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MUON CATALYZED
FUSION

B. M. KARNAKOV

Physical problems con-
nected with fusion are
considered. Muon cata-
lyzed fusion of hydrogen
isotopes is discussed.
Physical achievements in
muon catalyzed fusion
permit to solve the prob-
lems of energetic crisis
on its basis.

PaccmoTpeHbl ¢husnyec-
Kue BOMpocCkbl, CBsi3aHHbIe
C YCJIOBUAMMY MPOTEKaHUS
peakyun si4epHOro CUH-
Te3a U3 sgep — N30TOMNOB
Bogopoga. Obcyxgaercs
MexaHU3M WHULuUpoBa-
HUS TaKoOro cCUHTe3a c no-
MOLYbIO MIOOHOB. Du3nye-
CKUe [OCTUXKEHUSI B UC-
criegoBaHUN MIO-KaTasim-
3a No3BOJIAOT HafesTb-
Csl, YTO B NepcrneKTuBe Ha
ero ocCHoBe BO3MOXHO pe-
weHune npobrsieMbl IHepre-
TUYECKOro Kpusuca.

MIOOHHDLIH KATANU3
SAEPHOIO CUHTE3A

5. M. KAPHAKOB

MockoBckuit rocyjapCTBEHHbIA UHXXEHEPHO -(OU3NYECKUIA
UHCTUTYT (TEXHUHECKWI yHNBEPCUTET)

BBEAEHUE

Kak uzBectHo [1], simepHble TIpeBpallieHUs] MOTYT
COTPOBOXIATHCS 3HAYMTETbHBIM BBIICJICHUEM 3HEP-
ruu. Tak, B siIEPHBIX peaKIMsSIX CUHTE3a I'eIUsI U TPUTUS
U3 siep — U30TOMOB BOAOPOAA UMEEM

d+t—*He+n+ 17,6 MaB, (1a)
d+d-—">He+n+3,3M3B, (16)

d+d—=t+p+4,0MsB, (1B)
p+d—>He+y+5,5M>3B. (1r)

CumMmBoJibl p, n, d, t, He, y oTBeualoT cOOTBETCTBEHHO
MIPOTOHY, HEUTPOHY, siApaM JeUTepUsi, TPUTHUS, TEIUS U
Y-KBaHTY.

Hanomuum, uto 1 MaB = 10° 5B (3,1€KTpOHBOJILT),
1sB=1,6 00" 3pr=1,6 010" JIx. AnepHblii cUHTE3
SIBJISIETCST UICTOYHUKOM u3nydeHust ConHIa (M ApyTrux
3BE3I).

BoineneHue sHepruu B SIEPHBIX peakIUsIX B MUJ-
JIMOHBI pa3 MPEBBILIAET SHEPTOBbIIEIEHUE MPU OObIU-
HOM ropeHuu. BBumy OBICTPOro MCTOIIEHUST PECYPCOB
€CTeCTBEHHBIX UCTOYHUKOB dHEepTUu Ha 3emite (HedThb,
ras, yrojib) akKTyaJbHOI SIBJIIETCS IIpo0JieMa OBJIaIeHUS
SIEPHOM SHEPTUel. YKe cyllecTBYIoIas saepHas SHep-
reTHKa OCHOBaHa Ha UCTIOJb30BAHUU PEeaKIIUi IeIeHUS
(0 mepcIieKTUBax ee 6€30IIaCHOTO pa3BUTHUS CM. [2]).

KYJIOHOBCKU BAPbEP B PEAKLIMSIX CUHTE3A

Jnst npotekanus peakuuii (1) cTalkuBarouecs sii-
pa IOJDKHBI COMM3UTBCS 10 paccTostHus R, =4 (107" cm
(3TO 3HaUEHME — MPUMEPHO YIBOCHHBIN pa3Mep TaKUX
SIIEp M 10 TIOPSIIKY BEIMUMHBI COOTBETCTBYET paliuycy
NefCcTBUS siIepHbIX cuil). OTHAKO TaKOMY CONMKEHUIO
MPETSITCTBYIOT NEMCTBYIOIIME MEXIY SIpaMU CUJTBI Ky-
JIOHOBCKOTO (3JIEKTPOCTATUUECKOTO) OTTAIKUBAHUSA.
TMoTeH1MaTbHAs HEPT S 3TOTO B3aUMOICHCTBUS SIep —
M30TOIOB BOIOPOa MEXIY coboi nmeet Bun U, (r) =
=é*/r(3nech e=4,8 107" en. CGSE — 3aps npoToHa,
r — pacCTOSTHUE MEXIy siipaMy B CaHTHMETpax, Mpu
9ToM 3HaueHue U . maeTcs B aprax).

KyJ1

YrtoObl HarIsIIHEE IIOYYBCTBOBATb POJIb KYJIOHOB-
CKOT'O OTTaJIKMBaHMA, BOCIIOJIB3YEMCA CHadala Kjiac-
CHUYCCKNUMU IPEACTABJICHUAMMU. CornacHo 3aKOHY CO-
XpaHCHUA SHEPTUN UMCEM
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€E=-ML +— = =-MU,
2 r 2

= const, r>R,. 2)
31ech yYTEHO, YTO IO CONTPUKOCHOBEHUSI SIAEP UX sIep-
HbIM B3aUMOJIEICTBMEM MOXHO NMPEHEOPEYb U TOITOMY
OHO He BXOIMT B BeIpaXkeHUe )i 3Hepruu. B hopmyie
m,m,
(2) m= ——— — npuBeJicHHas Macca siiep, U — CKO-
m, + m,

POCTh X OTHOCUTEJILHOTO IBVIKEHMS, a U, — ee 3Haue-
HUe Ha OOJIBIIIMX PACCTOSTHUSIX, TE YK€ MOXKHO TIpeHe-
OpeYb U KyJIOHOBCKMM B3auMoaelcTBUeM suep. 13 (2)
CJIeIyeT, UTO, JJIS TOTO YTOOBI siApa CMOTJIU COMM3UTHCS
JI0 pacCcTosAHMA R, 1 MOIJIa MPOU30MTU Peaklysl CUH-
Te3a, SHEPTUsl UX OTHOCUTENBHOTO IBUKEHUS TOKHA
YIOBJIETBOPSITH YCJIOBUIO

eZ

= =6 107 apr=0,4 MaB. (3)

€= g =

Zht
HOC—)TOMy COrJIaCHO KJIACCUYECKUM TMPEACTABICHUAM
AOCPHBIC PEAKIIMU CMHTE3a M3-3a KYJIOHOBCKOI'O OTTaJI-

KNWBaHUS HOCAT HOpOFOBBIﬁ XapakTep: 1JId UX IMPOTEKa-
HUS SQHEPIrud aaep J0JIKHA IMPEBLIIIATL 3BHAYCHUEC Enop.

IIpu TepMoOsIIEpHOM CUHTE3€e B TJIa3Me HEOOXOmU-
Mble 3HAUECHUSI SHEPTUU € TIOJIyYaloTCs 3a CYET TeTUIO-
BOTO IBMXeHUS simep. OueHnM Temneparypy 1, 1ipu
KOTOPOU XapaKTepHble 3HaYeHUsI SHEPTUU TETJIOBOTO
ABVKEHUS COBMAMAIOT C €, . CpelHee 3HaueHne 3TOI
SHEPIruu, Kak 1 B cyyae MoCTynaTeIbHOTO NBHKEHUS
3
2
repaTypa cpebl B Tpamycax Imkansl KenpBuHa (abco-
JIIOTHAs Temriepatypa), a k = 1,38 (107'¢ spr/K (mocto-
sHHas bonpumana). OTcioga cCleoyioT MOJIe3HOe
cootHoueHue 1 3B = 12000 K u uckomas orieHKa TeM-
nepatypsl (s € = 0,4 MaB)

T,=300°K (4)

OIHO YacTULBI, cocTaBiIsAeT € = =KT. 3gech T — TeM-

(orpoMHas TemIiepatypa, KOMMEHTapuili CM. HUXKE).

SAnepHblil cMHTE3 TIPOTEKAET U MpU Temriepatypax 1’
Hke T;. Ipu 3TOM 3HAYeHUs € > € BO3MOXHBI 32
cyeT (IyKTyallMu 3HEPTMM YacTULl MPU UX TETIOBOM
neuxeHnu. Koneuno, npu T < T, TpeOyeMble 3Have-
HUs € OYAYyT BCTpeUyaTbCs C OYEHb Majoil BEPOSITHOC-
Th10. COOTBETCTBYIOIIEEe YMeHbIIeHHe cKopocTu V(T)
peakiuii cuHTe3a (V — YUCI0 aKTOB Peakliuy B €IUHU -
11e o0beMa B €IUHMUILY BPEMEHU) OMpPENessieTCsl MHO-
xuteneM e ¥+ KoTopblit HeMoOCPeACTBEHHO CIeLyeT U3
U3BECTHOTO pacnpeneneHuss MakcBesia it CKOpo-
cTeit yacTull. 3aMeHsIs € HA MUHMMAaJIbHO BO3MOXHOE

3HA4YCHHUE € rnmojay4yaem

op ?

U €04
vm&T)=vamp[rk{D. (%)
0

anBeZ[CHHBIe BBIIIC PE3YJIbTAaThl OBLJIM OCHOBaHbI
Ha KITaCCUYCCKUX MPEACTABJICHUAX. CpenaeM 1Ba 3ame-
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YaHUs MO 3TOMY IOBOAY. BBIBOA O HEOOXOIMMOCTH
OYEHb BBICOKHX TeMIIEpaTyp IS TPOTEKaHUS peakInit
CHHTe3a B TIa3Me 0e3yCIOBHO SIBJISIETCS TIPABUJIBHBIM.
HMMeHHO ¢ 3TUM 00CTOSTECTBOM CBSI3aHbl OCHOBHBIE
TPYAHOCTH pelleHUsI TPOOJIEMBbI YIIPABISIEMOTO TEPMO-
saepHoro cuHTe3a [3]. OmHako oleHKa (4) TpeOyeMbIX
3HAYEHU I TeMIIepaTyphl MPEACTABISICTCS CIMIIKOM 3a-
BBIIIIEHHOM. VI3BECTHO, YTO TEPMOSIAEPHBII CUHTE3 B
Henpax CosHIIa IpoTeKaeT npu Temrnepatype' 7= 15 x
x 10° K. Ecam xe Bocronb3oBathesi popmyaamu (3),
(5), TO I CKOPOCTH peaKIIvii MOIydaeTcsI NCUe3arole
Majoe 3HaueHUe, TaK KaK SKCIMOHEHUMUATbHbIA MHO-
xutenb npu 7= 1 k3B okasbiBaeTcs paBHbIM ¢ % = 2 x
x 107"7*, O6BsCHEHNE TAKOTO HECOOTBETCTBHUS NAeTCs B
CJIeIyIONIeM pasJeie.

TYHHEJIMPOBAHUE
YEPE3 KYJIOHOBCKWUN BAPbLEP

dusnyeckn KOPPeKTHOE UCCIeI0BaHUE JMHAMUKU
MMKPOYACTHUILl MOXKET OBITh ITOJTYYEHO TOJIBKO B paMKax
KBaHTOBOII MexaHuku [1]. KBaHTOBO-MexaHUUYecKoe
OIMCaHKe BO MHOTOM PalKaJIbHO OTIMYAETCS OT IIPU-
BBIYHOM KapTHUHBI KJACCHMUYECKOTO JBMKEHMST YaCTHIL
o TpaekTopusiM. B yacTHocTH, MPUHUIMITMATIBHOE OT-
JIMYME TIPOSIBIISIETCS B SIBJICHUSIX, CBSI3aHHBIX C TIPEOJIO-
JIeHHeM JacTUIIaMM ITOTeHIIUAJIbHBIX 0apbepoB. B Kitac-
CHUYECKOI MeXaHUKE MOTEHIIMAIbHbBIN Oapbep BHICOTOM
U, MOTyT IPEOONIETh TONBKO TAKUE YACTULIBI, SHEPTUS
€ KOTOPBIX TIPEBBINIAET BBICOTY Gapbepa. CorimacHo xe
KBaHTOBOI MeXaHUKEe BO3MOXHO TIPOXOXAEeHWE —
TYHHEJIMPOBaHUE — 4yepe3 MOTCHIMAJbHBIN Oapbep 1
s yactul ¢ € < U,. TyHHenupoBaHue yepe3 MOTeH-
LIMAJIBHBIN Oapbep CBSI3aHO C TIPOSIBJICHUEM BOJTHOBBIX
CBOWCTB, IPUCYIIMX MUKPOYACTUIIAM, U HE NUMEET aHa-
Jiora B KJIaCCUUECKON MeXaHUKE.

TyHHenbHBIN 3¢ (GEKT ObLT OTKPHIT B CBSI3U € O-pac-
MazoM TSDKEJIbIX siiep, UMerolux 3apsin Ze ¢ Z = 100;

panuychl Takux saep Ry = 1072 cm. [TosToMy Ha nep-
BBIii B3[VISIZL y BBIIETAIOLIEH U3 Spa O-YaCTHLIBI KMHE-

THYeCKast SHeprud €, > 2(Z—2)e*/ R, =30 MaB. 31ech
MHOXKUTENIU 2 1 Z — 2 OTBeYaloT 3apsiiaM O-4aCcTUIIbI 1
OCTaTOYHOTO SIIpa U yYTEHO, YTO MUHUMAaJIbHOE 3Have-
HUE DHEPruu OTBEYaeT O-4acTUllaM, UMEIOLIUM MpHU
BBUIETE U3 SIApa HYJEBYIO CKOPOCTh Ha €TO MTOBEPXHOC-
TU. B TO XXe BpeMst TUMMYHbIe 3HaYeHMs SHEPTUit O-yac-
THII B pacmanax CylecTBEHHO MeHbIIIe (HECKOIbKO Me-
ras’jieKTPOHBOJIBT). BbUIET TakuUX 4acTUIl U3 siIpa Kak
pa3 v 00BICHSIETCS TYHHEIMPOBAHUEM MX Yepe3 MOTeH-
LIMAaJIbHBIN KyJTOHOBCKUM 6apbep. CoriaacHo Kiaccuye-
CKOI1 MeXaHWKe TaKue Ol-4aCTUIIbl HE MOTJIU Obl HaX0-
JUTbCA BOIM3Y S1pa (MHave Aj1d HUX 6bu10 Gbl U2 < 0).

' 3aMeTHM, 9TO B IOCTATOYHO IIOTHO# Cpesie, TT0 Mepe TTOHM-
SKeHMsI TeMITepaTypbl B3PBIBHOM (JJaBUHOOOPA3HBI) XapakK-
Tep MPOTeKAHUsI SIIEPHBIX PEaKIMii CMEHSIETCS] MEJIEHHBIM
“ropeHuemM”.
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ITpoHuitaeMocTh (BEPOSITHOCTb TYHHEIMPOBAHMS

IIpN OJHOKpPAaTHOM CTOJ'IKHOBCHI/II/I) KYJIOHOBCKOTIO ITO-
2

e
TeHLMaNbHOro 6apbepa U, , (1) = < ONKCHIBACTCS BbI-

PaxXEeHUEM

1

_ 2me’ e -
WTyH = DKyn(U) = W[GXP Ezhu %_ 1} . (6)

3nech # = 1,05 01077 »pr [k — nocrostHHas [lnaHka.
INosBnaeHue 3Toit GyHIaMEHTATbHOM KOHCTAHTHI B (D1~
3U4ecKoil hopMmylie yKa3biBaeT Ha KBAaHTOBO-MEXaHU-
YeCKYI0 TIPUPOIY OMMCHIBAEMOTro efo siBjieHus. M3 (6)
caenyer, uro D, (V) —= 1 Ipu U —» ©°, TO €CTh OUEHb
OBbICTPBIC YACTUIIBI JIETKO MMPOHUKAIOT Yepe3 KyJIOHOB-
ckuii 6aprep. C yMeHbIIEHHeM CKOPOCTU IIpOHUIIae-

MocTb Gapbepa Takke yobiBaeT. Ilpu U, paBHOM U, =
= 21e? /#, uMeeM D, = 0,6. lanee st MeITEHHBIX
YacTUIl MPOHUIIAEMOCTh KYJIOHOBCKOTO Oapbepa yXe
OYeHb Majla U 9KCMOHEHIMATbHO MagaeT ¢ yMEeHbIIIe-
HUEM CKOPOCTU:

_U Ky1

V]
DKyn(U):%e ’ < 19

U < Uy, @)

HeTtpynHo yoeauThCsi B TOM, YTO B MHTEPECYIOIEM Hac
ClTydae SHEPrui € < € JUIA BBIYMCIIEHNSA TIPOHUIIAE-
MOCTH MOHO HCITOJIb30BaTh (popmyny (7).

[Tokaxem, uyro nipu temneparypax 1 << 7 TepMo-
SJIGPHOTO CUHTE3a UMEHHO KBaHTOBOE TYHHEJIHUpPOBa-
HUe (a He KJIaCCUYeCKUU HaabapbepHBI MeXaHU3M)
OIpeeIIIeT CKOPOCTh MPOTEKAHUS SAEPHBIX PEaKLIUM.
711 5TOro cpaBHUM B 00OUX CJTy4yasiX 3HA4eHMsT BEpO-
SITHOCTEN CONVIKEHUS Sifiep JO pacCTOSIHUIA, HAa KOTO-
pPbIX TMPOTEKAET peaklMsl CUHTE3a. DTU BEPOSITHOCTHU
COiepKaT 3KCIIOHEHUUAIbHO MaJIble COMHOXHUTEIU.
st cpaBHEHUsI TaKWX BEJIWYMH OOBIYHO JOCTATOYHO
OTPaHUYUTHLCSI COTOCTABJIIEHUEM JIMIIb TOKa3aTeseit
9KcrnoHeHT. CorjacHO KJacCUYeCKOMY MeXaHU3MY
umeeM W,,,.(7) Oexp{-¢, ./kT} (cm. (5)).

TIop

B ciiyyae TyHHeIMpOBaHMS MCKOMasi BEPOSITHOCTD
CBsI3aHa YK€ C IPOHMIIAEMOCThIO KYJIOHOBCKOTO 0aphe-
pa D (V) (cM. (6)). DTo BeIpaxeHHe CIEAYeT ycpel-
HUTB 10 CKOPOCTSAM C IIOMOLBIO pacrpe/eneHnus Mak-
CBeJIa, UMEIOIIETO BUT

g 3 "?TUTZ , 3 Dl[lyz
wy = Ae " du, A—[an_rD .
YcepenHeHue CBOOUTCS K BBIYMCICHMIO MHTErpaia
IDKyﬂ(U)dWM. Mpu T < T, MOXXHO BOCITOJIB30BATHCS
(7) 1 3anmucath

2

® Vgm _mu

Dn(T) = 4Afe e Xy, udv. (8)
0

IMoasiHTerpanbHast GyHKIMS 31€Ch COAEPKUT JBaA KC-
MOHEHIIMATBHBIX COMHOXUTENS. [Tpn 3TOM MepBbIit U3
HUX pe3KO BO3pacTaeT, a BTOPOil, HA0OOPOT, PE3KO
YMEHbIIIAeTcs ¢ yBendeHreM ckopoctu U. [Tpoussene-
HUE Xe 00eUX IKCTIOHEHT B LIEJIOM sIBJIsieTcsl hyHKIIMe
C PE3KO BBIPAXKEHHBIM MAaKCUMYMOM, M TOMUHUPYIOIIN
BKJIa[ B 3HAYeHUE MHTerpajla BHOCUT y3Kasi 00JIaCTh
BOJIM3U 3TOI 3KCTpeMalbHOM TouKu. B Takoli cutyaru
HauOoJiee CylIeCTBEHHAsl YacTb pe3yJibTaTa MUHTErpUpo-
BaHUSI OOBIYHO OTIpEAeIISIeTCSl BEIMYMHON SKCITOHEH-
LIMAIbHBIX MHOXWUTeNe B Touke Makcumyma. B pac-
CMAaTpUBAEMOM CJTyyae TaAKOe MAaKCUMaJIbHOE 3HAaYeHUE
SABJISIETCS TEM HE MEHEE MaJIOl BEJIMYMHOW, TaK KakK
O0ImMi TMoKa3aTeNb 3KCMOHEHT ¢(V) = —(U,, /U +

+0%/202,,) orpuuareieH. OH UMeET MakCUMyM B
173 o
TOYKE U, = (Umuiem) , OIpelesieMO U3 YCIOBUS
. 3
$'(v,) = 0, pu aTOM H(U,) = =) (Vyyn/ Vyenn)™” ¥ TIPH-

OJIMKeHHOE 3HaYeHNe MHTerpaa (8) oka3bIBaeTCs paB-

HBIM (U e, = KT/ M):

2
_ - 0 3 Va0
W,y O D(TY eng_EEb y’%%=

1
0 R27me 0
=exp 050 9
0 HakTa? By ®

YToGBl COMOCTaBUTh 3(PGHEKTUBHOCTh KJIACCHYEC-
KOTO ¥ KBAHTOBO-MEXaHMYECKOTO MEXaHU3MOB TTPOTE-
KaHUSI peakluil CHHTE3a, CPABHUM YKCJICHHBIE 3HaYe-
HMSI KCIIOHEHIIMAIbHBIX COMHOXMTENIEH B (hopMyiax
(5) u (9). Ang peakuuu (la) momyvaem:

a) HagOapbepHbI MeXaHU3M

0400
*xPOT [xsB] (10a)
0) TYHHEIMpOBaHUE
020 O
exp = (106
U173 [keBP )

(Temriepatypa BblpaxkeHa B koB; B (100) yureHO, 4TO
ms dt-cuctembl m = 1,2m,, m, = 1,67 0107 r — macca
MIPOTOHA).

M3 dopmyn (10) BuaHO, YTO MpM TeMIiepaTypax
mwiasmbl T =< 10 xaB 0 10° K sanepHblil cuHTe3 B Hei
MPOTEKAeT UCKIIOUUTELHO Ojaromapsi TYHHeJIMpoBa-
HMUIO sIIEp Yepe3 KyJOHOBCKUI Gaphbep.

MIOOH KAK KATANIU3ATOP PEAKLIUA
AOEPHOIO CUHTES3A

MiooH — 3jJieMEHTapHasl YacTHIIa, CBOMCTBA KOTO-
PO, BKJIIOYAs ¥ B3aUMOIEICTBUSI C APYTMMHU YacTHLIA-
MU, aHAJIOTMYHBI CBOMCTBAM 3J1eKTpoHa. OIHAKO OH
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CYILECTBEHHO TsXeJee SeKTPoHa, m, = 207m,, v ABJIs1-
eTcs HeCTabMITbHOM YaCTUIICH CO BpEMEHEM KU3HHU T, =
=2,2 107 c. COBMeCTHO C SIpaMU U30TOIIOB BOAOPOIA
MIOOH MOXET 00pa30BbIBaTh CBSI3aHHbIE CUCTEMBI, I10-
TMOOHBIE COOTBETCTBYIOIIUM OOBIYHBIM aTOMHBIM CHC-
TeMaM (TakMM, KaK aTOM BOAOPOJAA WU MOJIEKYJsIp-
HBIA MOH Hj ¢ BO3MOXHOI 3aMEHOI S1ep-TIPOTOHOB
Hadwut).

Cyl1iecTBeHHO, YTO pa3Mepbl MIOOHHBIX CUCTEM B
m, /m, =200 pa3 MeHblIlIe pa3MePOB OOBIYHBIX ATOMOB.
Kak u3zBecTHO, paanychbl 2JIeKTPOHHBIX aTOMOB (MOHOB)
U TIPOCTEUIITX MOJIEKYIT ITO TIOPSITKY BEJTMYMHBI OTTpe-
nensiorcst panuycoMm bopa, paBHbIM ap = £?/(m€) =
=0,53 (10™® cm (m, = 9,1 (1072 r — macca a7eKTPOHA).
Tak, B MOJIEKYJISIDHOM MOHEe Hj paccTosiHue MeXy sii-
pamu cocrasisieT L, = 2a; = 107 cM. YkasaHHble pazme-
DBl OCTAIOTCS HEM3MEHHBIMU ITPY 3aMeHe SIIep UX U30TO-
MaMu, a TIpY 3aMeHe 3JIEKTPOHA Ha MIOOH M3MEHSIIOTCS
00paTHO MPOMOPLMOHATILHO MaccaM 3Tux yactull. Co-
OTBETCTBEHHO PACCTOSTHME MEXIY SApaMU B TIOJIOXKe-
HUU PaBHOBECUS B ME3OMOJICKYJISIPHBIX HOHAX BOIOPO-
na (pdy, ddy, dtp w ap.) cocrasnsier L, = 2 /(m €’) =
=500 cm.

OcHOBHasg uesl [-KaTajau3a SIIepHBIX peakiuii —
KpacuBOTO (pU3MUECKOTO SBJIEHUS] — BHITJISIIUT OYEHb
MPOCTO U COCTOUT B cieayolieM. Haxonsiuiicst B Bo-
JIOPOIHOM cpefe, coaepxailei sapa-uzortonsl d u t,
CBOOOIHBIN MIOOH 00pasyeT cHavajia MIOOHHBIN aToM
(dy, tp), a 3aTeM U ME30MOJIEKYJISIpHBIN MOH. B TakoM
HoHe G1arofapsi ero MajbIM pa3MepaM J0CTATOYHO ObI-
CTPO TMPOTEKAET COOTBETCTBYIOIIAS siIEpHAST peaKIIus
cunre3a (1). Ilpu 3TOM IIPOMCXOAUT BHICBOOOXICHIE
MIOOHA (€CJIM ero He ITOAXBAaTUT o0pa3ylolleecs B peak-
LIMU 3apsSDKEHHOE SIIPO) U LIeToYKa OMMCAHHBIX Tpe-
BpallleHUIi TTOBTOPSIETCSI IO MOMEHTA pacraga MIOOHa.
Hwxe MBI 06CcynTuM OCHOBHBIE (hU3UIECKHE BOMTPOCHI
3TOTO LIMKJIA.

KMHETUKA p-KATAJIU3A

CKOpoCTb ijlepHOro cuMHTe3a
B Me30MOJIeKyJIApHOM MOHe

Ddusnueckuii MeXaHU3M MPOTEKAHUS SAEPHBIX pe-
aKIIMii B ME30MOJIEKYJIIPHBIX MOHAX CBSI3aH C TYHHEJIM -
POBaHUEM SIEp Yepe3 Pa3IeISAIOUIMNA UX KyJIOHOBCKUIA
6apbep'. O6CyIMM 3TOT Bompoc moapobHee. HarmsimHo
NBIDKCHUE sIep B IBYXaTOMHBIX MOJeKyjdax (MOHax)
MOXHO paccMaTpUBaTh KaK MaJible paauajbHble Koje-
OGaHMsT BOJIM3U TTOJIOKEHMST paBHOBECHSI (C BOBMOXHBIM
MIpY 3TOM KX BpalleHueMm). B Kimaccnmueckyio KapTuHy
KoJieOaHMi KBAaHTOBAasI MeXaHUKAa IIPUBHOCHT JIBA CYIIIE-
CTBEHHO HOBBIX 2jieMeHTa. [Ipexne Bcero aTo KBaHTO-
BaHWE 3HEPrUU KosiebaHui (C rMepBOHAYaIbHOI TUIIO-

' Tak Kak pa3Mep MOHA MHOrO OoJblle paguyca AEHCTBUS
SIMEPHBIX CHJI, TO BEPOSITHOCTh NPOTEKAHUSI SIEPHOMN peak-
LIMM HETOCPEACTBEHHO M3 PAaBHOBECHOTO IOJIOXEHUS siaep
OKa3bIBaeTCsl MCUE3alolle MaJou.
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te3bl [11aHKa 06 3TOM M HayaaoCh pa3BUTHE KBAHTOBOI
Teopur). Kpome Toro, corlacHo KBAaHTOBOW MEXaHHMKe
MpY KOJIeOaHMUSIX YaCTUIIBI MOTYT HaXOAUThCS Ha pac-
CTOSTHUSIX, TIPEBBILIAIONINX KJIACCUYECKYIO aMITTUTYLY
KoJiebaHuit (TO eCTh B TOJ0APbEPHOIi 00JIACTH, C STUM
00CTOSATEILCTBOM M CBsI3aH 3 (GEKT TYHHETMPOBAHMUS).
IToatomy sipa B ME30MOJIEKYISIPHOM MOHE TIPY paliv-
aJIbHBIX KOJIEOaHUSIX MOTYT OKa3aThCsl Ha paCCTOSTHUSIX,
e YK€ BO3MOXHO TPOTeKaHUE SIIePHON peaKinu.

O1ieHUM BpeMsI ITPOTEKAHUS SIISPHOM peakIuy T

peak *
ITo NMOpsIIKY BEJTUYUHBI OHO PABHO” 1/ Wy, T Wiy, —
BEPOSITHOCTb TYHHEJMPOBAHUSI Yepe3 KyJOHOBCKUI
Gapbep B eqMHULY BpeMeHU. O4eBUIHO, YTO Wy,
= Nw,,,,, TIE W,,,, — BEPOATHOCTb TYHHEIUPOBAHUS YK€
NP OZHOKPATHOM CTOJKHOBeHMH (cM. (6)), a N =
=1/T,,,— YUCIIO0 yoapoB o 6apbep B €TUHULLY BPEMEHH,

T . — nepuon paaualbHbIX KOJeOaHUl siaep.

KO

J1J1s1 OOBIYHBIX IBYXaTOMHBIX MOJIEKYJI (M X MOHOB)
4acToTa KosiebaHui sipep w,,, = 21/ T, ABIsIeTCs BaX-

HOM XapaKTCpPICTI/IKOﬁ cuctembl. CorlacHO KBaHTOBOI
MCXaHUKE IJId HEE CITpaBE/IMBa OLICHKA

4
W D0, j%, 0, = =5 (an

IIe W, — aTOMHas 4acToTa’, m — NPUBEJEHHAs Macca
siaep. 3amersia B (11) m, Ha m,, HAXOIUM YacCTOTY KOJe-
OaHMIt siIep B ME30MOJIEKYJISIPHBIX MOHAX, a C Hell 1

3
Tpeax 27T h 4ED;;R(L)). (12)

mue I

BaxxHbM 31ech SBIsIeTCS BEIOOP 3HAYEHMST CKOPO-
cti V. YTOOBI MOIyYUTh €T0, HAIIOMHUM, YTO SHEPTUs
BOJIOPOIONOI00HOTO MIOOHHOIO aToMa (MOHa C 3aps-
nom sapa Ze) g, = —m(Ze’)’/(2h) = -2,8Z* kaB
(11 caMOTO HWXXHETO YPOBHSI, SIAPO IS TPOCTOTHI
cunTaeM 0ECKOHEUYHO TsKebIM). MI3BeCTHO Takke, YyTo
SHEPrusi CBSI3U ME30MOJIEKYJISIPHOTO MOHa (B OCHOB-
HOM cocTosiHuM) cocTasisieT okosio 300 3B, Tak yTo
SHEPTUs MIOOHA B MOHe paBHa —3,1 kaB. OgHako, Kor-
Ia simpa cOMMXKaroTCs 10 SIMEPHBIX PACCTOSTHUM, MIOOH
yXe He pa3judyaeT UX MO OTACJIbHOCTH, a “4yBCTBYET”
JIAIIB UX CYMMapHBbIi 3apsia, Z = 2. [1pu 5ToM Heprust
MIOOHA, KaK U B MOHe Tefus, cocrasiser —11,3 kaB.
COOTBETCTBEHHO KMHETMYECKas DHEPTUs siuep Mpu
UX CTOJKHOBEHWM OKa3blBaeTCsl paBHOM €, = 8 k3B,

2 lpu 3ToM NpearnojaraeTcsi, YTo NpPH CONPUKOCHOBEHUM
sIIEp peakiys CUHTe3a MTPOUCXOIUT ¢ BeposiTHOCThIO (. D10
onpaBaaHo st dt-CUCTEMBI, Te B3aMMOIEUCTBUE saep HO-
CUT PE30HAHCHBIA Xapakrep. XOTs Ui APYTUX Tap saep —
M30TOIIOB BOIOpoaa olieHKa (12) mpeacTaBisieTcst 3aHUKEH-
HOM, OIHAKO OKOHHYATE/IbHbIA BBIBOX O TOM, YTO Tpp,, < T,
COXpaHseTCsl.

3 OHa xapakTepu3yeT SHEepreTMUecKre YPOBHU aTOMOB W
monexyin. Tak, ypoBHU aToma Bosiopona E, = —fiw,, /(2n%), n =

=1,2, ..

peak

=6o—



IIpUYEM JIA pa3JIMYHBIX AOCP-U30TOITOB. Ortcrona cre-

JyeT 3HaUYeHue CKopocTu L = ,/2€,/m. ObpaTUM BHU-
MaHM€ Ha TOo, 4To £, U my,a v o.Jm,.

ITpumenum dopmyny (12) k dtp-uony. nst aroi
cucrems! nonmyyaem T, =7 0107 ¢, D, = 5 0107
(11py 3TOM B ITOKa3areJsie 3KCIIOHEHTHI 2Te? /(L) = 12,5,
cM. (6)) u T8, 0107 ¢. Kak BUIHO, BpeMsi IpoTeKa-

HUSI SICPHOM PEaKInK Ty, Ha LIECTb MOPSIIKOB MEHb-
11Ie BpEMEHU XU3HU T, MiooHa. [ToaTomy, Kak Gyer mo-
Ka3aHO HMXE, OHO HEe CKa3bIBaeTCs Ha 4Yuclie aKTOB
SIIEPHON peaKIuy, WHULIMUPYEMBIX OTHUM MIOOHOM.
DTO 3aMeyaHue OTHOCUTCS U K ddp-cucTeme.

CrenaeM elle OTHO 3aMeYaHKie OTHOCUTEbHO POJIU
MIOOHA KaK KaTtajau3atopa sIepHbIX peakuuii. Kak or-
MeJaJloCh, MOKa3aTe/Ib SKCIIOHEHTHI B IPOHUIIAEMOCTHU
OGappepa mns dtp-cucrteMbl paBeH mnpumepHo —12.5.

ITpu sToM on O 1/,/mM,, Kak u 3HaYEHUE v Ipu ne-
pexojie K OOBIYHBIM 3/IEKTPOHHBIM MOHAM Macca m, 3a-
MEHSIEeTCSl Ha Maccy JIEKTPOHA 71,, YTO MPUBOIUT K U3-

MEHEHUIO ITOKA3aTeIsl SKCIIOHEHTHI B ,/M,/ M, = 14 pa3

M OH OKa3blBaeTCs paBHBIM mnpumepHo —180. D10, B
CBOIO Ouepellb, MPUBOAUT K UYYIOBUIIHO OOJBILIOMY
YBEJIMYEHWIO BPEMEHU MPOTEKaHUS peaKlnii CMHTE3a,
HCKITIOYaIoIIeMy X HaOIIoMeHUE B OOBIYHBIX aTOMHBIX
cucremax.

“OTpaBneHue” KaranusarTopa

Ilocne mporekaHus sAepHON peakliMd MIOOH MO-
XET ObITh MOAXBaYeH 00pa3yIOIIUMCSI B peakiuu 3apsi-
JKEHHBIM SIIPOM — sIIpOM Tesus B peakiuusix (1a), (10).
Oka3pIBasiCh MPU 3TOM CBSI3aHHBIM B ME30aTOMHBIN
unoH [WHe, MI0OOH yXe nepecTaeT BbICTyNaTh B POJU Ka-
Tajauzaropa siiepHoro cuHteza. MMeHHO 3TO 06CTOSI-
TEJIbCTBO CYIIECTBEHHO CKa3biBaeTcs Ha 3(h(PeKTUBHO-
CTU M-KaTajin3a, TO €CThb Ha 4uCjie WHUIMUPYEMBIX
MIOOHOM $SIIEPHbIX peaKIIMid.

OneHKa BepOsITHOCTY MPWIMIIAHUSI MIOOHA K SIAPY
TeJIUS SIBJISIETCSl HECJIOKHOM KBAaHTOBO-MEXaHUYeCKOM
3agaueii (cM. [4]) m mmeeT BUI

M, Exe [
~ + He []
W = + 7241 (13)

(my,, €y, — Macca 0Opa3yIoLLErocs sapa rejaust U ero
9HEPIUA B CUCTEME IIEHTPa Macc, €, = 11,3 kaB — sHep-
TS CBSI3W MIOOHA B MIOOHHOM MOHE TeJINs).

B npumenenunu k peakiuu dt — na (la) umeem
€1e = 3,52 M3B, m, =7300m, u o popmyse (13) Haxo-
M WS, = 0,01, B ciydae peakimu (16) B ddp-noHe
BEPOSITHOCTh IPUJIMMAHUS MIOOHA K spy *He cymiect-
BeHHO Ooubie, w [10,1. Takoe pa3iaudune CBSI3aHO C TEM,
yro saapo *He B peakuuu (16) MMeeT MEHBILYIO CKO-
poCThb, 4eM O-yacTulla B peakuuu (la), uz-3a Goisee

HHN3KOI'0 SHEPTOBLIACICHUS. HOSTOMy OHO C OOJIBIIEH
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BEPOSITHOCTBIO TTOAXBATHIBAET MIOOH, UTO MPEJACTaBIIS-
eTcsl (U3NIECKU ECTeCTBEHHBIM W TIOATBEPKIACTCS
dopmynoii (13).

MajocTb BeposITHOCTH MPUJIMTIAHUST MFOOHA K O(-Yac-
THIe B peakunu (1a) memaer ee HauboJee IMePCIIEKTUB-
HO, U MOC/IeIHee pa3BUTHE |[L-KaTaar3a CBA3aHO C ero
HCCIIEJOBAaHUEM B CMECH AECUTEPUS U TPUTUS.

CkopocTb obpasoBaHus
Me30MOJIEKYIAPHOro MoHa

Pacuet ckopocTu 06pa3oBaHuUsI ME30OMOJIEKYISIPHO-
IO MOHA SBJISIETCS] OYEHb CIOXHOM B PU3MUECKOM U Ma-
TeMaTUYeCKOM OTHOIIEHUHU IIpobieMoii [5]. 3mech MBI
OTrpaHUYMMCSI JINILb HECKOJIbKMMU 3aMevyaHusiMu. Oka-
3bIBaeTCs, UTO B dtjl-cUCTeMe UMeeTCsl CBSI3aHHOE CO-
CTOSTHUE C KpaifHe Masoil aHeprueii csizu €, = 0,66 3B
(cp. ¢ ynoMsiHyTOI1 BhILIe 3Heprueit cBsi3u =300 3B mis
OCHOBHOT'O YpPOBHSI CHUCTeMbI). biarogapsi aToMy cKo-
pocTh 06pa3oBaHusl dtpl-CUCTEMBI CYIIIECTBEHHO 0OJb-
1€, YeM IPYTUX ME30MOJIEKYISIPHBIX MIOHOB. B pe3ysb-
TaTe 3Ta BaXKHas CTaaus IIMKJIa MIOOHHOTO KaTajli3a He
BHOCUT CEpPbE3HBIX OrpaHWYEeHUI Ha ero 3(pdeKkTuB-
HoCTb. UKo akToB N siIepHbIX peakiluil, UHULIMUPY-
€MbIX OTHUM MIOOHOM B dtjl-cUcTEME, OTpAaHUYMBAETCS
B OCHOBHOM BEPOSITHOCTBIO €T0 TMPYIJIUITAHMS K O -4acTH-
ue u coctapnsier N=1/w, . [1100. DxcriepruMeHTab-
Ho nosrydeHsl 3HaueHust N = 100—150 (Ha ogrH MIOOH).

OQHEPIrETUKA p-KATAJIU3A

HTak, oIuH MIOOH MOXET WHMIIMMPOBATH CBBIIIE
100 aktoB snepHoit peakuuu dt — n*He (1a). Ilpnu
9TOM 00Ilee BBICBOOOXIEHNE 3SHEPTHMU COCTaBIISIET
okoo 2000 M»B. [TockoabKy OHO CYIIIECTBEHHO ITPEBhI-
11aeT dHEepPreTYecKue 3aTpaThl Ha pOXKAEHUE (Ha YCKO-
puTee) OMHOTO MIOOHA muc2 = 100 M»B, To Ha niepBbIit
B3IJISIT MOXET TT0KAa3aThCsl, YTO YK€ HETTOCPEJACTBEHHO C
TTOMOIIIBIO JINIIIb OTHOTO MIOOHHOTO KaTan3a BO3MOX-
HO pelleHue npobiieM aHepreTuku. OmHaKo, Kak moka-
3BIBAET PacyeT, M3-3a COMYTCTBYIOIIMX 3aTpaT SHEPTUU
Takoil crocod ee MOJydyeHUs] OKa3blBAETCSI HEPEeHTa-
6eabHBIM (cuinkoM Hu3o0k KIT).

TeM He MeHee CyLIECTBYET MHTEPeCHAs TPUHLIMIIN -
aJlbHAs BO3MOXHOCTH Pa3BUTUsA O€30IIaCHOM SIEPHOIA
SHEPTETUKM HAa OCHOBE MIOOHHOTO Kartaimsa. Jleno B
TOM, YTO OTHMM M3 MPOAYKTOB SIAEpHOU peakiuu (1a)
SIBJISIIOTCST HEUTPOHBI ¢ 9Hepruelt €, = 14 MaB. TTotok
TaKUX HEWTPOHOB IpPU OOGIYYEHUU MM OOOJOYKHU W3
ypaHa 28U (ypaHOBOro 61aHKETa), OKPYyXaloLleil MIo-
OH-KaTaJIUTUYECKUIA PEAKTOP, MOXET CITYKUTh KaK JJIst
noJiydyeHus sHepruu genenus’ n + 2¥U — “ockon-
ku” + 200 M3B, Tak 1 A1 paclIMPEHHOTO BOCIPO-
U3BOACTBA S0EPHOTO TOILIMBA — ILIyToHUS Pu Ha
ocHoBe peakuuu n + U —— 2’Pu (Tak Ha3blBae-
MBIii smepHbIi 6puauir). Kak mokassiBaloT pacyeTsl,

! 31ech pociexXnBaeTcs aHaJIOTUs ¢ uaeeil paboThl A1EPHOTO

peaxkTopa B IOAKPUTUYECKOM pexxume [2].

COPOCOBCKMWI OBPA30OBATE/IbHbINA XXYPHAJI, Ne12, 1999



9HEPTeTUYECKUI BBIXO ITPU 3TOM (Ha OJMH MIOOH) 00-
siee yeM B 100 pa3 TIpeBbIIIacT SHEPTOBBIICICHUE B pe-
akKIMsIX CMHTE3a B ME30MOJIEeKYISIpHBIX MoHaxX. Ha oc-
HOBE TaKOro TMOPUIHOTO peakTopa YXe BO3MOXHO
pelIeHre SHEPTETUIECKUX TTPOOIeM.

B 3akimoueHue eliie pa3 oopaTMM BHUMaHKe Ha 00630p
[5]. B HeM conmepxkuTcs MoapoOHOe UCCaeT0BaHUe KUHE-
THUKU |l-KaTajn3a, pa3BUTa Wiess OCHOBAHHOTO Ha HeM
SIAEPHOTO OpMIMHIA W INpUBeNeHa OOIIMpHas OMOIMO-
rpacdust 1o pa3IMYHbBIM BOITPOCAM MIOOHHOTO KaTali3a.

ABTOp BhIpaxaeT 0JiarogapHoCcTh MexXayHapoTHOI
Copocosckoii IIporpamme O6paszoBanus B O6mactu
Tounbix Hayk 3a oka3aHHYIO IMOIIEPXKKY.
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Bopwuc Muxannosuy KapHakos, kaHanaat GuUsnko-
MaTeMaTUYECKUX HayK, JOUEHT kadenpbl TEOpeTUYEe-
ckon dpusmnkn MNDOU. O6nacTb Hay4YHbIX MIHTEPECOB —
KBAHTOBasi MexaHuka, aToMHas n apgepHas ¢uauka.
ABTOpP 1 coaBTOP 75 Hay4HbIX paboT 1 cemMun y4eBHbIX
nocobuii No pasnnyHbIM pasgesiam TeopeTu4eckon
dun3nkn.



