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PaCCManVIBaeTCSI Pa3BNTNE KaCKaga aTOMHbIX CTOJIKHOBEHUIA B TBEPAOM Tene, COCToALWEM N3 OANHAKOBbLIX aTO-
MOB. Haﬁ,ﬂ,eHO peweHne KNHETUHECKOro ypaBHeHNA EOﬂbLl,MaHa, onucbiBaroLee HECTAUMNOHAPHOE NMPOCTPAHCT-
BEHHO-3HEPreTu4ecKoe pacnpeneneHne saMegnAatoumnxca atToMoB C yH4€TOM NX PA3MHOXXEHNA. I'Ipep,nonaraeTcs,
HYTO paccesAHne aTOMOB ABAAETCA yNpyrum, Cd)epl/l‘-IeCKI/I-CVIMMeTpI/I‘-IHbIM B CNCTEME LEHTPaA MacCC, a Ce4eHune
pacceAaHns NOCTOAHHO. OTp,eJ'IbeIe HaCTHble C/lyHaln 3TOro peleHns CoBnaaatoT € pe3ynbTaTtaMin, N0ONYyHE€HHbIMIN
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1. BBEAEHUE

Coznanne siIEpHBIX PEAKTOPOB U MIPOEKTUPOBAHUE
OYIyIIUX TEPMOSJIEPHBIX YCTAHOBOK TECHO CBA3AHO C
pobJteMoit  BeIOOpa I HUX PaUAllHOHHO-CTOMKHUX
MaTepHuaJjoB, IIOCKOJbKY WX KOpIyca N OTJEJIbHbIe
3JIEMEHTBI JOJIZKHBI BBIIECPXKUBATDH IIPOJOJIZKUTEILHOE
BO3JIeiicTBUE paguanuu. VIMeHHO paJualnoHHas CTOM-
KOCTb MaTepHraJia BO MHOI'OM OIIpee/IseT BpeMsl JKU3HNA
YCTAHOBOK U MHOTHE JIpyT'ue nX (hbU3nIecKue Xapakre-
PHUCTHUKMU.

Ob6utyuenre TBEPIBIX TeJ OBICTPBHIMU JACTUIAMU
(0coGeHHO HEeHTpOHAMM) HPUBOJUT K TOMY, YTO aTO-
MBI KPUCTAJJINYECKON pelleTKH, IOy IUuBIIne OT HaJe-
TAIONIEH FaCTHUILI SHEPTUIO, DOIBINTYI0O HEKOTOPOH IMO-
POTOBOIl BeJIMYNHBI, BBUICTAIOT W3 CBOUX pPaBHOBEC-
HBIX TosioxKeHwmit. JlayipHeitmmit oOMeH sHeprueii Mexk-
Ay ABMZKYIUMHUCA aTOMaMMU U aTOMaMM, HAXOJIAIIN-
MHCA B y3JlaX KPUCTAJJINYECCKON DeIeTKH, IPUBOIUT
K TIOsIBJIEHUIO HOBBIX ITOKOJIEHWII BBIOMTHIX aTOMOB. B
pe3yabTaTe BO3HNKaeT TaK Ha3bIBaeMbIil KacKa/l aTOM-
HBIX CTOJIKHOBeHWi. B pesynbrare pa3sBurus KackKaza
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B TBEP/OM TeJie 00pa3yoTCsl IePBUIHBIE TOUEIHBIE 16~
PeKTBI: BAKAHCHY M MEKY3€JIbHBIE ATOMBI, OIPEIEIIAIO-
M€ CTENeHb MOBPEZK/ICHNS MATEPUAJIA U €r0 JIAIbHEl-
mme dusnueckue csoiictsa [1,2]. B ¢Bs3u ¢ aTuM uc-
CJIeZIOBAHIE SHEPIeTUIECKOIO PACIPE/ICIICHHST KACKAIA
ATOMHBIX CTOJKHOBEHHUII W €r0 Pa3BUTUS BO BPEMECHH
[peJICTaBIIsIeT GOJIBIION HHTEPEC.

WccnemoBanuio pa3BUThUs  KACKaI0B
CTOJIKHOBEHUI B TBEPJOM TeJjie ObLIO MOCBAIIEHO JI0-
cTaTo9Ho GoJIbIIoe KomdecTBo pabor [3-9]. B pabore

ATOMHBIX

[3] ¢ moMoMTBIO TOCTPOEHHOI MOJIETBHON WHINKATPUCHI
paccessHusT OBLJIO TOJYYIE€HO MTPUOIMKEHHOE CTAIlU-
OHAPHOE 3SHEPIeTHYECKOE pacCIpesesieHie KacKa/ [
JIBIDKYIIUXCSL  ATOMOB  JIJIsi  [IPOU3BOJIBHBIX IOTEH-
MAJIOB MEXKaTOMHOT'O B3amMmojieiicTBusa. B paborax
[4, 5] aHasM3MpOBaJACh BO3MOXKHOCTH OOpa30BAHMUS
CcyOKacKa 0B
oy coboit obJracTeit B TpoIlecce Pa3BUTHUsS KacKaIa
ATOMHBIX CTOJIKHOBeHHit. OTeHKa TOPOTOBOil SHEPTUN
obpa3oBaHus CyOKacKaJOB ObLIa NpOBeleHA B pabore
[6]. B paGore [7] 6buia paspaborana TeOpETHUECKAs
MOJIEJIb JIJIsl WCCJIeIOBaHusl 00pa30BaHMsl KACKAJOB W
cyOKacKaJI0B aTOMHBIX CTOJIKHOBEHUH B OOJIydYaeMbIX

psdAJda  HEIIEPEKPbIBAIOMIUXCA MEXK-

TBEPJBIX Tejax, OCHOBAHHAsl HA WCIIOJIb30BAHUU JIU-
HEWHOr0 KWHETHIeCKOTO ypaBHeHus bosbrnmana. Ha
OCHOBE PaCIIMPEHHOT'O TOJKOBAHUS TOHSTUSI IEPBUYIHO
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BeIOuTEI atoMm (IIBA) B pabore [7] 6611 ccopmyrupo-
BaH KDPUTEPUH JJTsl ONMPEJIEJICHHsT [IOPOTOBOil SHEPIUu
obpazoBaHUs CYOKACKAIOB B TBEPJIOM TeJie U TOJIyte-
HBI (GOPMYJILL JJIsL ONPEZENICHUs UX HUHC/IA U CPEJHUX
pa3mepos B 3aBucuMocTu oT 3uepruu [IBA. Ha ocnose
Pe3yJIbTATOB, TIPEJICTABIEHHBIX B 7], B paboTe (8] Gbum
[POBEJEHbl YHCJIEHHBIE DACYETHl /I KOHKPETHDBIX
MaTEepPHAJIOB, COMVIACYIONIUECs C YKCIIEPHUMEHTAIbHBIMU
JIAHHBIMU.

Crenyer ormMeTuTh, 410 B padore [7] Gbuia HaiieHa
dyHKIMS pacipeesieHns, OMUCHIBAIONIAA CTAMOHAD-
HOE YHEPreTUYeCKOe PACIpeJe/IeHne KacKaa JIBUXKY-
MIUXCSA aTOMOB € YYETOM UX PA3MHOMKEHHS JIsd Haubo-
Jiee TIPOCTOrO0 YACTHOTO CJIydas YIpyroro, cdpepudec-
KH-CAMMETPHTHOTO PACCEeAHUs B CHCTEME IEHTPa Macce
6e3 yueTa SHEPIUM CBI3W aTOMOB B y3JaX penreTku. B
pabote [9] HA OCHOBE peleHns KHHETUIECKOTO YPABHE-
nust BosbiMana Gblia paccuauTana (GyHKIUS PaCIpe-
JIEJICHUST 110 SHEPIHUsiM, OIMCHIBAIOIAs CTAIMOHAPHOE
SHEPreTHYECKOE PACIIPEICJICHAE KACKAIA JBUAK Y IIXCS
ATOMOE TIPU CTENeHHOM IIOTeHIUaJIe B3auMOJIeHCTBUST
(U x 1/r™ [10]) ¢ yaeToM SHEpruu CBSI3M ATOMOB B y3-
JIaX PEIIETKH.

Kpowme Toro, Ha ocHOBe TIpe/ICTABIIEHUIT, DA3BUTHIX B
[7], B pabore [11] 6bL1u onpeseaeHbl IPOCTPAHCTBEHHBIE
U BPEMEHHbBIE XapaKTEPUCTUKHU IEPBUTHO BBIOUTHIX De-
agruBucTckux v1ekrponos (IIBY), samemsiomuxcs B
BEIeCTBE 3a CYET WOHUBAIMOHHBIX IOTEPh: 3aBUCHU-
mocTb sHeprun [IBD or Bpemenu, 3aBucuMocThb IHED-
run 3amejyistonierocss 1IBY or mupoiijieHHOro yTH U
3aBUCUMOCTb Iy TH, mpoxoaumoro [1BD; or Bpemenn 3a-
Mmejrenns. B pabore [12] a1 npencrapieHus 61 M-
[TOJIb30BAHBI JIJIsI BBIYUCJIEHUs CTAIHOHAPHOTO SHEepre-
TUYECKOTO PACHPEJIETICHNs] PEJIATHBUCTCKUX SJIEKTPO-
HOB, 3aME]IJISIFOININXCS B BEIECTBE 38 CUYEeT MOHU3AIIU-
OHHBIX MOTEPH € YIETOM UX PA3MHOKEHUSI.

B pa6ore [13] 6BIO TOMYYEHO TOYHOE perIeHme
KHHETHYECKOTO ypaBHeHNs BosblMaHa, OIHMChIBAIOIIee
HECTAITMOHAPHOE SHEPTETHICCKOE PACTIPEICTICHAE Kac-
Ka/1a JIBUYKYIIIXCS ATOMOB € Y9eTOM UX Pa3MHOXKEHHUS.
Ipeanonaraaoch, 9To paccesiHue JBUZKYIIUXCS ATOMOB
ABJAeTCS YIPYIUM U CPepUIecKU-CUMMETPUYHLIM B
cHuCTeMe HMeHTPa NHEePLIUH, cedeHne B3auMoIeiicTBIs —
HOCTOSHHAA BeJINYNHA, & SHEPIUH CBA3U aTOMOB B y3-
JIaX PEIIeTKU He YIUTBIBAJIACD.

B nacrosimeit pabore Ha OCHOBE UCIIOJIBL30BAHUSA Ta-
KHUX K€ MPEJIIMOJIOKEHU I OIIpeIesIsieTCsl pereHne KuHe-
TUYECKOTO ypaBHeHUs BosbliMaHa Jiuist (DYyHKIUH pac-
[IpeJIeJIeHNsI, OIMCHIBAIONIEH HECTAIMOHAPHOE IIPOCT-
PAHCTBEHHO-9HEPIeTHIECKOe PACIPEJIe/IEHIE KACKA I
JIBUKYIIMXCS ATOMOB C YIE€TOM MX PA3MHOXKEHUSI.
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[TpenmytiecTBO UCIIOIB30BAHHBIX IPUOJIMXKEHUI CO-
CTOUT B TOM, 4YTO B 3TOM CJIy4ae yJlaeTcd HAWTU pe-
IeHne KWHETUYECKOTO yPaBHEHUHA U IOJYYHUTH IIPO-
CThIe aHAJMTUIECKHE (DOPMYJIBI [Jisi (DYHKITMH PACIIPe-
JeJIeHus], TI03BOJIAIONINE IIPOAHAIU3UPOBATE OCHOBHbIE
OCODEHHOCTH DPAa3BUTHUS KACKAJa aTOMHBIX CTOJKHOBE-
uuii. KpoMe TOro, ¢ mMOMOIIBIO MTOIyYEHHBIX PE3YJIbTa-
TOB MOKHO OI€HUBATH TOYHOCTH PA3JUIHBIX MTPUOJIHU-
JKEHHBIX PEIeHUI.

2. IOCTAHOBKA 3AJAYIN

Paccvorpum pacripocTpanenune Kackajia BBIOMTHIX
aTOMOB B TBEpPAOM Tejle. BymeM NpeamoJaraTb, 9TO
TBEpJOEe TEJIO COCTOUT M3 OJUHAKOBBIX ATOMOB, SHEp-
ruell CBsI3M KOTOPBIX B y3JIaX PEIeTKn (£4) Oyem mpe-
HeGperatb (¢4 = 0). Byzmem, kpome Toro, mpesmnosa-
raTh, 9TO paccesiHue JBUKYIIUXCS ATOMOB Ha aTOMAaX,

HaXOJISATINXCSA B y3JIaX PEIeTKH, siBjsgeTcs chepudec-
KHU-CUMMETPHUIHBIM B CHCTEME IEHTPA MacC, a IMOJIHOe
CeUeHNEe PACCETHUS ABJIACTCSA MTOCTOSTHHBIM.

Kunermueckoe ypaBuenune BosibiiMana, onuchBaio-
niee 3TOT IPOIECC, UMeeT cieryiomuii sus |7, 14]:

E%Mnﬂnﬁ+nvwnﬂnﬁ+
v

+mEm@ju1w:/ﬂw/ﬁE2wqx
x P(E' — E,QQQ)®(r, E', Q' t) +

/dﬂ'/dEE

X ®(r, B, t)+ S(r,E,Q,1),

)P(E' — E' — E,Q'Q) x

(1)

e ®(r, E',Q,t) = vf(r,E',2,t) — mOTOK aTOMOB,
f(x, B, Q1) —
ATOMOB, ¥ — CKOPOCTb aTOMa, £ — eIMHUIHBII BEKTOD
B HampasjeHuu ero gpuxkenus, P(E' — E Q'Q) =
(B — E,Q'Q)/X(E') — unpukarpuca pacces-
wug, L(E' — E,Q'Q) — Makpockonmdeckoe cede-
HHe paccesiHUs aroMma C dHeprueil E' U HalpaBieHu-

GBYHKIMS PACIIPEIETICHIUS JIBUKY IIAXCST

em apuzkenus ' B unTepBaJ suepruii u yrios [F, E +
+dE,Q,Q+dSY, X(E') — noanoe ceueHue paccesHus,
S(r, E,Q,t) —

B cayuae ynpyroro cdepudecKu-ciMMEeTPUIHOTO B

GbYHKIAS UCTOYHUKA.

cucTeMe IeHTPa MacC PacCestHusl JBUKYIINXCS aTOMOB
HA MOKOAIMIUXCs CBOOOIHBIX (€4 = 0) aToMax TBEpPIOro
TeJsla UHJMKATPUCA PaccesiHns umeer BuL [14]

E

E |’

P(E' — E,Q'Q) = 5l - 2)

2k’
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rue 6(z) — nenbra~-dynkius Jdupaka. Uarerpuposa-
HEe BhIpaykeHnd (2) mo d{) TPUBOJUT K CJIEIYTOMEMY
pesyabrary [14]:

Py(E' - E) = /dQ P(E' - E,Q'Q) =

1
=5 O(E' — E), (3)
rue 0(z) — epuanunas dbynxima Xepucaiiaa.

IlepBbiit mHTErPaJI, CTOAINI B TIPABOI TaCTH KUHE-
THIECKOTO ypaBHeHus (1), OIUCHIBAET EPEXOJT JBUKY-
merocss aroma ¢ sHeprueit £/ B cocrosinue ¢ sHepruei
E. Ilpu 5TOM BBIOUTBIH ATOM MOJIy9aeT KHHETUIECKYIO
suepruto £’ — E. Bropoii unrerpas yuurbiBaer obpa-
30BaHMe BHIONTOrO aToMa ¢ SHeprueil £, Korga JIBUKY-
muiics aTOM Ieperie] U3 COCTOsHUus ¢ 3Heprueit ' B
cocrosiaue ¢ sneprueii £/ — E. Ecim Bropoii unrerpas
B 1paBoil yactu ypasHenus (1) He y4uTBIBATH, TO HO-
JIyquM OOBbIYHOE ypaBHeHUe 3aMeiyienus dacrur [14].

Pemenne xunermieckoro ypasHenust (1) 6ymem
OmpeNeNsaTh B P)-Tpub/mKeHnn, Opeamnoiaras, ITo
B DPa3JIOKEHUN (DYHKIUU PACIOPEIECHU B P 110
cdepuieckuM TapMOHHKAM OTHOCHUTEJIBHO BEKTODA
) MOXKHO OI'DAHUYUTHCS JIAIIb JBYMs IE€PBBIMU
wreHamu [14]:

B(r, B, Q1) = i [@o(r, B, £) + 30 - By (r, B, )] . (4)

3nech byukuun O (r, E,t) u @1 (r, E, t) npeacrapisior
co0OIli IIOTOK W TOK YaCTHUII;:

By (r, E,t) = /dQ O(r, E,Q, 1),

(5)
®,(r, B,1) = /dn Qd(r, E, 0, 1).

B03MOXKHOCTh U ONPABIAHHOCTL 3TOrO IMPHOJINKEHUS
noIpOoOGHO MPOAHAIN3UPOBaHEL B [14].

IMoncrapus Bepakenue (4) B ypasrenue (1) u mpo-
WHTErPUPOBAB MOJIyYeHHOEe ypaBHeHne 1o df) ¢ BecoM

1 u §2, nosryInM cucTeMy ypaBHEHHUIT JJIs OIPEICTCHU
byukimit Oo(r, E,t) u ®4(r, E, t):

10
var?
= /dE’E(E’)PO(E’ — E)(bo(r,E’,t)+/ dE'S(E') x

o(r, B, t)+div &, (v, B, t)+X(E)®(r, E, t) =

x Py(E' — E' — E)®y(r, E',t) + So(r, E,t), (6)

1 2 <I>1(r,E,t)—i-lV(I)o(r,E,t)—i—E(E)q)l(r,E,t) =
v Ot 3
- /dE’E(E’)Pl(E’ = E)<I>1(r,E’,t)+/dE’E(E’) X

x P(E' — E' — E)®,(r, E',t) + S1(r, E,t), (7)

rie

Py(E' - E) = /dQ P(E' - E,Q'Q),

(8)
P(E — E)= /dQ(Q’Q)P(E’ - E,9'Q),

So(r, E,t) z/dQS(r,EJLt),

9)
Si(r,E,t) = /dQQS(nE, Q.1).

Cucrema ypasaennit (6), (7) COBMECTHO C BBIPAYKEHN-
em (3) mpescraBisieT coboit «cTporoes Pj-TpubJrmKe-
Hue [14].

HecmoTpst Ha MCIONB30BaHWE JOBOJBHO CUJIBHOTO
YIIPOIIAIOIIET0 IPEIoJIoKeHus (4), pelieHne CuCTeMbl
(6), (7) ocraercs KOCTATOYHO CJIOXKHOIT 3a1a4€it, TpeOy-
foreit nastpHeimmx yupomtenuit. Cremyomum npubin-
JKEHMEM, 3HAYUTEIHHO O0JIErIaronuM PelleHne II0CTaB-
JIGHHOM 3a/1a9H, sIBJSIETCST OTOPAChIBAHNE TTPOU3BOIHO
[I0 BpeMEeHU OT TOKa 4yacTull B ypasueruu (7) (1ompob-
Hoe obcyxknenme cM. B [14]) u ucmosnb3oBaHMe TpaHC-
HNOPTHOTO pubmKenust [14], 0CHOBAHHOTO HA TTPEIIO-
JIOXKEHUM, 9TO MOYKHO NpeHebpedb W3MEHEHUeM JHEp-
UM YACTUIL 33 CYET [IEPBOrO yIJI0BOIO MOMEHTa, WHIH-
KATPUCHI PACCEAHUSI, T. €. UTO MOXKHO IIOJIOKUTD

P(E" — E) = mé(E — E'), (10)

rae (i — CpeJHMil KOCHHYC yIJla PacCesHus JaCTHUIIhI
B J1aBOPATOPHOI cucTeMe KOOPAMHAT (B HAIIEM CJIydae
i =2/3, em. (2)).

IIpu ncnop30BaHNN MEPEINCTICHHBIX IPEIIOIONKE-
HUI BTODPOI MHTErpas B MpaBoil 1actu ypasHeHust (7)
obOpalraeTcst B HyJlb, U MbI IIOJIydaeM

‘}l(rant): V(I)()(I',E,t)"'

1
3%, (E)
1
——S E't 11
+ Etr(E) 1(1‘, ) )7 ( )
rae Yy (E) = (1 — fi;)3(E) — TpaHCIOPTHOE CEYeHHe.
B ciiygae TO9€UHOr0 HMILYJILCHOTO H30TPOLHOIO MO-

HOSHEpPreTHIecKoro NCTOYHHKA,
Ny

S(r,E,Q,t) = —

47

(No — umciio TIBA), ¢ KOTOpBIM MBI Gy/IEM UMETD JIETI0
B JlajibHelmeM, QYHKIMN Sy 1 S| NPUHUMAIOT BHJ,

So(r, E,t) = Nob(r)d(t)6(E — Ep),
Sl(I‘,E,t) = 0,

(r)o(t)o(E — Eo)  (12)

(13)

a coorHomenue (11) coBnasaeT ¢ M3BECTHBIM 3aKOHOM
Duxa.
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IMoncrapasst coornomenne (11) B ypasaenue (6)
u yuurbBas (13), HOJyINM KHHETHYECKOE ypDaBHEHUE
JUIsl OIIPEJIEJICHHs] HECTAIMOHAPHOIO IPOCTPAHCTBEH-
HO-9HEPreTHYECKOTO PACIPE/IeJeHNs IIOTOKA 3aMe sl
OIIUXCST ATOMOB C YYI€TOM MX PA3MHOXKCHUSI:

10 1

29 po(r Et) —
5 7 Do(r Byt) — 50—

Aq)o (I’, E, t) +
+ S(E)®(r, E,t) = /dE’E(E’)PO(E’ — E) x

x Bo(r, B’ t) + /dE’E(E’)PO(E’ —~ E - E)x

x Bo(r, B, t) + Nod(r)s(t)3(E — Eo). (14)

3. PEIITEHVNE KUNHETUYECKOTI'O
YPABHEHU A
PaccMaTpuBast cepUIecKI-CAMMETPITHOE PACCes-
HUE B CHCTEME IIEHTPa MacC U MCIoJb3ys (3), ypasHe-
uue (14) MOXKHO OPUBECTHU K CJIEAYIOMEMY BHUJLY:

1 0

os op T B~ gpe s AV B B 1) =
Eo
dE' ,
= 2/ 7 V(e B ) + Nod(x)d(6)6(E — Eo),  (15)
E

rae U(r, E,t) = X (r, F,t) — IUIOTHOCTD COyIapeHuii.

ITpumensis k ypasHeruto (15) mnpeobpasoBaHue
Jlamtaca o Bpemenu u npeobpazosanne Pypbe 1o mpo-
CTPAHCTBEHHBIM KOOD/IMHATAM,

U(p,k, E) :/dte‘pt///da:dydzx
0 —00

Boutenum u3 ypasuenus (17) wied, onuceiBarommii
HEpacCessHHOE U3JIyIeHHE:

~ ~ Noé(E — E
\Ij(p7kaE):\IJO(pak7E)+ 0 ( 2 0) (18)
S
VX 3XX4y
Ioncrasus (18) B (17), Haiimem
p ., K : _
(vE + 335, + 1> Uo(p, k, E) =
2N,
= p 0k.2 —|—
By | —<= 1
0 <UOE Taew, T )
L ae
+2/ Vo To(p, k, E').  (19)
E

YaurbiBas, UTO CeYeHHE PACCesHUsI IIOCTOSHHO
(3(FE) = const), u guddepenuupyst ypasrenue (19)
[0 SHEprun, notydnM JuddepeHnuaibHoe ypaBHEHe
st byuxiun Vo (p, k, E):

d =~
d_E\IJO(puka E) -

p

_ 203
p k?
Fl— 1
(vz LS )

Permenne sroro ypasaenus qoskao (M. (19)) ymosier-

To(p, k, E). (20)

x exp(—ik - v)U(r, E,t), (16) BOPATH CJIEIYIOMEMY «HAYAIbHOMY» YCJIOBHIO:
TTOJTY YUM ~ 2N,
k2 \Po(pvkaEO) = 0k2 2 (21)
p x p
— 1)%(p,k,E) = £
(vz M ) bk, E) Eo <voz taws, T 1)
FEo ,
= 2/ dEI \i/(pvk, E') 4+ No§(E — Ep). (17) Pemenne ypasaennsi (20) ¢ y4eToM HAYAIBHOTO
o E yeaoBus (21) umeer cieryiomuii BU:
[ 12 (3—%)/(1"‘%)
D+ Vo2 <1 + )}
2N, 3XY4
\Ijo(pa k7 E) == ?0 22 0 . 12 52 . (22)
0 2 (5—m)/(1+m)
(1
[p” ( N 322”)]

Orcrona HaiizeM (yHKIMIO PACIPEICTICHHS [ (p, k, t):
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[+ 2<1+ 2 ﬂ()/()
P
~ 2N Nod(E — E,
foE) = 2wy R - WEZL) o)

Eq 2\ (o) /(o) k

tr tr p—l—UoE 1_|_
e (14 52|
tr

e f=U/vX.

4. AHAJIN3 IIOJIVHEHHOTI'O PEIIIEHN A

B ciydae cTanpoHapHOTO, PABHOMEDHO PACIIpejie-
JIEHHOTO B NMPOCTPAHCTBE MOHOXPOMATHIECKOTO UCTOY-
HUKa MOJIOKUM B BhIpaxkenun (23) p = k = 0 u Hai-
JIEM CTAIMOHAPHOE PACIPE/IeIEHHe ATOMOB € YIeTOM HX
pasMHOXKeHUs1 (6€3 yHueTa HEPACCEsTHHOTO M3JIy I€HNUA ):

( )2

)

9TO COBIAMAET C AHAJOTHYHBIM DPE3YJIbTATOM pabo-
THI [7].

IIpoananusupyem 3aKOHbI coxpanenns. Hainem uz-

MeHeHne CO BpEMEHEM IIOJIHOTO 4YHC/Ia JIBUZKYUIUXCHA
aTOMOB:

N(t) = /7/ dx dy dz 70dE f(r, Et). (25)
~oo 0

JJ1sT 9TOTO MOJTY IMM CHAYAJIA C TIOMOIIBIO COOTHOTIIEHHUST
(23) obpasz Jlammaca uckomoit dbyHKIMM:

2N,

W(E) = o1 (E) = 2 (3

I (24)

N(p) k=0) =

= ). o

Ipumensia k (26) obparnoe npeobpasosanue Jlammaca

1 ’U()E
__|__2
p p

v% »2
3p3

MTOJTy UM, KaK U CJIE€OBAJIO OKUJATH, ITO TUCIT
15|, mo , Ka CJIeJIOBAJIO O aTh, ITO YUCJIO
JBIKYIIIXCA aTOMOB B KacKaJle CO BpeMEHEM BO3Pac-

TaeT:
)

rae T = voxt — Ge3pa3MepHoe BpeMd. B nanHOM ciry-

1
1474+ =72

: (27)

Nm:M(

qae 3TOT PocT Oy/eT IPOJI0JIKATHCS HEOrPDAHUYEHHO,
MOCKOJIBKY MBI HE YYUTBIBAEM JHEPIHUIO CBA3U aTOMOB
B TBEPJIOM TeJle.

Temepy HaiileM W3MeHEHHE CO BpPEMEHEeM IIOJTHOM
SHEPruu JABUKYIINXCA aTOMOB:

E(t) = /7/ dx dy dz 7OdE Ef(r,E,t). (28)
oo 0
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Bocmosib30BaBIINCh, KaK U NPEXK/e, BhIpaxkeHneM (23)
IIOJTY UM
Ey

. 1
Bp) = / 4E J(B.p k= 0) = 5 NoE
0

(29)

OTKYJIa BBITEKAET, YTO IOJIHAS IHEPIUsl JBUXKYIIAXCA
ATOMOB CO BDEMEHEM He M3MEHSIeTCsl ¥ DaBHa Hadajlb-
HOI1:

E(t) = NoEy = const. (30)

N3 coorromenust (30) ciemyer, 4To, HECMOTPST HA
POCT 9uC/Ia JBUKYIIUXCS ATOMOB, UX HOJIHAS SHEPrUs
CO BPEMEHEM COXPAHSAETCs. ITO OObSICHIIETCS TEM, UTO
MBI HE YYUTHIBAEM SHEPIUI0 CBS3U IOKOAIIUXCS aTO-
MOB. B TakoM ciydae sHEprus, ¢ KOTOPOi Hadas JBU-
raThCs I0CJIe COYAAPEHUsl IIOKOAIIUNACS aTOM, HEJIUMKOM
paBHa SHEPIUH, IIEPEJAHHON €My JBUXKYIIUMCS aTO-
MOM.

U3 nonydennsix coornomrenuit (27) u (30) mpose-
JleM OIEHKY IIPOMEXKYTKa BPDEMEHH, B TeUeHUe KOTOPO-
ro peaysbrar (23) Oyzuer cupaseius 6e3 ydera SHepriun
CBSI3M ATOMOB B TBepJIoM Tesie (€4). [lockonbKy Ha co3-
JIaH¥E OJ[HOIO BBIOMTOIO ATOMa TPATUTCH SHEPIHsl €4,
C POCTOM BpPEeMeHH 3aTpadeHHasl Ha BbIOUBAHIE aTOMOB
sHeprust Fy Bospacraer (cMm. (27)):

1
Ed%g

Nor2egq. (31)
B rTakom ciygae pesynbrar (23) Gyler cupaBeijiuB U
[PU yUeTe SHEPTUN CBSI3U JI0 TeX IOP, TI0KA BEJININHA
(31) Gyzner 3HaunTenbHO MeHbINe BeawauHbl (30), T. €.

upu Bpemenax (cm. takxe [13])

[6E
TL N\ — .
€d

IMosnoxwus B (23) k = 0 u IpUMeHUB JaJee K MOJIy-
YEeHHOMY BBIpakeHUIo obpaTHoe mpeobpaszoBamue Jla-
mraca, HaiijieM HECTAIMOHAPHOE YHEPreTUIeCKOe Pac-
IpejiesieHne Kacka/[a ATOMHBIX CTOJIKHOBEHHI B CJIydae

(32)

PaBHOMEDPHO PACIPEJIETIEHHOIO B IIPOCTPAHCTBE HCTOY-
HUKA B YHUBEPCAJIHHOM OE3pa3MEpHOM BHUJIE:
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Puc. 1. ®yHkuns pacnpefeneHusi 3ameasisitoLnxcsi aToMoB
OT OLHOPOLHO PacnpefeNeHHOro B MPOCTPAHCTBE NCTOYHU-
Ka Cc ydeTom ux pasmHoxenus (B npegenax 0 < 7 < 100,

0.01 <e<0.1)
f(E,1) :27{1% [(1=ve) ] +

(1= VE) 7] 4

+ N0 s 1), (33)

Ey
riae ¢ = E/Ey — Gespasmepnast sueprus, f' = fFEy/Ny.
DT0 BLIpazKeHHe COBIAJACT C TOYHLIM PEIIeHHEeM, HO-
JIy9eHHBIM paHee B pabore [13|, rae Gumm mpoBeTeHbI
ero MoJpoGHbI aHAJIU3 U COIOCTABJICHUE C Pe3yJbTa-
TOM, HE YIUTHIBAIOMIAM TIPOTIECC PA3MHOYKEHUS 3aMe/l-
nsmomuxcst aroMos. Ha puc. 1 mpeacrasiena dbyHKus
(33) npu E < Ey (paccesHHOE U3JydeHHUE).

5. HECTAIIMOHAPHOE
ITPOCTPAHCTBEHHO-OS9HEPTETNYECKOE
PACIMPEOEJIEHVE KACKAIA
SAMEJIAIOININXCA ATOMOB

[Ipumensis K mepBOMYy cJlaraeMOMY B BbIpaXKe-
UK (23), ONUCHIBAIOIIEMY PACCESHHOE U3JIyIeHne, 00~
paTHOe npeobpazoBanue Jlammaca 1o BpeMeHH, IOJIY-

quM [15]
f(Etk)—2N° St St 1+ K x
s by - EO Vo €xp Vo 322tr
k2
5+ 2
3XY,
P | ——="2: (vp—v)Xt [ 1 4
X I'1 N ]{,‘2 ) 7(’UO U) t( +322tr) ) (3 )
3%,

rae Fy(a;7; 2) — BBIPOXKIEHHAS] TUTIEPreOMeTPUIecKast
dynkims [16].
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[Ipu wucnonpzoBanMm 0OPATHOTO MPeOOPA3OBAHUS
dypbe OyaeM IpeoJaraTh, 9TO OCHOBHOI BKJIAJ, B
uHTerpas jaroT Majble sHadvenus k2 (k2 < 3¥X,.)
[14]. Tanee, paccmarpusas caydaii v < vg M HOJa-
ras vo2t > 1, BOCIIOIb3yeMCsl aCUMITOTHIECKIM TPEJT-
CTaBJIEHHEM Tuliepreomerpudeckoii dbyukuuu [16]:

Fi(a;y;2) = (35)
rae I'(z) — ramma-dyuakmus [16].

VuurpiBasi CKA3aHHOE BBINIE M BOCHOJbL30BABIIACH
BhIpaskeHneM (35), Haitgem

k2
5+ 2
333, k
131 7k2t i 2; (vg—v) Xt (1—}—322”) ~
1+322tr
3(1-2 L) 2
~ 5 ( 3 3554, 1
(’UQ t) ( +3322tT> X
2
X exp [(vo — )Xt (1+322 )] , (36)
tr
MOCKOJTBKY
k2
o5+ 2
3¥%, 4 k
'l —="|=T|b|ll—=—=—— )| =T
LR [ ( 5 355, (5);
330

]€2
3320

~
~

)<1+3

N

14 k2
3 3T5y,

[(vo—v)zt <1+
2

~ 3(
~ (voXt) 35,

IMoxncraus coorromenue (36) B (34), nomyanm

(B 1)) = 2o 1

_ 220 - 4 _
=5 9" exp (—7vE) X

) exp [_

ITpu k& = 0 BeIpaxkenue (37) COBIAIAET C ACHMII-
ToTHKOH (T > 1, ¢ < 1) HECTAIMOHAPHOIO SHEPreTH-
YEeCKOI0 PaCIpeIesIeHnst KacKaia ATOMHBIX CTOJIKHOBE-
HUil OT OZHOPONHO PACIpEeJIEeHHOr0 B IPOCTPAHCTBE
ucrounnka (cm. (33)).

2

R)3)IrM

2

R)IpIe

X <1+3 (T\/E+41n7')] . (37

ITpumensis k (37) obparHoe mpeoGpazosanue Dy-
pbe, TOJIyINM OKOHYATETbHOE BBIPAXKEHUE JIJIsi HECTa-
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IIMOHAPHOI'O IITPOCTPAHCTBEHHO-IHEPIeTUYECKOI'0 pac-
peJiesieHns] KacKaJa JIBUXKYIINXCS aTOMOB:

2Ny 1
f(E,r,t):FOOﬂT‘Lexp (—mve) x
9 1 r2
N rramn | aEn |
3324
(-zma7m)
exp | ———————
4€(F E)IT
X B 1)/ 3/2t , (38)
ane(E, t)
( 355, )

rae (E,t) =T1y/e+4InT.
Dynkmo (38) MOXKHO NPEJICTABUTD B YHUBEPCAIIb-
HOM 6e3pa3MepHOM BHIE:

Fe o) = = rexp (—7VE) %

12
9 P
g {” 27 [1 ﬁsw)]} .
« €xXp [_p2/4§(57 7—)}
[4me (e, 7>

2

, (39)

e

=I5

1
R)IpIee

3/2
f ) , &le,7)=T1ve+4InT,

p =134

ITposenas BLIYUCIECHUS, AHAJOIMYHDBIE I[TPOBEJICH-
HBIM BBIIE, JJIg HECTAIMOHAPHOIO IIPOCTPAHCTBEH-
HO-3HEPreTUIECKOTO PACIPEICTICHAS 3aMeIAIOIINXCS
aToOMOB 6e3 yJera UX Pa3MHOXKeHUs! (BTOPOH MHTEerpaJt
B ypasHeHun (1) paBeH HyJII0), TIOJYIUM CJI€IYFOIIAT
pesyabrar (cM. Takxke [14]):

Folepr) = 57 exp (~7VE) x

X {1+ 3
250(6,7’)

2

) )
5 exp [_p2/4§0(53 T)]
[4méo(e, 7)]

rae &o(e,7) =7/ +21nT.

Cnenyer ormerurb, 4ro 0ba pesyabrara, (39) n
(40), upeacrasisiior coboil IIPOU3BEJEHUE HECTAINO-
HapHOH (DYHKIMN pacupeiesIeHns B CPeJie ¢ pABHOMEP-
HO PACIpPEIJIEHHBIM 0 MPOCTPAHCTBY MCTOYHUKOM 1
HOPMUPOBAHHOTO Ha €JINHUILY MHOXKUTEJISI, YIUTHIBAO-
Iero MPOCTPAHCTBEHHYIO 3aBUCHMOCTb.

393

6. AHAJIN3 [IPOCTPAHCTBEHHOTO
PACIHPE/IEJTEHI ST KACKAJIA
3AMEJIAIOIINXCS ATOMOB

[Ipoanajm3upyeM HECTAIIMOHAPHOE IPOCTPAHCTBEH-
HO-9HEPreTUYECKOe paclpejiesieHue KacKaja 3aMe lis-
fomuxcst aroMoB (39). Ucexong u3 cueandbix mpeno-
JIOYKEHWIT 9TO BBIpayKeHUe OYJIET CIPABEIIMBO U TIPU
ydeTe SHEPruu CBsI3W aTOMOB B y3JaX PEIIeTKH, eCJIH
€ < 1 B MOMEHTHI BpeMEHH, JeXKalllie B HWHTEPBAJE
(em. (32))

1< 7<\6Ey/eq.

Ha puc. 2a npencraBiieHbl IPOCTPAHCTBEHHBIE PaC-
npesiesierns: atoMos (39) B mMomeHT Bpemenun T = 10
IIPU Pa3/IMYHBIX 3HaUeHNAX dHepruu. I3 stux pesymnn-
TATOB CJIelyeT, 9YTO B (PUKCUPOBAHHBIN MOMEHT BpeMe-

(41)

HU C YMEHbIIEHHEM JHEPIUM YHUCJIO ATOMOB B KacCKa-
Jle YBEJIMYUBAETCsI. DTO MPOUCXOAUT KAK 3a CUeT 3a-
MeJIJIeHNUs, TAK U 33 cUeT pa3MHoxkenus. Jljis cpaBHe-
HUSI Ha PUC. 20 NIPEJICTABJIEHBI AHAJOIMYHBIE PE3YIIbTa-
Thl 6€3 ydera Pa3sMHOXKEHUsS 3aMEJJIAIOIINXCA aTOMOB
(cM. (40)). B mansoM ciaydae poct DyHKIHU 00YyCIIOB-
JIEH TEM, UTO 3a CUET 3aMeJJIEHUs] YBEeJNINBAETC sl TUC-
JIO ATOMOB C MeHbIUMU dHeprusimu. Camu 3HAYEHUS
GYHKIMU MEHbIe AHAJOIUIHBIX HA PHUC. 24, TOCKOJIb-
Ky Pa3MHOKEHUe aTOMOB 3JI€Ch HE yUNTHIBAETCH.

Ha puc. 3a npecrasiieHbl IPOCTPAHCTBEHHBIE PAC-
upefiesiennss aroMoB (39) npu bUKCHPOBAHHOM 3HaYE-
HUM SHEPIUM B PA3JIMIHBIE MOMEHTHI BDEMEHU. DTHU pe-
3YJIbTATHI [TOKA3BIBAIOT, YTO YHMCJIO aTOMOB C JAHHON
SHEprueil CO BpDEMEHEM YMEHBIIAETCS 38 CUET 3aMEJIJIe-
Hus. Bes yuera pazmuoxkenus (cu. (40)) nabiogaercs
AHAJIOTUYHAS] TEHICHIUS [PH 3HAYUTEHLHO MEHBIIIX
3HaYEHUAX caMoii dbyHKIMU pacupenesnenus (puc. 36).

CileryeT OTMETUTD, YTO PE3YJIbTATHI, IPUBEIEHHbIE
Ha puc. 2, 3, IPABWIHHO OIMUCHIBAIOT (DYHKIMIO Pac-
peJie/IeHUs] U IPU y4YeTe SHEPIUU CBI3U ATOMOB B y3-
JIaX PEIIeTKH, TaK KAK COOTBETCTBYIOIIUE UM 3HAUCHUS
SHEPIMMA W BPEMEHW YJOBJIETBOPSIOT YCJIOBUIO TIPUME-
aumoctu (41), edopmynupoartoMy Bbiie. leficTBu-

TesibHO, TIpu Fg ~ 1 MsB u ¢4 =~ 15 3B umeem
\/6E0/€d ~6- 102.
7. BBIBO/IbI

Ha ochoBe pemeHunsi KMHETHIECKOTO yDPaBHEHUS
Boabnmana mosydena dbyHKIAS pacipeieieHus, Olu-
CHIBAIOIIAST HECTAIMOHAPHOE TPOCTPAHCTBEHHO-IHED-
FeTUYEeCKOe paclpejie/ieHne KacKa/la 3aMe/[JISTIONNXCS
aTOMOB ¢ y4ueToM WX pasmHOxkeHms (cM. (38), (39)).
IIpu peniernn npeIoIarajgoch, YTO pacCessHue JIBUXKY-
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fi10t
7

14

12 14

Puc. 2. MpocTpaHcTBeHHbIE pacnpesesneHns aToMOB B MOMeHT Bpemern 7 = 10 npm aHeprusix ¢ = 0.1, 0.01, 0.001 ¢ yyetom (a)
u 6e3 yyeta (6) nx pasmHoOXeHUs

f,107?
2.5

2.0

1.5

1.0

0.5

f10°
2.8

24

2.0

1.6

1.2

0.8

0.4

14

Puc. 3. MNpocTpaHcTeerHble pacnpegeneHns atomos npu sveprum € = 0.1 B MomeHTbl Bpemern 7 = 10,20, 30 c yvetom (a) un
6e3 yyeta (6) nx pasmMHoXeHUs

IIUXCS ATOMOB SABJISETCSA YIPYTUM U CDEPUIECKU-CUM-
MEeTPUYHBIM B CUCTEMeE [IeHTPa UHEePIINH, & CeUYeHNe B3a-
UMOJIEHCTBUS SIBJISIETCS TOCTOSHHON BesmanHoi. Kpo-
Me TOTr'0, IIPeJII0JIarajoch, YTO TBEP/I0e TeJIO COCTOUT U3
aTOMOB OJHOT'O COPTa, SHEPIrUd CBA3U KOTOPBIX HE y4U-
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ThIBaJ1ach. Ha ocHOBe 3aKOHOB COXpaHeHus ObLT cop-
MysupoBaH Kpurepuii (41), yKa3bIBaromuii, Ipu Kakux
BPEMEHAX M JHEPIHAX ITOT PE3YJIbTAT Oy/IeT CIpaBe-
JIUB U IMIPU y4YeTe SHEPIUU CBSI3U aTOMOB B y3Jax pe-
MIETKUA.
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[IpoaHa u3upoOBaHbl  OCODEHHOCTH,  HPHUCYIIHE
byHKIME pacipe/ieieHnsl, UMEoIue obIuil Xapakrep.
Kpowme Toro, mpoBeieHO comocTaBeHne 3T MyHKIINN
PACIPEJIEIEHNsT ¢ aHAJIOTMIHBIM pesyibratom (40), He
YYUTHIBAIONIUIM PA3MHOYKEHUE aTOMOB, U OTMEUYEHBI UX
XapaKTepHbIe PA3JINIusI, 0OYCIOBICHHBIE POCTOM UUC-
Jla aTOMOB B KacKaJie 3a cder pasmuoxkenus. Ciejyer
OTMETHUTb, YTO HA OCHOBE IOJyYEHHBIX PE3YJIbTaTOB
MOYKHO OIEHUBATH TOYHOCTH PA3JIMYHBIX TPUOIIKEH-
HBIX PElICHUil.
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