy4Ke paBHA €NUHMIE, TO YHCIO 9YaCTHL B IIyYKe,
IMEIOIIMX TIPUIEILHOE pACCTOSHHE MeXIY p M p+d?p, paBHO
d*p. TIo3TOMy HMCKOMOE H3JIyYeHHME MHOJYYMTCH YMHOXKEHHEM CIEK-
TPaJbHOM TUIOTHOCTH H3JIy9€HHMs OMHOM 4YacTUIBI Ha d’p U HH-
TErpUPOBAHHUEM MOJY4eHHOTO BhIpaxeHuss mo p. OmnpenesieaHas
TakuM oOpasoMm BenMuMHA dX /d® HOCHUT Ha3zBaHHE 3QQEKTHBHOIO
uanyveHuss [1]

ax _ [, de(s(p)
7‘;_Jarzp—d——. (1.7)

(0]

IloncraBnass B 3Ty ¢opMyiny 3Haudemde (7.6) yria paccesHHs
yacTHUB! B moJjie (7.5), MOJiydMM ¢ TOYHOCTBIO O WIEHOB MOpsIKa

Ze*|/mR
dxX  16Z%° mR 1 1
i l:(lnf?_G+5>+E:]’ (7.8)

rae G=0,577—mnoctosiHAas Jiinepa.

§ 8. Mziayuenne B ciIy4ae MHOINHX CTOJICHOBEHMH JJIEKTpOHA
HA JJAHE¢ KOTepeATHOCTH

JMHa KOTepeHTHOCTH [, TNPH BHICOKMX 3HEPIUSX MOXET
JTOCTHTaTb MaKPOCKOIIMYECKMX pa3MepoB. Ha sToi minHe MOXeT
OpOU30HTH OOJIBIIIOE YHCIIO CTOJIKHOBEHHMH 3JIEKTPOHA C aTOMaMA,
IIOITOMY BO3HMKAeT BONPOC O TOM, Kak OyIeT pa3BHBaThHCS
IpoLECC H3JIyYeHHs B 3TOM ciyuae. PaccMoTpuMm, mpexzae Bcero,
ciay4ald IOBYX CTOJIKHOBeHUH [6].

Ecnu mpu t=t;=0 B pe3yipTaTre CTOJKHOBEHHS C aTOMOM
CKOPOCTh 3JIEKTPOHA MEHSETCH OT 3HAYeHHs V K 3HA4YECHHIO Vi,
a OpH !=/!, OHAa MCOBITHIBAET H3MEHEHHE OT V; K V,, TO COIJIACHO
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(2.6) BEKTODHBIH IIOTEHLHA OKPYXXAIOILEro 3JIeKTPOH IIOJIs Oynet
onpenesATbCA NpH >1; (HopmyIoH

e k) v _ a—itke—kv;){t—1)] o—ikr(t)
A_WRCJ k {ck——vzk[l © ’ ]e *

Vi i(kc—kvy) 1y _ —ickt v —ickt
Al [e 1]e o e } (8.1

3nech r(t)=r,+v,(f—1;), @ r;— MOJIOXKEHHE TOYKH, B KOTOPOI
MPOU30IIJI0 BTOPOE CTOJKHOBEHHE.

CrnaraeMple B 3TOM  BBID@XEHHH, COJEpXKAIIHME BEKTOPHI
V MU V, HMEIOT TY Xe€ CTPYKTYpY, YTO H COOTBETCTBYIOLIIHE
cinaraeMmble B dopmysie (2.8),— OHH ONpeNeNsitoT IBOJIONMIO TIOJIs
B HampaBJCHHSX HAYaJbHOTO W KOHEYHOTO [BIDKCHHH . 4aCTHLBI.
CnaraemMoe, comepkalllee Vv,, OINpeAcisieT 3BOJIIOLHMIO MOJiI B Ha-
OpaBJIEHUN IIPOMEXYTOYHOIO JTBHIKEHMUS.

Ecin BTOpOE CTOJIKHOBEHHE MPOU3OLLIO B MOMEHT BpeMEHH
t; << (kc—Kkvy) ™!, TO 31€KTPOH B MOMEHT CTOJIKHOBEHHUS HaXOHJICS
B «mostyrosom» cocrosHud. IIpm stom corjacuo (8.1) uznyuenue
BOJIH C BOJIHOBbIMH BekTOpaMH Kk, OJM3KMMH 1O HampaBjIeHHUIO
K V;, OyneT momaB/ieHO MO CPAaBHEHUIO C TeM CJy4aeM, Koraa
BTOPO€  CTOJIKHOBEHHE  INPOHMCXOJUT B  MOMEHT  BpeMEHH
122, kC—kvl)_l.

aCCMOTPUM Telepb Cjiy4yaid, Koria Ha JIHHE KOT€PEHTHOCTH
MPOUCXOAUT MHOrO (N>>1) CTONKHOBEHHH B MOMEHTBHI BPEMEHH

t=1;>0, roe j=1,2,.., N. Torma BexTopHbIi noteHuuan (2.6)
npu t>t; Oyger ompenensaTbes ¢GopMyJion
_ e Pl W ik(e—ry(t) _ iyeilkr—ck)
A—PRej T <kc——kae ile , 8.2)
raoe

rn(f)=ry+vy(t—ty),

N
=i Vi V- i(ke—Kkv;_)1;
I=i .;1 <kc—kv,~ kc—kvj_1>e e (8.3)

J

XapakTepHble 3HAYEHHSI YIJIOB pACCEeSIHHUs OBICTPBIX YaCTHI]
B BEINECTBE MaJlbl, IIO3TOMY BCE BEKTOpHl V; OydyT Oam3Kk# 1O
HamnpaBJICHHIO K BEKTODPY V.

Ecii BBINOJIHAIOTCS YCJIOBHS

(ke—kv;_,)1;<1, (8.4)

TO 3JICKTPOH BO BCEX CTOJIKHOBCHHAX 6YI[CT HaxXOOUTBCSA B «II0JIYro-
JIOM» COCTOSIHHH. l'Ipn 3TOM

~ VN _ v
INZ(kc—ka kc—kv>. 8.5)
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M5l BHOMM, 4YTO B pacCMAaTpUBaeMOM Ciiydyae BeJuuuHa I,
oupedesAlomas OKpyXarolllee JIEKTPOH moJjie mocae N CTOJIKHOBe-
HO C aTOMaMH, 3aBHCHT TOJIBKO OT HAYaJbHOW H KOHEYHOH
CKODOCTEH 4YacTHUbl M HE 3aBUCHT OT €¢ IPOMEXYTOHHBIX CKO-
pOCTEH.

3nas I, MOXHO HAWTH CIIEKTPaIbHO-YIJIOBYIO TUIOTHOCTh U3JIy4e-
Bus (3.2). ChekTpajibHass e IUIOTHOCTh H3JIYYCHHS IpH ITOM
6ynet ompenensitbess popmynoit (7.4) ¢ 3=|vy—v|/v.

OTMeTHM HEKOTOphIE OCOGEHHOCTH MpoLecca mnyqenna npH
BBINIOJIHEHUH yCiIoBHE (8.4).

IlepBoe ciaraemoe (8.5) ompedensieT BOJIHBI, PacHpOCTpaHsi-
[OLIMECSs B HANpPaBJCHHH, OJM3KOM K HAamnpaBjiIeHHIO KOHEYHOTO
JBHXEHHMS YaCTHIIBI Vy, & BTOPOE— BOJIHBI, PacCIpPOCTPaHSIIOIINECS
B HampaBJIeHWH, GJH3KOM K v. M3iyvyeHHe B OCHOBHOM NPOUCXOJUT
B KOHYCHl C yIrJaMH pacTBOpoB mnopsiaka y ! (puc. 1.7). daswl

)

Puc. 1.7. DBonmionus moss IMEKTPOHA B Ciy4yae MHOTMX CTOJKHOBEHHA B Mpefenax UIMHbLI
KOT€PeHTHOCTH

BOJIH, PACIPOCTPAHSAIOMIMXCA BOJIM3H HANpaBi€HHHA Vy M V MpPO-
THBOIOJIOXKHBI, TO3TOMY MpPH Pa3JIMYHBIX COOTHOILICHHSAX MEXIY
YIJIOM paccesHdsi § M YIJIOM DacTBopa KOHYCa HU3JIyYEeHHsT ~7Y 1
uHTepdepeHIIMOHHbIE KapTHHBI OyayT pasHBIE.

Ecii 9<y™!, TO mNpOMCXOAWT 3HAYMTENHPHOE COKpAILCHHE
noJjieH, CBsA3aHHBIX € oboumu cnaraemMeiMd B ¢opmyie (8.5).
B stom cnyyae BenuumHa |I| npomopmmoHanbHa 3, a ChnekTp
u3JlyyeHHs OyJeT NpONOpILMOHAaeH 92

dé _262 2a2
Yo" 92 (8.6)

Ecnu xe yrmasl paccesHus MPEBOCXONAT YroJi PacTBOPA KOHYCA
U3JIyYeHus, 3>y~ ' (HO mo-mpexHeMy 3<<1), TO COKpallleHUs
moJiell NpakTHYECKM HE MPOUCXOAWT. IIpH 3TOM CIEKTp H3JIyYeHHUs
cnabo 3aBHCHT OT YIJIa PacCcesHUs:

96 2 1n (v9). (8.7)
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Taxum o6pa3oM, Mbl BHAUM, uyTo IpH y3<l m yI>1
XapaKTep M3JIyueHHs CYIIECTBEHHO pasjiMieH. B nepBom ciydae
MMeeT MeCTO WHTephepeHLys BOJH, M3IyYEHHBIX B HaNpaBJICHHSX
HadaJbHOrO M KOHEYHOro MBHXEHHIH 4acTHMIbl; BO BTOPOM CJiydae
uHTepdepeHLss NPAKTHYECKH OTCYTCTBYET.

IpuBeeHHBIMH BBIIIE (GOPMyTaMH MOXHO IIOJIb30BaThCH,
KOra NyTb, NPOXOOHMBIA 3JCKTPOHOM B BeIIeCTBE, MEHbIIE
WM IOpAAKA IJIMHBI KOrepeHTHOCTH. MIHBIME ciioBaMu, Tpebyercs,
4T1OGBI TOJIIIMHA BEUIECTBA HE MPEBOCXOAMWIIA ITMHY KOTEPEHTHOCTH.
Ecnn xe TonmuHa MulleHNH L 6yaer GoJjblile QJIHHBI KOT€PEHTHOCTH
[, ToO g HAaXOXJEHUS CHeKTPadbHOH IUIOTHOCTH U3JIyUEHHUS
HeoOXoOMM crenuanbHbiii pacder. Takoit pacuer OymeT chaenaH
B MOCIEAYIOUIMX TIJ1aBaX. 34ECh JX€ MBI MPHBEAEM MPOCThHIE
OLICHKH BEJIMYMHBI CIOEKTPaJbHON IUIOTHOCTH M3JIyYeHHs AJis
sroro ciaydyas [6].

s oueHKW cHEKTpa H3jyueHHs npH L>>/ HyXKHO, OYeBUIHO,
pa3duth MHUINEHb HA CJIOH, TOJIIMHA KOTOPHIX paBHA JJIMHE
KOT€PEHTHOCTH [/, B HPOCYMMMpOBAaTh IOJIsS, BO3HHMKAIOIME Ha
KaXIOM TakoM cioe. MHTepbhepeHIMio ke H3iay4yeHU# OT OTHEIb-
HBIX CJIOEB IIpM O3TOM MOXHO HE YYMTHIBaTh. Toraa Ha n-M
y4YacTKe MYyTU CHEKTPajbHO-YIJIOBas IUIOTHOCTh H3JIyueHHs OyneT
ONpENENAThCA 10 HOPSAKY BeMW4YMHBI ¢opmyiamu (3.2) u (7.4).
CyMMapHas Xe COeKTpajbHO-yIJoBas IUIOTHOCTh H3JIyYEHHS IIpH

aroM Oymer paBHA
k Vn - Vn-1
>\w—kv, o—kv,_;

d3e e?

~
dodo  4n’c

3mech V,—CKOpDOCTb 4YACTHIBI B KOHIE H-TO Y4acTKa M CYM-

MHPOBaHHE BEIETCS MO BCEM YYacTKaM IIyTH.

OcHOBHOHM BKJIali B UHTErpajl Mo YrjiaM H3JIYy4YeHHs JaroT
3HaveHHs 6~max(y lv,,—-v,,_ll/v) B Kaxzaom ciaraeMom (8.8),
MO3TOMY, HCHONB3ys (7.4) M y4YUTBIBas, YTO YHCJO CJIOEB PaBHO
L/l, monyuum

2

(8.8)

ds L ds,
do [ do’
rae d&;/do ompenensercs ¢opmynoit (7.4), §,—yron paccesHus
Ha JJIMHe KOTePEeHTHOCTH /, a [ onpenenserca U3 cooTHolueHus (4.7).

(8.9)



I'TABA 2

KBAHTOBASI TEOPUA UM3JIYUYEHUA
B OBJIACTH BBICOKHX SHEPIHI

§ 9. BoomoBass ¢ynkuus ObicTpod uacTHOBI BO BHeNIHEM moJie

B mpeapinyliedl r1jaBe Mbl paccMaTpHBaJd H3JIyYeHHE, OC-
HOBBIBAsSICb Ha KJIACCHYECKOM KapTHHE, B KOTOpPOH ABHXEHHE
yaCTHIB!l ONMCHIBAETCS TPAEKTOpPHEH H He YIUTHIBAETCS OTHaYa
IpY U3JIyYeHHH. B 3TO# riaBe Mbl H3JI0)XHM OCHOBHBIE Pe3yJIbTaTh
KBAaHTOBOH TEOPHHM U3JYIYCHHsS OBICTPHIX YaCTHII.

B XBaHTOBOI TeOpHH OCHOBHLIM TOHSTHEM SMBIAETCS TMOHATHE
BOJIHOBOH (YHKIIMH YacTHUIBI, 3aBUCSAINEH OT KOOPAMHAT M BPEMEHH.
Ksampat Moayns 3Toif GYHKIMH OIpemeisieT BEpPOSTHOCTh HAXOX-
IeHus YacTuubl B JasHOH Touke. Hac B panpHedmeM Oyaer
HHTEPECOBATh H3JIyueHUe OBICTPOro 3JEKTpOHA (MO3UTPOHA), IBH-
XKYIIETOCSI BO BHEIUHeM moje. BoJsiHOBas (yHKIMst €ro, TovHEe
oucnmHOp ¥, omnpepensiercsi ypapHeHmem [lupaxa [1]

[vupu—ed,)—m]¥=0, 9.1
roe  y,—Marpunbi  [Jupaka (p=0, 1, 2, 3); p,,=(ih%, —ihV)

n —4-BeKTOp MNOTCHIMAJIA BHCIUHErO IIOJIs.
eIlIEHHe 3TOr0 YypaBHEHHs1 Oy/leM HCKaTh B BH[E
=—[1u(pu—ed,)+m]®, 9.2)
rae 6ucnmHOp @ YIOBJIETBOPSET YpPaBHEHHIO
[(pu—ed,)?—m?—icho,, F,,]®=0. (9.3)

3nece F,,=0,4,—0,A,—TeH30p JJEKTPOMAarHATHOIO  HOJsA
U O,,—aHTHCHMMETPHYHBI! MATpHYHBIA 4-TEH30D:

1
Guv=—(Yu 'Yv_'Yv’Yu)'

Ecmu B ypaBHEHMH (9.3) orbpocuts uwieH o, F,,, OmUCHLIBA-
oI B3aUMOACHCTBME TUNA CHHMH-TIONE, TO MBI OPUIEM K Yypas-
HeHuro Kieitna — ["'opoona

[(pu—ed,)?—m?]®=0. 9.4)
Ilpu BHICOKMX O3HEprusx pemnieHue ypasHeHus (9.3) ymobOHO

uckate B Buzme [2]
®=fexp (711 S>, ©.5)

2 A. Y. Axmesep, H. ®. Mynsra 33



rae S u f— QyHKIMH, YIOBJIETBOPSIOLINE ypPaBHEHHUAM
(0,S—ed,)?—m?*=0, (9.62)
[6u(6“S—eAu)]f+2(6“S—eAu) 0./~
— S o Fuf=inOf  (9:66)

CBs3aHO 3TO C TEM, 4TO HPU BBICOKHX 3HEPrusix ¢a3a BOJHOBOH
byuxkuun S/h Benumka NO cpaBHEHMIO ¢ enuHuuen. Ilo stoit xe
npuyuHe npencrasienne (9.5) ymobHO MUIs onpeliesieHHs BOJHOBOM
(QYHKIMH B KBAa3WKJIACCHYECKOM TPHOIIVDKCHUH.

IlepBoe u3 ypaBHeHMii (9.6) upeaciaBisier coOOH PESTHBHCTCKOE
ypasHeHune ['aMunbToHa — SIKOOM ISt KIIACCHYECKOro AeHCTBUA S.
Petienne 3TOoro ypaBHeHHWs, Kak HM3BecTHO [3], mMeeT BHI

S=S{r; o, t), (9.7a)

rjie o, — HEKOTOPBIE NOCTOSHHBIE, ONPENEIIAIOMIHKE MOJIHbIA HHTErpal
ypaBHeHusi (9.6a). IlocrosHHBIE o, BRIOHpalOTCsl Tak, 4TO HOETEp-
MUHAHT

%S
ar;0q;

b

COCTaBJIEHHBI W3 MNPOM3BOAHBIX OEHCTBHUS S MO NEPEMEHHBIM 7;
H o; oTnMyeH ot Hyas. Ecim B HavanpHBIE MOMEHT BpPEMEHH
BOJIHOBasi (YHKIMS YaCTHLBI NPEACTABIAET COOOH IUIOCKYIO BOJIHY,
TO TIOCTOSIHHBIE O; MOIYT OBITP BBIPaXEHBI Yepe3 MMIYJILC P,
onpeaenstommid 31y BosHy. Ilpu 3TOM neiictBue S Oynmer omnpe-
OENSAThCS 3HAMCHUEM KOOPIWHATHI T, OTHOCSUIEHCS K MOMEHTY
‘BpeMEHH {, M Ha4daJbHBIM HMILYJIbCOM P:

S=S(r, p, t). (9.76)

Vpasuenune (9.60) ompenenseT mnmoOBeAEcHHE BOJIHOBOTO MaKera
U CIMHA 3JIEKTpOHA BO BHeUIHeM nojie. Ecim B 3TOM ypaBHEHHM
npeHeOpeys CaraeMbiM, NPONOPIMOHANBLHBIM 7, TO BOJIHOBBIE
nmakeTbl OyoyT BecTH cebs Tak >Xe, KaK 4YacTHUIbI, JBIDKYIIHECS
MO KJIACCHYECKHMM TPaeKTOpHUAM, OTBedarommuM aeiicTBuio S. UToObI
yOemMThCSE B 3TOM, paccMoTpuM pemierne (9.6a), cooTBeTCTByIOIIEE
(ukcupoBaHHOMY 3HaveHHMIO d3Hepruu E, T. €. HOJOXKHM

S(r, p, t)=—Et+S(r, p). 9.8)

Torma, mpenebperas B (9.66) unenom i#h[] f, npuxoaum K cie-
IyIoHleMy YpaBHEHHIO ISt f:

(AS) f+2(E—ed,) 0, f+2(VS—ed)V f=5 6 Fou f=0. 9.9)

PeiieHne 3TOrOo ypaBHEHHs, Kax JIETKO MPOBEPHTH, UMEET BH[

as ||M?

f=(E—ed,y)™ V> el L (9.10)
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rae u— OMCIHHODP, YHNOBJETBOPSIOIOMIA YypaBHEHHIO

. d e
U= 4(lz__er)csmF,wu. (9.11)
[TociieAHee YpaBHCHHE ONNCHIBAaET MABIKEHME CIMHA 3JICKTPOHA
B 3aJaHHOM OJIEKTPOMAarHuTHOM mone F,,. B mnpeneOpexenun
B3aUMOJICHCTBHEM THIIA CHUH-IIOJIE pemerme (9 11) mpencrasiseT
co00il MOCTOSAHBBIA OHCIHHOD U,
Bxomaumit B (9.10) merepMuHaHT

ordp

s H 9.12)
YIOBJIETBOPSIET YPaBHEHHIO

0 0

2D+2 (vD)=0, (9.13)

I€ V—BEKTOp CKOPOCTH, OmNpexessieMblii COOTHOILEHHUEM

_VS—eA

= A, (9.14)

MBI BHOUM, 4YTO JAETEPMHHAHT D -—3TOT OETEPMHHAHT HOCHUT
ga3Bamue JerepmMuHaHTa Banm ®rexa —rmpeacrasnser coboil perie-
HME YpaBHEHHS HEHpPEPBIBHOCTH Ui HEKOTOPOH NJIOTHOCTH B KOH-
¢GurypauMoOHHOM TpocTpaHcTBe. Ban drek mokaszan (4], uro ecin
U3BECTHO peEllleHHe ypaBHeHUS I amMuiabToHa — SKOOHM, TO MOXHO
BBECTH COXPAHAIOINYIOCH IUIOTHOCTh B KOH(PUIYpallHAOHHOM IIpO-
CTPAHCTBe. DTa BEJIMUMHA IPENCTaBsAeT coOoil netepmuHant (9.12).
3aMeuas;, YTO COIJIACHO YypaBHeHHsM [ aMIUIbTOHA, BEJTMYUHA

_3S(r, p)
op

npeacTaBiseT coGoif  HauanbHOe 3HAYEHME TpaekTopuu r(t)=
=r(t, 1y, p), 3anumem aerepmuHant (9.12) B BUIE

=jd3r06(r—r(t, To. D)) (9.16)

Taxum oOpaszoMm, ecnu B ypaBHeHMM (9.6) mnpeHeOpeun ciara-
€MbIM, MpPOMOPLUHOHAILHBIM #, TO BoJiHOBas ¢yHkuus (9.5)
ONpEIeaseTCs KJIACCHYECKOW TPAaeKTOpHEHd 4YacTHIbl BO BHEIIHEM
noJjie, KOTOPOH COOTBETCTBYET HAeHCTBUE S

i
;'(S(l" p)—Et)

1 1/2
(D=[E_ rod(r—r(z, ro, p))] Uge . (9.17)

B 3roM ciyyae BOJIHOBO#M MaxkeT CO BPEMEHEM HE DACIIBIBAECTCS.

O6paTuM BHHMaHHE Ha cienyiomee. [Ipy HaxOXIEHHH BOJHOBOH
¢ chupm 9.17) IpPeIoNarajgocs, 9YTO TPAeKTOPHS — YACTHIIbI
{ Iy, P) ONpenessieTcs HavajgbHOM KOOPAMHATON M HavalbHBIM
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umiynbcoM. Tpaekropus B 9TOM Ciydae SBISETCA ONHO3HAYHOM
dyHxumelt BenmumH I, ¥ p. Bo3Moxma, ommako, u npyras
[IOCTAHOBKA TIPAaHHYHbIX YC/IOBMHA, NPH KOTOPBIX OOHHM H TEM
e TPAHMYHBIM YyCJIOBUSAM COOTBETCTBYeT HE OHA, a MBS MK
GoJibIliee YHCIO TpaeKTOpMid. A HMEHHO, €CaM Mbl INOTpebyeMm,
yToOBl TpaekTopHsi r(f) B HayaibHBIfi MOMEHT BPEMEHH HMesa
MMIYJbC P, @ B KOHEUHBI MOMEHT BPEMEHHM HMeJa HMIIYJbC p’3
TO HpH TAKOH IIOCTAaHOBKE I'PAHMYHBIX YCJIOBUHM HMIYJIbCHI P U P
BoOOIIE TOBOPSA, HE ONPEACNAIOT OJHO3HAYHO TpacKTopuro. Takas
CUTyalss MMEET MECTO, HampHMep, B Cllydyae pamyXHOIO pacce-
SHUS YaCTHI, KOIJa YIrOoJl PpacCessHHs SBIAETCS OBY3HAYHOM
¢GyHKuMEeH TNPHUIEIBHOTO IapaMeTpa U OTMEYEHHBIM I'DaHHYHBIM
YCJIOBHAM COOTBETCTBYIOT ABe TpaekTopuu (cM. § 39). Ilpm Ttakoit
NOCTAHOBKE T'DaHMYHBIX YCIOBHHA BOJIHOBasi ()YHKUHS B KBa3WKJIac-
CHMYECKOM TPHUOIMKEHNH [OJDKHA ONIPEAENAThCA C YYeTOM OT-
MEYeHHOH HeOOHO3HAYHOCTH. Mmbl He OyaemM 31ech NOAPOOHO
OCTAaHABNUBAaTBHCA Ha 3TOM Bompoce (CM. MmO 3TOMY HOBOAY
0630psl [5—10]). OTMETUM TONBKO, YTO yKa3aHHAs HEOMHO3HAY-
HOCTh HIDAaET BaXHYI pOJIb TPU BBLIYACICHHH MAaTPHYHBIX
3JIEMEHTOB M BEpPOSATHOCTEd MHOTHX (U3MYECKHX HPOLECCOB,
TakMxXx Kak pagyXHO€ paccessHHe, HEYNpyrue TMPOLECCH IIpH
CTOJIKHOBEHMH CJIOXHBIX aTOMOB, pacHaj saAep, KBaHTOBaHHE
CJIOXKHBIX CHCTEM H [p.

IToxaxeM Temepb, YTO K pacCIUIBIBAaHHIO BOJIHOBBIX IIAKETOB
TMPUBOAUT yueT otOpoleHHoro B (9.66) cnaraemoro. Ilpm BbICOKHX
9HEpPIrusX CKOPOCTh, C KOTOpOH OyZeT pacriblBaThCA MAaKeT,
NPONOPUMOHAJIbHA p~ ), MO3TOMY JUIS YACTHMI BBICOKMX 3JHEPrHi
pacijibiBaHHE BOJIHOBBIX IAKETOB OydeT HPOHUCXOOWTH BeEChMa
MeIJIEHHO.

UYtoObl ybenutbesi B 3TOM, obpatuMmcs X ypaBHermio (9.4),
cudTas AJIS NPOCTOTHI, YTO YacTHHA OECCHMHOBAs, M YTO BHEILHEE
nosie orcyrcrByer [l11]. Pemrenwe ypaBrenus (9.4) B 3TOM ciy4ae
MOXeT OBbITh NpPEACTABIEHO B BHIE

O(r, 1)=4 fd%c(k)e"“‘"‘”’l (9.18)

3mech w=./k*+m? © A—HOPMHUPOBOYHBI MHOXHTED.
Ecnmn B HadanpHBIA MOMEHT BpPEMEHH IakeT OBUI TayCCOBBIM
C INMpUHOH a4 M HMeEJ HMIYJILC P TaKoi, 4YTO

A R 2
Qfr, 0)=;5 exp (zpr—;—az>, 9.19)

TO K MOMEHTY BpEeMEHH ¢ 3TOT HakeT OyxeT omnpenensaTbes
cooTHomenueM (9.18) c

c(k)=exp [—% aZ(k—p)Z]. (9.20)
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3anuineM BoJHOBYIO ¢yHknuro (9.18) B BHAE
@ (r, t)=AI(r, t)exp [i(pr—Et)], (9.21)

rae E=./p*+m? u I(r, t)—BenudnHa, onpenesisiomas H3MeHEHHE
BOJIHOBOTO NaKeTa CO BpPEMEHEM:

I={d3kexp[—a?(k—p)*+i(k—p)r—i(0—E)t]. (9.22)

IIpu BHICOKMX 3HEPrusix BO BXojsuicH croma BennuuHe (0 —F)
MOXET OBITh BBLIIIOJHEHO pa3jiOKEHHE IO OOpaTHBIM CTEHEHSIM

JHEPr UM
o—E=./(p+q)*+m?>—Exvq SRL L 7o
®2E 2 E 7

rne q=k—p u v=p/E (ocb z napautenbHa p). IToxcraeissg 310
paznoxenne B (9.22), moslyduM IIOCJIE HPOCTHIX BBIYHMCIICHUH

_ . _(z vt)’_x2+y2
I=A(t)exp [l(l(l’, t) TS x| (9.23)

rae A(t)—MeaneHHO MeHSIOIAsCs CO BpeMEHEM BeJIHYHMHA!

1 1
A(t)=
(t) a*+it|Ea®+(i/2E) t(1-0?)
a(r, t)— nedcrBUTENbHAS cba3a,

2
Az—a+ £2, Ai=a2+a—2t)?2. (9.24)

2E6

®opmyisl (9.24) moka3sIBaloOT, YTO B TONEPETHOM U B NPOJOJb-
HOM HanpaBiieHHsX KBaaparhl mHpuH nakeroB A u A% pacryr

co BpeMeHeM mponopuuoHanbHo t2/E? u t?m*/E® cootsercrt-
BeHHO. B HEPEJIATHBUCTCKOM CIIY9a€ ITH BEJMYHHbI HE 3aBHCAT
or osHepruu vactuibl (12E "2=(2m~?); B pENATHBUCTCKOM €
ciywae Bemwumunl t?E”2 wm t?’m*E”° cymecTseHHO MeHbLIe
COOTBETCTBYIOIMX BEJIMYUH IS Hepenamsnc-rcxon yactaupl. OT-
METHM, 4TO sl NPOLOJBHOrO Hampasienuss B Af mpHcyTcTByeT
NONOJHUTENbHBI MHOXHTENs, m*E ~*, npuBOAsIMA K CyLIecT-
BEHHOMY YMEHBIIIEHHIO CKOPOCTH pPOCTa IAaKeTa B 3TOM Halpab-
JIEHWH TI0 CPaBHEHHIO CO CKOPOCTBIO pOCTa MaKeTa B NONEPEeYHOM
HalpaBJICHAN.

TakuMm o6pa3oM, MBI BHAHM, 4TO DPEJATHBHCTCKHE 3(PPEKThI
OKa3bIBAIOT CTAOMJIM3MpYIOLee BJIMSIHHE Ha BOJIHOBBIE IIaKeTHI.

Jns dacTui BBICOKMX OJHEPrHil MOXHO yKa3aTbhb NPOUEAYpY
NpHOMIDKEHHOTO pellieHNss ypaBHeHHW# (9.6) mng S uw f, xoraa
BO3MOXHO Da3JIOXEHHE ITHX (YHKUMA MO OOpAaTHBIM CTENeHAM
uMIyiabca vactunsl [12]:

SE=pr+xo(0)+x: M +... fEO=f+fi0)+.., (25
rae Y, ¥ f, NpomopHMOHAIBHBI p "
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PaccMOTpUM Ul TIPOCTOTHI ciydait, korma ed,=(U(r), 0).
Toraa mepBeie 4YNeHbL pa3iokeHUus (9.25), COOTBETCTBYIOIIHE ACHM-
OTOTHKE BOJIHOBOM (YHKIMM TMPU Z—> — OO

D (r, t)=ue ®r—EN" (9.26a)
NMMCKOT BUMI
1 , , 1 ,
Xo=—> sz Up, ), xa=—, sz (Vo) —U?], (9.266)

1 , [ d*
fo=1u, f1=—5 dz d—pﬁCo u,

Ile u— MOCTOSIHHbIA OWUCOHHOP M OCh z mapajulejibHa p.
Passnoxenus (9.25) cmnpaBemiuBel, ecad |xo|>=>|x.| B |fo[>

>|f,1>|f,], ... I3 aTUX HepaBeHCTB CJIEAYET, 4YTO
_ Bz
| Ul<po, "‘:'f<<1, 522«1’ 9.27)

rae Z—oaddexTuBHas 06JaCTh KOOPAUHATHI z, B KOTOPOH OTJIMYHBI
OT Hynsi udTerpansl mno z B (9.26).
Ecau B (9.26) 0TOPOCHTL claraeMele, IPONOPIHOHANBHBIE p 1,
TO MBI MOJIyYMM BOJIHOBYHO (YHKIIMIO YaCTHUIBI B TaK Ha3bIBAEMOM
SUKOHAJIbHOM TPUOIKEHUH
1
= (pr+x0(r)—E1)

QP =yer . (9.28)

Iloncrasuss pynxmuo (9.5) B (9.2) U coxpaHss IJIaBHBIA WIEH
pasnoxerus ¥ (r, 1) mo p~!, moayuum

¥=0"), (9.29)
JIerxko mony4uTs Takxke cineayroiee npubnumxenue B \¥, conepxainee
CIIMHOPHYIO CTPYKTYpY, OTJHYHYIO OT CTPYKTypbl (9.29):

z

\P=<1—§‘; f dz'vo (Y V U))CD‘E’. (9.30)

—

Vyer B (9.30) wieHa, comepxkallero 7y-MaTpHIbI, HeoOX0oauM
IIPU BBIYUCJIEHHH KOHKPETHBIX MAaTPUYHBIX 3JIEMEHTOB Psia MpOIeC-
COB, TaK Kak OH MOXeET JaBaTh BKJIaJl, CPAaBHHMBIH CO BKJIAJOM
cjaraeMoro, He conaepxamiero y-matpun [13].

_ AHajorg4sabie pe3yJIbTAThl MOXHO IIOJYYHTb, €CJIH BOJIHOBas
¢byHKUMS uMeeT BHH IUIOCKOM BOJIHBI HE MNpPH z— — 00, a MpH
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7—»00, T. €. B KOHEYHOM COCTOSHMH. B mocjiesiHeM cilyyae nepBhIe
ygeHbl Pa3JIOXKeHHss BOJNHOBOM (yHkumu ¥ umeror BUA

‘I—’=<l+2ipjdz’yo(yv U)) u expl:gi(pr+x5+’—Et)], (9.31)

z

rae

x‘ff)%jdz'v(p, z').

§ 10. Ynpyroe paccestne npH BBLICOKHX 3JHEPrHAX

PaccMoTpuM BHavajle NPOCTEHINUI 3JIEKTPOJIHMHAMMYECKUM HpPO-
1eCC B3aUMOJEUCTBHS 3apsDKCHHOM 4acTUIbl ¢ BHEHIHUM NOCTOSH-
EpIM TOJIeM. TakoBBIM $BJISIETCA YIPYTO€ paccessHUE YacCTUIBI
paccenBaronMM LEHTpoM. [luddepenuuanbHOe U IOJIHOE CEYCHHE
3TOTO Tpouecca, kak H3BecTHO [1], ompenmensrorcs Qopmysiamu

do=|a(9)|?do, (10.1)
o =4n%1ma(9) loco (10.2)

riae do-—3JeMEHT TeJIECHOTo YIjla B HANpaBJICHMH KOHEYHOIO
JBHXEHHS, p— MMITYJIbC YacTHIB! ¥ a(9)— aMIUIMTya ee ynpyroro
paccessHMsT Ha yroia &:

a(9)= _41:1h2 Jd3re'i"'/h?yow(r)U(r). (10.3)

3mech 4’ — OUCMHHOP KOHEYHOI YaCTHUIBI, P’ — e€ UMIIYJIbC B \I!(r)—
BOJIHOBasl (GyHKIMs vacTHusl B none U(r), obGnajaromas acumi-
totukod (9.20a) mpm z— —oo.

®opmysia (10.3) mokaspiBaeT, YTO I HAXOXACHUS aAMILIATY LI
paccessHHsT HEOOXOOUMO 3HATH BOJIHOBYIO (YHKIMIO YaCTHIBI
B mpeaenax NeUCTBUS HA Hee mnojisa U (rg

Ecim sHeprus dacTvmbl BejIMKa, TO XapaKTEPHbIE 3HaYCHUs
YIJIOB paccessHUst MaJibl. IIpH HaxoXaeHuM aMIUTUTYAbl pacCestHUs
B 3TOM CJIyYa€ MOXHO BOCIHOJIB30BATbCS BOJIHOBOH (yHKUIueH
(9.24). TloncraBnsas 3ty dbyskmuio B (10.3), MOIYyYMM C TOYHOCTBIO
IO 4JIEHOB NOPSAKA p | CIEAYIOLIEE BLIPAXKEHHE NS AMILTATYIbI
paccessHHSI B DHKOHAJBLHOM INPHOJIMDKEHWH:

aO)=£ [@pizuten [Laptr)]  a0s

rie q=p—p —HUMIYJLC, NEpelaHHbIH pacCeUBAIOIEMy LEHTDY.

]
MHOXHTENDL €Xp 59:7) MBIl 3AMEHHIM 3/l€Ch HA EJMHHLY, TaK
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2
KaKk KOMIIOHEHTa IepeJaHHOro HMIyibca ¢,Xq1/2p npomnop-
mioHanpHa p!. Bemonmaue B (10.4) MHTErpHpOBaHME WO Z,

I1oJryyacM
a(9) === J d*peiaeh l:l—exp (%Xo (p)):l, (10.5)

+

Xo(P)=—3 szU (P> 2). (10.6)

-

OtrMetruM, 4TO mnpu BeIBOJe Gopmynsl (10.5) He wucnob-
30BaH KOHKpDeTHbIH BMA OyHkmuu U(r), nostoMy ¢opmyoit
(10.5) MOXHO mOJb30BaThCSl TPU MU3YYEHHH pacCesHUsS dac-
THIBI KaKk B TOJIE OTHOENbHOIO pAacCeMBAIOLIEro LEHTpa, Tak
H B TOJIe COBOKYIHOCTH MHOTMX pacCeMBAIOMIMX IEHTPOB.
B uacTHOCTH, OHAa HIMPOKO TIPAMEHSETCS HpPH WU3YYEeHWH pa3s-
JIMYHBIX TPOIECCOB pacCesHHUsl OBICTPBIX YAaCTHI[ SIAPAaMH M HOCHT
Ha3BaHue npubmmxenus [naybepa — Curenko [14, 15]. Ee MoxHO
NMPHMEHATh TakXe IPH U3YYEHUH paccessHUsi OBICTPBIX YacTHIL
B BEIIECTBE.

Vuer B dopmynax (9.24) u (10.3) unenos mopsiaka p~ ' (kak
B JKCIIOHEHTE, TaK M IpPEIIKCIIOHEHIMAJbHOM (aKTOpe) HMPHBOIUT
K CJEOYIOIIEMY BBIPAXEHHIO I aMIUIMTYObl paccesHus [12]:

a(8)=5 szpe“"’m {1 —exp I:%(Xo (P)+1s (p))]}, (10.7)

rae
+ z
_ 1 0 17 ’ l"'Uz 2

Ipu seBome (10.7) npemmonaranocs, uro U(p, z)=U(p, —z).

®opmyna (10.7) moxer ObITH MOJyYeHA TakKe Ha OCHOBE
MeToAa 53WKOHAJLHOTO Ppa3JIoKEHUss aMIUIUTyAbl paccesHus [16]
¥ Ha OCHOBE DeIIeHHS HHTEIPaJbHOIO YpaBHEHMS IS BOJIHOBOH
¢byHkmn OpicTpodl YacTMUB! BO BHemHeMm mnoJyie [17].

®opmyna (10.7) mo3BosisieT OUEHUTH OOJACTh NPHUMEHHMOCTH
slikoHaJIbHOTO NpubmDKeHus. s 3Toro Tpedyercs, 4ToObl B 00-
JIaCTH IEPEMEHHBIX p W z, Jarolledl [J1aBHBIM B B aMIUIMTYAY,
BBINIOJTHATIOCH HEPAaBEHCTBO

%o |>>1%4 |- (10.9)

3T10 HEPABCHCTBO IIpA HOOCTATOYHO BBICOKHX JHEPrudax BCCraa
BBINIOJTHACTCA.

40



Ecnu BenumynHa 3aBHCHT TOJIBKO OT MOJIYJISI NMPUIEIHLHOIO
0
napamerpa, To B (10.7) MOXHO BBINOJIHUTHL HHTETPHPOBaHHE IIO

yIIy Mexay q, H p:

a(9)=ip j pdpl, ("h_"> {1 —exp [;" (10 (9) 21 (p))]}, (10.10)

rae Jo (x)— dyskuus Beccens:
2n

Jo (x)= % Jd(p exp (ix cos @).
0

IIpu sTOoM mojHOE ceueHne ympyroro paccessus (10.2) Oyamer
onpeaensTbes popMynoi
@

c=4nRe fpdp {1 —exp [% (%o (P)+ 1, (p))]}. (10.11)

PaccMOTpHM HECKOABKO TPEACNbHBIX CIy4YaeB JHKOHAIBHON
aMILIUTyabl paccessHus. Ecnm |xo| <<k, 1o B (10.5) Moxer ObiTh
BBINOJIHEHO Pa3JIoKEHHe MO Y,/fi. IlepBBlii 4ieH Takoro pasJioxe-
HHS, COOTBETCTBYIOLIMI INEPBOMY OOPHOBCKOMY HPHOIIKEHHUIO,
HMeEET CICOYIOmUNA BHUA:

14
a(S)—znh U

q’

U,=[d?p dzU(p, z)e®". (10.12)

ITycTs Temepw |yq|>>F%. DTOT cilyyalt COOTBETCTBYET HEPEXONY
K Kiaccmieckon Mexanuke (fi—0). Ilpm 7i—0 MOXHO BOCHOIB-
30BaThCs CIIEAYIOMMM aCHMITOTHYECKUM IIPEICTABJICHUEM (YHKHUU

Beccens [18]:
Jo (%)~ /icos(x—;i), x> 1. (10.13)
nXx

IMonpcrasnss 310 cootHoureHwe B (10.10), monyuum

@

a(@=ip [ dp(22) " cos (22 _F\ [ 1 et | (10.14)
- p P . COS T 2 [+ . .
o

Jna BBIYHCIEHHS BXOISILErO CIOJIa HHTErpaja MOXHO BOCIIOJIb-
30BaTbCs METOAOM cranmuoHapHoit ©a3sl [19]. B pesynprate
HaxoIuM

1/2 .
"(9)=“"1’<£E£) CXP[—ig-,:Z(qlp—xo(P))], (10.15)

q, dq,
rae p=p(g,) ompemensiercss U3 YCIOBHS CTalHOHAPHON (asbl:

d
9= 5 %o (p)- (10.16)
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Juddepenipmanbaoe ce4eHHE pacCesHus (10.1) mpu sTOM COBmAagaeT
C pesyibTATOM, JABAEMBbIM KJIACCHUECKOH TEOpHeil paccesHud,

a’cc,—21tp dql (10.17)

S1oii GOpMyNOil MOXHO MOJIB30BATHCH, €CM ¢, P (g |)>h.
O6paTnM BHUMaHME Ha TO, 4YTO YpaBHCHHE (10.16) Moxet
AMETL HE OJMH, a IBa H GotbIree UMCIIO kopHedl. Takas curyanus
uMeeT MecCTO, Hampumep, ecim dyskumst dy, (p)/dp comepxut
MAakCHMyM TIIpH HEKOTOPOM HEHYJIeBOM 3HaYeHHM TMPHIIEIHLHOTO
napametpa. IIpu 3TOM 3agaHHOMY 3HAUYeHHIO YyIjla pacCesHHs
OyayT COOTBETCTBOBATH JABa IPHUIEILHBIX IapaMeTpa. Brlumcienne
AMIUTHTYbBl pAacCestHdss B 3TOM Clyyae [OJ/DKHO NPOBOITMTLCSH
C y4YeTOM HEOJHO3HAYHOCTH 3aBHCHMOCTH ¢, OT p, a HMMEHHO,
METOJ CTAIMOHAPHOH (a3bl MOJIKEH OBbITH NPUMEHEH IS KaXIOu
TOYKH CTAIMOHAPHOM (ha3bl OTHEJILHO U PEe3YJIbTHPYIOIINE BBIpaXKe-
HAs JUIS aMIUTHTY] PaccesHusl JOJKHBI OBITh CJIOKEHBI [5]:

a(9)=ay (9)+a,(9) (10.18)

Juddepenmmanpaoe ceuenue paccesaus (10.1) mpm sTOM NpPUOOG-
peTaeT BUA

do=|a, (%)+a,(9)|2do. (10.19)

OTO ceyeHHE OTJIMYAETCH OT COOTBETCTBYIOIIETO BBIPAKEHUS [Uisl
CEYeHHs], HAWIEHHOTO B pPAaMKaxX KJIACCHYECKOH TEODHH DPacCesHHs;

do,=(la, (9)1*+a,(9)|%)do, (10.20)

Tak Kak ammmryaa a, (9) u a, (.92 Mexay coboil mHTepdepUpyrOT.
Ecinu otMedenHo#i unTepdepeHiel npenedpeys, To ceuenus (10.19)
u (10.20) coBmamyT.

TakuM 06pa3oM, eCiii yrojl paccestHusl sIBJISETCS HEOMHO3IHAYHOH
¢dbyHKIHeH OpHUIEIBPHOrO NapaMeTpa, TO TpPH PACCeSHUM YaCTHIL
BO3MOXHBI HHTepdepeHIMOHHbIe sBJeHus. bonee mnoapo6HO He-
KOTOpble U3 3THX SHBJICHHH OyQyT paccCMOTpEeHBI HHXeE, B T 5.

§ 11. Paccesnne OBICTPBIX 4ACTHH HENOYKOHl aTOMOB

B npenpiaymem naparpade usnaranach odiias TeOpUs ynpyroro
paccessHHsL OBICTPBIX 3apsHKCHHBIX YacTHIl B NPOU3BOJIBHOM BHe-
mHeM nosie. I1pu 3ToM oTMe4anochk, YTO HOJIyYeHHBIMH GopMynamu
MOXHO MOJb30BATBLCSA NPU HU3YYEHUU PACCESHUSA YacTHI KaK B IOJIE
OTJEJIBHOTO aToMa, TaKk M B IOJIe, CO34aBAEMOM COBOKYMHOCTBIO
aToMoB. TpeOyercs TONBKO, 4YTOOBI JHEprusl 4YacTHUBl OblLIa
mocTaTovHo Benmka. OcoOblif MHTEpec NpeACTaBiIseT CiIydad, Korga
aToMbl 00pa3yroT NEepHOAMYECKYIO CTpPYyKTypy. Hanuuue takoit
CTPYKTYpHl MOXET OKa3aTh CYyIIECTBEHHOE BJUSHHUE Ha XapakTep
paccesiHusI.

PaccMoTpuM mpekae BCero ynpyroe paccessHie OBICTPBIX 3Jie-
KTPOHOB JIMHEHHOM mHenoykod N aTOMOB, PpacHOJIOKEHHBIX Ha
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ACCTOSIHUM @ JpYTr OT ApYyra BAOJIb MMITYJIbCAa MAJAOUIMX YacCTHIL
[13]. DTOT ciy4all NPENCTABJIAET WHTEPEC, NOCKOJILKY B 3aBHCH-
MOCTH OT 4HMcjla aTOMOB N B3aMMOJEWCTBHE YacCTHIBI C IENOYKOH
MOXeT OBITh PacCMOTPEHO KaK B paMKax OOPHOBCKOTO HpHOJIHXe-
gus KBAHTOBOH TEOPUH pAaCCEsHHs, TaK U B paMKax KJIaCCHYECKOM
Mexauukd. MHbIMH cioBamu, 3G(EKTHBHOCTHL B3aUMOAEHCTBHS
4acTHIBI C HEHNOYKOM OyneT H3MEeHSAThCA ¢ H3MEHEHHeM N.
HeiicTBuTenbHO, ecnu u(p, z)— IOTEHIMAJbHAS JHEPrus B3a-
AMOJCUCTBUSA JJIEKTPOHA C OJHMM aTOMOM, TO NOTEHIHaJbHas
SHEPTHS B3aMMOMIEHCTBUSA IJIEKTPOHA C LENMouYkoil N atoMoB Oyder
UMETb BHI
N-1
UM(r)= > u(p, z—na). (11.1)
n=0
(HampapsieHHe ABMIKEHHUSI HaJIeTAIOILEH Ha LENOYKY YacTHUIbl COB-
pajJaer ¢ ocblo uenoukd —puc. 2.1.) Iloacrasusas 3TO BBIpaXKeHHe

3
P N e

A W
e e

Puc. 2.1. B3aumopeicTBne OBLICTPOR 4YacTuMiUbl C WLENMOYKOH aTOMOB

IUIs TOTeHIMaibHO#W 3Hepruu B ¢dopmynsl (10.6) u (10.8) mus
Xo(P) ¥ x;(p), monysum mnpu N> 1

Nafd_ )’
187 =Nxo, X(lN)=T2;a(£Xo>’ (11.2)

+ o0
rie xo=—v"' [ dzu(p, z). B pesyibTaTe NpHXOOMM K CIeAy-
— oC
IOIEMY BBIPAXEHHIO Ul AMIUIATYIbl YIPYIOrO PacCesHUs 3JIeK-
TPOHOB IIEMOYKOH aATOMOB:

a‘”’(q)=ipjpdpJo<%)>{l—exp[%<xo+
° Nafa \?
+T:<d_p"°>+"')]}' (11.3)

OTo BBIpaXKeHHE ISl AMIUINTYObl PACCESHHS CHPaBEUTUBO, €CIIN
BbINOJTHEHb! HepaBeHcTBa (9.21). [Ina uenouku aroMoB Z~ Na
u p~R, nmostomy ycnoBust (9.21) mpmobOperaroT BHJI

N? AN
a|lo|<<l’ a
R2

| U< po, <1, (11.4)

roe R—paamyc 3KpaHMpOBaHMs HOTEHIMAJa aToMa.
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BTOpOC H TpeTbe HEPAaBEHCTBA OIpaHUMYUBAIOT YHCJIO aTOMOB
B 1LIETIOYKE. C YBCJIIHYCHUEM N OYE¢BHIHO, IIEPpBBIM HApymacTcCs
HEPABECHCTBO

IlepenucaB €ro B BHUJIE
Niyol/pPR<< R/Na (11.5)

M 3aMCETHB, YTO CpeaAHee 3HA4YCHUE YIjla paccesHus YacCTHLbI

LENOYKOH N0 MOPAAKY BEJMYMHBI paBHO 3~ N y,/pR (cM. dopmymy
(11.20)), npuxoauM K BBIBOIY, YTO YTOJI PAacCEsHHS NOJDKEH OBITh
Mal [0 cpaBHEHHIO ¢ R/Na (3Ty BeJM4YMHY MOXHO Ha3BaTh
yrJIoM pacTBopa iemoyku). MuemMH croBamu, BblpaxeHue (11.3)
IS aMILTHTYAbI pacCesiHWsl CIpaBelIABO, €CIIM YacTUIa, pacce-
HBasCh, OCTAE€TCS B Mpeesiax IENOYKH Ha BceW ee gnuHe. Tak
KaK C POCTOM 3HEPrddl CpefHWM YroJ paccesHUsi yObIBaer, TO
C pOCTOM OJHEpIMH YBEJIMYMBAETCS [OIYCTHMas [UIMHA NEHOYKH,
IJIss KOTopo# cmpasemtuBa Gopmyna (11.3).

3aMeTUM, 9TO yCIOBHE HIPUMEHHMMOCTH OOPHOBCKOTO MpHOImKe-
HUs JUIS LIETIOYKM aTOMOB HMEET BHI

Nixol< . (11.6)

Ilpu v—1 3TO ycnoBHE HE 3aBHCHT OT 3HEpIMM 4YacTuilpl. IlosTomy
npu OOJIBIIMX IHEPrHsAX 007acCTh HpuMeHHUMOCTH (opmyssr (11.3)
ropasno IMpe 00JacT NPUMEHMMOCTH OOPHOBCKOH aMIUTHTYIBI
paccesanst (10.12).

BuisicHIM Teneph XapaKTepHble OCOOEHHOCTH MOBEICHMS CEYCHUS
YIpPYroro paccesHHsl B 3aBUCHMOCTH OT 4YHCJIa aTOMOB B IIETIOYKE.

Ecnd 4ucno aToMOB B LENMOYKE TAKOBO, YTO BBIMONHAETCS
yclioBHE IPUMEHMMOCTH OopHOBckoro mnpubmmxenus (11.6), To
aKkcioHeHTYy B (11.3) MOXHO pasjioXuUTh B pAA IO NOTCHHMATY.
B pesynpTare mnonyuymM cienayioniee BbIpaxenue mid  aubde-
PEHIMATIBHOTO CEYeHHs] YNPYrOro pacCesiHUs HeNOIsIPU30BaHHBIX

qyacTuu.
2
J pdpJ, (qp) {Xo 2:(VX0)2+~~}
0

Tax kak NZ2a|Vy,|*/12p <|yx,|, To B nepBoM GOPHOBCKOM
OpUG/IVKEHUH CEUYeHHE pacCesiHAs NPONMOPUHMOHAILHO KBaapaTy
4ypciaa aToMoB nemovku [20, 21]. WubiMu cioBamd, B GOPHOBCKOM
NpHOJIMKEHHH B3aUMOAEHCTBHE YacTHIBI C IEMOYKOH HOCHT KO-
TepeHTHBIH Xapakrtep, T.€. CKJIaObIBAalOTCS He CEUCHHs, a aMil-
JIUTYObl PacCessHAS Ha KaXIOM M3 DacCeMBAIOIIMX HEHTPOB.

Bropoe cnaraemoe B kBagpaTHOi ckobke Qopmynsr (11.7)
COOTBETCTBYET BKJIaAy B CCYEHHE BTOPOTrO OOPHOBCKOTO MpHOIMxKe-
HUsA. MBI BUOUM, 9TO OTHOCHTEJIBHBEIN BKJIAJ BTOPOro GOPHOBCKOIO
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npuOJIMKEHHs TaKXKe NPONOPUMOHANEH KBaApaTy 4YHCIa aTOMOB
LEeNnOYKH.

Vduer BTOpOro GOPHOBCKOTO NPHUONMXKEHWUS TPHBOAUT K 3aBH-
CHMOCTH CE€YEHWsi OT 3Haka 3apsfga dactumbl. IIpm paccesHuu
5NCeKTPOHOB M TMO3UTPOHOB Ha OTHAEIBHOM aTOME pa3Iuyue uX
cedeHUIM ynpyroro paccesiHusi HE3HAYUTENbHO. Tak, Hampumep, Npu
paccessHMM B KyJOHOBCKOM MOJI€ OTAENbHOro aroMa u3 (11.7)
HAXOOUM CJIENyIOlllee BBIpaKEHHE [UISl CEUEHUS pAcCesHUs IO
MajubiMu yriaamu [1]:

2,4
do=8“f—j<1 ”Z“l; ...)dql. (11.8)

vigl el 2%

Dr1a QopMysa HOKa3bIBaeT, YTO NPHU OOJIBIIKX 3HAYEHHSX MMILYJIbCa
p TIOTIpaBKa, YYMTHIBAOLIAas 3HaK 3apsia, ucyesarome mana. Ecnu
ke paccessHHe MNPOHCXOIUT HA LENOYKE aTOMOB, TO pa3jHyue
B CEUCHHAX DAacCESHUS OJEKTPOHOB H IOHTPOHOB MOXET OBITH
GOJBIIKMM, TaK Kak OHO NpPONOPLMOHAJIbHO N 2.

[pu moctaTouyHo OONBIIMX 3HAUYCHWSIX N BCerga MOXeT ObITh
BBLINIOJIHEHO YCIIOBUE

N|yol>h, (11.9)

APOTUBOIOJIOKHOE YCJIOBHIO HPUMEHHMOCTH OOpPHOBCKOro IIpH-
onmuxennss (11.6). B stom ciayyae B 1mmpokodt obnacté YyrioB
paccesHHS, 3a HCKJIIOYEHHEM Majod obnacth BOMU3M Hynsd, Iae
pq, Sh, ON9 BLIYMCHCHHS aMIUMTYAb paccesnus (11.3) MoxHO
BOCIOJIb30BATHCS METOJOM CTAalMOHApHOH ¢a3pl. TakuM myTem,
coragacHo (10.16) u (10.17), MoxHO HAWTH 3aBUCUMOCTb mepenaH-
HOTO HMIYJbCa OT IPHUEILHOTO NapaMeTpa

Nza 2
L=NIVI I 1475V o - (11.10)
U ToNyuuTh auddepeHuHanLHOE CEUEHHE pacCesiHUs

dc‘”’—2np(ql) dql (11.11)

Ilpy Manbix yrmax paccesHUs ( p3p(8)<h) mnomp3oBaThes
METONOM CTallMOHApHOH (a3bl HEsb3sA, TaK Kak BOJH3M HYJEBOTO
yrjaa HeT CTANMOHAPHOM TOYKM. AMIUATYRY pACCesHHS B 3TOM
Ciyvae clieAyeT BBIMHCIATH HEMOCPEACTBEHHO IO q)opMyne 1. 3}

3aMeTHM, YTO TNONpaBKa, OOYC/IOBJEHHAS BeJIMYHHON ¥ ¢
B (11.10) u (11.11), Ttak xe xak u B (11.7), nponopunoaanma
N? ¥ 3aBHCHT OT 3HaKa 3apsja 4YacCTHUIILL

Eciu norteHuman OTAEIPHOrO aToMa LENOYKHM MpeICTaBIIseT
cobolf sxpanupoBaHHbIH noteHnuan Kymona (7.5), To HerpyaHo
NMOJYYUTh SBHOE BBIPAXKEHWE JUIA CEUEHUS pacCesHUs MHpH
NZe?/hv>1. Tlpu 3TOM ClEAyET pa3iMYaTh TPH XapaKTEPHBIX
HHTEpBaJIa 3HAYCHUH nepenaﬂnmx UMIyiabcoB ¢q,. B obnactu

MaJiblX 3HadYeHH# ¢, < h/ RIn¥

OJIa  BBIYHUCJICHHSI CCUYCHHSA
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clieyeT BOCHOJIL30BaThCA Bpra)KeHPICMN (11.3) mns aMIUIMTYabI
paccesinmusi. IlpeneGperas cnaraembiM x§'), Haxomum [21], 4ro

2 2 2
do™ = 2mR g, (1, NZe 13/ J, Ry NZely /x| (11.12)
hv h ho

q.

3neck y=exp(—G), a G~0,577—nocrosiHnas Jinepa.
2
Jlns mepenaHHBIX MMOYJbCOB ¢, >h/| Rln %) mddepennm-

aJIbHOE CEUYCHHE MOXET OBbITh BBIYMCIEHO METOAOM CTalMOHAPHOH
¢aspt mo  ¢dopmynam  (11.160) u (11.11). Ecimm npm 3tom
q.S2NZe?/vR, TO

~)_2nR%dg, In 2NZe?

do : (11.13)
9, q,vR
ecma ke ¢, >2NZe’/vR, TO
8 NZZZ 4
dc‘”’=—n—vzq—iedql. (11.14)

PaccMoTpuM Temepb 3aBHCHMOCTh OT N IOJHOTO CeYCHUSA
U CpeQHEro 3HA4YeHHs KBAJApaTa yria paccesHUs HacTHIl IETOYKOH.

BuinmonHuB uHTErpupoBanve B OHGGEpeHIMATHEHOM CEYCHUHN
YOpYroro paccessHys HO MepeNaHHbIM HMIIYNbCaM, MOJIYYHM TOJHOE
ceyenne paccesuusi M), B pamkax GOpPHOBCKOrO NPHOIMKEHHS,
coryjacHo (11.7),

e o}

2nN? N? g
O-(N)=Lh2__J\pdpl:xo+E‘5(on)2+ :l . (11.15)

0

Mer BuauMm, 4TO mnpu N|y,| <</ TNONHOE CedYeHHe paccesHus
3HAYUTEJIBHO MEHBIIE TE€OMETPHYECKOIO IONEPEYHOrO  CeyeHMs
aToma:

cM™Mx(Nyo/h)?R*<nR?.

DTO O3Hayaer, YTO LEMoYKa aTOMOB JUIS Iy4YKa NMaJaronvX 4acTHIl
ABJNACTCA Kak Obl NPO3payHOIf.

IlonHoe ceueHme yHpyroro paccesHdss B OOpHOBCKOM MpH-
OmukeHMH C yBelMYeHHEM N pacTeT NPONOPLHOHAIbHO N 2.
IIpn Bemonuenun yciosus (11.9), MPOTHBONIOJIOKHOTO YCIOBHUIO
IPUMEHUMOCTH OOPHOBCKOTO HPHOJIMKEHUsI, TaKoe COOTHOLICHUE
Mexay V) u N mapymaercs. OueHka NOJIHOTO CEYeHHs paCCEsHHs
(10.11) mpu N|yo|>#% nokaspiBaer, 4TO OHO MO HOPSIKY
BEJIMYUHB! PABHO

oM~ p2, (11.16)

rae p—obh¢ekTHBHOE 3HAYCHHE UPHIENBLHOrO MHapaMeTpa B HH-
terpasie (10.11), ompenenseMoe W3 COOTHOUICHHUS

NlXo(ﬁ)l’” h.
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I8 DernovYkd aTroMoOB, MNOTEHIMAJ] KOTOPBIX IPEICTABJSET
coboil 3kpaHMpoBaHHBIH noteHuuan KyoHa,
N -1
xX0'=—2NZe|e|v™ ' K,(p/R),

rae K, (x) —momudunuposannas gpynkiys Xankens. OTcioga Jerko
HAalTH TOPSAOK BEJIHYHHBI P:

P~RIn(2NZe?/hv).
[Mostomy mpu NZe?/hv>>1
o™~ R?(In QNZe? [hv))*. (11.17)

Takum o6paszom, npu NZe?/hv>>1 mONHOE CEYEHHE YNPYroro
paccesiHHsI HE MPOMOPHMOHAILHO KBAJpaTy YHCJIA aTOMOB LETOYKH,
KaK 3TO MMeeT MecTO B OOpHOBCKOM mpubmmxeHud. KBaapatuynas
3aBHCHUMOCTB CeueHHs1 OoT N 3amensiercs Oosee cnaGoi — jorapud-
muueckoi. dpyrumu cnoBamu, npu NZe?/hv>>1 moyHoe ceueHue
paccessHuss TouTH He 3aBUcUT oT N. IlosHoe ce4yeHue Tenephb
COBIAMIA€T MO MOPAAKY BEJIMYMHBI C T€OMETPUYECKUM HONEPEUYHBIM
ceyeHueM atoMma: o™~ R2 DTo 03HaYaeT, YTO LIEMOYKa ATOMOB
nepecTtaer OBITh MNPO3PAYHOU, T. €. BCE YACTHUOBI, MONAAFOIIUE
Ha IPHULEJbHYIO» IUIOIIAJAKY MOpsaka TWR2Z, WCHBITLIBAIOT pacce-
sHHe Ha KakoW-mbo yroii.

OueHnM Temepb CpeaHee 3HA4YeHHE KBaagpaTa IepedaHHOTo
UMIyJIbca Tpu BhInoyiHeHuHu yciaosuid (11.5) u (11.7). Dta Bemnuuna
OIpEeEseTCE COOTHOIIEHUEM

1
qi=quidc“")(ql). (11.18)

B OOpHOBCKOM HpHUOJIMXKEHUH, KaK JIETKO IPOBEPUTh, CpeXHUM
KBaApaT TNEpPeJaHHOTO HMITYJIbCa HE 3aBUCUT OT 4YHCIA ATOMOB
B uerouke N ¥ OIpeAeSiieTcs, B OCHOBHOM, MONEPEYHBIMHU
pa3MepaMd 00JIaCTH B3aUMOICHCTBHSA:

a3 ~(h/R)>. (11.19)
Ecmu xe NZe?>hv, to cormacHo (11.10)—(11.14),
g3 ~(NZe*/R)%. (11.20)

IMomBonsi WTOTH, MOXHO CKa3arb, YTO XapakTep YIPYroro
paccesiHusl OBICTPBIX YACTHI[ HEMOYKOH aTOMOB CYyIIECTBEHHO WH3-
MEHSIETCST IpPH BBIXOJE 32 PpPaMKd OOPHOBCKOTO TPHOJIMXKEHUS.
Tak, B o00jacTH TPUMEHHUMOCTH OOPHOBCKOIO HPUOIMKEHUS
(Nlyxol<h) muddepennuanpHoe U IHOJHOE CEYEHUS YIOPYroro
paccesiHusi TPONMOPIMOHAJIBHBl KBaApaTy 4YHCIA aTOMOB LEMOYKH,
a cpemHuil yron paccesHuss or N He 3aBuCHT. IIpu BBIIOIHEHHH
XKE YCJIOBUS KBa3WKJIACCHYHOCTH B3aMMOACHCTBHUS YaCTHIBI C LENOY-
Koit atoMOB (NN |y,|>>h) nonHoe ceuenne cnabo (rorapudmMuyecku)
3aBHCHT OT N, a CpeaHHH yroJi paccesiHHs NpPONOpUUOHATEH N.
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§ 12. N3ay4yenne ¢otona M oGpa3oBaHHe
3/1eKTPOHHO-IO3UTPOHHOH mapbI
B NEepBOM OOPHOBCKOM MNPHOIHKEHAH

IlepefizeM K paccMOTpeHHMIO IIponecca H3JydeHHs (oToHa
OBICTpPOH 3apsOKEHHOM YacTHIEH BO BHENIHEM MNOJIE. DTOT MPOUECC
XapaKTepu3yeTcss TeM, YTO 3JIEKTPOH BCJIENCTBHE B3aUMOIECHCTBHS
C BHEINHUM IIOJIEM C HEKOTOPOW BEPOATHOCTHIO U3jiyyaeT ¢oToH,
Mepexonst NpPH 3TOM B HOBOE COCTOSHHE B JIaHHOM MOJE.
BeposiTHOCTE Takoro mpouecca onpenenxerca cooTHomenneM [1]

2 3 3
2ne’ d’k d I |2 (12.1)

D=0 Gy @

rae M, —MaTpuYHbIA 3JIEMEHT MEepPEXOAa U3 HA4aabHOIO COCTOs-
uus ¥; B xomeunoe cocrosmme ¥, c wu3nygenumem ¢orona:

(= dtdPr¥ [ (r, 1) E* e O (r, 1), (12.2)

kK ¥ o—uMnynasC U SHEprus u3jiydyeHHoro ¢oTona, é=e,y,.
HavansHoe (i) m koHeuHoe (f) cocrosHHUs xapaxrepnayrorcx
HavyanpHBIMH (p, F) u KoHeuHbIMH (p’, E’') 3HAUEHHSIMH HMIIyJIbCca
U DHEPrHH 3JIEKTPOHA.
B mepBoM He HMcue3aroleM NpHOJIMKEHHH IO B3aUMOIEHCTBHIO
YacCTHUBL C BHEIIHMM MOJIEM MATPHYHOMY 3NEMEHTY M, OTBEYAIOT
aBe aumarpaMMbl —pnac. 2.2. HITpuxoBbie JMHUH coo-rBeTCTByloT

. ?? %* , ‘g,, ?e

ol —
> o — —
P P P P

Puc. 2.2. Jluarpammebl, OoTBedarollHe NpPOMECCY H3TyYeHHA IJIEKTPOHA B IEPBOM OOPHOBCKOM

NpAGIHXKECHAR

BHEIIHEMY IOJII0, Tak 4TO g, =p,—p,—k, €CTb 4-BEKTOp HEpelain
AMOyJIbca SApY.

Ecnn BHeIIHee NoJEe HE 3aBUCHT OT BPEMEHH H OIHMCHIBAETCSH
CTAaTHYESCKHM MOTEHIHAJIOM eAu=(U (r), O), 4YTO HMeEeT MECTO,
HanpuMmep, Ui HEMOABH)XHOTO sApa, TO

M;=—"_3(q0) M, (12.3)

' JEE

e S Am '+m .
M= uf( *frz YO+Ysz * uqua
rae qO—E E—o, f'=p'+k m f=p—k—mnpoMmexyrounse 4-
MMITYJIbCBI, U, ¥ 4;— OHCIIMHOPHI H3JTy4aloNIel YaCTHIBI B KOHEYHOM
¥ HaganbHOM cocrosnusx u U, — dypbe-kxomnonenta nons U(r).

3Has MaTpHYHBIA 3JIEMEHT, "MoXHO onpenenuth auddepeHu-
aJIbHOE CEeYCHHEe TOPMO3HOro u3ayueHus. B nabopaTopHoil cucTeme
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3TO CEYCHME CBA3AHO C BEPOATHOCTBIO M3JiyueHus (12.1), orHecennoi
K eauMHUuEe BpeMeHu dw,=t 'dw, cooTHowmeHdeM [l]

aw,

rae J=0v/V—IIOTHOCT, TOKAa NAJaIOMEX 4YacTHI. B mepBoM
OopHOBCKOM mnpubmxeHun, corjacHo (12.1)—(12.4),

— et 2 243,193
dc-WS(E E'—o)|M*d*p'd’k. (12.5)

B MaTtpuunbii 3nement (12.3) Bxoast muoxurenu (1 —vcosf) ™!
1 (1—v'cos®’)™!, rne 6 mu 0'—yrnel mexay BekTopamu k # p
H BeKTOpaMH K H P’ COOTBETCTBEHHO, a v H ¥ — CKOPOCTH
Ha4YaJIbHOIO0 H KOHEYHOIO 3JEKTPOHA, MO3TOMY B ciyuyae OOJbIIMX
sgepruit (E>m, E'>m), korga v 1 u v'~ 1, cedeHHe TOPMO3HOrO
M3JIYYCHHST MMEET PE3KUil MakCUMyM BOJIM3M HANIPABIICHHS WM-
OyJbca MNAJalollero 3JIeKTpPoHa. HM3anydyeHHe COCpeJOTOYEHO IIpH
3TOM, B OCHOBHOM, B Yy3KOM KOHYCE OKOJIO 3TOrO HaIIpaBJIEHMSs
Cc yrioM pacTBopa mopsigka 6~m/E; B 3TOM X€ KOHYCE JEXUT
AMIYJbC pPaccedHHOro 3JieKTpoHa. JluddepeHmuaisHoe CceyeHHe
w3nyderus (12.5) B sTtoM ciyuae yaoOHO BBIPa3UTL 4Yepe3 KOM-
MOHEHTHI IEPEAAHHOTO HMMIyJbca ( W NepeMeHHyro 0.

Hcnonb3ysi 3aKkOHBI COXpaHEHHS J3HEPrHH ¥ HMIYJbCa

E=E'+o,
p=p tk+q,

¥ YYHATHIBAasA, YTO B 00JACTH OOJIBIIMX 3HEPTrHil OCHOBHOH BKJIAL
B H3JIYYCHHE BHOCAT YIibl O~m/E u 0'~m/E’, moayduM ¢ TO4-

2
HOCTBIO 710 wieHoB mopsaaka m2/E? u m?/E’

(12.6)

et E ., ,8de dy
o=—u — |M? /— —=d3 12.

d 161!4 E ‘ l mzm \/it;? q’ ( 7)
rae &' =wm?/2EE’. Bxoasmas Cclofla TNepeMeHHas y CBS3aHa
¢ 6 cooTHOMIeHHEM

(E8/m)>=b+y/a, —1<y<], (12.8)

442 , q3 1 . g1, 4%
o=l (g -2 polf, 5o
mis \ 12 2E) g =0 Tt )
q. H q 1 KOMIIOHCHTHI (, HapaJIJIeJIbHaH U OpPTOTrOHAJIbHEIC
HMnyJ]ch p ﬂaﬂalomeﬁ YaCTHUbI. HO’[BJ’[CHHC MHOXHUTECIISA

& /m? . /1—y? B (12.7) cBa3aHO c sAkOoOMaHOM mepexoJa OT
NEepeMEHHBIX, ONPENCNAIOIIMX TeJleCHble yribi B ¢opmyne (12.5),
K nepemMeHHbIM 0 # q (yka3aHHBIH mnepexox MOApPOOHO omucaH
B paborax [1, 22]).

rae
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M3 NOJOXKUTETBHOCTH pajnKaja (12.8) cnenyer, 4TO
q,>8+q2/2E. (12.9)

PaccMOTpHM HEKOTOPBIE MPEIE/IBHBIE CITyYau dbopmynst (12.7).

B obnacTH MalbiX 3HAYCHMH NepelaHHOrO MMnyJisca (g, < m)
yCpeIHeHHOE TO TOJSPH3ANMAM HAYANBHBIX HaCTHI M TPOCYM-
MHpPOBAHHOE TO TOJISIPU3ALUAM KOHEYHBIX HaCTHUI( muddepennu-
aJIbHOE CEYEHHE H3JIyYCHUs npuoOperacT CAeAyIoNIMd BHI:

_e Edo ¥ qi L I 2
do=rs5 T % q[1+2EE, 2;1-2(1 q»)]IU.,I-(IZIO)

DToit mpocTod (GOpMYJIOR yAOGHO TOJAB30BATHCA [ aHANM3A
mpouecca H3JIydeHUs ObicTpoit dactunnl B mone U(r) B ciyuae,
KOTAAa XapakTepHble 3HAUCHMS MEPEOaHHBIX NPH H3JIYYEHHH HM-
MyJIbCOB MaJibl IIO CPABHEHUIO C m. Takasl curyauus peanusyercs,
HallpAMep, B TEOPHM KOTEPEHTHOIO W3JIy4YeHUs pPEJISTUBHCTCKUX
3JIEKTPOHOB B KpucTajvie (cM. 1. 4).

Ecnm xpoMe ycioBus ¢, <<m BBINIOJIHAETCS HEPABEHCTBO ¢q | > &,
T0 B (12.10) MOXHO HpeHEOpeyYh 3aBUCHMOCTBIO (ypPbe-KOMIIOHEHTHI
ITOTCHIHANIBHOM 3HEPrué OT ¢,. Torja nocjie MHTErPHPOBAHUS IO
q, CeYCHME U3Iy4eHUS MOXeT OBITh 3amHUCAHO B BH/IE

do=dw(q,) do®, (12.11)

rae do®)—cevenmme ynpyroro paccesHHs B NEPBOM OOPHOBCKOM
npubmxernun (10.1), (10.12) u dw(g,) —BEepOATHOCTL H3Jy4CHUS

2e? E’ 3 0\ ¢? do
dwlg,)=— =1+ — | =5 —. 12.12
(ql) 31': E + 4 EE/ m2 ® ( )
PaccmotpuMm Gonee noapobHO ciyvait ¢, >>8’, He mpemrnonaras
NpH 3TOM, 4TO ¢, <K m. B atom ciyyae B (12.10), xak u npu BbIBOZE
¢opmynbt (12.11), moxHO mnpenebpeub 3aBucumocteio U, oT g¢,.
CeueHne TOPMO3HOTO H3JIyYEHHS NP ITOM HMEET BUN
do=dw(q, y) do®P, (12.13)
rae
e? E’I pdde_d
4n? E m e 1,2
IMocsne ycpeameHdss IO TOJNSPU3ALMAM Ha4YaldbHBIX H CYM-

MUPOBaHHUS IO NMOJIAPH3ALUSIM KOHEYHBIX YACTHI[ U HHTETPUPOBAHUs
0o NEPEMEHHBIM y 4 ¢, npuxomuM k dopmyrne (12.11) ¢

2
282 14— |+1
& ( +2EE’)+

arw(ql)=7EX T_?_Tln(gh/&zﬂ)—l , (12.15)

dw(g, y)= dg,. (12.14)

rae £=gq,/2m.
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Mpu g, <m s3ta ¢opmyna nepexomut B (12.12); ecim xe
g, >=>m, TO

4e? E' da a)2

®opmynoit (12.11) ymoOHo mnoiap30BaThCs HOPH PacCMOTPEHUH
p3ayuYeHHs] OBICTPBIX YACTHI B cCJiyyae, KOrJAa XapakKTepHBIE
3HAYCHHs IePeJaHHbIX MMIIYJBCOB ¢, BEIMKH IO CPaBHEHHIO
¢ XapaKTepHbLIMHU 3HAYCHUSIMH IIPONONBHON KOMIIOHEHTHI MMITYJIbCa
g,~0. OTO ycjOBUE BBIOJHAETCS, HAOPUMED, NPH H3JIYYCHUH
YacTHI[ JOCTATOYHO BBICOKOH 3HEPrUM B IOJie aTOMa, MOTEHUHAN
KOTOpOTO UpencTaBisieT coOoff OKpaHMpPOBAaHHBIA IOTEHIHA
Kynona (7.5).

HeitcTBuTenbHO, (yphe-KOMIOHeHTa MoTeHmuanaa (7.5) paBHa

U,=4nZele|(¢*+R™?)"*. (12.17)
s Takoro moTeHUMasa onpenenmoumn BKJIaJ B CCUCHHUE M3Iy4e-
HOS JAa0T 3HadeHus m>=q, =~ R~!. Tlpm STOM, €CJM OSHEprus

4acTHLibi OyAeT HOCTATOYHO BEIMKA, TaK 4TO R~ >>8’ TO ce4yeHue
H3JIyYEHUST MOXET OBITh HAHIEHO C MOMOIIBIO q)opMyn (12.11),
(12.15). B pe3ynbTaTte HHTETPUPOBAHUSA 10 ¢, NPUXONHM K popMmye
bere u Tladitnepa {1, 23] nAns ceyeHHsA H3JIy4eHHS OBICTPOrO
9JIEKTPOHA B TOJIe aToMa

2,6 2
chH=4i;’ %[<1+% 3E>ln183Z‘”3 ;] (12.18)

[IpuBeneHnbie Bbille (QOPMYJbI MOIYT OBITH HCIIOJIL30BaHbI
M IS OIHCaHHUs Tpoliecca 0Opa3oBaHUA 3JIEKTPOHHO-IMIO3HTPOHHBIX
map ¢GOTOHOM B IOJIE aToOMa. DTOMY NpOIEecCYy B HEPBOM TOPsiIKe
TeOpHU BO3MylleHuii (OOPHOBCKOE NPUOIIKEHHE) COOTBETCTBYIOT
JIBE€ IuarpaMmbl, H300paxeHHble HA pHC. 2.3. Ha 3tux aumarpamMmax
P+ M p_—4-BeKTOpbl MNO3UTPOHA W 3JIEKTpOHa oOpa3yroueiics
napel, kK—4-uMmnyiaec ¢gotona U g=k—p,—p_.

HAuarpaMmbl puc. 2.3 TOHOJOTMYECKH JKBHBAJICHTHBI AHarpam-
MaM puC. 2.2, HU300paxarollliM MPOLECC U3IYYCHUS, HOITOMY
ceyeHHe O0pa3OBaHUS HApel MOXET ObITH HOJYYEHO W3 CEUEeHHS

@ @
\ p- \ Ps
q \
A/VF,V\Q<‘ k
P+ P-

Puc. 2.3, inarpaMMel, OTBEHaIOUIME MNpPONECCY OOpa3OBaHUA 3/EKTPOHHO-IIO3UTPOHHOM Mapbl
¢$HoTOHOM B nepsoM OGOPHOBCKOM [PHOILMKEHHH

U3JTydeHHs (12.5) myrem 3amMen k——k, p'->p_, p-o-—p,
u dkd’p'—d®p. . d%p_.
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B ciydae Maiblx TNepefad MMIysbca, ¢, <<m, Ui Hemojs-
PHU30BaHHBIX YaCTHL MOJY4aeM

2 dE.d% q} )E_ E% 3, 3
do, =t_;t_3 T g {E_,,(l _E>+4q—, (1 -—q—t)} | Uqlz, (12.19)

rae g, 4 ¢, —KOMIIOHEHTBI INEPENAHHOTO MMITYJIbCa, NapasjiebHas
U oproroHampHas uMmnyascy ¢oronma k, npuuem ¢,>9,,
§,=om?/2E_E,; U,—bypbe-KOMINOHEHTA NOTEHIHANA BHEIUHErO
moJIsl.

Ecom xe g, >d8,, TO

(02

, 2&2( —1>-1
_ e EE 2E_E, T
dcvt—‘“t3 5 { e In(&+,/€*+1) l}x

x|U,|2dE d*q,,  (12.20)

rae &=gq,/2m.

B nojie oTaesbHOr0 aToMa, MOTEHIHA KOTOPOro HpEeACTaBIIseT
coboil skpamupoBaHHbli notenuman Kysouna (7.5), ceuenme o006-
pazoBanus mapel np R 1>8, umeer Bum [23]

2,6
do, =22 % [(E"L +EL+3E_E,)In183Z "V~ E_ E+].

(12.21)

§ 13. IlonsTHe NUAHLI KOrEPEHTHOCTH B KBAaHTOBOH TeOpHM

Boiie, B § 4, MBI BBe/ld IIOHATHE JUIMHBI KOTE€PEHTHOCTH
HCXOHOs W3 pPacCMOTpEeHMs mpoliecca H3JIy4eHWsi B KJIACCHYECKOM
INeKTpOOWHAMUKE. OTa [UIMHA ONpeleiisiach KaK pacCTOsHHe
BIOJIb HMIYJbCA YacCTHIBI, B INpeAcSiaXx KOTOPOro CyLIECTBEHHBI
uHTepdepeHMonnble 3pdeKTs Npu u3aydeHUH. IIoHATHE MIHHBI
KOTEPEHTHOCTH €CTECTBEHHBIM O0pa3oM BO3HHKAET M B KBaHTOBOM
Teopun. Kax ™Mbl BHme/m B mpedplAyleM mnaparpade, cedeHHe
TOPMO3HOI'O H3Jy4eHUss B KBAaHTOBOH TEOpUH OIpeHeIsIeTc Mart-
pHMHBIM 3JieMeHTOM (12.2), mo3TOMYy JUIHHY KOT€PEHTHOCTH €CTECT-
BEHHO CBH3aThb C TOH 00nacThI0O NMPOCTPAaHCTBA, KOTOpPas BHOCHUT
CYIIECTBEHHBIN BKJIad B MaTPHYHBLIA 3JIEMEHT.

MartpuyHbiii 3JIEMEHT COAEPKMT MOA 3HAKOM HHTerpajia Io
TPOCTPAHCTBEHHBIM KOOpIWMHATAM MHOXHUTENb exp (iqr), rIe
q=p—p’ —k ecTb nepenaHHbLIN UMIYJIbC. DTA SKCIOHEHTA ONPEAEIIs-
eT 30dexTHBHBIE 3HAYEHWS I, BHOCSIIME TJABHBI BKJIaA B Mart-
PHYHBIA 37eMeHT. B penaTuBHCTCKON OONacTy mpoiiece W3jyucHus
pasbIrpHIBAE€TCS, B OCHOBHOM, BIOJIb HMIyJbCa d4acTUUBI p (OCh
z). OddextuBHas 0067acTh KOOPAMHATEI Z OYEBHAHO paBHA
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Zest~4s ', @ 3bdexTuBHAS 0GNACTH PACCTOAHHIA, NEPIEHANKYIIAPHBIX
p, DaBHA P~ql’

M3 3aKOHOB COXpaHEHWs JHEPIMH M HMIYJIbCa NPH H3JIy9eHHH
(12.6) cnemyer, 94TO B PpEJIATHBHCTCKOM Cjy4yae, KOTIa BEKTODHI
p. P’ ¥ k noYTH mapasnesbHel APYT IOpPYrY,

om?

2EE"

®opmyna (12.10) mokaspiBaet, 4To quddepeHINaTIbHOE CeUeHUE
u3y4eHHss ObICTPO yOBIBA€T C POCTOM g,, MO3TOMY XapaKTepHBIE
3HaYeHUsA ¢, MO NOPAOKY BEJIMYMHBI PAaBHBI §,~(min. 1aKHM
00pa3oM, MpoIecC H3JIy4YeHHMs pa3bIIphIBaeTCsl Ha JJIMHE BIOJb
MMITyJIbCAa YacCTHIbi, NO TOPAAKY BEJIMYMHBI, paBHON [22]

. _2EE
li=

qmin"=p_pl’—kz (131)

— (13.2)
OTta dopMyna ¥ onpeAenseT JIMHY KOTEPEHTHOCTH B KBAaHTOBOM
TEOPHH.

IToxaxem, uTo mIIMHA [, ONpenessieT pa3Mep NpPOCTPaHCTBEHHOM
00Js1acTd, B mpenesiax KOTOpO# NpOsBIAIOTCA KOrepeHTHbIE 3 ¢eKTh
npu u3nydeHnd. C 3TOM IENBbI0O PACCMOTPHM H3JIYICHHE, KOTOPOE
MPOUCXOJUT NPH CTOJIKHOBEHHHM 3JIEKTPOHA C Lienoykod N aToOMOB,
pacrloJIOKEHHbIX BIONb HMIyJbCa MNajJaromeid yacTHObsl (cM.
puc. 2.1).

B mepBoM GOpPHOBCKOM NPHOJWXEHHAM MAaTPHYHBIH 3JIEMEHT
npouecca wu3aydenus (12.3) ompenensercs ¢ypbe-KOMIIOHEHTOM
MOTEHI{Hajla BHENIHero mnojd. B ciayvyae memouku aromoB (11.1)

N-1
UP=73 ey, (13.3)

n=0
riae u,— Gpypbe-KOMIIOHEHTAa NOTEHLHaJIa OTAEIBHOTO aTOMa HEenoyY-
ku. Iloxcrasnss ato Boipaxenwe ans UL B (12.5), momyunm
CeYEHNE H3JIyYCHMs Ha Ienovyke aTOMOB
N-1 . 2
Y. e doh), (13.4)
n=0
DTO CeYeHHE TOJIBKO MHOXHTEJIEM OTJIMYAETCH OT CEYCHHs M3Jyde-
HHSL Ha M30JMpOBaHHOM atome do'l.

XapakTepHble 3HAYCHHSA ¢, MO TOPAAKY BENHYMHBI PaBHHI O,
MO3TOMY €CJIM pacCTOsSHUE MEXIy aToMaMH B Lenoike OyAer
BEJINKO IO CPaBHEHUIO C [UIMHON KOTrepeHTHOCTH (a>>1;), To
NEPEKPECTHLIMA CAaraeMbIMH B ABOIHONH cymme B (13.4) MOXHO
npeHeOpeys H ceueHHe H3JyYeHHs Ha N aroMax Oyder paBHO
CyMMe ceuyeHMH Ha N H30JMPOBAHHBIX LEHTpPax:

do™=Ndo"), I <a. (13.5)

Ecrm xe Bce N aTOMOB LemodkH OyAyT HaxXoAMThCA
B mpefesiax UIMHBI KOrepeHTHOoCcTH (/> Na; mnpH AOCTATOYHO
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GONBILINX SHEPrHsSX YaCTHIBI I3TO YCIOBUE BCEra MOXET ObITD
BBINOJIHEHO), TO JKCIIOHEHTHI B (1}"3) MOKHO TIOJIOXKMTb PaBHBIMH |
enuaMne. Ilpu 3TOM MaTpHYHBIH JJIEMEHT Tpolecca W3ITYYEHUS |
GymeT NpONOpLMOHaneH N, a CeueHne —IpOTOPIHOHANLHO N*:

do™=N24cM), (13.6)

Hamune MHOXUTENS N2 B 3TOM QOpPMYIie U SABISAETCS TPOSIBICHUEM

3¢dexTa KOrepeHTHOCTH.
B oTiauuMe OT KjacCH4eckoi (opMynbl [Aisi IJIMHBI KOTepeH-

THoctH B (13.1) Bxomur MHOXuTenb (l1—o/F), comepxaumuii ,

sHepruio ¢otona . TloaToMy MOXHO cKa3zaTb, 4TO KBaHTOBas i
¢opMyna A JUIMHBI KOTEPEHTHOCTH, B OTJIMYME OT KJIACCHYECKOH :

bopMynbl, YYHTBHIBAET OTHAYy NPH H3JIYYEHHUH.

MHuoxureb exp (iqr) BXOJUT HE TOJBKO B MAaTPHYHBIH 3JIEMEHT
mpolecca  H3JIydeHMs, HO ¥ B MATPHYHBIE O3JIEMEHTHl TaKUX
MpOIIECCOB, Kak ympyroe paccesaue (10.2), oOpasoBaHue 3J1€KT-
pOHHO-TTO3UTPOHHOM napkl (12.19) u ap. DTH mpoueccel B obiactu
BBICOKMX OJHEPruil Takke pasbilPhIBAIOTCS B OCHOBHOM B/IOJb
HMIYJbCa YACTUIBI, INO3TOMY TIOHSTHE JJIMHBI KOTE€PEHTHOCTH
MOXET OBbITH BBEIEHO HE TOJIBKO /Ui TOPMO3HOTO W3JNIy4eHU,
HO W I YHOPYTOro paccesiHus, W Ijs1 oOpa3oBaHHUs 3JIEKTPOHHO-
NO3UTPOHHOM mapul ¥ 1. A. IIpM 3TOM KOHKpEeTHBIE BHIPaXXEHUs
I8 JUJIAHBI KOTEPEHTHOCTH OyAyT pasiuuHbl UIS  pa3iMIHBIX
TPOLIECCOB, TaK KaK IiJig 3TUX NPOLECCOB OTJIMYAIOTCSH KOHKpETHBIE
BBIpaXXCHMSI 3aKOHOB COXpaHEHHs 3Heprud W ummnyisca. Cyniect-
BEHHBIM, OJHAKO, SBJISETCS TO, YTO B OOJIACTH BBICOKHMX JHEPTHi
JUTMHBI KOT€PEHTHOCTH BCEX 3THMX IMPOIECCOB PAacTyT C SHepruei
H IpH JOCTATOYHO OOJIBIIMX SHEPTUSX JAOCTUTaKOT MaKpOCKOIHYec-
kux pasmepoB. Tak, B ciyyae mpouecca YNpyroro paccesiHust
NPONOJBHBIA pa3Mep INPOCTPAHCTBEHHOW 00JacTH, Ha KOTOPOi
pa3BUBAETCsl AAHHBIN NPOLECC, MO TOPAAKY BEIMYMHBI paBeH

=122 (13.7)
9, 491
IMpu 3agaHHOM 3Ha4€HHH ¢, M OOCTaToO4YHO Oonbwmx E 3Ta
IUIMHA MOXeT OBITh CKOJIb YrOAHO OONbIIOH.

JiuHa [, omnpenenseT pa3Mep NpPOCTPaHCTBEHHOH oOJyiacTu
BAOJIL MMIIYJIbCAa YaCTUUBI, B mMpefesiax XOoTOpod HeoOXomuMo
YYUTBIBaTh HHTepdepeHuMoHHble 3¢dexThl mpu paccesHun. OT-
METHM, 4TO B KJIACCH4YecKOW Teopuu mHTepdepeHinonHbie 3pdexThi
NpU DACCESTHUM OTCYTCTBYIOT, TOrAa KaK B KBaHTOBO#H TeOopuH
OHM HMMEIOT MeCTO. JTO CBSI3aHO C TeM, 4YTO B KBaHTOBYIO
TEOpUIO BXOAMT TOHSTHE BOJHOBOW (YHKIMHM, TOraa Kak B KJac-
CHYeCKOH TEOPHH €ro Her.

Jnuny korepeHTHOCTH (13.1) MOXHO MHTEPIPETHPOBATH TAKXE
KaKk [JIHHY, Ha KOTOpPOH IPOUCXOAMT «OTpPHIB» (oTOHAa OT
U3JIydarolero ero oajiektpoHa [24, 25]. delicTBUTEIbHO, NYCTh
JIEKTPOH, CTAJKMBAsCh C AaTOMOM, H3JIy4aeT 3JEKTPOMAarHHTHYIO
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BOJIHY C dYacToToH . /JIjud YJIbTPapeIsTUBUCTCKON YacTHILI
p3Jy4eHHE MPOUCXOAMT B OCHOBHOM TMOJX MaJIbIMH YriamMu 6~m/E
K €€ HMIYJIbCY, MMO3TOMY PacCMOTPHM H3JIy4eHHE B HanpaBJICHUH
JBHOKEHHS] 4YaCTHIIBL.

AcHo, 4TO cpa3y HOCE CTONKHOBEHHs C aTOMOM H3Jy4YeHHas
3JIEKTPOHOM JJIEKTPOMAarHMUTHAsA BOJIHA (BOJIHOBOM MAKET) HE MOXET
JOCTATOYHO JANEKO OTOPBATHCH OT HEro. DNEKTPOH M 3JEKTpOMar-
HUTHYIO BOJIHY MOXHO pacCMaTpHBaTh KaK He3aBUCHMbIE OOBEKTHI,
TOJIBKO €CJIM OHM paloiAyTcs APYr OTHOCHUTEILHO Jpyra Imo
KpaifHeii Mepe Ha paccTosiHue nopsiaka (X+1/p’), roe p’ — uMmyisc
KOHEYHOrO0 OJJIEKTPOHA M A=1/®—UIMHA BOJIHBI M3JIYYEHHOTO
¢dotoHa. ITockonbKy 2J€KTPOH U M3JIyYEHHBIF UM (QOTOH JBHXKYTCS
B OJIHOM HampapjeHUH (puc. 2.4,a), TO OTHOCHTEJbHAs CKOPOCThb
Hx pasberaHusi OymeT v,,=~(l—v’). [loaToMy HHTEpBajl BpEMEHH,
B TeYeHHE KOTOpPOro (hOTOH «OTpHIBAETCH» OT OJJEKTPOHAa Ha
paccrosinie mnopsaka A+ 1/p’, Oyzer paseH

_k+1/p’ 2E'(E'+o)
- mle

At

Paccrosmue [.=v’'At, XOTOpOE NPOXOAWT WIEKTPOH 33 Bpems Af,
coBnamaeT ¢ BBeAeHHOH panee (13.2) MINHOH KOT€PEHTHOCTH.
AHaJIOTHYHbIE PACCy)XIOCHUS CHpaBeUIMBBI M JUIS  IIpoliecca
00pa30BaHUs JJIEKTPOHHO-NIO3UTPOHHON Maphbl XXECTKUM (GOTOHOM
B HoJie sapa. A HMEHHO, 3JIEKTPOH ¥ TO3HTPOH MOXHO pac-
CMaTpUBaTh Kak CBOOOAHBIC YacTULB! JIMIIb B CJIyyae, KOTJa 3TH
HaCTHLBI pa3jIeTATCS IpYr OTHOCHTEJIBHO Opyra Ha pacCTOsIHME,
apesbiatoniee 2/m. ITpu BBICOKMX 3HEPIUsiX 3TH YacTHUIBl BBLIETA-
IOT, B OCHOBHOM, M[OJ MaJbIMM YIJaMH K HMIyJbcy ¢oOTOHA
0,~m/E,, tne E, u E_-—03HEpruu MO3UTPOHA M 3JEKTPOHA
obpasyroleiics mapel, MOITOMY NPEXIE YeM JIEKTPOH U MO3HTPOH

o et

be~2EE e | €
a )

Prc. 2.4. «OT1puiB» ¢(oTOHa OT M3ny4arolled 4YacTHUBI (@) M pa3jIeT BHICOKOIHEPTETHYECKOMH
3NEKTPOHHO-NO3UTPOHHOR MNapbl (6)

pasieTaTrcs Ha pacCTOSHUE 2/m, OHW TpOHAYT MyTh, IO TOPAIAKY
BEJIMYUHBLI paBHBIM (CM. puc. 2.4, 6)

;. _2E-E,
T e

(13.8)

Besnnunna [, mpencraBiseT coboi ANMHY, Ha KOTOpoH ¢opm-
HpYeTCsl 3JeKTPOHHO-O3UTpOHHass mapa. Tak kaxk XapaKTepHbIe
3HauyeHus SHeprui E, u E_ vactuy ofpasylomiedics mapsl no
HOpSIKY BeJMYMHBI paBHbl E,~E_~®/2, 1O [, ~0/2m? W,
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CNIE[IOBATE/IbHO, TPH JOCTATOYHO OONBIIMX @ 3Ta JIMHA MOXET:
cTaTh CKOJb YroJHO OOJBIIOH. '

O6paTdM BHMMaHHE Ha TO, 4TO JUIMHA [, HMeeT Ty Xe
CTPYKTYpY, 4TO ¥ [UIHHA KOTEPEHTHOCTH /; B IMPOLECCE H3JyYEHHS: ;
pasiMuHe 3aKJIOYAeTCA JIMIIbL B TOM, YTO HayajibHAs M KOHEYHAS
SHEPruM ONEKTPOHA B INPONECCE W3JYyYCHHS 3aMEHsIOTCS 37ech
3HaYeHUSMH JHEPIHil IEKTPOHA U MO3UTPOHA 00pa3yroleHcs naphl.

§ 14. Cevennst m3nyvenuss M oGpasoBanus
3/1IeKTPOHHO-DO3HTPOHHLIX NAap B JHKOHAJLHOM NPHOTHIKEHHH

IIpn BBICOKMX JHEPrHsAX IUIMHA, HA KOTOpPOi (opMupyercs |
U3JIYYCHHE YJIbTPAPEJSTHBUCTCKOIO 3JIEKTPOHA, HMEET MAaKpOCKO- |
mmdeckuit pasmep. B npenmenax o3To#t INHHBI IJMEKTPOH MOXET |
CTOJIKHYTBCA C OONBIUMM YHCIOM aTOMOB cpefbl. [IpH 3TOM |
MOTYT OBITh BBIIOJHEHBl YCJIOBUA, IPHU KOTOPBIX BCE AaTOMBI,
HaxoOsAIIMeCs B NpeReiax MINHBI KOT€PEHTHOCTH, OyAyT BHICTYNATh
KaKk OJMH IHEHTP C 3(QPeKTHBHBIM 3apsanoM Z.~NZle|. Taxas
CHTyalldss HMeEET MECTO, HampHMep, B ciyyae, KOrJa O3JeKTPOH -
CTaJIKMBACTCA B Tpelesiax IJTHHBI KOFEPEHTHOCTH C LETIOYKOH
N aTOMOB, PACHOJNOXEHHBIX BAOJb HMMITYJIbC NAAAIOLIeil 4acTHIIbI
Ha PacCTOSHHM a JApYyr oT Apyra. Toraa 3¢d@exTUBHOM KOHCTaHTOM
B3aMMO/IEHCTBHS YACTHLBI C IIEMOYKOH OyaeT BLICTYNAaTh He Ze’/hv,
a BesmunHa NZe?/hv. TIpu 3TOM yCI0BHE NPUMEHMMOCTH NEPBOIO
6OpHOBCKOro NpHOIHXXEHUS] NPHHAMAET BHI

NZe?
hv

<. (14.1)

SIcHo, uTo npu OonbIIMX 3HAaYeHUSAX N 3TO YCIOBHE Hapylaercs.
[To3ToMy BaxXHO 3HaTh PONb BLICHIMX OOPHOBCKHX TPHOJIHKEHHIMA
B Mpollecce U3NYUSHUS.

HccnenyeM 3TOT BOIMpOC, UCHONB3YsA 3UKOHANLHYIO BOJIHOBYIO
¢yakuuro ObicTpoit dactupel Bo BHemHeM mojie (9.24). [Ipu
BBICOKHX 3HEPrHAX MOMPaBKH K I3TOH (YHKIMH HpOMOPHHOHAIH-
Hol p~ ', NMOITOMY MOXHO OXHAaTh, YTO B 3TOM CiIydYde IIO-
NMpaBKA K CEYECHHIO U3JIyYeHHS B OHUKOHATHHOM NPHOJIMKEHHH
OynyT Majbi.

3aMeTuM MpeaBapUTENbHO, YTO HENOCPEICTBEHHAs MOACTaHOBKA
9HKOHANBHOH BOJHOBOM (YHKUHM B MaTpHUHBIH 3neMeHt (12.2)
emie He pemaer mnpobiemy. [emo B TOM, YTO HPOIOJIBHBIE
paccTosiHMsI BIOJIb MMIYJIbCa YacTHIbI, Jalollde TIJIaBHBIH Bkjan
B MaTpuuHbI# 3neMmeHT (12.2), HmO mNOpsAOKY BEJIUYUHBI DPaBHBI
IUTMHE KOTepeHTHOCTH /,, M03TOMYy HEO06X0AUMO, YTOOBI MOHpPaBKH
K 3fkoHanbHOW BONHOBON ¢yHKIMHM ObLIM Majbl B Ipelesiax IToH
mmueel. Ilomcrasiass B HepaBeHCTBax (9.21), onpeessioUInX YCio-
BUS NMPUMEHUMOCTH SHKOHAIBHOTO HPHOJIMKCHHS, BMECTO z IJIMHY
korepenTHocTH [.=2FE’/m?® ® 3amedas, uto p~ ! ompenesnser
[0 TOPAOKY BEJMYHHLI 3HA4Y€HHE HMIYJIbCa ¢,, NEpeAaHHOTO
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BHEILHEMY MOJIIO, h/p~¢q,, NPUXOAUM K CIEAYIOIIEMY YCIOBHIO

HA ¢,:
, 2
2E (‘Ll) <l (14.2)

ho \ m

TakuM 00pa3oM, HEMOCPENCTBEHHOE BLIYUCICHHE MAaTPUYHOTO
anemenTa (12.2) ¢ ucmoib30BaHHEM OJiKOHALHOH BOJIHOBOM (yH-
KIMKM ONpaBAaHO TOJBKO B o6jacTH Majbix 3HadeHuit ¢q,. W3
pe3yabTaTOB GOPHOBCKOrO INpHUOIMKEHMs, OJHAKO, BHITEKAET (CM.
§ 12), yTo OCHOBHOH BKJIAJ B CEYCHHME H3JIyYCHHS AAOT 3HAYCHHSA
h/R<q, <m. Ho npu g, ~m HepaseHctBo (14.2) mapymaerca wu,
CJIEJOBATENIbHO, HENOCPEACTBEHHA] NOJACTaHOBKA 3WKOHAJBbHON BOJI-
poBo# ¢GyHkuuu B (12.2) HEe MOXET NAaTh NPABUIBHOTO BBIPAXKEHUS
U1 MaTPUYHOTO 3JIEMEHTA.

MaTpuyHbI 3JIEMEHT HEOOXOIHMO TNpeaBapuTesbHO Hpeod-
pa3oBaTh TakMM 00pa3oM, YTOObI B HOIBIHTErPAJIbLHOE BbIPAXKCHHUE
HENOCPEACTBEHHO BXOJWJ MOTEHIMaJ BHEUIHero mojs. Torma, eciu
pa3Mep NPOCTPAaHCTBEHHON 00nacTy z. BAOJb MMILYJIbCA YACTHIB,
B KOTOPOW MOTEHNMAN BHEUIHErO NOJs OTAMYEH OT Hyns, Oyaer
MaJl O CpPaBHEHHIO C IUIMHOM KOTepeHTHOCTH [, TO obOpezaHme
UHTETpajla 1o KOOpIWHaTe z OyneT ONpeaessiThCs He JUIMHOM
KOT€PEeHTHOCTH (OCUWJUISIMSAMH  3KCIOHEHIMAJIbHOrO (akTopa),
a BEJHIMHOH Z, e (B CJlydyae NOTEHLHAaJa OTHEJILHOIO aToMa
Zegr~ R) M, cieIOBaTeILHO, IPU BBICOKMX JHEPTHUSX B MHTEpECYyroIIeH
o0JlacTH TNepeaHHbIX MMIYJbcoB (A/R<g, <m) ycioBus npuMe-
HAMOCTH 3WKOHanbHOTO mnpubmmxenus (9.21) Bcerma MoryT OBITH
BBIIIOJIHEHBI.

Takoe npencrabieHne MaTpuU4Horo ajneMmeHTta (12.2) jerko
BBIINOJIHUTH, BOCIOJIb30BABIINCh AMarPaMMHBIM TOXIECTBOM, H300-
paXeHHbIM Ha puc. 2.5, Tl BHEINHWE JIMHUH B BEPIIMHAX C BHEII-

L

Puc. 2.5. JlnarpaMmHOe TOXAECTBO IUIA MAaTPAYHOrO 3JICMEHTa Ipollecca M3JIYYEHHS

HAM TH0JIEM — TOYHbIE BOJIHOBBbIE (YHKIMM 4YacCTHIbI BO BHELIHEM
1oJjie, a TOHKHE —BOJHOBBIe (yHKnuM M OGyHkmuu I'puHa 1S
cBoOonHOM vacTtuipl. IIpy BEINOJIHEHHH YCJIOBHS

10> 24 (14.3)

BKJIaJ TpEThEro cijaraeMoro (puc.2.5) B MaTpUYHBIA 3JIEMEHT
MaJj MO CPaBHEHHIO C BKJIAJOM MEPBBIX [BYX CIaraeMbIX, IpHIeM
CTENeHb MAaJIOCTH 3TOrO CJIaraéMoro OIpede/seTcsl NapaMeTpoM
Zege/l,. TIOATOMY € TOYHOCTBIO [0 4WIEHOB MNOpSAKa Z./l. Mat-
PUYHBI SAEMEHT MOXeT ObITh 3alHucaH B BHAE OMarpaMm,
NpencTaBieHHbIX Ha pHc. 2.6 [26].
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Puc. 2.6. IIpuGimkeREOe OPeICTaBICHHe MATPHYHOTO 3JIEMEHTA MPONECca H3NYHeHHS NPH I Zye

ITonacrapnss croa SHKOHAIBHYIHO BOJHOBYIO (YHKIHIO, HAXO-

MM, 4YTO € TOYHOCTBIO [0 4YJIEHOB, IPONOPUHOHAIBHBIX p !,

) .
M,,-=£Ma(ql), (14.4) }

rae M —cCnMHOpHAs CTPYKTYypa MAaTPHYHOTO 3JIEMEHTA, OMpE/esis- |
emas dopmysor (12.4), u a(q,)—oHKOHaJNbHAs AMIUIUTYJA YII-

pyroro paccesiaus (10.5).

TaxuM 00Opa3oM, HpH BBINOJIHEHMH YCIOBHUS [.>>Z.; CEYEHHE -

H3JIyYeHHs npuobperaeT BUA

do(g, y)=dw(q, y)-do,, (14.5)"

rae dw(q, y)— BepOsSITHOCTb H3JIyYeHHs, ONpenesieMas COOTHOIUE-
aueM (12.14), u dc,—cevenne ynpyroro paccesiHus B 9MKOHAJILHOM |

MPUOTHKEHUH.

\% 051 BI/II[I/IM,. 4YTO B pacCMaTpUBacMOM CiIy4a€ CCUYCHHUC U3ITYYCHHUSA ;

pacniagac€TCsa Ha BEPOSATHOCTD H3JIYYCHHA M CCUYCHHE YIPYToro

paccesHus. 3aMeTHM, YTO, BOOOINE TOBOPS, B IPOHU3BOJHHOM |

BHEIIIHEM TIOJie Takasg (akTopu3auus HE HMeeT Mecra—OHa
MPOUCXOAUT TOJBKO NPH BBHINOJHEHHH yciaoBusa (14.3).

®opmyna s dw(q, y) B (14.5) coBnagaeT ¢ COOTBETCTBYIOIIEH

¢bopMys0ii B GOpHOBCKOM NpPUOIHXKEHUH. YIHUTHIBAs 3TO, 4 TaKke

TO, YTO dG, HE 3aBHCHT OT NEPEMEHHBIX ¢, ¥ y, MOJYYHM TOCHE 1

CYMMHPOBAaHUA II0 INOJIIPpU3AIMAM BCEX KOHCYHBIX YaCTHII H YC-
PEAHCHU IO NOJIIpU3alusM Ha4YaJIbHbIX 4aCTHL U HHTCIPUPOBAHUA
0 g, U y CICOyroIee BbIPAXCHUE [UIA CECUYCHUS:

do(q,)=dw(q,)do.(q,), (14.6)

rae dw(q,) ompenensiercs ¢dopmynoit (12.15).

PaccMoTpuM HekoTopble mNperdesibHbie ciaydan (14.6).

Ilpu |xol<<h B BBIpaXKeHUM IUIS CEYCHHS DPACCESIHUS MOXHO
BBINOJIHUTL Pa3JIOKEHHUE IKCIOHEHTHI exp (ix,/#). B mepsBoMm npu-
OmpkeHnH Taxoro pasjoxenuss ¢opmyna (14.6) maet pesysbrart
nezpnoro OGOpPHOBCKOTO NPHOMKEHHS [UISl CEYEHHS H3JIydeHHs
(12.11).

Ecnu ke |yo|>h, 71O cormacao (10.17) do,=2npdp u,
CJIeIOBATEJIBHO,

do=2npdpdw(q, )|, —vy,- (14.7)

JoMHOXHMB do Ha ho, noaydyuM 3¢G(EKTHBHOE U3JIyYeHHE
dX =hodc. Tlpn ho<<E u |Yo|>h B XiaccH4eckKOM mpenele,
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KOrJia MOXHO mpeHeOpeyb oTHa4edl NPH H3JIYyYeHUH W ABHKEHHE
4qaCTHIBI BO BHEIIHEM IIOJIE MOXHO TpakTOBaTb B TEPMHHAX
KJACCUYECKOH MexaHHku, ¢opmyna dX =hwdc c yuetom (14.7)
JaeT COOTBETCTBYIOLIMM pe3yabTaT KJIACCHYECKOH TEeOopHHM W3-
JIy4eHHsI.

Takum o6paszoMm, ¢opmyna (14.6) no3BoJssieT HCCIEOOBATH
BKJIaJ] BBICIINX OOPHOBCKHX MPHOJMXEHWH B Ce4eHHE HU3JIyYEHUs
ObICTPBIX YAaCTHI[ BO BHELIHEM IIOJIE M MCCJIENOBaTh IEpPeXond OT
¢opMyJibl OOPHOBCKOro NpHOIDKEHHS K (GopMyJsle KJIacCHYecKou
TEOPHH H3JIyYeHHS.

Benuuuna 7y, mpH CTOJKHOBEHHM Y/IbTPAPENATHBACTCKOTO Jle-
KTPOHA € aTOMOM [0 NOPSIKY BEJIMYHMHbI DaBHa |%ol~Ze?. Tax
KaK IS BCEX M3BECTHBIX 3JIeMEHTOB Ze?/hv<l1, To Moxer
CIIOXXUTBHCS BIEYATJICHHE, 4YTO aHaJIM3 KJIACCHYECKOTO npeseia
¢dopmyiisl (14.6) He mMeeT mpakTHieckoro uHrepeca. Ho ato He
tak. J{eJIo B TOM, 4TO IPH BBIBOIE 3TOH (OPMYJIbI HE HCIOJB30BaH
KOHKPETHBbIM BHJ NOTEHIMAja BHEIIHEro MoJisi; TpeOOoBaJlloch TOJb-
KO, 4YTOObI oOOJlacTh HEeHCTBHS HA YacTHLy OJTOro moJs Oblia
Majla IO CpaBHEHHIO C J[JIHHOM KOrepeHTHOCTH. B wacTHOCTH,
B Tpefesiax JIMHBI KOT€PEHTHOCTH 3JIEKTPOH MOXET CTOJIKHYTBHCS
¢ OonpmuM tmcnom atomoB. Ilpm 3TOM BXOZfAIasT B (14 6)
penuuuHa Y8 Oymer TpeacTaBasTbh coboM CyMMy 3HAYEeHUH ),
A7 OTAENbHBIX aTOMOB M, CNEAOBATEbHO, X3 MOXeET ObITh
CKOJIb YTOAHO OONBINOH.

PaccMoTpuM B kayecTBe IpUMeEpa H3JIy4YeHHE OBICTPOro 3je-
KTpOHa IPH CTOJIKHOBEHHMH C LEMOYKOH N aTOMOB, PacHOJIOKEHHBIX
Ha pacCTOSHMM 4 JApPYr OT Jpyra BIOJb HMMITYJbCa NaJaroller
yactuub! p [13]. IloTeHumuan OTAENBHOrO aToMd LENOYKH OymeM
CYMTATh YKPAHUPOBAHHBIM KYJIOHOBCKUM. Ecim BBIOJIHSETCS YCIIO-
BUe /;>> Na, TO ceyeHHE H3JIyueHHs OyIeT ompenensTbes GopMysion
(14.6) ¢ BemmumHoit X §, paBHOM

28 =2NZele| K, (p/R), (14.8)

rae K, (x)—momudunupoBannas ¢GyHkuus XaHKEs.

J1a Takoro nmoTeHLMaNa CeYeHHE M3JTyYSHUS] MOXXHO BBIYHCIIUTH
AHAJATHYECKH.

Eciu Beimosinsercs yciosue NZe?/mR<<1, To mocne HHTer-
PUPOBAaHUA MO P U ¢, HAXOOUM, 4YTO

hodo™  16e2 <N2e2> E {( 3 M2 2)
hods™ _16e” 143 x
do 3 mR E 4 EE’'
<3 -1
x[lanR+%—<Nze> P < ("fj)) ]ﬂ%} (14.9)

OTa dopMysia MO CYLIECTBY COBINANAET C H3BECTHOH (opmyiioi
Bere—Maxkcumona [27, 28] nns ceueHWss W3JIyYEHUS 3JIEKTPOHA
Ha OTACJBbHOM 3KpAaHMPOBAHHOM KYJIOHOBCKOM HEHTDE, IOJIydeHHOH
B npubmibxenun @appm—3ommepdensaa —Mays  [29, 30].
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Crenyer Jwmib B Qopmyie Bere — MakcuMOHa 3aMEHHTB 3apsi;
sgpa Zle| na NZle|. Mbl BumuM, 410 B npoue6cce H3TYYeHUS
npu [.>Na BCca nemovka aToOMOB  BEACT cebs  Kak OMMH
neHTp ¢ 3(QGbEKTUBHBIM 3apsioM NZlel. |
Ipu NZe?/hv<1 ¢opmyia (14.9) mepexomMT B pe3yJbTaT
GOPHOBCKOrO TIPHGIIIKEHUS. TIpa 3TOM CEYEHHE H3JTY4CHHs NMPOTIOP-
mMoHanbHO N?, T. €. HM3JIyYeHHe HOCHT KOTCPEHTHBIH XapaKTep.
Ecin xe NZe?/hv>1, mo mno-mpexumemy NZe’/mR<1, To'i
cymmupyemass B (14.9) OyHKmMA OymeT IUIaBHO H3MEHSTHCSH ]
¢ pocToM n. 3aMeHsss 3Ty CyMMY Ha HHTErpaj, HaxomuM, 4YTO '

hodo™  16e? { NZe? \2E' 3 h2e? mR 1] 1
—— D — — —_— — 1 ——— — — —
do 3 ( m > E{(I+4AEE'>[HNZe2 G+2]+12}’

(14.10)

rae G=0,577 —mnocrosHHas Oiepa.

®opmyna (14.10) moka3biBaeT, YTO KBAHTOBBIM XapakTep MHpo-
necca usnaydenus npu |x&|>h nossnsercs Tonsko B 3ddexte,
CBA3AaHHOM C OTHA4Yedl NpW H3JIy4YeHHH. J[[BUXKEHHE >X€ YaCTHIbI
BO BHEIIHEM IIOJIE B 3TOM CJIy4ae MOXHO ONHCHIBATh KJIACCHYECKH.
®opmyna (14.10) mokasbiBaeT Takxke, YTO B PacCMaTpUBAEMOM
npefeMbHOM Clyuae CeYeHHe W3NyYeHHs NPONOpHMOHanbHo N2
TakuMm o6pa3oM, H3JyYeHHe HOCHT KOTEPEHTHBI XapakKTep Kak
npu KBaHTOBOM (NZe?/hw<<1), Tak ¥ TpH KJIACCAYECKOM
(NZe*/hv>1) pacCMOTPEHHH IBHXKCHHs YaCTHUBI B IOJIE LENOYKH.

Ilpu NZe?/mR>1 dopmynnt (14.9) u (14.10) HecupaBeiMBbL
HenocpeacrBeHHOE HMHTErpupoBaHue oO0mero BoipaxeHus (14.6)
IUIS CeYeHHMs W3JIyYeHHS NPHBOJUT B 3TOM CJy4Yae K

N 2p2 g 2,2 2\3
hodoD_ %’k 5(1+h—“’-) (m”z") . (14.11)

do 3 E 2EE’ mR

Mpgbl BUAMM, YTO B 3TOM cJlydae KOTepeHTHBIH XapakTep HM3JIyuYeHHs
OBICTPHIX YacTHIl B TOJie HEMOYKH aTOMOB HAPYWUIAETCS, HPHUYEM
HHTCHCHBHOCTb M3JIyYeHHs NPAKTHYECKM HE 3aBHCUT OT YHCIA
COyJapeHHii YacTHLBI C aTOMaMH Lemno4ku. Benmuumna NZe?/mR
NpEJICTaBNseT COOOH OTHOINCHHE XapakTEepPHOTO Yrja paccesHHs
JNEKTPOHA 1Eenodkoii 9~ NZe?/ER K XapakTepHOMY 3HAYEHHIO
yrja H3JIYYCHHs PENATUBHCTCKOro J3nekTpoHa O~m/E. Taxum
obpa3zoM, korepeHTHble 3((EKTHl NpPH HBJIYYEHHN MNPOSBIAIOTCH
TONBKO npu 3<m/E; NpH BBHINOJHEHHH X€ IPOTUBOMOJIOKHOTO
ycnoBusi uMeeT Mecto 3(PdeKkT mnomaBieHUsT KOTEPeHTHOrO H3-
JIy9CHUS.

OTMeTHM, YTO BBHIBOA 00 H3MEHEHHMH XapakTepa H3JIyYeHHs
YABTPapeIATUBACTCKOrO 3JEKTpoHAa NpH I~m/E sABAseTCS OOIIMM
M HE 3aBHCHT OT TOro, B KaKOM IOJI€ NPOMCXOOHMT H3JIydeHHE.
Ceszano 310 ¢ TeM, uro dopmyna (14.6) monydeHa Ge3 HCHOJIb-
30BaHUsI KOHKPETHOTO BHIA MOTEHIMAJIAa BHEIIHETO MOJIfA, TIO3TOMY
€0 MOXHO IMOJIb30BAaThCA NPH U3YICHHH H3JIy9CHHUS B Pa3JINIHBIX
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noJIfiX, Takux kak amMopduas cpema [31], xpucramn [13], xycouno
HEOOHOpPOAHOEe BHelnHee mojie [32] W T. m., Tpebyercs TOJIBLKO
pblnoniHeHue ycnosus (14.3).

Ananorudnapie GOpPMYJIBl HETPYAHO INOJYYHTh M VIS CEYCHHS
00pa3oBaHUs 3JIEKTPOHHO-MO3UTPOHHOM Hapsl (GOTOHOM BO BHe-
mHeM mnoJie. Tak, ecid [JIMHA KOTEPeHTHOCTH 3TOro mporecca
l,=2E,E_/m*>® OygeT BeaMka N0 CPaBHEHMIO C DPa3MEpPOM
IPOCTPAHCTBEHHON 00MacTH Z,; BAONb MMMOyJIbca (POTOHA, B KO-
TOpO# MOTEHLMAJl BHEIIHETO MHOJIA OTJIMYEH OT HYJIA,

1, zys, (14.12)

TO B OHKOHAJIHHOM NPUONMKEHUN CeYeHHe OOpa3oBaHUA Naphbl
MOX€T OBITB TpeAcTaBAcHO B Buae [33]

do.(q,.)=dw,(q,)do,, (14.13)

rae dw, — BEPOSTHOCTh nepexola (OTOHA B 3INEKTPOHHO-HO3MT-
POHHYIO mWapy C mnepefadeidl mape MOMEPEYHOH COCTaBJIAOLIEH
HMIyJIbCa, PABHOIO ¢,

h2o?

2*E_E, dE 252( ‘1>—1
dw, =—=—*—* 2EE, In(&+/E2+1)—1 >
T o o E\/Ez—-i-—l (E,. 3 )
(14.14)

3nech {=gq,/2m u do,(q,)—cedeHue YNpyroro paccesHus OFHOMN
¥3 YacTi napel Bo BHemwrHeM mnose (10.1), (10.5). 3amermM, 4ToO
B paccMaTpHBAaE€MBbIii INpOIECC CYIIECTBEHHBIH BKJIaJ HAlOT BCE
TpH [OMarpamMMbl, NpUBEJCHHbIE Ha pHC. 2.5.

PaccMoTpuM Temephr 00pa3oBaHHME 3JIEKTPOHHO-NIO3UTPOHHOM
napsl (OTOHOM BHICOKOH SHEpruM B mnojie Hemoykd N aTOMOB,
PpacIoIoXeHHBIX BIOJL uUMiyjibca ¢oroHa [34]. Ceuyenme 3TOrO
gponecca IpH JOCTATOYHO BBICOKOHM OSHeprum ¢OTOHa, KOrna
BBINIOJIHSIETCS YCIIOBHE /. >> Na, MOXeET ObITh NOJIy4EHO MO PopMyIIe
(14.13). HoxacraBnss B 3Ty GOpMyIly 3HAYCHHE xﬁg”, onpejenseMoe
cootHomiekueM (14.9), maxomuMm, qto npu NZe“/mR<1

hodo, _16e* (Nze*\ E_E, {3 n?a® |\
dE, 3 m w? 4E_E,

mRY 1 [(Nzer\* & _if . (Nze2\P\7'] 1
x[ln<7)+§—< 7 ) n;In <n +< 7 ) —E . (14.15)
Ecmu xe NZe’/mR>1, To

odo, 4e’R*E_E, ( h*e?® Nze?\?
oo s (v V) g

®opmyna (14.15) noxa3uiBaeT, YTO MNPU BBINOJHEHHH YCJIOBHUS
NZe?/mR <1 ceuenue o6pa3oBaHHs Naphl IPONOPUHOHAILHO KBAI-
paTty Ymcia aToMOB B IENOYKE, T. €. IpoLecc B 3ITOM CllyHyae
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HOCAT KOTepeHTHbIA xapaktep. Ecmm xe NZe’/mR>1, ToO,
cornacuo (14.16), xBaspaTHiHas 3aBUCUMOCTH CCHEHHS OT N 3a- ;

MeHsieTcs Oonee caboi — morapuMHIECKOH.

Takum o6pa3soM, NpH B3AUMOJCHCTBHH YACTHIl BBICOKHX |
SHEprHil C HENOYKOH aTOMOB KOTCPCHTHBIM 3dpdexr Bo3MOXKEH He

Tonpko B mpoueccax paccesnusi (cM. § 11) u m3nayyenus, Ho
¥ B mpolecce o6pa3oBaHUs 3NEKTPOHHO-NO3UTPOHHBIX NAP, NpAYEM

B mpoueccax W3JIydeHHs M 0Opa3oBaHHs map OTOT I(QexT

COXpaHsSEeTCsi TpM CYHMIECTBEHHO OOJbIMX 3HAadYeHHMsX N, 4eM
B MpOILIECCE PAcCesHUs. B 3akiioyeHHe OTMETHM, YTO aHAJOTHYHBIE

pe3yJjbTaThl CNpaBeAJMBbl W B  Ciydae, KOIAa 3JIEKTPOHHO- |
MO3UTpOHHAsT mapa oOpasyeTcss He ¢GOTOHOM, a 3apsHKCHHOMH °

yactauei [34)].

§ 15. Yuer KBAHTOBOH NOMPABKH K HMHTEHCHBHOCTH
CHHXPOTPOHHOTO H3JIYUeHHS

Kak ™Mbl Buend B mpenpiayiieM mnaparpade, MHTEHCHBHOCTH

H3JIydeHHs] B KBAHTOBOH TEOPHH OTJIHYAETCSI OT HHTEHCHBHOCTH
U3JIy4eHUs] B KJIACCHYECKOW TEOPUH U NepexomuT B Hee npu h—0.
Msbl mnokaxeMm, 4YTO B O3TOM Ciyiae HMMEeT MeCTO [Ba THIA
KBaHTOBBIX 3(pdexToB —3bhdekT, CBsS3aHHbIH C KBAHTOBLIM Xapak-

TEpOM CaMOro ABHXKCHHSA 4YaCTHUBI BO BHEUIHEM IIOJIE, H S(b(bCKT,

CBSI3aHHBIH C OTHayuell HCHBITHIBAEMON YacTHIECH NPH WU3JIY4YCHHH.

O6Ga »tu 3ddekTa, KOHEYHO, CBA3aHBI MexAy coboi, HO B 00- °
JIACTH BBICOKHX JHEpruil, kKak OyJeT MOKa3aHO HHXe, ob0a OHH

MoryT OBITH pa3sfesieHbl. Bosiee Toro, mepBblif U3 3THX 3((eEKTOB,

KOTOpBIH MOXHO omnucath Kak 3¢¢eKkT, CBI3aHHBIE C HEKOM- |

MYTAaTHBHOCTBKO  ONECPATOPOB, COHNOCTABJISIEMBIX  KJIACCHYCCKUM

BeIMYMHAM (T. €. ONEPAaTOPOB MMIYJIbCA YaCTHIIbl, OJHEPTHH, '

CKOpoCTH H T. ,Z[.), OKa3bIBA€TCA MCHEC CYIMICCTBCHHBIM, YEM

3¢dekT OTmAaYd NpU H3JYYEHHH. OTa BO3ZMOXKHOCTH pPa3/C/ICHHS .

KBAaHTOBHIX 3(dekTOB mMOKa3pBAET, YTO HPH HM3YYECHUM W3IYUEHHS
B 00JacTH BBICOKHX OSHEpPIHi IejecooOpa3HbIM SBJSETCS HPeod-
pa3oBaHWEe MATPUYHOTO 3JIEMEHTA K BHIAY, COJEpXAIeMy omepa-
TOPBI, XapaKTepU3yIollide [BHXEHHE vacTHIbl. MHBIMH cloBaMH
1eNiecoobpa3sHbIM  ABJISETCS TPeoOpa3oBaHue MATPHUYHOTO 3JIEMEH-
Ta K BHAY, COIEpXalleMy reii3eHOeproBCKHE ONMEpPaTOPhI, COOTBET-
CTBYIOUIME NHHAMHYECKAM NEepeMeHHbLIM. Takas 3ajava BIEpBbIE
Obuta pemena [IBunrepoM [35] mnpu HaXOoXIEHUH KBaHTOBOH
HOTPAaBKH K KjaccHyeckod (opMyne IJis MHTEHCHBHOCTH CHHXPOT-
POHHOTO H3JIYYCHHS.

MBI H3/10KHM 37ech onepaTopHblii MeTox IlIBuHrepa, yuuThIBasi,
YTO OH JIAa€T BO3MOXHOCTL BbieheHds 3¢ddekra, CBA3AHHOTO
Cc OoTAayYell MpH H3IYyYeHHH, Ha (OHe APYrHXx KBAHTOBBIX 3((EKTOB.
B camoit paGote [35] Obina mHalineHa TONBKO NEpBas KBAHTOBast
MOINpaBka K HHTEHCHBHOCTH CHHXPOTPOHHOIO W3JIyYeHMS MOPSJIKA
ho/E (3mech ®—4acTOoTa U3JIY4Y€HHs U FE—O5HEpPrus 4acTHLHI).
B nmanbmeiiiiem B pabotax baiiepa u Karkosa [36, 37] Ha
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OCHOBE oOllepaTOpHOro Meroma ©Obuta HalineHa dopMmyna s
HHTEHCUBHOCTH H3JIy4€HMS, CIOpaBeIiuBas W npu ho~ E*).

Hust mpoctoTel u3jIoxeHUus OyaeM paccMaTpHBaTh H3JIyYyeHHE
6ecCIUHOBO# 4YacTuIbl. Takoi IIOXOI ONpaBABIBAETCA TEM, YTO,
Kak Oymer moka3aHo B § 17, cnmH oOka3biBaeTcsl HECYLIECTBEHHBIM
MpH y4YeTe TOJBKO IIEPBOH KBAaHTOBOH IONPAaBKH.

B xBaHTOBOH 3JIEKTpOAMHAMHKE, KaKk M3BecTHO (1], B3aumopeii-
CTBHE 4YaCTHIBI C 3JIEKTPOMATrHHTHBIM IIOJIEM OIHCHIBAETCA S-
MATpULEH, 3JIEMEHThHl KOTOPOH ONPEHCNINIOT AMILUIMTYIbl BEPOST-
HOCTEH pa3NIMdHbIX MpoLeccoB. B3aummopneiicTBue yacTunpl ¢ mojeM
H3JIyYeHHss Mbl OyJeM paccMATpUBaTh N0 TEOPUM BO3MYIUCHUMH,
TOrga Kak B3aHMOJAEWCTBHE C BHEIUHHM moJieM Oyner yYHUThIBaThCs
TOYHO, 0e3 TPHWMEHEHHs TEOPHM BO3MYIICHHWHA O 3TOMY HOJIO.
IlpeacraBieHue S-MaTpUIbl, B KOTOPOM BHEIIIHEE INOJIE YYUTHIBa-
eTCs TOYHO, HOCHT Ha3BaHMe IpencraBieHus Pappu. S-martpuua
B 3TOM TMPEACTaBJICHMH CTPOMTCA 0O o00pasly mnocTpoeHHs S-
MATPHULEI 11 CBODOMHBIX HacTHI[ C TOM pa3HHMIEH, YTO BXOASILIME
B TIOCJEIHIOI0 BOJIHOBBIE (YHKIUH CBOOOIOHBIX YACTHL IOJIKHBI
OBITH 3aMEHEHBI HA TOYHBIE BOJIHOBbIE (DYHKIMM YaCTHI[ B 3aIaHHOM
moje. B nepBoM mopsake TeOpUH BO3MYIIECHHH O B3aNMOJIEHCTBUIO
9acTHOBI C NOJIEM H3JIyYeHHs S-MaTpHlia HMeeT CIEOYIOIINN BHI
1, 371

SV = —iefd*xA,(x)J,(x), (15.1)
rjae J,—onepaTop IUIOTHOCTH TOKAa B 3aJaHHOM BHELIHEM IOJIe:
J,=® (P,®)—(P,0"), (15.2)

® —onepaTop IOJs YacTHII.
MaTpuuHBIH 3JIEMEHT MpoLEcca H3JIyY€HUS IPH 3TOM MOXET
ObITh 3amMcaH B BHIE

SW|iy= 2y 15.3
SISV = === M, (153)
Mﬁ= 1 fdt dsreimt(p}(ep,e—ikr)(pi’ (15.4)

VEE,
rae e—BeKTOp nojsipusanud ¢oroHa; P= —ihV—eA —oneparop
0606mmenHoro umnynbca 4Yactuubi; (A, B)=1'/,(AB+ BA)—cum-
METPH30BAHHOE TPOM3BEJEHHE ONEpaTopoB A U B, ¢, m ¢, —
BOJIHOBbIE (QYHKIHMM YacTHIbI B 33aJaHHOM BHEUIHEM IOJie, HOp-
MHPOBaHHbIE COOTHOIIEHHEM

[d3ro*e=1.

* [lepBas KBaHTOBas MONMpaBKa K KJIacCH4ecKoil ¢opMyiie i MHTEHCHBHOCTH
CHHXPOTPDOHHOTO H3JyYeHHs BOEpBBle Oblla mosydseHa B pabGore CokxosoBa,
Knenuxosa u TepHoBa [38] Ge3 HcHONB3OBaHMS ONEPATOPHOrO METOAA; IOJIHOE
pellieHue KBAaHTOBOM 3ajay¥i O MArHMTOTOPMO3HOM W3JIyYCHHH BHIEPBBIE JaHO
KnenukoBeiM [39].
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BosiHOBble QYHKIMHM @; B @, COOTBETCTBYIOIIME HAYAIHLHOMY
M KOHEYHOMY COCTOSIHMSIM M3JIyYarollleH 4YacCTHIbI, SIBJIAIOTCS pelle-
gusiMd ypaBHenus Kieitna —I'op/ioHa B JTaHHOM IOJIE C JHEPIUSAMH
E; u E; COOTBETCTBEHHO. Ilpu gBuXeHUHM YacTHLBI B MarHUTHOM
nojie 3TO ypaBHEHUME HUMeEET BHJ

2
[(ih%) —(ihV+eA)2—m2]¢=O, (15.5)
rae A —BEKTOpHBIA MOTEHIMAaJd MAarHUTHOTO TOJIAL.

®opMmayibHO  peuieHue ypaBHeHus  (15.5) Moxer  OBITH
3alMCcaHo B BHAE

(p=exp(——;;.}ft)|i), (15.6)

roe # =\/ (ihV +eA)? +m? — raMUIbTOHHAH, ONPEACIIAIONMI BH-
JKEHHEe YaCTHLBI B ToJie A W |i)— COCTOSSHHE 4YacCTHUBI B 3TOM
nojie npu (=0 C 3aJaHHBIM 3HAYEHMEM 3Hepruu E;, Tak 4TO

e—i.#r/hl l> —=e —iEitfh ' l>

Taxoe mpencraBiieHHE BOJIHOBBIX (YHKIMH [O3BOJISET BBIIOJHHUTD
B MaTpu4yHoM 3sieMeHTe (15.4) yHuTapHoe npeobpa3oBaHUE K Tei-
3eHOEproBCKOMY NpEeACTaBJIeHHIO omepaTopoB. IIpu 3TOM MaTpmu-
HbI 3neMmeHT (15.4) ymobGHoO 3amucath B BulE

M =[dtef1Q(t)1i), (15.7)
rae
1 i 1
)=—— P’e—tkr(t) -,
0(1)=— )=
3nece P(t) m r(z)—reit3eH0eproBckue oOmepaTopbl HMITYJIbCA
H KOOPOMHATHI, ONpelessieMble COOTHOINEHUSIMH

A(t)=exp (%%t)Aexp(—%%t). (15.9)

IToxaxceM, YTO C y4eTOM IIEpBOH KBaHTOBOW IIONpPAaBKH, OIpe-
NeNAIoUIEd OTAaYy NMpH M3JyYeHWH, omepatop Q(¢) npuOIMKEHHO
COBNAZIAET C ONEPaTOpOM

Q,(1)=(e¥(t), e =), (15.10)

rae V(t)—omepatop CKOPOCTH YacTHIbl. MaTpHUYHBIA 3JIeMEHT
C TakuM BblpaxeHueM mis Q. () Obln Hconb3oBaH B pabore
[35]. D10 BBIpaxkeHHE COOTBETCTBYET GOPMAJILHON 3aMEHE B Kjac-
cnmvyeckoil ¢GopMmylnie IS HWHTEHCHBHOCTH H3JIyYeHHS 3apsDKEHHOM
qacTusl (3.2) CKOPOCTH M KOOpPAMHATHLI Ha COOTBETCTBYIOLLHE
omepaTtopel H MNOCHeqyomeli CHMMETPH3AIMU TOJyIeHHOTO pe-
3yJbTATA.

Hns Toro 4rodOnl mMoOKa3aTh 3TO, PACCMOTPUM KOMMYTAUWOHHbIE
cooTHomenuss Bxomamux B (15.8) u (15.10) omepatopos. Ilpexne
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BCETO ONpENEJIMM CBs3b MeXOy onepatopamu p(z) u  v(2).
YuuTBIBasi COOTHOILIECHHS

thi=inv=[r, #], [r, #>]=2ihp,
AMEEM

9=ﬁ,}f“+’§lv% 15.11)

M3 (15.11) BbiTekaer, 4YTO B NEPBOM HOpHOMDKEHHH 1O F
Vapa L (15.11a)

OT6pomeHHme IOpH 3TOM WICHB IO MOPSAKY BEJIMYMHBI pPaBHBI
en|H|E~2, rne H=rotA —HanpsaXeHHOCTh MAarHUTHOTO MOJIS.
C TtakuMm 3HageHueM V(z) ¢opmyusr (15.8) m (15.10) mns Q(¢)
7 Q.(f) oTIMYarOTCA APYT OT APYra TOJBKO MOPSAKOM BXOJISIIUX
B HHMX ONEPaTOpOB.

3aMeuas gajiee, 4TO

ihp=[p, #]=—iheHxpH# ~1,

BHIMM, YTO C TOH )€ TOYHOCTHIO OHEPATOPBl P U H# MOXHO
CYMTATh KOMMYTHPYIOIIMMH.

TakuM 06pa3oM, HEKOMMYTAaTHBHOCTH ONEPATOPOB, OIpenesisi-
IOIIMX OWHAMHKY YacTHIBl B 33JaHHOM BHEIUHEM IIOJIe, Xapak-
TepU3yeTcsl MapamMeTpoM

eh|H|E 2, (15.12)

U, CJIe[JOBATEJIBHO, C TOYHOCTBIO [0 WIEHOB TAKOTO IOpsAKa
BEJIMUMHBI TIOPSJIOK ONEPATOpPOB P, H# M V HECYLIECTBEH.

OnpenenuM Teneph NEpeCTaHOBOYHBIE COOTHOUIEHHS IS OTIe-
patopa exp(—ikr(¢)), onpeaensromiero M3jyYeHHOE MOJIE, C Olie-
paTopaMH, ONpEeREAIONIMMH [IWHAMHKY 4YaCTHIBI BO BHEUIHEM
moJsie. 3aMEeTHM B 3TOH CBsA3H, 4TO omepaTtop exp ((kr) mpeacraensier
coboif omepaTop CHBHIa B MMITYJHECHOM IIPOCTPAHCTBE

e™f(p)=f(p—rk)e™, (15.13)
rae f(p)—Hekoropas ¢yHKuMsa p. IloaToMy, B 4YacTHOCTH,
e’ (p)=o (p—hk)e™, (15.14)
H, CJIEOBaTEeJIbHO, B MNEPBOM mNpHOJMXeHHH 1o h
e A ~(H + hki)e™. (15.14a)

®opmyna (15.14a) mokxassiBaeT, 4YTO HEKOMMYTATUBHOCTD ome-
patopoB # u exp(ikr) omnpenmensiercs mnapamerpoM hkvE ™
YynaThIBasg, YTO XapaKTepHble 3HAYECHHS YTJIOB H3JIyYEHHS Manu
0~m/E u wy10 v=x1, nomyvaem
hkv h
R PR ey (15.15)
E"E
OToT mapameTp ompexenser OTAAaYy IPH H3TyUCHHH.
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XapaKkTepHblE 4acTOTHl H3JIy4YEHHA ynbrpapenﬂgnBHCTcxoifI ya-
CTHLbI B MAarHuTHOM mnoje mopsmka o~e|H|y*/m (em. § 5).
B 3To0i 00slacTH 4acTOT

ho 71e|H|y3

—_—

o (15.15a)

TaxuM o00pa3oM, NpH BBICOKHX JHeprusx (E>>m) mnapaMeTp,
ONMpeAEsIOIINA OTAaYy INpH HU3JYYEHHH, OKa3bIBA€TCd MHOIO
GoNBIIMM THapaMeTpa, ONPENesIoMEero KBaHTOBBIE 3bdeEeKTs
0Ipd ABIXKEHHM 4YacTHUBI B MAarHUTHOM IIOJIE H, CJIE0BATEJLHO,
OpY BBIYMCJIEHHM TEPBOM KBAaHTOBOW MONPaBKH B MAaTPUYHOM
asemeHTe (15.8) MoxHO mpeHeOpeub HEKOMMYTATHUBHOCTBHIO NH-
HAMHYECKHUX TEPEMEHHBIX MO CpPaBHEHHIO C KOMMYTaTOpaMu
MEXIy OMHAMHYECKHMH IEePEMEHHBIMH H omepatopoM exp (ikr).
HWHpIMH  ClloBaMM, TIpH BBICOKHX OHeprusx 3¢dekr ormayu
Opu  M3IyYeHHH MOXeT ObITh BblAeleH Ha QoHe 3QeKToB,
ONpPENENSIIOIIMX KBAHTOBBIM XapakTep [OBHXKEHHS YacTHIBI BO
BHEIIIHEM TIOJIE.

Ha ocHoBaHum cka3aHHOro, mepeHocs omnepatop exp (ikr)
B MaTpuyHbIXx oyeMentax (15.8) wm (15.10) HaneBo, mOJYy4YUM
C YYE€TOM IEpBOH KBAaHTOBOHM IONPAaBKH

Q(,)zQs(t)ze_mev(t)(l+§>. (15.16)

[IpencraBjieHne MaTpUYHOro 3jeMeHTa B BHAE (15.7) ymoGHo,
Tax KaK OHO MO3BOJISIET B OOIIlEM BHIE BBIMOJHUTH B (Gopmyle
(12.1) mns BEpOATHOCTH H3JIYYEHHS CYMMHPOBAaHHE MO KOHEYHBIM
coctosiHUAM. IIpu 3ToM wuHGbOpManuss O KOHEYHOM COCTOSIHUU
MEpEeHOCUTCs Ha omepaTop # ~2exp(i#t/h).

IMonacrasass (15.7) B (12.1), momyuum

2 d3%

= g | AT T QN <S1Q ()16,

hw 4n?

VyutniBas YCJIOBHE IOJIHOTHI

LIOLSI=1,
f
NPUXOAMM K CIEOyroluei (GopMyiie @i BEPOATHOCTH W3JIYYEHHS:
e? d3k ; ,
dw=2-S2[didre ) GIQ () Q). (15.17)

Ecnmu mopsimox omepatopoB (19.17) HecymiecTBeH, To (opmyiia
(15.17) nmaeT COOTBETCTBYIOWIMHA pe3yJbTAT KJIACCHUYECKOH TEOPHH
u3sydeHus (3.2), B KOTOPOM OThaya NpH U3JIyYeHUH He yYMTHIBAETCS
(MHTEeHCUBHOCTDb M3JIyYeHUs] d& CBs3aHA C BEPOSTHOCTBIO U3JIYUYCHHS
COOTHOIEHHEM dé =hwdw).
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IloacraBnsas B (15.17) omepatop Q(t), ompeaensieMbld COOT-
HouteHneM (15.16), mojsyyuM BEpPOSITHOCTb H3JIY4E€HHsI C YYETOM
MepBOM KBAaHTOBOW MOIpPaBKU:

dw= ;mj k<1+ >jdtdt et ) (ile*ve'te Wey'|i), (15.18)
roe r=r(t), r'=r(t') u E=E,.

Bxopsmue B (15.18) omepartopw! r(¢) u r(t'), B3sSThIe B pa3Hble
MOMEHTBl BPEMEHH, HE KOMMYTHPYIOT MeXAy coboil, mo3Tomy
MPH BBIMUCIJICHUH MaTpu4HOro ajeMenrta (15.18) HeobxoauMo 3HATH
KOMMYTAIIMOHHbIE COOTHOIIEHWS st 3TuX onepatopoB. Ilpen-
BapUTENbHO BLINOJHUM B (15.18) 3aMeHBl mepeMeHHBIX ! —f+1/2,
t'—>t—1/2. Torma

e? d%k ho
x dre’® (ilev(t+1/2)e™ e~ M= Pey(r—1/2)|iy.  (15.18a)

BocrospdyemMcs  Temepb Ul NIPOU3BEJCHHS  OIEPATOPOB
exp (id)=exp |ikr (14+1/2)] u exp(—B)=exp(—ikr(t—1/2)) u3Bect-
HBIM COOTHOIICHHEM

1
edeB=e4tB. o3l (15.19)

KOTOPOE SIBJISIETCS TOYHBIM, ecii [A, B ] xommyTtupyeTr ¢ A u ¢ B.
B paccmarpuBaemMoM ciyuae, kKak OyJeT NOKa3aHO HHXKE, KOM-
Mmytatop [A, B] npomopuuoHajieH 4, mno3TOMy C TpebyemMoit
TOYHOCTBIO MOXHO TIIpeHeOpeYb HEKOMMYTATUBHOCTBIO C [A4,B]
onepatopoB A M B u BocmoJsib3oBaThes cooTHouenweM (15.19)
s BbruciieHnst BeposTHocTH (15.18a). OTGpoiueHHbIE IIpH 3TOM
4NieHb OymyT NPONOPUHORAILHEL hZ

B obnactu 4actoT @~®,y> 3HAaYCHWs T, HAIOLIME TJIABHBIA
BKiIajg B MHTerpanm mo t B (15.18a), Ttakue, urto

ot(l-v23)~ w0,y ~1,

rae ®,=e|H|E ~!—uacToTa BpallleHMs 4YacTHUbI B MAarHUTHOM
oJIe, MOATOMY ®,T<< 1, W, clegoBaTeNbHO, MOTYT OBITh HMCHOJIb-
30BaHbl Pa3JIOKECHHS

r(t¢§>zr(z)igf(z)Jrgv(t)i;_;_v(x).

N3 ypaBrenust asuxenns (1.7) BbITEKaeT, YTO B paccMaTpHUBAEMOM
ciyqae

Takum obpazom,

r<t+%>—r<t—§>z(r—%m%ﬁ)v(t)
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3
[4, B]=—[kr, kv] - [kr, 03kv].
Bxoasmiye croga KOMMYTATOPBI ONPEACIISIFOTCA COOTHOIICHUSAMH
[re> v;] =iha—pi=f(8,‘j-—v,‘vj),
[re, # ~20,] =ih5i—k 2L =ihE ~3(3,,— 3u,0,).

VuuThiBas, 4YTO XapakTepHbIE 3HAYEHMS YIJIOB  W3JIyYeHUSA
0~m/E, nMeeM

[4, B]=—2i%wm{(l——nv)t+§%mgt3}. (15.20)

Ipemsxcnonennpansupiii paxtop B (15.18a) pamen

T Y a1z l2 2
v<t+§>v(t 5) 1= (1 v+21: a)o>.

TMoncraBnas monyuenabie cooTHolnenuss B (15.19) u (15.18a),
[OCJIE CYMMHPOBaHHUS 10 HNOJISIpPH3AIMAM (OTOHA MPUXOAMM K Ciie-
nyromei GopMyie s OTHECEHHOW K €MHUIE BPEMEHH BEPOST-
HOCTH H3JIyYCHHUS

+

aw & he 2,7
o= Wm<l+f)fdt(l v+7mo)x

exp =t (1+29) 1w+ 0d .

Ota (bOpMyJIa NOKa3pIBaCT, 4YTO II€pBasi KBAHTOBAsA IIOIIpaBKa
BXOAUT B BEPOATHOCTH HU3JIYYCHUsS MNOCPEACTBOM HNOIACTAHOBKH

o
co—»oa(l +E)

B Knaccmueckodt dopmyne mis (o 'dé/dtdods). Ilpu sToM
c yuetoM (5.8) cmexTpasibHas ILUIOTHOCTh M3JIyYEHHS MOXET OBITh
3alicaHa B BUIE

o3
32 ,2
dg¢ 3% e oo 4

— ==y f dnKs 5 (n), (15.21)

dtdo  4n R ok
2%
rae oy="1/,00y>, R=EleH. ol E
Mb1 BHAMM, 49TO IEpBas KBAaHTOBas MONPaBKa K KJIaCCHYECKOM
¢dopmysie (5.8) CHHXpPOTPOHHOTO H3JIYYEHHS HMEET BHII

3 e Lo @ * hoy, o
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[Ip¥ 3TOM TOMNpaBKa K MOJIHOW IOTEpe M3JIYYeHHOW 3HEpPTUN paBHA

§é— 313,55 0o oy o
36 2 F ’

[Ipn BBIBOIAE 3TOr0 COOTHONIECHHS HCNOJb30OBaHa ¢GopMya

o

55
jdﬂ n 3K5/3 (Tl) =37 .

0
TaxuM 00pa3oM, ¢ y4€TOM KBAHTOBOW MONPABKM HMeEEM

_ 17355 o,
Aé’—Aé*’cl<l 3 MMY) (15.23)

Dta ¢opMyna COBMANaET C COOTBETCTBYIOIIUM pE3yJbTaTOM

paboTel [38], moJIydEHHBIM Ha OCHOBE HENMOCPEICTBEHHOI'O BBIYMC-
JICHHSI BepOsSiTHOCTH u3ayueHMs (12.1) ¢ UCIONIBL30BAaHUEM BOJHOBBIX
(GyHKUMH 3JIEKTPOHA B MATHUTHOM MOJIE.
Mpbl BHAHM, YTO KBAaHTOBasi IIONpaBkKa K IMOJIHOH TOTepe
OHEpIUH YacTHUCH B MarHHTHOM IIOJIE ONpENEIAETCS NapamMeTpoM
fiy*/mZ. Ora nonpaBka pacTeT C 3HEpPrHed YacTHIbI H C BEJIMYUHOM
HAIpPSHKEHHOCTH MATHHTHOTO MHOJA M UPH JOCTATOYHO OOJIbIIMX
JHEPTUAX W HANPSOKEHHOCTSAX NOJMEH MOXET CTaTh 3HAYHTEIBLHOW.
ITomgyepkHEeM, 4YTO 3TOT BBIBOA OTHOCHTCS HE TOJIBKO K MNOJHOH
OTepe SHEPIHH, HO M K CIIEKTPAJIbHOMY PaCHpEIe/IEHIIO H3JyIeHHS.
JelcTBUTEIPHO, MAaKCHMYM CHEKTPaJIbHOTO PpAacCHpele/IeHHs CHEH-
XPOTPOHHOIO M3JIy¥eHUs! NPUXOAUTCS Ha ODONACTh YacTOT O~ 30,.
B a3rtoit obsactu wactoT mapameTp hw/E, onpelensiomMii orxady
IpH M3JIyueHHH, OBICTPO pacTeT C JHEpPrue M BENMYUHOW Mar-
HUTHOTO mojisA. [Io3TOMy NpH AOCTAaTOYHO OOJIBIIUX 3HAYEHHUSIX
9THX BEJHYAH y9eT OTAAUYU INpPH H3JIYUYeHHH MOXET CYIIECTBEHHO
HOBJIHATL KaK Ha BEJHYAHY, TaK H Ha (QopMy CHEKTPaJILHOTO
pacnpencyieHus W3JIYueHHs.

Mpb1 BHAMM, YTO y4€T HEKOMMYTATHBHOCTH ONEpaTOpOB, ONH-
CHIBAIONIHX JBWDKCHHE YACTHIBI BO BHEIIHEM I[OJJ6é M IIOJE
U3NyuYeHAOro GOTOHA, NO3BONAET YuecTh dbdexTh, CBA3aHHBIC
c oTpavedt npu u3nyueHud. [losyyeHHBIE BBIIIE HAa OCHOBE 3TOTO
MeTOJa pe3yJbTaThl CIPaBEIIMBBI, €CJIM OTHA4Ya MaJjia:

‘ho< E. (15.29)

§ 16. N3nydenHe npH BLICOKHMX 3JHEPrHAX
B KBa3HKJIACCHYECKOM NpPHO/IMKEHUN

INonyyeHHble B TIpeabiAylieM Haparpade pe3yjbTaTbhl OCHOBBI-
BaJIIChb Ha Teld3eHOEprOBCKOM MPEACTABJICHHH ONEPaTOpPOB, OIpe-
JeJISIFOIMMX MAaTPHUYHBIH 3JIEMEHT mIporecca u3iayueHus. [Ipu 3tom
OBLTO MOKa3aHO, YTO NPH BBICOKUX 3HEPrUsSX B KBA3WKJIACCHYECKOM
NpUOMIDKEHHH KBAaHTOBBIM 3(deKT, cBs3aHHBIA C oTHadeid mnpu
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H3JIy4eHHH, MOXET ObITh BBIACJICH HA pone kBaHTOBBIX 3(PEKTOB,
CBS3aHHBIX C [OWHAMMKON 4YacTHUBI BO BHEIIHCM II0JIE, W I[OJIy- -
yeHa mepBas KBaHTOBas MONpaBKa K HHTCHCHBHOCTH H3Jy4eHHS
YIIbTPApENSTUBICTCKOrO 3JIEKTPOHA B  TOCTOAHHOM MArHUTHOM
TMone. DTa mompaBKa, KaK OTMEYaloCh, MOXET ObITh GOJBIIOM,
TO3TOMY MpENCTABISAET OOJBUIOH HMHTEPEC M ONpENCICHUE CIIeAy-
JOIIAX IMONpPABOK, W IOJNy4YeHHE OOWHX (QOpMyJI, YYMTBHIBAIOIIMX
ormayy npu usyueHun. Kak Mbl ceHYac NOKaxeM, 3TO MOXHO
coenaTh IyTeM OOOOIIEHHMsST M3BECTHOIO B KBaHTOBOHM MeXaHUKE
meroga BKB [40]. Taxas 3amadya MoxeT OBITH pellieHa H IIyTeM
0600mennss Metona lIBuHrepa (M37I0KEHHOTO B MNpEALIIYLIEM
naparpade), uro Obuio caenmaHo B paborax [36]. OmHako mpm
9TOM OCTaeTCs HEACHBIM psJ BONPOCOB, a HMEHHO, TOYHOCTh
MOJIYYEHHDbIX pEe3yIbTATOB, a TaKXe BOMPOC OO0 yCpegHEHWH TI0
HAaYaJbHBIM YCJIOBUSIM,

B mpeasmaraeMoM MeTOAe XOTS M HCIOJB3YIOTCS HEKOTOPLIE
mpeoOpa3oBanus pabGoter [37], HO OTCYTCTBYET mepexom K Tei-
3eH0eproBCKUM olnepaTopaM IBUXEeHHs. Bce BHIMHC/IEHUS MPOBOIAT-
ci B IIPeJUHIEPOBCKOM IIPEIACTABJICHHH C HCIOJIL30BaHHEM OOBIY-
HBIX KBa3WKJIACCUYECKHX BONHOBBIX GyHkuui. [l 1poCTOTHI
BHAYajle pacCMOTPUM H3JIyueHHE OEcCIIMHOBOU 3aps KEHHOM 4YacTu-
Ubl, OBHKYINEHCS B TOCTOSHHOM MAarHHTHOM MIOJI€.

Bocnosib3yemcsi ¢ atod nenbto ¢dopmysoi (15.17), ompenens-
IoUIeH MPOCYMMHUPOBAHHYIO [0 KOHEYHBIM COCTOSTHMSAM BEPOSTHOCTH
M3JIyYCHHsl YacCTHibl BO BHEIIHEM IHOJIe C BEKTOPHBIM IOTEHUHAIOM
A. 31y dopMyay MOXHO NpeNCTaBHTH B BHJE

w=ﬁ k. drdt'd®roi(r, ') (e"P*, &™) x
ho 4nZE AR ’

x # " lexp [é(%+hm) 1:] (eP, e "*) o, (r, 2), (16.1)

rae t=t—t', P=—iAV—eA—onepatop 0OOOIICHHOrO HMIyJbCa
— 2 2
B IIPEAMHIEPOBCKOM IMpEACTaBJICHNH U # =./P 4+m*.
VYyuteiBas cooTHomenus (15.13) u (15.14), npousseneHue
muoxutenein exp (ikr) u exp(—ikr) B (16.1) MOXHO 3aMeHHTDH
equauuei. Ilpu 3tom
e? dk

W= mj‘dtdt’dﬁcp:(r, t')(eP) # ;1 x

X eXp [}—2 (# 5+ 1) ‘t] (eP) @, (r, ¢), (16.2)

rae pr_k=./gP—k)2+m2.

®opmyna (16.2) s BEepOSATHOCTH HU3JIYYEHHs SBJISAETCS OO-
1Iei — OoHa moJiyyeHa 0e3 UCMOJIb30BaHMA KAKUX-JIHOO MPHOIMKEHMIA
OTHOCUTENBbHO AWHAMHUKHM YacTHIbI BO BHelmHeM mnoje. [das mais-
Hedllnero  HeoOXOIUMO  OmpenenuTh  JAEHCTBHE  Omepatopa
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exp (;—; pr_kt) Ha Bxomsaume B (16.2) ¢ysEKkuMH. BoluncieHHs

OpOBEeEM B KBa3UKJIACCHYECKOM NPpUOJMXKEHHH, NpeAnoJiaras OpH
3TOM, 4TO A~ E.

3aMeTHM INpeaBapHUTeNbHO, 4TO corjiacHo (9.17) B xBasukiac-
CHYEeCKOM TpHOJIMKeHHH BOJHOBasi QYHKUUsA OECCIIMHOBOW YaCTHUIIBI
uMeeT BUN

@, (r, 1)=<r| e

p>=

o28(r, p)? 12

or op

exp {% (S(r, p)—Et)}, (16.3)

rae C-—HOPMHpPOBOYHas IOCTosiHHAsA, S (r, p) — KJlaccuyeckoe Jei-
CTBHE, OIIpelesIsieMOe KJIaCCHYeCKOM TpaeKTOpHeH 4YacTHIbI, Ipo-
xonsauie vepe3 TOYKY C KOODAMHATOH I B MOMEHT BpEMEHH
t ¥ umeromne#t umnynse p npu t=0.

HeiicTBre omepaTopa MMIyibca p Ha OyHKUHIO @, (r, f) B pac-
CMaTpUBaEMOM NPUOJIIKEHUH pPaclpOCTpaHiIeTCs TOJbBKO Ha IJKC-
NOHEHUMANbHBIH (akTop, Tak 4TO

(ep) @:(r, t)~ep(r)@;(r, 1), p(r)=VS(r, p)—eA. (16.4)

" i
OmnpenenuM Tenepb AEHCTBHE onepaTropa exp ( — H,_ T ) Ha

Bxomsmme B (16.2) ¢ynkumn. C 3TOH menbio BBeOeM 0OOO3HaYeHHE
F(r,t, t)=exp|:—£(3fp_k+hco) 1:] ep (r) o, (r, ). (16.5)

Torma ¢yskums F(r, T, t) 6ymeT yZOBIETBODPSTH yPaBHEHHIO
(z‘h%—%p_k—hm> F=0. (16.6)

MBI [ODKHBI OHPENETUTH pEIiEHHE 3TOr0 ypaBHEHWS, YIOBJIET-
BODSIOIIEE YCJIOBHUIO

F(r, 7, t)]..o=¢p(r) o;(r, ?). (16.7)
Homuoxus (16.6) nHa omnepatop gih %—ho)+ pr_k>, MPUXOOUM
K CIIeOyIOLIEMY YPaBHEHHIO IS
2 .
{(ih %—hm) —(ihV+eA+hk)2—m2} F=0. (16.8)

Pemienue (16.8) OymeM wHckaThb B BHIE
F=fg"s% (16.9)
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rae S, u f,— yHKUMH, yAOBJIETBOPSIOUINE YPaBHEHHSIM

2
(—?— S,+h(o) —(VS,—tk—eA)?—m?=0, (16.10a)
ot
(i S,+hm) 2 g (VS.—hk—eA) Vf,—
at Jt

—1(v?S)) ,=%(5‘§—V2>f,. (16.106)

3ameruM, uTo npu k=0 3TH ypaBHEHHS NEPEXOAAT B COOT-
BETCTBYIOLMe ypaBHeHHS (9.6) mis GyHKmMHA S M f, OIpenessromumx
BOJIHOBYIO (YHKIMIO YACTHMIBI BO BHEINHEM MoJie B KBa3WKJjac-

CHYECKOM NPHUOIIMKEHAH. YYHTHIBasg 3TO, OyaeM HCKaTh peElleHHe
ypaBHeHHs (16.10a) B BuIe

S,=SE)—E(+1)+x(t, 1), (16.11)

rae S (r)—kiacchHieckoe JeHCTBHE, OIpeAenseMoe ypaBHEHHEM
TammnbTona — SIkobu

E?>—(VS—eA)>*—m?*=0,

u y (1, t)—HekoTopas QyHKuUHS T H 1.
oacrasias (16.11) B (16.10a), mpuxomuM K craeIyroLIeMy
ypaBHEHHIO A ):

0 e B KIS\t ()
= hE,(co E> 2E'(E)’ (16.12)

roe E'=FE—ho.

Ilpu BLICOKMX OJHEPTMSX IIOCJIEIHHM CJIaraeMblM B TIPaBOM
yactu ypaBeeHus (16.12) MoxHO mpeneGpeub. [Ipu 3ToM ¢ yiueToM
TaMHUILTOHOBBIX YPAaBHEHHH [IBUXKEHHUS

v(t)=%’§=“:“ (16.13)
HaxoanumM
1 (5. )= =12 [or—k(r (c+1)—r (1))] (16.14)

PaccMotpuMm Tenepr ypaBHeHue (16.106) mns f,. Ilpenebperas
B HEM CcJlaraeMbIM, NPONOPIMOHAJBHBIM /i, NMPUXOMHM K Clemdy-
IOIIIEMY YpaBHEHHIO s f,:

ELfO+H(IS—eA) /O3 (VS)/0=0.  (619)

{
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PelleHHE 3TOrO ypaBHEHHsS C Y4YeTOM IPaHHYHOrO YCJIOBHA [Uls
npeadkcnoHedTel B (16.7) MoxeT ObITh 3almMCaHO B BHU/AE

SO, 1, f)=c[[d?rd(r—r(t+2, 1y, p))] 2 ep(r (s, xo, ). (16.16)

TakuM 0Opa3oM, B KBa3WKJIACCHYECKOM TNPHOIIKEHWH C YYeTOM
4JeHOB mopsaka Aw/E~1

2

or op

F(r, T, t)=ep(r(t))c

12 exp {% [S.p)—E(t+2)+x(x, t)]}‘
(16.17)

IMoncraBnsgss 3TO COOTHOWIEHHE U Boipaxenue (16.3) mns
BonHOBOH ¢yHkimu B (16.2) M 3ameuasi, 4TO

H oA (r, 1)~ (E) 1o, 1),

HAdXO UM

2
dw=-= a’k jdtdta“rc a——a— ep (r)x

xe*~p(r(t))exp[£x(t, t)] (16.18)

VuuthiBas cooTHowrenue (9.16) mus netrepmunanra || 02S/ordp |
¥ ypaBHeHus ramwibToHa (16.13), mpuxomuM K ciaeayroueMy
BBIPAXEHHIO IS BEPOSTHOCTH H3JIYYCHHUS:

4n? hoEE’

o= 2 Fet [ ryer () en ()

xexp{—ig[m(z'_z)-k(r(:')—r(t))]}. (16.19)

MBI BHOMM, YTO B KBa3HKJIACCHYECKOM NPHUOIVDKEHUN BEPOSAT-
HOCTh H3JIYYCHUS YJIbTPAPEIATHBUCTCKOM 4YacTHIBI BO BHEIIHEM
[oJie ¢ YYETOM OTHAYH MPH HU3JIyYeHHH OIpPeIe/sieTCs KJIaCCHYECKOM
TpaekTOpMeil YacTHILl B 3TOM MoJie Oe3 yueTa BIMSHUS H3JIyYEHHS
Ha TpaekTopmio. I[Ipm sTtoM »ddexT oTmauM [pPH U3IYYCHUH
nposiBIsieTcss B Hammuuu obwmero Muoxurens (E/E') B (16.19)
M TaKOTO e MHOXHTEJA B MoKa3aTese 9KCIOHeHTHl. VIHTerpupoBa-
HHE TIO T, O3HAYaeT YCPEOHEHHE IO HaYaJIbHBIM YCIOBHAM
(HanoMHUM, 4TO TpHu BuiBoZAe (16.19) mpemnosaranock, YToO YacTHUA
B HaYaJIbHOM COCTOSTHMH TpPH {— — 00 NPeJCTaBiIsieT cOOOH MIOCKYIO
BOJIHY).

IonyyeHnple BbINIE (GOPMYJIBI OTHOCATCH K  H3JIYyYEHUIO
ObicTpOll YacTHLie B MarHMTHOM Tnosie. JTuMu  (GopMysamu,
OIHAKO, MOXHO MNOJIb30BaThCA H B Cllydae H3JIYYSHHA HaCTHIEH
B [POU3BOJBHOM 3JICKTPOMarHHTHOM mosie. JIeHcTBUTEBHO,
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[AMWIbTOHUAH, ONpPEAENSsoNMi  B3aUMOICHCTBHE  HACTHIBI  C |

BHEIHAM 3JIEKTPOMArdHUTHBIM IIOJIEM, MOXET ObITh 3amnucaH B
BHIC

#=Pirm?+ted,, - (16.20) |

rae A, (r)—HOTEHIHAN 3JICKTPHYECKOro IOJs. Torpa ¢yHxums

o, (r, 1)=<rle” | p> (16.21) |

tuna (16.3), mocTpoeHHass ¢ MOMOLIBK ramMuiabToHHaHa (16.20),
OyneT yOOBJETBOPSThL YPAaBHEHUIO

2
{(ih;—t—eA(,) —PZ—m?+[H, er]} @, (r, £)=0.

DTO ypaBHEHHME OTIMYAETCs OT ypasHeHws Kiedina— Copaona

crnaraeMbiM [#, ed,|. [lpu BBICOKHX O3HEpruUsXx B KBa3MKJIAcC-
CHYECKOM MPHOJMXEHWH O3THM CJIalaéMbIM  MOXHO, OJIHAKO,
npeHeOpeysb.

JeiicTBUTENLHO, KOMMYTaTOp [3#, ed,] paBen

. 7
H, eA, | =ihe— Aq.
[, ed,] a0
Ilocnennsis ke BeJHYMHA TPH BBICOKHX JHEPTHAX Maja Mo

cpaBHeHHIO C 2. Tl03TOMy NpH BBICOKHX 3JHEPIMSX MOXHO
cuutath ¢yakuuio (16.21) BomHOBO# GyHKIMEH 4YacTUIBI B 3Jie-

KTpoMarHutioM nosie. C moMompbio 3ToH  (QyHKIUM, COTJIACHO !

dopmyne (16.1), Tak ke kak 3TO OBUIO CHEJIAHO BBINIE B Cilyyae
MAarHiTHOTO [OJIf, MOXHO BBIYHCIIMTH BEPOSITHOCTH H3JIydEHHUSI.
Taxum oOpa3oM, HpH BBICOKHX JIHEPTHAX B KBa3HKJIACCUYECKOM
npubmmkenn hopmysion (16.19) MOXHO NONBL30OBATHCS AJISA Oflpe-
JEeEHUs] BEPOSATHOCTH H3JIYYEHHS OECCIIMHOBOM 4acTHIBl B IPOHU3-
BOJIBHOM 3JIeKTpoMarHuTHOM mnoJie. Popmyna (16.19) orimuaercs
oT cooTBeTcTBYIOIIEH dopmyisl (9.27) paborel [37], nojydYyeHHOH
Ha OCHOBE BBLIYMCIICHMS BeposiTHOCTH u3ny4enust (16.1) c wmcnosnn-

30BaHWEM TeH3eHOEPrOBCKOrO IIPEACTABJICHAS ONEPaTOPOB, TEM,

49TO B Hell COHNEP)XHTCS yCpeJAHeHHE MO HayaJbHBIM KOOPAHHATAM,
KoTopoe orcyrcTByeT B ¢opmysie (9.27) paborter [37].
BbIsICHUM Tenepb yCiaoBUsS TpuMeHuMoctH (opmyisl (16.19).

C s3TOo# menbio mpexae Bcero HamomHuM, 4uto ¢dopmyna (16.19) .

CrIpaBe/lJINBa, €CJIM 3HEPTHH HAYaJIbHOM M KOHEYHOW YaCTHUI] BEJIMKH |

(E>m, E'>m). DT0 TNO03BOJISET NPOBOAUTL BBIYUCIICHHS BXO/Is-
MUX B MAaTPHYHBIA 3JIEMEHT BENMYMH IO OOpaTHBIM CTENEHIM

OHCPI'UH. HO, KpOME TOT'O, AOJDKHBI BBINOJHATHECH YCIOBUA KBA3U-

KJIACCHYHOCTH JBH)XXEHMSI YacTHIBl BO BHEIIHEM IOJIe. A HMEHHO,
JOJDKHBI OBITH MallbIMH cCJIaraeMble, OTOPONIEHHbIE TPH pEILCHHH
ypaBHeHu# (16.10).

Jlerko yOenuthbes, YyTO OTOpOILEHHBbIC TIPU PEIICHHH YpaBHEHUA

(16.10a) cnaraemble MMEIOT MOPSAAOK ManocT Y~ 2. OueHHM aanee
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[OPSAOK MAaJIOCTH 4JICHOB, OTOPOIUEHHBIX NIPH PELICHHH ypaBHEHHUs
(16.106). Ilepemmmiem 310 ypaBHenue c¢ yderoMm (16.13) B Bune

d _l 2 — /i E 1_71
E—1 2(V S)fo=% atf*+h<mat+kv)f*+2 af. (16.22)

IMoncraBisisi B OpaBylO 4acTh §16 .22) Boipaxenue (16.16) s
f©, maxonmm, uyto mompaBka k f1© mmeeT BUA

D) -1 x4 9 in (0)
fPU~F jdt[x at+h a)at+kv -}—2 O (.
Q

VyuThIBas, YTO NPH BBHICOKHX JHEPTHUsX XapakTepHbIC 3HAYCHHS
yIJIOB m3nydeHuss Manbl, O~m/E, Bemuunny [ MOXHO OLEHHTH
clAeayrouM obpa3om:

fiﬂ{f’ﬁ P, h‘”w]fi"h (16.23)

Epeff E 61: E

TOE Ty W Per— XAPAKTEpHBIE 3HAYEHHs] MHTEpBala BPEMEHHU
T=t—1 ¥ TPHUIECIbHLIX PACCTOSAHMIT (IIOMEPEUHBIX KOOPIUHAT IO
OTHOUIEHHIO K BEKTOPY CKOPOCTH 4YaCTHILbI), BHOCSIINE OCHOBHOMH
BKJIaJl B HU3JIyYEHHE.

B cnywae wusnyyeHuMss uacTMuell B IOCTOSSHHOM MAarHHTHOM
MoJie YJIEHbI C it B (16.23) otcyrcrByroT. [Ipu 3TOM nO mopsiaky
peuuuHbl 0 f O ~ oy [, roe w,;—4acToTa BpallleHMs YacCTHLbI
B MarHUTHOM IIOJie, M, CJIEOBAaTEJIbHO, MOPSAIOK MAaJOCTH OT-
OpOLICHHBIX CllaraeMbiX OydeT ONpenessTbCs HapamMeTpoM hwy/E,
cosnafaromuM ¢ napamerpoMm (15.12), nmosyuenubim IIBuHrepoM.

PaccMOTpUM Temnepp BO3MOXHOCTH HCIOJIB30BaHus (HopMyiibl
(16.19) nns onmcaHus H3JTy4eHHUs OBICTPON YacTHHOBI B IOJE
OT/IEJIPHOTO aToMa. 3HaueHWs NPUIENIbHbIX HapaMeTpoB, AAOLIUX
BKJIAJA B M3NYy4Y€HHWE, B OTOM CJIyuyae CBsi3aHbl CO 3HAYCHUSIMH
nepe/IaHHbIX HMIIYJILCOB, IPUBOASUIMX K W3ITYHEHHIO, COOTHOLUCHU-
eM p~7h/q. VuuTbiBas, 4TO T.;~2y?/®, Haxomum

fH~ l:q ]f(O) (16.24)

E’ ho m?
Taxum oOpazom, dopmynon (16.19) MoxHO mnoJiL3OBaTBCA IS
ONMHMCAHUS HW3JIyYeHHS YaCTHULIBI B MOJEe aTOMa TOJNBKO NpHU

MaJIbIX 3HA4YCHHAX IEPCAaHHbIX HMIIYJIBCOB, KOraa BbIINOJIHACTCH
HEPABCHCTBO

Eq

PR 1. (16.25)

OnHako xapakTepHbIe 3HAUEHUS TEePEeIaHHbIX UMITYJILCOB, BHOCALIUX
BKJIAJ B M3JTydEHHE YacTHLBbI B M0JI€ ATOMA, KaK M3BECTHO, JIEXat
B unTepBajie AR '<g<m. B obnactu g~m uepaseHctBo (16.25)
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He BBIIONHSETCS W, CleAoBaTeNbHO, (opmyior (16.19), B006]J_[§
roBopsi, HeJb3s MOJNB30BATHCA VIS OMHCAHMS W3JIYICHUA OuICcTpOl

yacTHIl B TOJI€ aToMa.

Muas cuTyanus HMeeT MeCTO B Ciyyae, KOra 4YacTHia
B mpefieNax [UIMHBI KOTEPEHTHOCTH CTaJKMBAeTCs C OOJBILHM
ypcsioM atomoB. Torma c¢Bs3e MEXAY P U ¢ OIpeHeseTcs

1
COOTHOIUEHHEM (=~ VY, THE YYo= - f dzU (r)—d)a3a paccestHus1

qacTulbl (B cliydae LENOYKH N aTOMOB, HaXOISIIUXCS B Ipeldesiax
JUTHHBI KOTEPEHTHOCTH, Yo~ NZe’/v—cM. §14), M HepaBeHCTBO
ht/Ep? <1 npuobperaer BHX

E ¢* 1
ho m? y2

<1 (16.26)

IMpn nocrarouHo OoabplmMX 3HA4YEHHSX |Y,| 3TO HEpaBEHCTBO
MOXeT ObITh BBIIOJIHEHO U B obyiactu g~m. [lostomy dopmyioi
(16.19) MOXHO NOJB30BATHCH IJIS ONHCAHHS H3JIYYCHHS YaCTHUIbI
B BEIECTBE, KOIMa B Ipelesiax JIMHbBI KOTE€PEHTHOCTH HAXOMUTCS
60JIBIIIOE YHCJIO aTOMOB.

3aMeTHM, YTO B BEIECTBE BEJIMYMHA %, NPONOPIMOHAJbHA
YHCIly aTOMOB Ha [JIMHe KorepeHTHoctH yo~(l/l,) Ze?, rHe
|,—mHa cBobomHOoro mpobera 4acTHIBl MeXAY NOCIeIOBaTeb-
HBIMH COYJapeHHSAMH C aTOMaMH, IMO3TOMY HepaBeHCTBO (16.26)
HE HapyIaeTcs C YMEHBIIEHHEM .

§ 17. Uzayyenne ¢oTona 3jeKTpoHOM
B KBa3MKJIACCHYECKOM NPHOIHKEHHH

W3J10KEHHBIH BBIUE METOA ONHMCAHHMs MPOLECCAa H3JTy4eHHs
C yY4eTOM OTHAuYd NPH HU3JIYYEHUH OCHOBBIBAJICSI Ha KBa3HKJAc-
CHYECKOM MNPHUOJMXECHHN [JIS BOJIHOBOH ¢yHKIMHM OeccnuHOBOMR
YaCTHLBI BO BHEIIHEM IOJIE. DTOT METON MOXET OBITH 0000IIEH
U Ha Cjiy4yall WU3JIy4eHHS BO BHEUIHEM OJJIEKTPOMAarHUTHOM IIOJie
4acTHLbI, 0OJIafaloled CIHHOM, HanmpUMep, JIeKTPOHA WM MO3UT-
poHa. [lefcTBUTENILHO, MAaTpPUYHBI 3JIEMEHT NpoIecca H3TyYeHHS
3JIEKTPOHA B MEPBOM INOPSOKE TEOPUH BO3MYIIEHUH MO B3auUMOJEH-
CTBHIO C TIOJIEM U3NIydYeHHs omnpeneisercs dopmynoit (12.2).
Bxonsmme B 31y ¢dopmyny BosiHOBble GyHknun ¥ mpeactaBisroT
coboit pemeHus ypaBHenus Jupaka (9.1). C moMombio COOTHOILIE-
Husa (9.2) MoxHO mepeit OT BOJHOBOH OyHkimun ¥ x ¢dyHKuMu
®, ynossieTBOpsironied KBaapupoBaHHOMY ypaBueHuto dupaxka (9.3).
Ecniu B mocneqHeM ypaBHEHHMHM NpeHeOpeubh B3aUMOJCHCTBHEM THIIA
CIHH-TIOJIE, T. €. OTOPOCHTD CllaraeMoe, NPONOPUHOHANBHOE G, * F,,
(ToyHOCTh Taxkoro npubmkeHHs oOcyxmaercs B pabore [37],
rie, B YaCTHOCTH, IIOKa3aHO, 4YTO NPH MABIXKEHUHA JJIEKTPOHA
B MarHUTHOM IIOJie YY€T B3aMMOJCUCTBHS THIA CHUH-TIOJIE B YpaB-
HeHun (9.3) maer nmobGaBky mopsigka efi |H| B kBaapat sHepruu
H, CIeJOBATEJIbHO, TIPU BBICOKHX JHEPIHsAX C TOYHOCTBIO JI0 4YJIEHOB
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nopsaaka eh |H|E~2 He cka3biBaeTcs Ha JABMXXEHHH), TO (QYHKLHS
® Oymer ymosierBopsATh ypaBHeHumio KuieitHa—Iopmona (9.4).
B 3TOM npubawXeHHH BXOAsIMe B MaTpHYHBIMN snement (12.2)
BOJIHOBbIE (DYHKIHH MOTYT OBITH 3amuMCaHbl B BHAE

Y(r, t)=c(y,P,+m)ugp(r, t), (17.1)
rA€ u—TIOCTOSHHBIA Oucnuaop u @ (r, t)—BonHOBas (YHKUHs
OECCIIMHOBOM 4acTHIbl, YOOBJIETBOpsAIOINasi ypaBHeHHio KieiHa —
T'opnona.

IToncraBnss BosHOBYIO QysKIMIO (17.1) B MaTpUYHBIN 3JIEMEHT
(12.2) m mocrymass pajiee TakK €, Kak 3TO OBbLIO CHeNaHO mpu
BbiBOAE GopmMyJst (16.19) mist BEpOATHOCTH U3JIYyYECHHUS OECCIMHOBOIM
YaCTHUIIBI, TOJIYYHM BEPOSITHOCTH H3JIyUYEHUs 3JICKTPOHA BO BHEIITHEM
9JIEKTPOMAarHUTHOM TOJIE C YY€TOM OT[Ja4¥ NpH U3JIyUYCHUH
B KBa3HWKJIACCHYECKOM NpUOIMKeHMHA. MBI 3/1eCh NpHUBEdEM TOJBKO
KOHEYHOE BBIpPAXEHHE J[UIsi BEPOSATHOCTH M3JIYYEHHS 3JIEKTPOHA
B 9TOM ClIyyae, IPOCYMMHPOBAHHOE IO HOJISPU3AIMSIM KOHEYHBIX
YaCTHI] ¥ YCpENHEHHOE MO MOoJsApU3alUsM HadaJdbHbIX YaCTHIL

2 dsk E2+E’ d 7'0 [ 1]2 ho)m |I]2 (17 2)
e 4 2E" E*(E24+E") ’ ‘
rie n— eOUHUYHBIA BEKTOD B HANPABIICHAM H3JIydeHus, V — HOp-

MHPOBOYHBIH 00BEM,
+

(= [ anteio. e 2 -m() |

—

M r(f)—Kjaccudeckass TPaeKTOPHs JJIEKTPOHA BO BHEIUHEM IOJIE
0e3 ydyeTa BIHSHUS H3JIyYSHHs M CIHHA YaCTHLB Ha TPACKTOPHIO.

®opmyina (17.2) 060061aeT COOTBETCTBYIOLIEE BhIpaXKEHHE KJIac-
chvdeckod Teopuu H3nydyenus (3.2) Ha ciyvail, Koraa CyliecTBEHHa
OoT/laya TNpH M3JIYYCHHH. YCJIOBHS NpHMeHHMOCTH (opmyisl (17.2)
Te Xe, YTO H YCJIOBHSA mnpuMeHMMocTtH ¢opmyasl (16.19), ot-
HOcAlelcs K OecCIMHOBOM vacTHIIE.

3ameTuM, 4r0 QOpMYJIBl Uil CHEKTPAJbHBIX TJIOTHOCTEH H3-
JIydeHHs CIWHOpPHOM u OecciMHOBOM wacTull, BOOOIIE TIOBODS
pa3nuyHbl. Paznuuyne mposBisSeTCSs B CllaraeMbIX MOpsiAKa (h(o/E)i
u Boime. IlepBhie e YICHBI pa3JIOKEHUS BepOATHOCTEH H3J1ydYeHHMs
CIIMHOPHOM M GeccIMHOBOM YacTHIl IO mapamMeTpy hw/E cosmnanaroT.

B ¢opmyne (17.2) mMoxer OBITH BBINOJHEHO HHTEIPUPOBAHKE
O TEJECHOMY YNy M3JIydeHHOTO (oToHa:

dw e* E*+E’ | & — .
_‘2‘: e_ ._+_ _‘E Re dt dte iEot/E %
do =w 2EE’ V

E
, smk—[r(t+1: r(s)]
(rom) } (17.3)

EZ(E2+E'2) Ir(t+1)—r(2)l

x{v(t+1:)v(t)—l+
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XapakTepHble 3HAYCHHS YIJIOB DPACCESHHS OBICTPOM YacCTHIbI
Ha JuiMHe (OpPMHPOBAHMS W3JIYYeHHS Maibl, mod3toMy B (17.3)
MOXeT OBITh BBIINOJIHEHO Pa3jioXKEHHE IO 3THM yIjiaM. BocmoJib-
30BaBIIMCh C JTOH ILEJbIO NpecOpa3oBaHHUAMM § 3, HAXOOUM, 9YTO

de_ ¢ BB [ e gy 4o g-imens:
dw n  2EE’

<+—92() ha’ )smk—x

E2+E”

ot faseiret([aws) ) oo
0 0

rae 9 (t)—yronm paccesHMs Ha MHTepBajne BpeMeHH (I, +1).

IMpn 7w << E 3TO COOTHOIICHUE HEPEXOOUT B COOTBETCTBYFOLIHH
pe3yJIbTaT KJIACCHUYECKOM TeopuM wusiaydenus: (3.6).

IIpuBeneHHkle BEITE HOPMYJIBI SBJISIOTCH OOIMMH U HE 3aBUCIHT
OT TOro, B KakOM IOJIe MPOMCXOOUT H3JIy4YeHHE JJIEKTPOHA.
Tpebyetcst TonbKO, 4TOOBI 3HEPTUsA YacTHIBI ObLIa BEJIMKA M YTOOBI
JIBIDKEHUE JIEKTPOHA BO BHEIIHEM II0OJIE MOXHO OBLIO TPakTOBaTh
B TEpMHHAX KJIACCHMYECKOH MeEXaHHKH.

Ecnu 3nexTpoH ABUXETCS 1O OKPYXHOCTH B MAarHMTHOM ToOJie,
TO, cornacHo (17.4) m (5.8), BEpOATHOCTb M3JIyYyeHHS, OTHECCHHAs
K COWHHIE IAHBI, HMEET BH[

0

1dw  2*m? E2+E" J‘dtx

T do n E? 2EF’ T

0

2H2 hZ 2 E . E ZHZ
(1425122 Jcos| ot |sin— o t—S—13).  (17.5)
2m E24+E” E E 24E

O1a ¢opMmyla IyTeM IPOCTHIX NpPeoOpa3OBaHHA MOXET ObITh
3anmcaHa uepe3 Qynkmuro Oiipu [41 —43]:

oo

lLdw e2m? S , N2 % '
pa o faeeZugg)ew) e

X

rae (=ho/E', x=((/x)*> u yx=(hoy/E)y>

®opmyna (17.6) 00obmaeT COOTBETCTBYIONIMI pe3yJibTaT KJjlac-
CHYECKOM TEOpUM CHHXPOTpOHHOro wu3nydeHus (5.8) Ha ciyuvait,
Korma cymecTBeHHBI 3G¢eKThI, CBA3aHHbIE C OTHAYEH TpH H3JIyde-
Hun. B knaccumueckoMm mpenene (17.6) nmepexomut B dopmyay (5.8).
INepBas kxBaHTOBas NOIpaBKa, CBs3aHHas C OTHAa4eil, coBmagaer
€ CcoOTBEeTCTByroIUM pe3yabtaToM IllBunrepa (15.21).
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FJIABA 3

PAAUAIIMOHHBIE IMPOLIECCHI ITP BBICOKUX
SHEPTUSIX B AMOP®HON CPEJE

§ 18. IlapameTpbl, XapaKkTepu3yIOllie pPaJNALHOHMbIE IPOLECChHI
NpH BLICOKHX JHeprusix B amopdHoii cpene

B mpenbigymux mnaparpadgax Mbl  H3YYaJIM paaMalMOHHBIE
MPOLECChl, MPOMCXOJSIINE IPU B3aMMOIEHCTBUM YacCTHI[ BBICOKHMX
9HEPIruil C OTHEeJbHBIMM aToOMaMHU. Tenepb MBI IepeiaeM K U3yye-
HHIO OSTHX € MPOLECCOB B MAaTepHAJbHBIX Cpeaax.

Cpena oka3bpIBaeT BJMSHHE Ha paadalldOHHBIE IPOIECCHl Kak
B o0ylacTH MajblX, TaKk U B OOJIACTH CKOJIb YroJHO OOJIBHINX
SHEpruif 4YacTui. BiusiHHE cpeabl B 00JacTH MaJIbIX SHEPTHi
ONHUCHIBAETC NBYMsSI MaTe€pHUaJIbHBIMH KOHCTAHTaMU — JUIJIEKTPH-
4eCKOH NMPOHMIIAEMOCTbE0 U MaTHUTHOR MPOHULIAEMOCTbIO (B 00111eM
clyuae O3TH BEJHWYMHBl INPEACTaBIsAOT coOol  TeH3opwl). OHuU
ONHUCBHIBAIOT MOAA(UKALNIO TOJEH 3apsHKeHHBIX YacTHUIl B Cpene,
00OYCJIOBJICHHYIO BJIMSIHUEM MHKPOTOJIEH OTHENIbHBIX aTOMOB. B 00-
JIACTH BBICOKMX 4YacTOT 3TH TEH30phl Majlo OTJHYAIOTCd OT
equHuIbl. OgHAKO BIHSHHE CpeObl OCTAETCS M IPH CKOJIb YrOOHO
bonbmmx 3Heprusx. Kak Mbl yxe oTMevajd, 3TO CBS3aHO C TEM,
410 B 0OJslacTH OOJBILIKMX 3HEPrdif paJUanMOHHbIE NMPOLECCHI, TaKue
KaK YIPYroe paccesHue, U3jy4yeHue U oOpa3oBaHHE 3JIEKTPOHHO-
[O3UTPOHHBIX AP, MPOMCXOAUT Ha OOJBIIHX PACCTOSHUAX BIOJb
UMITYJIBCOB 4YacTHL. B mpenenax. STUX paccTosiHUM (AJIMH KOrepeH-
THOCTH) 4acCTHUIA MOXET CTOJIKHYTHCS ¢ OOJIBIIUM YHUCJIOM aTOMOB,
MO3TOMY, IO CYTH JAeja, HOJDKHO YYHTBIBATbCS B3aMMOIeHCTBHE
YaCTHULBI CO BCEMM aTOMaMM, HaXOISIIMMUCA B Tpeaesiax IJIMHBL
KOTEPEHTHOCTH. DTO OTHOCUTCH Kak K aMOp(HBIM, Tak U K KpUCTaJI-
JIHYeCKUM cpenaM. Mpbl HayHeM C U3JIy4eHUs paaualMOHHBIX
mpouieccoB B amopdHo#t cpene.

OCHOBHBIMH INlapaMeTpaMM, OIPEJCNISIOIIUMHI  paJualdOHHbIE
mpolieccbl B aMopdHON cpefe, SBIAIOTCS [JIHHA KOI€PEHTHOCTH
/, nnuHa cBoOogHOoro mpobera OBICTpOIl YacTHLBLI B BellecTBe /,,
pagvanuoHHas nuMHa Ly (L, onpenensercs ¢opmynoit (20.10))
Y, KOHEYHO, TOJIIIHWHA MHIICHH L.

JmHa XOrepeHTHOCTH OBICTPO pPAcTET € POCTOM JHEPTHH
YaCTULBI W IpU OOJBIIMX JHEPIUSX MOXET HMETbh MAaKpOCKO-
nu4eckue pasmepbl. [IpH 3TOM MOTYT BBIIOJHSATBHCS pa3IHYHbIE
COOTHOUICHUS] MEXKIY IJIMHOW KOT€PEHTHOCTH M IJIMHON CBOOOTHOTO
npobera YacTHIBI B BEIIECTBE MEXIY ee IOC/Ie0BaTeIbHBIMU
CTOJIKHOBEHHSIMM C A4aTOMaMM, a TakXe MEXOy [UIMHOK Kore-
PEHTHOCTM W TOJINWHOW MHUIIEHH. B 3aBUCHUMOCTH OT 3THX
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COOTHOIICHHH GYIyT MpPOSBIATBCA Pa3uuHbIe 3DQEKTHl BO B3a- |

HUMOIECHCTBUH.

B npocreifiieM ciy4ae, KOTAa JUIMHA KOTEPEHTHOCTH Maja Mo :

CpaBHEHHIO C JUIMHOM cBobogHoro mpobera u, KpoMe TOToO,

TOJIIMHA MUIIEHH JOCTATOYHO Majla, TaK YTO NPH IIPOXOXICHHH !
yacTHIBI 4Yepe3 Cpely BEPOSITHOCTb HWHTEPECYIOLIErO HacC IpOIECcca

6y,ue'r Maja II0 CpaBHEHHUIO C CIIHHI/IIICﬁ, BEPOSATHOCTH 3TOTIO
npounecca MOXCT OBITP CBs3aHA C CEYEHHEM B3aMMOJICHCTBUS
4acTUIlbI C OTACJIIbHBIM aTOMOM CpE€Obl dGO COOTHOILICHUEM

dw=Lndo,, (18.1) |

rae n—IUIOTHOCTH aTOMOB. B3auMMOEHCTBHE YacTHLBI C pa3jIvy-
HBIMH aTOMaMM CpeObl B 3TOM CJIy4ae IPOHCXOIUT HE3aBHCHUMO.

C pocroM TOMIMHBI MHUIIEHH BEpOSATHOCTL W pacrer. Ecim
3Ta BEPOSTHOCTh CTAHET CpaBHHMAa C eOuHUNeH, To ¢Gopmyna
(18.1) TepseT cBoro cmity. IIpu 3TOM HeoOXoAMM y4YeT MHOroKpar-
HBIX MPOIIECCOB BO B3aMMoneicTBHHM. Tak, ecid TOJIIMHA MHILEHHA
L mpeBnliaeT JUIMHY cBOOOZHOro mpoOera 4acTUIbI B aMOpPQHOM
cpene l,=1/nc,, roe ©,—NOJHOE CEYEHHE YIPYroro paccestHUs
Y4acTHILI ATOMOM, TO IpPHM H3Y4YE€HHH YNPYroro paccesHHs Heoo-

XOOUM YYET MHOTOKPATHOTO pACCCAHUA. Ecnu xe TOJIIHHA MUILICHH

6yner cpaBHMMa C paJHalMOHHON MJHHOM Lg, TO HeoOXoaum
y4eT IMOTeph OJHEPTHM 4YacTUIleli B BeleCTBE Ha H3JIy4YeHHe
W IpOLECChl, CBS3aHHbIE C KacKaJAHbIM PpPa3MHOXKCHHEM 4YacCTHII.
OTH mpomecchl OyayT paccMoTpensl B T 9 m 10. B macTosime#
Xe rijaBe OyJeT pacCMOTPEHO B3aMMOJEHCTBHE OBICTPBIX YaCTHIL
¢ amMopdHON cpemodl B ciydae, KOrja TOJIUIMHA MHIIEHH Mana
M0 CPaBHEHHIO C paJMAlOHHON [JIMHOM,

L<L,. (18.2)

Huxe Oynmer moka3aHO, YTO Jdaxe NPH BBINOJHEHHH YCIOBHUS
(18.2) cpema MoxeT oKa3aTh 3HAYUTEIbLHOC BJIHSHHE HA TaKHe
MPOLIECCHI, KaK M3JIydeHHe U 00pa30BaHUE 3JIeKTPOHHO-TO3UTPOHHBIX
[ap, B pe3yJIbTaTe Yero BEPOSTHOCTH 3THX MNPOLECCOB B BEIECTBE
OyoyT CyHmIECTBEHHO OTJHMYATbCA OT COOTBETCTBYIOIIMX BEpOST-
HOCTeH, onpeneasseMbix ¢opmyoi (18.1). BiusHue cpenpl Ha 3TH
MNpOIieCChl MMEET MECTO B ciydae, KOTrJa 4YacTHlla B Ipeaesiax
JUIMHBI KOTEPEHTHOCTH CTAJIKUBAETCH C OOJIBIIMM YHCIOM aTOMOB,
U CBA3aHO C pa3jM4YHBIMH HHTEPQEPEHUMOHHBIMH 3(p¢eKTaMH BO
B3aMMOAECUCTBHU.

Jng Toro 4troObl pa3bACHHTH, B 4eM 31eCh MEJIO, TPHBEIEM
OPOCThIE OLEHKHM CIEKTPAJIbHON IUIOTHOCTH W3JIyYEHHs YJbTpape-
JIATUBUCTCKOTO 3JIEKTPOHA B BEHIECTBE B ciy4ae, korma [>1,
T. €. KOIZa 9IEKTPOH B Mpedeiiax JUIMHBI KOTEPEHTHOCTH CTall-
KuBaeTcd ¢ OoybIIMM 4YHCIOM aToMOB. Bocmosedyemcsi ¢ 3Toi
nenpro cooTHowenusiMu (4.7) u (8.9), onpenensomMuMH MO MOPSAIKY
BEJIMYMHBI JUIMHY KOTE€PEHTHOCTH M CHEKTPajbHYHO [LIOTHOCTH
W3JIydeHHAsT OBICTpON dYacTHHBI B BElIECTBE. BXOAAIMHA B 3TH
dopMysbI KBaApaT yrjia paccesHMs B paccCMaTpUBAEMOM Cliy4ae
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npeAcTaBiseT coboi kBaapaT yrjia MHOIOKPaTHOTO paccestHus
9JIEKTPOHA B Cpele HAa JUIHHE KOTEPEHTHOCTH. OTa BeJIMIHHA
NMHEHHO pacTeT C pacCTOSHMEM S, NPOXOAMMBIM 3JIEKTPOHOM

p BemectBe: 92=gs (cM. popmyny (20.11)), moITOMY COTJNACHO
(4.7) npu Mayplx M OOJBIIMX YIJIaX pacCesiHUs

; {272/03, Y297 <1, (18.3a)
2g/o, ¥297> 1. (18.36)
I/ICHOJIBBYSI 3TH COOTHOIUCHUS IJIA l, HaxoJauM, 4YTO
2e? —
w |3t 9k Y287 <1, (18.4a)
do” | ¢? 2 292
=/ 1. 18.46
- 20y%2qL, Y 9i> ( )

IlepBas w3 3tHx ¢opMyn coBmagaer ¢ JorapudpMmuyeckoi
TOYHOCTBIO ¢ ¢opmysoii bere u TIalitnepa, B kxoTopodH He
YYUTHIBAETCS BJIASIHAE MHOTOKDATHOTO pAacCesHWs Ha H3IIydcHHE:

dégy do

=Lno—2= 18.5

do do’ ( )

rae dogy/do—cedeHue WU3JIyYeHHs OBICTPOH YacTHUBI B IOJIE
oraesbHOro aroma (12.18) mpu o< E.

Bropast ¢popMmyna COOTBETCTBYET Ciy4aro, KOrJja MHOTOKpaTHOE

paccesiHHE OKa3bIBAeT CYIIECTBEHHOE BIIMSHHE Ha H3inyveHHe. Cpas-

auBas 3Ty ¢opmyny ¢ (18.5), Haxomum, uto mpu y297>1

4 4m (18.6)
do do

Takum o6pa3oM, MBI BHAMM, 4YTO U3-32 MHOTOKPAaTHOIO
paccesiHUsl MPOMUCXOAWT YMEHBIIEHUE JUIMHBI KOTE€PEHTHOCTH, 4TO
OPHUBOAMT, B CBOKO OuYepedb, K MOAABJICHHIO H3IydeHHs. Oddekt
BO3HHKAEeT B Clydae, KOrja cpeaHee 3Ha4YeHHe KBaapaTa Yria
MHOTOKPATHOTO PacCesiHUsl Ha [UIMHE KOT€PEHTHOCTH 97 NpeBbILIAET
KBaJpaT XapaKTEPHOIrO YIJIa H3JIy4YeHHs PEeJSTHUBUCTCKOTO 3JIEKT-
poa 02~y~2 Ha stor s0dekt obparwnu BHuMmanwe Jlanmay
u IMomepanuyk [1].

CoorHomenusi (18.4) mokas3wpiBaloT, YTO XapakTep H3JIYYCHHS
OuicTpoll 4acTHUbl B aMOpGHOM cpese H3MeHsieTcs npd y2 97 ~1,
T.e. B 00JacTd SHEPruil 3JeKTPOHOB E W 4YacCTOT H3JIY4YEHHBIX
(GOTOHOB ®, YIOBJIETBOPSIOIIUX YCIIOBHIO

E? U m?
2 2R

(18.7)

mio

Tak xax m2E;2~1/1600 (cM. dopmyay (20.12)), To xapakTepHble
3HAYEHHMs [UTMH KOTEPEHTHOCTH, Ha KOTOPBIX IPOMCXOAMT M3MEHEHHE
XapakTepa M3JIyYeHHs, Majbl [0 CPAaBHEHHIO C paJMalMOHHOM
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SR ]

IVIMHOM [<< Lp W, CJieOBaTEIbHO, 3 pekT MOXET NPOSBIISATHCA
npn L Lg. |
[IpuBe/icHHBIE BBILIE OLCHKH CHpaBelIABBI B 001aCTH MAJIBIX }
gacToT W3NyueHHbIX OGoToHOB << E. ®opmyina (17.4), omsako,:
[OKa3bIBAET, YTO 3TH OLUCHKH MO MOPSAKY BEJMYUHBI CHPABE/JIUBHI |
u upn o~E. .
Ecou B (18.4) mepedTH ¢ TNOMOIIBIO COOTHOILIEHHS

dé=Lnodo

i s

e

OT MHTEHCHBHOCTH K CEYCHHIO H3JIy4€HHs] M B IOCJEIHEM BBIpaxe- -
HHH CIejaTh 3aMEHbl, COOTBETCTBYIOIIME NEPEXONY K CEYECHHIO |
mporecca 0o0pa3oBaHUA 3NEKTPOHHO-NOZUTPOHHBIX map (cm. § 12),
TO mpuaeM npu E,~FE_~@®/2 X CISAYIOIIUM OLEHKaM JJIfl |
CEYeHHs] 3TOTO TNporecca:

Li' 9%« (18.8a) |

E

do, - 3
OZE.TN 2 4282 1. (18.86)
LR’ :

T

®opmynsr  (18.8) mokaswiBaroT, 4TO 3hdekT, aHaIOTHIHbIH
3bdexTy nonaBicHMs M3NIy4YeHHs OBICTPBIX 4YacTull B aMOpPQHOH |
cpele, UMeeT MECTO M B mpoliecce 0Opa3oBaHUs Nap (GOTOHAMHM !
BLICOKHX OJHepruii B Bewnectse. JeiicTBuTenbHo, npu Y293 <1 !
cornacHo (18.8a)

do, _dog,
dE,  dE.’

rae dol/dE, —cedenme oOpa3oBaHMs mapkl (OTOHOM B IOJE

u3oaupoBanHoro aroma (12.21). Ilpu y283% >1 corsiacno (18.86)
nMeeM

do, _dofk
dE,  dE.’

3aMeTuM, YTO YCJOBHS, NPH KOTOPBLIX NPOUCXOJUT U3MEHEHHE
xapakTepa oOpa3oBaHUs Hapsl B aMOpGHON cpelie, BBIMOJIHSIOTCA
MpH 3HAYUTEJILHO OOJBINMX J3HEPTHAX YacTHI, YeM YCJIOBHS, TIPH
KOTOPBIX TNPOMCXOIUT W3MEHEHHE XapakTepa H3JIyueHHst ObICTpoOi
4acTHIBl B BellecTBe. CBI3aHO 3TO ¢ TeM, 4TO JUIMHA KOTEPEH-
THOCTH mpolecca oGpaszoBanus napwl /, =2E_ E_/m*® nocturaer
MakCUMaJIbHOM BestnumHbl [, =®/2m? npu E, ~ E_~®/2. B npouec-
Ce K€ H3NydYEeHHs JUIMHA KOTepeHTHocTH [=2E(E—m)/m?®
CONEPXUT  HOMOJHHTENIbHBIH MHOXHTEAb FE/®, KOTOpbIH B
0o61acTy MaJjIblX 4acCTOT 3HA4YUTEJILHO YBEJIMYHBAET IJIMHY KOTEPEH-
THOCTH.

IlpuBeneHHble BBIlllE COOTHOHIEHUS] OTHOCHWIHCH K CIIy4alo,
Korga JUIMHA KOTEPeHTHOCTH / Maja MO CPaBHEHHIO C TOJILUHOMR
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vuiueEr L. TIpH HOCTaTOYHO BHICOKHMX JHEPTHUSAX, OJHAKO, MOXET
ObITH BBHINOJIHEHO W 0OpaTHOE HEpaBeHCTBO. BlauMogeiicTBue
yaCTHIIl C MHIIEHBIO B 3TOM Ciydae MOJDKHO pacCMaTpuBaTthes,
Kak C emuHBIM o0BeKTOM (CM. § 26).

§ 19. Bimnnue mnonsipu3amuu cpeabl Ha H3JIyueHue

JiHa KorepeHTHOCTH /[ =2y?/® pacteT ¢ yMeHbLICHHEM 4a-
CTOTHl M3JIy4YeHHOro (oToHa. DTOT pPOCT, OJHAKO, HE SBASETCS
HEOTPAaHHYEHHbIM. B 06J1aCTH MajbiX SHEPruil GOTOHOB CTAHOBATCS
CYUIECTBEHHBIMH IOJISIpU30BaHHble 3¢ dekThl, Onaromaps KOTOPBIM
NPOMCXOMUT MoAudUKaIMs OKPYXAIOLIETO MIEKTPOH MOJisi, YTO,
B CBOKO OYepeds, MPUBOOUT K YMEHBIIEHHIO JUIMHbI KOT€PEHTHOCTH
M K TOJIaBJICHHIO HWHTCHCHBHOCTH H3JTyYCHHUS.

Moandukanys mojsi YaCTHUBI B CpPele ONMHCHIBAETCS UIJICKT-
PUYECKOHM TNPOHMLIAEMOCTBIO €(®), KOTOpas B OOJACTH BBICOKHX
4acTOT Majio OTJHYaeTcs OT €AUHHIBI [2],

2
e(o))zl—(—wol 0>, (19.1)

2°

rHe ®,=./4nnZe?*/m—nna3MeHHas 4acToTa.
lloncrasisiss 31y BenuuuHy B (4.6), NPUXOAMM TPH MaJbIX

yIiiax pacCcesiHUs K CJEOYIOIIEMY YPaBHEHMIO JUISl JJIMHBI KOTEPEH-
THOCTH:

(0]
-z—y—zl((n, G)[1+
Mpu 7297 <1 nmeem

o, 8)=

1205 L 25744262 [~1 (19.1)
o7 Y Ty . .

27% o
1+7202 +y20le™? (19.3)

Takum o06pa3oM, IJiFHA KOTEPEHTHOCTH OBICTPO PacTeT C YMEHb-
[IEHWEM @, OCTHrasi MAKCHMAaJbHOrO 3HAa4YeHHs IpH
E
O~®,~. (19.4)
Ilpm panbHEWIIEM YMEHBIUEHHH YacTOThl 3Ta JUIMHA ObICTpO
YMEHBIIAETCS.

IToxaxeM, kak 3TOT 3¢pdeKT OTPA3UTCA HA H3JIYUEHHH OBLICTPOi
qacTUUBl B BeulecTBe. {1 mMpoCcTOTHI paccMOTpUM BHAualle CIIy4aif,
KOrJia YroJyl pacCessHUs Ha JUIMHE KOTEPEHTHOCTH HOCTATOYHO Maj,
Tak 4TO BhINMoJyHseTcs yciosue w/97 < 1. Torma B dopmyne (3.10)
MOXeT OBbITh BBINOJIHEHO PA3JIOXKEHHE 1O YIJIy paccesuusi. B pe3yinb-
TaTe HAXOMUM, YTO B IEPBOM MNPHOIDKEHHH TAKOrO pPa3JIOXKEHHUs
npu ev’<l

Z—i=§fj’:—:[l—2%<l—g>]lw(")lz’ (19.5)
)
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roe 6= (1— v\/g ) 1 W (v) — dypbe-KOMIOHEHTa YCKODEHHSA qacm-’i

upt (5.3). Ilepemennas v CBsi3aHa C YIJIOM H3JIyHCHHU:A 0 B dopmyie?
(3.9) coornomermem v=o—kv. B o6nacTH 4acToT O YW, BXO- !

pamas B (19.5) BenmdmHa O paBHA ‘}
2.2 ‘
5=2%<1+Lm%>. (19.6)

[pu GONBIIMX FHEPTUSX H3JIyYeHHWE DPa3bIIPHIBAETCS HA JUIMHE .
BOJIb MMIYJbCA YaCTHIbI, 3HAYMTENLHO HPEBOCXOMAIIEH pa3Mep -
aToMa, Mo3ToMy BemuuHa |W (V)|2 MoxeT ObITh 3amMcaHa B BHIE :

IWMV)[2=3(9,9,)exp[iv(t,—1,)], (19.7)
n,r

rae 9,—yroji paccesHdss NPH CTOJIKHOBEHMH C 7n-M aTOMOM
U 1,—MOMEHT BPEMEHH, KOrja NPOHM3ONUIO CTOJKHOBEHHE.
B amopdHOii cpeme CTONKHOBEHHS HacCTHLBI C Pa3IAYHBIMH ATO-
MaM# citydaieel, mostoMy Bxomsmas B (19.5) Benmumma |[W(v)|?
IOJDKHA OBITH ycpeAHeHa MO MOJIOKEHWSIM aTOMOB B cpene. Ilpm
CTOJIKHOBEHHH C aTOMOM, HaXOJAIUMCA B Touke r,=(p,, Z,), yrol
paccessHUs paBeH

+ o

J. dzu(p—p, 2), (19.8)
— a0

rae p,— NpHIENbHbIH mapameTp U u(r)— MOTEHUHAJIbHAsI DHEPrus
B3aHMOJIEHCTBHA JaCTHUB! ¢ aTOMOM. [IoACTaBiAs 3TO COOTHOIIE-

HHe B (19.5), monyuyuM mocine yCpemHEHHs 1O p, H HHTEIPUPOBAHUS
MO V CJexylolee BHIPaXEHHE [UIS CHEKTPAIBLHOW IUIOTHOCTH

H3JIy4eHUS:
de\ [ d& 1
Hh=t =) — . 19.9
<d‘° (‘1“’)0272(1—vﬁ) (152

3nech mnepBbIf MHOXHTEIb MpPEACTaBJigeT cCco00H O0OBIYHOE
BBIpaXKE€HHE ISl CHIEKTpa M3JIy4eHUs ObIcTpoM yacTHLBI B aMOpGhHON
cpene B objacTH MaiblX 4YacToT ©0e3 ydeTa MHOTOKPATHOIO
paccesHAS ¥ NOJIAPHU3ALMU CPEIbL:

aé& __282 2 2 2
<%)0———nLy jd p9*(p). (19.10)

3 =

oy [
AR

3n

B cnywae, xorma DoTeHIMas aToMa MpEACTaBisgeT CcOOOH Jk-
panupoBanHblii noteHmman Kynona (7.5), Bxomsmmii B (19.10)
HWHTErpajl pacXoJUTCs B 00nacTd Manbix 3HaueHwit p. U3 ycrmosus
npuMeruMoctd  ¢opmysiet  (19.5) y3<1 BhITekaer, 4YTO HHTET-
pupoBanue mo p B (19.10) mosmxHO OBITH OrpaHMYEHO 3HAYEHHEM
Pmin~2Ze*/m. KpanToBble 3PGEKTHI TIPH H3JIyYEHHH, OOHAKO,
NPOSIBJISIOTCS NPA P~m ', T. €. HA PACCTOSNHHAX, OOJBIIHAX, 4eM
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2Ze?[m, TO3ITOMY Ppi, HOJDKHO OBITH IOJIOKEHO pPaBHBIM m !

[3]. IIpu atom BenmuuHa (d€/dw), ¢ NorapudMUYECKOil TOYHOCTBIO
COBIIAZAET CO CHEKTPOM H3Ny4YeHHs, naBaeMmbeiM ¢opmynoi berte
u Taittnepa (18.5).

Bropoii muOXuTENL B (19.9) onuckiBaeT BIUSHHE NOJSPU3ALIH
cpenbl Ha H3jyyenue. B obnactu vacrtor o~y®, ¢popmyna (19.9)
npuobpeTaeT BUI

20)‘2’ -1
< (m)o (1+7—wz—> : (19.11)

Ora QopMyna nOKa3bBaeT, 4TOo B 00NacTH 4YacTOT WOSY®,
JOJIApU3alMs Ccpelbl TUPHBOOUT K 3HAYHUTEJHLHOMY MOAABJICHUIO
HHTEHCHBHOCTH H3JIYYCHHS 3JIEKTpOoHa B amMOpdHOH cpene. Bimsuue
HOJIApU3AlMKM Cpebl Ha H3JIYYEHHE YJILTPAPEIATHBUCTCKOTO 3JIe-
KTPOHa B aMopdHO¥W cpele BUepBbie OBLIO YCTaHOBJIEHO Tep-
MuxkaensiaoMm [4].

§ 20. MnorokpatHoe paccesinde OBICTPBIX 3apsiZKEHHBIX
yactull B amopdHoi cpexae

B § 18 ObL1O0 mMOka3aHO, YTO MHOTOKPATHOE PaCCETHUE MOXET
0Ka3aTh CYHIECTBEHHOE BIIUSHHE Ha HM3JIydeHHE YJIbTpapeisiTHBHCTC-
KOTO O3JICKTpOHa B aMOp}HOH cpene, H TPHBEACHHI YCIOBHSA
BO3HMKHOBeHHUs s¢dexra. IlosyueHHble pe3ynbTaThl, OJHAKO, HO-
CIUIH ONCHOYHBbIH xapaktep. [Ipexae 4eM HepeXOMMTh K KOJIHYECT-
BEHHON TeopHH 3TOro 3ddexra, H3JIOKAM OCHOBHBIC PE3YJIbLTATHI
TEOPUH MHOTOKPATHOTO PacCessHhsi OBICTPHIX 3apSKCHHBIX YaCTHI]
B BEIIECTBE.

PaccMoTpUM BHauajie OXHOMEpHYIO 3ajady (mpenmoJiaraercs,
4TO HYYOK MagaeT Ha MMWINEHb BOOJbL ocu z). C 3TO# mesbio
peemeM ¢yHKuMIO pacnpemeneHust (89, z) WIS YKCIA HACTHIL
C HamnpaBJIcHMEM J[BWXeHHs J Ha riyOWHE z HMX NPOHUKHOBEHHS
B Cpelly M pacCMOTPUM H3MEHEHME 3TOiW (GYHKIMHM C YBeJHYeHHEM
KoopauHathl z. IloTepsiMH SHEPrMH 4acTHILI B BEIleCTBE OydeM
npeHedperaTs.

YuuteiBast, 4T0 B aMop(dHO# cCpele CTOJKHOBEHHS YaCTHIIBI
C pa3JMYHBIMA aTOMaMH SBJIIOTCS CIYYaHHBIMH W YTO HPH
BBICOKHMX JHEpPrHsiX XapaKTepHble 3HAYECHUs YIJIOB €€ paccesHus
MpH CTOJNKHOBEHHMH C KaXIbIM aTOMOM Maibl, 3<< 1, Haxoamm,
YTO KMHETHYECKOe ypaBHeHue s pyHkuuu f (3, z) umeet BUI [5, 6]

%f (8 z)=n _[dc W[ E+x 2)=f(8, 2)], (20.1)

rae 3— IByMepHbIN BEKTOp, JIEKAIMH B ILIOCKOCTH, OPTOTOHAJb~
HOM OCH 2z, M XapaKTepuU3YIOIIWA yron paccesHUS YaCTHUIIBI
oTHOcUTENBHO ocu z (puc. 3.1), do (y)—cedyeHne ympyroro pac-
cesiHMsl OBICTpO#M 4YacTHIbl OTAEJbHBIM aTOMOM Cpelbl Ha YIoJ
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x. B cnydae IKpaHMPOBaHHOLO |

notennuana KysoHa ceyeHHE 1
P’ do () uMeeT BHA :

? 2

P ot 4-—-*"’{ _ [ 2ze?

7 é Z Z dG(X)—( — > x
7 rdydo i
/, XW, x<<1’ (20.2)
a4z

Puc. 3.1. MHOrokpaTHoe paccesiHHe ObICTPOR
yacTuubt B amopduo#t cpede .
rac ¢ —a3uMyTaJIbHbIM YIOJI BE-

KTOpa ¥%.
Oyaxus [ (9, z) HOPMHPOBaHA YCJIOBUEM

§d*91(8, z)=1.

Kunernueckoe ypaBnenme (20.1) ompeznenser OajaHC 4acTul,
OpUYEM TIEPBOE CllaraeMoe B TMpaBod YacTH 3TOrO ypaBHEHHS
ompeneisieT YHCJIO YaCTHL, NPHXOAALIMX B HampasieHue 3 us
HampaBlieHds: 9+, a BTOpOe cj1araeMoe OIpeessieT YUCJIO YacTHll,
YXOIAIIUX BCJEJICTBAE paccesiHUst W3 HanpasjeHus J.

Peuenue ypaBueHus (20.1), yHoBjeTBOpsiolliee I'PaHUYHOMY
YCJIOBHIO

f9 )=8(9),
ObU1O0 moJyueHo B pabotax [5, 6]. DTo peunienuwe ynobOHO npen-
CTaBUTb B BHIE

f(8, Ly=fd*pexp {ippd+nL [do(x)[1—Js(PPx)]}, (20.3)

rae p=(x, y) — IBYMEPHbIH BEKTOP KOOPAWHAT X M y B ILNIOCKOCTH, °
OPTOrOHANBHOW OCH Zz, ¥ P— MMIYJIbC YaCTHUIBI. !

Ecnu TommuuHa MHUILIEHH AOCTaTOYHO Maja, TakK 4YTO BBIIOJ- ;
HSIETCA YCJIOBHE

nLo, <1, (20.4)

rae 6,— IOJHOe CeYeHue YNPYroro paccesHhs YaCTHIbI OTIEJIbHBIM
aToMOM (B ciy4ae OJKpaHHpOBaHHOro mnoTeHnuana KyJioHa
c,=4nZ%¢*R?), To B (20.3) MOXET OBbITL BBLINOJHEHO DPA3JIOKEHUE
mo L. B mepBoM mIpuOJIMXeHHMM Takoro pasyioxkenus npu 3#0

d*c(9)
ds? -’

Ota dopmyina coBmagaer c¢ ¢opmynoit (18.1) ans BeposTHOCTH
mpouecca ynpyroro paccesiHusl, CHpaBeUIMBOH B ciydae, Koraa
MOXHO MpeHeOpeyb MHOTOKPATHBIM paccesiHUeM HacTHIbI B BEHIECT-
Be. HepasenctBo (20.4) ¢akxtuueckn npexncrasisier coboif ycioBue
Ha TOoMUWHY wMumesn L</,, rme [,=1/nc,, npu KoTOpoM
MHOTOKPATHOE PacCesiHHE OTCYTCTBYET.
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C poctoM TONMUHLI MUIIeHHA yciaoBue (20.4) Hapyiaercs.
IIpu sTtoM dopmyna (20.5) TepsieT CBOIO CHIYy ¥ pacupenesicHue
yacTHIl O YyIjaM AOJDKHO ompedeiarscs no dopmyne (20.3).

PaccMoTpuMm emle OOWH BaXHBIM IpeACIbHBIA Ciy4yad, NOpu
koTopoM (¢opmyna (20.3) cymectsenHo ymnpomtaetca. C' 3Toi
LIEJIbI0 3aMETHM, YTO XapaKTepHbIE 3HAYCHUS P, AAIOLINE TIJIaBHBIM
BKJag B uMHTerpaj mo p B (20.3), mo NMOpSAOKY BENHYHHBI pPaBHEI
p~1/p9. Ecinm npu Takux 3HaueHHAX p apryMeHT ¢yHKOHH beccens
Jo(ppy) 6ymer mMan B oGNacTH yIJIOB Y, NAIOLIUX TJIABHBINA BKJIA
B uHTEerpa’i mo x B (20.3), To ¢pyHkuuio beccess MOXHO Pa3jiOXUTh:

1
Jo(por)>1=5(ppx)*+ -

CoxpaHsii [Ba TIEpBbIX WIeHAa pa3joXeHHs, IMOJYYAM IIOCIIe
HHTerpupoBanHus no p B (20.3) cneayroiiee BbIpaXeHHE NJIA
(byHKIMH pacIpenesIeHus:

4n 92
f(9, L) == exp <—§>, (20.6)
rae
$2=1Ln [do(x) x> (20.7)
Jlerko mnpoBepUTH, 4TO
9 =[d*99%/(9, L). (20.8)

TakuM 00Opa3oM, B pacCMaTpMBaEMOM cCilydae pacnpeiesicHue
YaCTHL[ MO YIjaM SBJISETCS TayCCOBBIM CO CPEAHHM KBaApaTOM
yIja paccesiHusi, OmpeaeiisieMbiM cooTHomenueMm (20.7).

Xapaxktepuble 3Hadenus 37 B (20.8) nopsaxa 9%, IMoacrasiss
310 3HayeHue 9° B HepaBeHCTBO X2 < 92, ompemensiolmee yClOBHE

nmpuMeHuMocTH ¢opmynsl  (20.6), Haxoau™m, YTO 3Ta GopMyia
CIpaBelUInBa, €CJIA

nLo,>1, (20.9)

T. €. €CJIM YACTHIIA B BEINECTBE CTAIKMBAETCS CO MHOTMMH aTOMAaMHU.

3amMeTnM, uTOo wMHTerpas mo ¥ B (20.7), BooOmEe roBops,
gorapuMudecks pacxoAMTCs B 00JacTH OOJbIIMX YIJIOB pac-
cessnus. I103TOMy DNpH BBHIYMCIIEHMH 92 HEOOXOAMMO NPOBOIUTH
oOpe3aHre 3TOrO0 HMHTErpana. 3HAYEHHE Ymax MOXKET OBITH
onpedesieH0 W3  YCIOBUS NpUMEHHMOCTH  ¢opmyasl  (20.6):

Ymax~~/ 9%. Tlpu OGOJBLIMX 3HEPTHAX HEOOXOAMMO YYMTHIBATH
TakXe pasMepbl slpa aroMa. BelMYMHAa Y., IOPH 3TOM
OyneT oupenensiTbC OUPPAKUUOHHBIM YIJIIOM  Ymax~ l/PR,, TIE
R,— pasmep sapa atoma. B cirysae 5KpaHMPOBaHHOrO NOTEHIHAIA
Kynona Ttorma mmeeMm

$2=2mmnZ%e*L,

rae N=In(pRYmax) ¥ xmax=min(\/§, (pPR)™H),
87



IMepenuiiieM 3TO COOTHOMICHHE B ¢dopMe, IPUHATOH B KacKaJXHON
teopun. Jas storo 6yneM H3MepATH TOMILMHY MHIICHHA L B pamu-
aNUOHHBIX JHHAX Lg:

Lat =“Z;‘f” In (1832 ~173). (20.10) §

3unauenusi Lp 1715 HEKOTOPBHIX BEILIECTB IPHBEACHBI HHXKE:

C Si Ge A\ Pb BO3AYX  Boza
14,7 10,2 2,35 033 0,26 30000 33,9 .

Inbps! 308Ch COOTBETCTBYIOT 3Ha4YeHHsM Lp B CaHTHMETpax.
Torma

92 =FEZL/E?Lyg, (20.11)

rae E}=4n-137 -m?[In(ERYmax)/2In(183Z ~1/3)].
IIp¥ Ymax~ 1/pPR, BBIDOXXEHHE B KBAAPATHBIX CKOOKax OJM3KO
K eJuHMIe, TaK HYTO i

E2~4m- 137m>. (20.12)

®opmysa (20.6) MoxeT OBITH ITOJy4€HA TAKXKE MyTeM HEMo- !
CPEACTBEHHOTO peIleHHss HeKoToporo auddepeHuatsHOro ypas- |
HEHWsl, BbITeKaromero w3 ypaBHeHnus (20.1). A wmenno, eciu
XapakTepHble 3HAYCHWSA YIJIOB pacCesiHMsl YacTHLIbI B BEIIECTBE
9¢r OyayT BenvKH O CpPAaBHEHMIO C XapaKTEpHbIMH 3HAYCHUSAMH
YIJIOB DACCESHUS Yo NPH CTONKHOBEHHH C OTHENBHBIM aTOMOM,
T0 B ypaBHeHHUH (20.1) MoxeT OBITh BBHIIIOJHEHO pa3JIOKCHUE
dynxuun f(8+7y, z) no x. CoxpaHsas NEPBBIA HEUCUEIRAFOMIMHA YiIEH |
pasnoxends B (20.1), nmpuxomguMm K crenyromemy mubdepeHny- |
aJbHOMY YpaBHEHHIO AnA (yHkImH f '

210, )=z /(9. 2), g=1F @013)
dz” V7 ato9r? V7P L ) :

5 st b

Pemienye  3TOro  ypaBHEHWs,  YIOBJICTBODSIOILEE  YCJIOBHIO
f(@3, 0)=5(3), mmeer Bua (20.6).

IMonyyennbie BhIIE pPE3YJIbTATHI OTHOCHJIHCH K OJHOMEDHOMH
3agave, Koraa (yHKIMs pacHpelesieHus 3aBHCENIa TOJBKO OT YIJVIOB
paccessHUS W TJIyOMHB TpPOHHMKHOBEHHS 4YacTHUBI B Cpely z.
PaccMOoTpuUM Temeph paclpeeiieHue HacTUIl B BEIIECTBE HO BCEM
xoopauHataM d no yraaMm. C 31o#f nenplo BBeXeM (YHKIMIO
pacupedenenus f (9, r; ¢) AJs YKCJIA YACTHI[ CO CKOPOCTBIO V B TOUKE
r B MOMEHT BPEMEHH ! W MCCJIEAyeM IOBEACHHE 3TOH (QYyHKUMH
¢ TiyOHHOW TIPOHHKHOBEHHS YacCTHL B Cpeny.

Oyukims f (v, r; t) YIOBJIETBOPSET CICHYIOIIEMY KHHETHYSCKOMY
ypaBHeHuto [7]:

g_{+<v§;>f=njdo-(v’—v) (v, 5 0)—f(v.r; 1)], (20.14)
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rae do (v —v)—ceueHue YIpYyroro paccestHusi 4aCTHUbI aTOMOM,
OpH KOTOPOM €€ CKOPOCTh H3MEHSIeTcs OT v k v’ (IpH 3TOM
paccessHHe NPOMCXOMMT Ha yrojt $=2arcsin([v'—v|/2v)).

B crammonapHOM ciyuae, Korjga 3HaueHHE f OT BPEMEHU He
3aBHCHT, IJI4 MAaJbIX YTJIOB paccesiHusi ypasHenue (20.14) moxer
OBITH 3allHCAHO B BHIE

53; 148, r)+(30%> £(8,1)=
.=gjdc(x) [f(O+x 1)—f(8 1)),  (20.15)

[O€ P— PagMyc-BEKTOP B IUIOCKOCTH, OPTOrOHAJIBbHOH CKODOCTH
najalomei 4actunpl, 3—yron ee paccesHus.

Ilpn BbmosiHeHMn ycyosus nlcG,>>1, Kak 0TMeEYanoch BBIIlIe,
IPOHCXOAMT MHOIOKPAaTHOE paccesHUe YaCTUIbI B BEIIECTBE, IIPH
KOTODOM XapaKTepHble 3HAYCHHS YIJIOB DACCESHHSI § BEJIMKH IO
CPABHEHHIO C XapakTepPHBIMH 3HAaYCHHIMH YIJIOB ) PpaccesHHs
yacTUUBl Ha OTHEJBHbIX aToMmax. HMHurerpo-muddeperunanbHOE
ypaBHenue (20.15) B 3TOM cinyuae MOXeT ObITh CBENEHO K Clle-
nyromeMy mubdepennanbHOMY YPaBHEHUIO IS OUpEAENeHUs
dynxmmun f (3, p, z):

of a2
2+ ( )f——qas,f (20.16)

Peienne mociegHEro ypaBHEHMsi, YIOBJIETBOPsiIONIee TIPaHHY-
HOMY YCJIOBHIO

S(9, p,0)=5(3)3(p) (20.17)
H YCIOBHIO HOPMHPOBKHU

IdzdeSf(S, P, Z)= 1,

__ 12 4 fa2,30° 08
e (Eo)l @

Dta ¢opmyna nonydeHa PDepmnu (BeiBon InpuBemeH B [8]). .
IIpounterpuposas Bripaxernue (20.18) mo p npuaeM x pacnpeneiie-
HUIO YacTHIl MO yrjlaM Ha rayOuHe L, onpefeseMOMYy COOTHOIIE-
meM (20.6).

®opmyna (20.18) no3BoJiseT ONpENEINTb CpeiHee 3HAYeHHe
CMEIIEeHNs] 4YacTHLBl B IUIOCKOCTH (X, y), OPTOTOHANBHOH OCH
Z B 3aBHCUMOCTH OT IJIyOMHBI NPOHMKHOBEHHS YaCTHLBI B CDENY.
HMomuoxuB ¢ 310l memsto f(9, p,z) Ba p?, NOAyIdM TIOCTIE
UHTETPUPOBAaHUA MO p H I

— 1EZL®

FEIBL

HMEET BHIA

(20.19)
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§ 21. Dddext Jlanmay — Ilomepauiyka

-

IlepeiineM Tenmepb K KOJMYECTBCHHOH TEOPHH BIMSHHASA MHO-
FOKPaTHOTO PACCESHUS Ha W3JIyYEeHHE YIbTPApEIsTABUCTCKON YacTH- 3
upl B amopduoit cpeme. B § 19 Obuto nokazaHo, 4TO €ciM
KBaJpaT yIJla paccesiHus 3JIEKTPOHA B Mpelenax JUIHHBI KorepeH- :
THOCTH MaJl [I0 CPaBHEHHIO C KBaJpaTOM XapaKTEPHOro yIria ero '
u3nnyyenns 0°~y~ 2, To mpH €=1 COEKTP H3JIYYEHHs OJIEKTPOHA |
B amopdHOi cpeme ¢ Jsorapu(MHYECKOH TOYHOCTBIO COBIAJALT '
C COOTBETCTBYHWOIIMM pe3yabTatoM bere u Taiftnepa (18.5),";
B KOTOPOM BJIMSIHHE MHOI'OKPDAaTHOIO paccesHHs Ha H3Jy4eHHE HE 3
yuutpiBaerca. MIHBIMH cloBaMH, B 3TOM Clly4ae MHOTOKpPAaTHOE
paccesHUE HE CKa3bIBAETCA HA HU3JIYYEHHU 3JIEKTPOHA B BEILECTBE. -

C pOCTOM 3HEPr¥M 4YacTHIBI pacTeT JJIMHA KOTEPEHTHOCTH
[ =2y*/®. PacTeT TpPH 3TOM W CpelHEe 3HAYCHHME KBAJPaTa YIJa
€c paccesiHMsT Ha JUIMHE [/, TaK YTO HPH AOCTATOYHO OOJIBIIMX
E ycnosue npumenumoct dopmynnl (19.9) mapymaercs. IIponecc |
H3JIYYCHH OJJIEKTpOHAa B BELIECTBE B JTOM Ciydae Tpebyer
CHELUATLHOTO MCCIIEIOBAHHUS. 3

3aMeTHM, YTO CyHIeCTBYeT OOJbIIOH MHTEpBan JHEPTHH, B KO-

TopoM ycnosre Y297 <1 Hapymaercss B 06JacTH MajbIX JHEPTHIA !
tdoroHOB O <K E, NMOITOMY BONPOC O BJIUSHAM MHOTOKPATHOIO §
paccesHUs HA W3JyYEHHE MOXET ObITH DACCMOTPEH B DPAMKAX j
KJIACCMYECKOH  3JIEKTPOMHAMMKH. ;

Ecim ycnoene y>32 << 1 He BBIONHSETCH, TO JUIS ONPENCICHHS
CIEKTpa H3Jy4YeHHsT HEOOXOAMMO IOJIb30BaThCH 00INeH (hopMynoii}
(3.6). Ota ¢opMmyna gomxHa OBITH YyCpeOHEHA IO CJIyYaiHBIM ¥
3HAYEHUSIM YIJIOB PACCEsTHHS YacTHIBI B BEIIECTBE (CIy4aiHOCTH §
CBS3aHA C XAOTHYECKMM PACIOJIOKEHHEM aTOMOB B aMOP(HOM 3
tene). TouHoe npoBeneHHE YCPEOHEHHs 3aTPYOHSETCS TEM, YTO §
YroJl paccesHHs BXOJHT B CHEKTPAJbHYIO IUIOTHOCTh M3JTyYEHHS }
(3.6) mon 3makom cunyca. Jlanmay u IlomepaHuyk, umes B BHAY !
nojy4yenne oueHok npu Yy297>>1 mnpemnoxunu [l1] 3aMeHHTH
CpellHee 3HAYCHWE CHHYCa CHHYCOM OT CpeJHero 3HavyeHWs Beiu- j
YHAHLI. Y4HUTHIBas npn 3TOM, ‘-ITO

(jd‘tSz) (S j'd'tS >——qt|tl
(jdt& - ltl3
(rme 8,—yron paccemms{ Ha HHTepBaJIe spemenu (0, 1) u q—'
CpeHee 3HAYEHHE KBA[pPaTa yIJla PacCesHHs YACTHIbI HA €THHULE §

JUTHHBI), TPHUXOOAM K ClieAyromuei dopmyste mis ycpe,uHeHHoro
3HAYECHUsl CHEKTPAJIbHON IUIOTHOCTH H3JIyYeHHS:

2 b'
L J?(H%Yzqr) sin [(1 ~v)®1+éﬁ)‘ﬁz]- 2L ¢
0 ]
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BiusiHue MONAPU3AIMK CPefbl Ha M3JTyYeHHe 31eCh He yYHThIBAeTCH,
T. €. nonaraerca €(w)=1.
®opmysa (21.1) oTinMuaeTcss MHOKHUTEEM TEpel 3HAKOM CHHYCa
0T COOTBETCTBYIoWIEH ¢GopMyssl paboTsl [1] (cM. o630p [9]).
B unrepecyromeM Jlanmay u IloMepandyka ciydae y297>>1
MOXHO IpeHeOpeYh MOJA 3HAKOM CHHYCAa CjaracMbiM, MpPOIOpPLH-
oHaneHbIM T. IIpm 3toM ¢Qopmyna (21.1) mpuoOperaer BUnI

(2Y=61p=L 32“7’:’ 21.2)

Cpashenne 1ot dopMynsl ¢ pesyastaToM bere m Taiitnepa
(18.5) mOKa3bIBaeT, 4TO NHPH BLINOJHEHHH YCJIOBHsS y297>>1

gip«éa;;ﬂ.

TakuMm o6pasom, npu Y297 > 1 MHOTOKpaTHOE PacCEsIHHE CYIECT-
BEHHO HM3MEHseT CIEKTD HU3JIYYEHHs IJEKTPOHA B BEUIECTBE MO

CpaBHEHMIO CO cayuaeM y28Z<1.

®opmyna (21.2) TONBKO YHCIOBBIM MHOXHTEJEM OTJIHYAETCS
OT COOTBETCTBYIOHIETO INPEAEIBbHOrO Cjaydass TOYHOH (opMyJIbl
(22.9), nonyvyenHoit Murmanom [10). HecmMoTps Ha TO, 4YTO
cootHomeHus (21.1) u (21.2) HOCAT OLEHOYHBIH XapakTep, Npen-
noxenHbld Jlanmay m ITomepaHuykoM BBIBOI BCKDBIBAE€T CYILIECTBO
apdexTa —3¢dexT 00ycaoBIIEH UCKPHBICHHEM TPACKTOPHH YacCTH-
upl B aMopdHO# cpede B Ipeaesiax JUIMHBI KOTEPEHTHOCTH,
CBA3aHHBIM C MHOTOKPAaTHBIM pacCesiHHEM.

edicrBurenbHo, cornacHo (20.19) cpennee cMemieHHE Tpaek-
TOPHU YACTHLBL B NMONEPEUHOH MIOCKOCTH, CBSA3aHHOE C MHOIOKpaT-
HBIM paccesiHUeM, pacTeT CO BPEMEHEM IO 3aKOHY

NI (21.3)

3TOMy CMECUICHHUIO COOTBETCTBYCT HEKOTOPOC CPEHHEC YCKOPCHHUC
4YaCTHLOBI B Cpeaec

2

Lo~ (1.4)

dt

Ecnu e yacTHnia ABMXKETCS YCKOPEHHO, TO OHa u3naydaer. Coexrp

H3JIy4EHHs, COOTBETCTBYIOWIMK NAHHOMY YCKODEHHOMY IBHXEHUIO,

u onpenenserca Gopmynoit Jlaumay u ITomepanuyka (21.2).
OTMeETMM B 3TOM CBA3M, YTO MHOTOKPAaTHOMY PpacCEsHUIO

COOTBETCTBYET, CTPOro roOBOpSA, HEKOTOpas JIOMaHasi TPaeKTODHS.

JLJIsl OLlEHKH e CEKTPaJbHOM IUIOTHOCTH M3JIy4eHHds mpd y297>> 1,
KaK Mbl BHIE/IH, 3Ta JIOMaHass KpHBas MOXET OBbITh 3aMeHEHa
wiaBHO# TpaekTtopued. Ilepexon oT JioMaHOH KpHBOH Kk IUIaBHOHU
(bakTHYeCkH M TIPOHM3BOAMTCS B paccMoTpeHHoM Jlammay u Ilo-
MEPaHYYKOM cjIydae. DTy IUIABHYIO TPAeKTOPHIO OOBIYHO MPHHATO
HasbiBaTh (pakTanbio (cM., Hanpumep, [11]).
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VI3J105%eHHbIHA BHILIE METO/ OHEHKH CIIEKTPa H3JIy4eHHs ObICTpOif
YACTHMIBLI B BELIECTBE MO3BOJIAET TAKXe YCTAHOBUTH OIPEICICHHYHH
aHayormio Mexnay sbopexrom Jlanmay u IlomepaHdyka M CHHXPOT
poHHBIM u3aydyeHueM. JleHCTBHTENILHO, KAaK Mbl BUICIH, ahdex
Jannay u ITomepaHdyKa CBA3aH C KDUBH3HOW TPAeKTOPDHUM YaCTHIIbI
06yc/IOBJIEHHOH MHOTOKPAaTHBIM paccesiHueM. CHHXPOTPOHHOE X
H3JTy4eHHE CBA3aHO C KPHUBH3HOM TPAaeKTOPHMH YaCTHIBI, OOYC/IOB-
JIeHHOM BHELIHUM MAarHUTHBIM [MoJeM. B obomx ciiyyasix CHeKT
panbHas IIOTHOCTL U3JIYYEHHSI MOXET ObITh MpencTaBjieHa B BUJ
HHTeTpasla MO BpeMeHH T (cM. dopmyiasl (5.8) m (21.1)) u Mur
MOXEM HEeNOCPEACTBEHHO CPaBHUTH (GOPMYJIbI, ONMCHIBAIOIIUE ITH:
3¢ exTsI.

B cayqae adpdexra Jlanmay u I[TomepaHuyka nox 3HaKOM CHHYCa
B (21.1) BXOASAT ClaraeMbie, IPOIIOPUMOHANBLHBIE T U T2 B CIIy4ae xe
CHHXPOTPOHHOTO H3JIy4eHHs BXOIAT cJiaraeMble, IPONOPUHOHAIIb-
Hble T U T°. B 060uX ciay4asx B o6JacTH ZOCTATOYHO MAJIBIX YACTOT
JIUHEHHBIE ClaraeMble MO T B OCHAJUIMPYIOMIMX MHOXHUTENAX MOTYT}
6niTh onmywensl. IIpu 3TOM B aMopdHO# cpele CHEKTP H3JIydYeHHS
onpezensercs cooTHoueHueM (21.2), a B MarHUTHOM MOJiE — COOT- §
BETCTBYIOIIEH acUMNTOTHKOM cooTHouenus (5.8). Takum ob6pasom, -
B 00OHMX CHydasix ¢ yMEHBILIEHWEM () HHTCHCHBHOCTb H3JIydeHHA -
yMeHbHIaeTCs. 3akOHBI 3TOrO YMEHBINEHHS, OJHAKO, DPAa3JIMYHbI, ;
HOCKOJIbKY IIOA 3HaKOM CHHyca B (pOpMyJie CHHXPOTPOHHOTIO j
U3JIyYeHUs BXOAUT cjaraemMoe ¢ 1°, a B ¢opmyne Jlannay.
u IloMepanyyka —cnaraemoe ¢ 12. B cBOO OHUepenp, 3TO Pa3iHYMe -
B CTEHEHAX T CBA3aHO C pa3jIMYMeM KpHBU3H TpPaeKTOpHii, 00ycioB-
JIHHbIX MATHUTHBIM IIOJIEM M MHOTOKPAaTHBIM pacCesHHEM. j

§ 22. Vuer B/mMAHHY MHOTrOKpP2THOTO PpacCesHHs ;
Ha H3ANy4YeHHe MeTOJOM KHHETHYECKOT0 YpaBHeHMs

B metoae Jlammay u IlomepaHuyka IUisl TOJIyYEHHS cpe;mero;
3HAYEHUs CIEKTPaNbHOH MUIOTHOCTH H3JIy9CHHS YIbTPapelsTHBHCTC- |
KOTO 3JIEKTpOoHa B aMOpGhHON cpele cpedHee 3HA4YEHHE OT CHHYca
3aMEHUIOCh CHHYCOM CpEJNHero 3HaueHMs. Takas 3aMeHa, OHHAKO, |
IPUIOJHA TOJBKO JUIA NOJYYEHHs OLEHOYHBIX pe3ynbraToB. Cyime-
CTBYeT [IBa METOJa, MO3BOJSIONIUX DPa3BHTL CTPOIYIO KOJIHYECT-
BeHHYO Teopuio 3¢ dekra Jlammay u IlomMepanuyyka —MeToH KH-
HETHYECKOTO YPaBHEHHA W MeTOJ (PYHKLMOHATLHOTO HMHTErpHPOBa-
HusA. HaudeM ¢ u370XeHMs NEpPBOro MeETOAa, NPHUHALJIEKAIIETO
Murpany [10, 12].

Bynem ucxomuts U3 ¢opMysbl (3.2) A CHEKTPaJbHO-YIJIOBOMH
IUIOTHOCTH M3JYyYeHUS W UpPEACTaBMM €€ B BHIE

+ o <3}

daé 2 1] o —ieT+ik(r —r

< Re f " jdr[k,v][k,v]e e (1)
) 0

rae r=r(t), r'=r(t’) u o=|k|.
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3ajaya COCTOMT B YCPEOHCHHM 3TOTO BHIPAXEHHS MO BCEM
BO3MOXHBIM TPAaeKTOPHUSIM YACTHIBl B BellECTBE, T. €. B OIpejeie-
HHH BEJIMYMHEI

K={[k, v'][k, v]exp(ik(r'=r)), (22.2)

re YIJIOBbie CKOOKM cCiyXaT mis OOO3HAYeHUsl YCPEIHCHUS.

BBeneM nse BeposATHOCTHBIE yHKIMH: f (T, V; {)— BEPOATHOCTD
3HAYEHHS KOOPJMHATBI F H CKOPDOCTH YV B MOMEHT BpEMEHH
t 1 fL(',v';r, v; T)—BepoATHOCTh 3HaueHWd r' uw v’ B OoJee
NIO3HUA MOMEHT BpPEMEHM !+ T NpH YCIOBHH, UTO ITH BEJUIHHBI
B MOMEHT BpEMEHH ! MUMEIOT 3HayeHws r M v. Torga BeamvmHa
K Moxer ObITh mpencraBjieHa B BHIE

K={d%r'd®' d®rdPve™c [k, v] [k, v]f, fo-  (22.3)
BeposTHOCTHEIE QYHKIMH f; H f, ONPENENSIOTCS KHHETHYECKUM

ypaBHeHHeM (20.14) u yIOBJIETBOPSIOT CIEXYIOIMM HavdaJIbHbIM
YCJIOBHSIM:

Si(r, v 0)=8(r)3(v—v,),
L, v r, v 0)=8(r—r')3(v—v’),
re v,— HayaJbHas CKOPOCTb.
M3 KNMHETHYECKOTO YPABHEHMS M HAYaNbHBIX YCJIOBHH CIEAYeT,

4TO f, 3aBHCHT TOJILKO OT pa3sHOCTH KoopauHaT (r'—r). B dopmymny
(22.3) BxomuT ¢ypne-o6pa3 BeJHYHHBI f,:

Selv's v O)=fd{E' —n)e* (', v 1, v; 1),
modToMy (22.3) MOXHO Iepenmucatb B BHIAE
K={d*rd*vd3v' [k, v]- [k, V] fi(r, v; DAV, v; 7). (22.4)

Hcnonw3ys ¢ypre-npeobpazoBanue GyHKUHH pacnpelesieHus f,,
MPUXOOUM K CJICAYIOLIEMY YpPaBHEHUIO UIA fi:

%—f:—ikv’fk=n do (v =V )[fi (v, v; O)—£. (v, v; ©)],  (22.5)
npueM f (v', v; 0)=3(v—v’). Pemenne 3roro ypasHeHWs Temepb
COCTaBJSET Hallly TJIABHYKO 3aJavy.

XapakTepHble 3HAYEHUs YIJIOB PAacCesHHUS H H3JIYYSHHsA Delis-
THUBHUCTCKO#M YaCTHUIBI B BEHIECTBE MaJibl, TO3TOMY B (22.5) Moxer
OBITH BBINOJIHEHO PAa3JIOKEHHE IO 3THM yIjaM. YIOOHO OTCYHTHI-
BaTh YIJbl OTHOCHUTENBHO HANpaBJICHUA JABWXKeHWs (oToHa n.
B npubmkeHNH ManbiX YIVIOB COPAaBEJIMBBI CIEAYIOIIME COOT-
HOILLICHU S

v zv(l—%é)z)n+9, 9«1,

v’zv(l —-%9’2)n+3’, ¥<l.

93



[MofcTaBssisi 9TH COOTHOINEHHs B ypaBHeHHE (22.5) M COXpaHsis!
IBa TEPBBLIX WICHA Ppa3JIOKEeHUs BXOAAWMX B (22.5) BeqMYUH mO!
yrjaM, NPHXOAUM K YPaBHECHHIO ®okkepa — I1naHka 3

af; . _1 12 —_ l i

E—tku(l 29 )f,‘—4qas,sz (22.6)i
¢ HavaJbHBIM ycioBueM f; (3, 9; 0)=38(3—9), rae ¢ onpenesnsiercs:
cootHoternueM (20.13). E

Pemrenue ypaBHenust (22.6) ciemyeTr HCKaTb B BHAE
£(9, 9 t)=exp (@9 +B Y +n), 1

rae o, B u m—HekoTopble GYHKIMH, 3aBHCsIMe OT T U 3. M
He OydeM 34ech MPHBOAMTHL HOAPOOHOCTEH pellleHUs YpPaABHEHUS 1
(22.6). DToT BOmpOC xoOpomio u3JokeH B paborax [3, 13]. :

Pemienne MOXKHO OBbITb, OYEBMAHO, MOJCTABIEHO B (GOPMYJIy!
(22.4). B pesynbTaTe, MOCJIe MHTETPHUPOBAHUS MO YTJIaM HM3JyYCHHS |
nosny4um popMysty Muraana [10] mis cnekTpa u3jyueHHs ObICTPOI §
yacTUbl B aMOp(HOH cpexae ;

Y= (‘}i) By (5), (22.7);

rae (dé/dw),=e*qL/3n(1—v)—cnexTp u3nyyeHus 6e3 yyera MHO-'

TOKpaTHOTO paccesnus, s='/(1—v)/o/q u @, (s)— pyHruns,
YYHTBIBAIOIIAS BJMSHHE MHOTOKPATHOIO PACCesHUS HA HU3JIyYeHHe: §

CI)M-(s)=24s2 (fdxcthxe‘“" sin 23x—§>. (22.8)

0

PaccMoTpuM [Ba mpeneipHBIX ciydas ¢opmysbl (22.8).
Eciu s>1, 1o ®,~1. DTOT ciyyall COOTBETCTBYET MaJIbIM §
SHEPTUsAM YacTHUI U OOJIBIIMM 4YacTOTaM M3JIy4YeHHbIX poToHOB. [Ipn §
3TOM MHOTOKPAaTHOE PAacCesHHE HE OKa3bIBAET BJIMSHHMA HA H3JIyYeHHE. §
ITpn Manpix 3Ha4yeHUsX s QyHKnus P, ~6s U BbIpaXKEHHE I 3
(d€/dw) npuobperaer BUI 4

N=LE Joq (229)]

Ota dopMysa TOJBKO YHCIOBBLIM MHOXHTEIEM OTJIHYAETCH OT 3
oneHoyHoro pesyiabrata Jlangay u IlomepaHuyka (21.2). 9

IIp npOU3BONBHBIX 3HaYeHWsx s rpapuk Qynkuun D, (s)
mpejAcTaBjieH Ha puc. 3.2.

MBI BHAMM, YTO M3JI0XEHHBIH MeTOJ KMHETHYECKOIO ypaBHEHHS §
NO3BOJIAET HE TOJBKO YTOYHHUTHL Ko3pduuumeHT B DopMmye
Jlangay u ITomepaHuyka, HO W ONHCATh MPOMEXYTOYHYIO 00JacTh 3
mepexoda ot pesynsTara bere u Tailitnepa Kk pe3ynbTarty.d
Jlangay u IlomepaHuyka.
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Ha ocHOBe MeTOma KMHETHYEC-
KOTO YpaBHEHHMS OBLIO HU3YYEHO
BIUSHHE M MHOTHX Opyrux ¢ax-
TOPOB Ha H3JIyueHHEe, TaKuX, Ha-
OpUMEp, KaK OTJa4a IpH H3YYeHHH
[14], nonspm3amus cpeabl [4],
ponb rpaHMu Muiieru [15], mo-
rjiomeEe (OTOHOB; OBLIM OIECHE-
HBl TaKXe IMpeaesibl IPUMEHUMOCTH
meroga @okkepa—Ilnanka mus
JAHHOM 3ajga4yM M yKazaHa Mpole-
Aypa TOBBIIIEHHS TOYHOCTH 3TOrO
MeTona [16], uccieqoBaHo yrjiioBoe

Puc. 3.2. Fpadukn dyrxunii Oy (s) u O(s)
paciupeacsICHHE M3JIYYEHUSA H €0 (cm. § 53), ompemensiomux BIHSHME MHO-

nonsipu3anmst [17] m ap. (cM. 00-  roxpatHoro paccesmms Ha uanydemue Gri-
30pHbI [3, 18’ 19], NOCBSIEHHbIe CTPoH#  uacThunl B amoppHoit  cpene

JaHHOHW TeMe, M CChUIKM B HHX). B kprcranie

Ilpu 3ToMm, onmHako, cpella Bcerja mpeanojiaraiach amMopgHOI.

§ 23. Ycpennenne no TPaeKTOPUAM CHEKTpPa M3JIydeHHs
MeTOA0OM (PyHKIHOHAILHOI0 HHTEr PHPOBAHHS

O6mass ¢opMmyna i CHEKTPAJIBHOW IUIOTHOCTH H3JIyYEHUSs
(3.10) ompenmensieTcss yTJIaMH pPAcCCesSHHUsl YaCTHULbI B BENIECTBE. JTH
BEJINYMHBl B CHJIy MHOTOKPAaTHOIO DaccesiHhs SIBJSIOTCA Cily4yaid-
HBIMH, IIO3TOMY IO HHUM JOJDKHO IIPOBOJMTBCS YCPETHEHHE.
B Metome Murapana, qis TOoro 4TtoOBI NPOHM3BECTH YCPEIHEHHE,
KCIOJIL30BANOCh KHHETHYECKOE YpaBHEHHWE IS pacHpenesicHHs
4acTHI] MO0 KOOPOMHATAM H CKOPOCTSIM.

HcxonanblM, OgHaKOo, B 3TOH 3aJaye MOXHO CYUTATh IOHSATHE
TPAaeKTOPMHM YaCTHII, KOTOpas sBiseTcst ciaydaiHod. Ilostomy
yCpPEOHEHUE AOJIKHO, MO CYyTH Jejia, POU3BOJUTHECA MO CllyYaiHbIM
TpaekTopusM. Takoe ycpeAHEHHE MOXET ObITh NPOU3BENCHO C MO-
MOIIbI0O MeToAa (GYHKHHMOHAIBHOIO HHTETPUPOBAHHSA. DTOT METOXN
TIOJIYYHMJI B HACTOsINEE BpeMs IHHPOKOE pa3BUTHE B CBSI3H C pas-
JIMYHBIMHM 33J]a4aMH TEOPHMH IIOJis, He TOBOPsA YXE€ O TOM, YTO
C MOMOUIBIO 3TOr0 MeToaa, kak mokaszan Pedaman [20], ymaercs
HAIJIAOHO Pa3bsCHATH CBSA3b MEXJAY KBAaHTOBOH M KJIacCH4YeCKOH
MeXaHuKoH. BO3MOXHOCTh MCHOJIB30BaHHMSI MeETOoAa (PyHKIHOHAIb-
HOrO MHTETPHPOBAHHUS JUIS YCPEOHEHHS IO CIyYaiHBIM TPaeKTOpH-
M B 3a/JavaxX, CBA3aHHBIX C H3JIyuYeHHeM, Oblia YCTaHOBJICHA
B paborax [21, 22]. BaxHOCTH TaKkoro mHOAXOAa 3aKJIIOYaeTCs
B TOM, YTO OH MO3BOJIET E€AMHBIM OOpa3OM YYHUTHIBATH BIIMSHHE
ciryyaidHbIX ()aKTOpPOB Ha H3JIy4eHHE B Da3JjIMYHBIX 3a7avax, TakKMx
Kak y4YeT BJHMSHHUS MHOTOKDATHOTO paccesHHs Ha H3JIyYeHHe
B amMopdHBIX cpefax, B KpUCTaJUlaX, a TakkKe NpUH H3JIyYeHuu
BO BHCHIHHUX IIOJISIX.

IIpouenypa GyHKIMOHANBHOIO HHTErPUPOBAHHUS MOXKET OBITH
CPaBHHTEJILHO IPOCTO BBLINOJIHEHA B TOM CJIydae, €CJIM YCpeaHsIeMBbIH
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