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M3noxen noaxoi, oCHOBaHHBIN Ha opmasu3Me TEPMONOJEBOH JAMHAMHKM, MO3BOJISIOUMH YUHTHIBATD
BJIMSTHHE TEMIIEPATYPbI HA pacIpe/ieieHHE CHITbI 3aPsiIOBO-0OMEHHbBIX MEPEXOI0B MEXKy HATPETHIMH SIIPAMH.
Jlnsi HelTpoHHO-M36bITOuHOro siipa S0Ge paccuuTaHbl pacrpeieseHusi CHJbl paspelleHHbIX M MepBOro
nopsiJika 3amnpera p — n-MepexoJoB B 3aBUCHMOCTH OT TeMrepaTypbl. [Ipu TeMnepatypax W MJIOTHOCTSX
3BE3JIHOIO BELLECTBA, COOTBETCTBYIOLIMX TO3JHEH CTallH 3BOJIOLMH MACCHBHOH 3Be3Jbl, pacCUUTaHbI

CKOPOCTH 3axBaTa 3JICKTPOHOB 3THM sIIPOM.

PACS:26.50.+x, 23.40.-s, 21.60.Jz, 24.10.Pa

1. BBEAEHUE

Peakuuu, o6ycsioB/eHHble cjaabblM B3auMOJEH-
CTBHEM, WrpaioT OO0JIblIYI0 POJb BO MHOTHX acT-
podusuueckux mnpoteccax [1]. 3HaTh HUX CKOpOCTH
HeoOXOUMO /11 MOJICJIMPOBAHHUS MTPOLLECCOB 3BE3/1-
HOH 3BOJIIOLIMM, HYKJEOCHHTe3a W T.N. Hauunasi co
3HaMeHUTOH paboThl Bete [2] o6ulenpudHanHbiM cTa-
JIO YyTBEpzKJeHHe, UTO 3aXBaT 3JIEKTPOHOB aTOMHBIMU
sanpamMi fp-o60JI0UKH SIBJSIETCS OJJHUM U3 HauboJiee
BaXKHBIX TMPOLECCOB, OMPEAESIOIIMX X0/ KOJianca
MacCHBHOM 3Be3jibl. Uepes nesenToHu3aumio i pagme-
pbl BHYTPEHHETO §1/jpa CKOPOCTb 3aXBaTa JEeKTPOHOB
CYLIEeCTBEHHO BJIMSIET HA IMHAMHUKY KoJiiarca. Kpome
TOT0, 3aXBaT 3JIEKTPOHOB SIBJISIETCS] OCHOBHBIM HCTOU-
HUKOM HEHTPUHO, KOTOPbIE NepeHOCsT 6OMbLIYIO YacTh
9HEPruu, BbIIEJSIOLEHCS TPH KoJllarce.

[Ipobnemy 3axBata 3JIEKTPOHOB siApaMu fp-
000JI0YKH MTPH BLICOKHMX TeMIIepAaTypax H MJIOTHOCTSIX,
Korja siipa sIBJSIIOTCS MOJHOCTbIO MOHM30BAHHBIMH,
paccMmaTpuBaJjid MHOTHe aBTOPbI (CM., Harpumep, [3—
9]). Onnum u3 Haubojiee HHTEPECHBIX M BaKHBIX
BOTPOCOB, aHAJM3UPOBABLIUXCS B 3THX paboTax, OblI
BOMPOC O BJIMSHUM Ha CKOPOCTb 3axBara TeMmIle-
paTypbl, T.e. TEMJIOBOTO 3acesieHHsi BO30YKIEHHBIX
coctosinuil siiep. Bbuio nokasano, 4to TenJsioBoe 3a-
ceJsieHHe CMOCOOHO CyLIECTBEHHO YBEJIHUHTb CKOPOCTD
3axBaTa, paBHO KaK M CKOPOCTb 06paTHOH peaklnu —

B~ -pacnaja.
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B nacrosiuiee Bpemsi HanGoJiee MOJIHbIE PaCUEThI
CKOPOCTH 3axBaTa 3JIEKTPOHOB HArpeTbIMH SAPaMH
fp-060/10UKKM BBIMOJHEHB B paMKax Mojead 060-
JIOUEK C HCIMOJb30BAHHEM PEAJUCTHUECKOTO HYKJOH-
HYKJIOHHOTO B3aUMOJeHCTBUS (CM. [9] ¥ cChIIKM B 3THX
pa6orax). Takue pacuerbl TpeOYIOT JMaroHaju3aluu
matpul, pasmepoM ~107 x 10°, uro Haxomutcs Ha
npejesie BIUUCIUTEIbHBIX BO3MOKHOCTEH COBpPEMEH-
HbIX KOMMbIoTepoB. [To3TOMY MoKa ykazaHHble Ucciie-
JIOBAHUST OrpaHUYEeHbl S/IpaMH C aTOMHbIM BecoM A =
= 45—65. Kpome Toro, B MpoOBeIEHHBbIX pacyeTax
YUMTBIBAJUCh TOJILKO paspellieHHble (hepMUeBCKHE U
raMoB-TeJIJIEPOBCKHUE Tepexoibl (U151 yKa3aHHbIX MaC-
COBBIX UHMCEJ 9TO OrpaHHUeHHe ONPABAAHO ).

B npouecce KoJ1arnca 3Be3jibl OTHOCHTEJIbHAs pac-
npocTpaHeHHOCTb sifiep (A, Z) B ee BellleCTBe MeHsIeT-
Csl, TaK Kak COOTBETCTBYIOLIAsh PYHKIMS pacripesesie-
HUS1 3aBUCHUT OT TeMIepaTypbl U MJOTHOCTH 3BE€3/IHOTO
BeulectBa. B pabore [10] 6bl10 mMokazaHo, uTo mpu
temneparype 17" > 0.5 MsB cpesnHee 3HaueHue OTHO-
ieHust Z/A COOTBETCTBYET HEHTPOHHO-H3OBITOUHBIM
M30TOMaM repMaHusl C MOJHOCTbIO 3aHATOH HEHTPOH-
HOil nono6osoukoit 1f5/5. Xorst npu T'= 0 3saxsar
3JIEKTPOHOB 3TUMH SIJIpAMH 32 CUET pa3pelleHHbIX p —
— N-TIePEX0JI0B U 3aTPYJIHEH, HO, KaK GblJIO OTMEUEHO
etile B paborax [11, 12], onHOBpeMeHHbIH yueT TeM-
nepaTypHbIX 3(QQPEeKTOB M 3arpelieHHbIX MePexooB
Croco6eH 3HAUUTE/IbHO YBEJMUUTL €r0 CKOPOCTD.

JInsi  W3yueHWsi pacrnpeyiesieHdsi CHJIbl  TaMOB-
TEJIJIEPOBCKUX MEPEXOJIOB B HATPETHIX SiIpax U pacuera
CKOPOCTeH 3JIEKTPOHHOTO 3axBaTa W (3~ -pacrajna B
pa6otax [13, 14] Ob1 npenyioxeH MOJAXOJ, OCHO-
BaHHBI Ha (opMajii3aMe TepMOMNOJIeBOH JUHAMUKH
(TI1J1) [15]. Ha npumepe sinep °4*6Fe 6bi1o noka-
3aHO, UTO JIJIsi CKOPOCTEH 3aXBaTta 3JIeKTPOHOB MOJXO0]
M03BOJISIET MOJYYUTh YIOBJIETBOPUTEJNbHOE COriache
C pesyJbTaTaMH pacueToB MO 060JOUEUHONH MOJIEJH.
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B Hacrosiiefi paGore Mbl HCMOJIb3YeM YKa3aHHBIN
NOAXO/ JUIsl U3YUeHHsl 3allpelleHHbIX [epPexol0B U
BJIMSTHUSA TEMIIEPATyPbl Ha CKOPOCTb 3aXBaTa 3JIeKTPO-
HOB HEHTPOHHO-U3OBITOUHBIMH siipamMu Ge.

2. POPMAJIMI3M
2.1. OcHOBHbIE 0JIOXKEHHS TEPMOIOJEBOH JHHAMHKH

B cranpapTHoil cTaTHCTUUECKOH MeXaHHKE COCTO-
sIHUE HAarpeTol KBAaHTOBOW CUCTEMbI OMTUCHIBAETCS TPH
MOMOLLM OIepaTopa MaTPHLbl [JIOTHOCTH p, YAOBJE-
TBOPSIIOLLLETO YpaBHeHHIO JINYBHILIS

0

5 = 7] (1)
3necb H — 3T0 raMUJIBTOHHAH CHCTEMbI, COOCTBEHHbIE
¢yukiuu (CP) kotoporo Mbl OyjieM 0603Hauath |n), a
COOTBETCTBYIOLIME COOCTBEHHbIE 3HAUeHust — F, (Xu-
MHUUECKHH MoTeHUMas BKAoueH B H ). 3Hasi MaTpHiLy
MJIOTHOCTH, MOYKHO HAHTH TENJOBOE CpejHee ornepa-
Topa A:

?

((4)) = Tr[pA]/Trlp] = (2)
=Z1(T)> e Pn/T(n|Aln),

n

rae T — TemnepaTypa B 3HEpreTHUeCKHX eIHHMLAX,
a Z(T)— crartuctuyeckasi cymma. OcHoOBHasi ujesi
TI1A — noctpouts Takoe cocrosinue |0(7")), Ha3biBa-
€Moe€ TEIJIOBBIM BaKyyMOM, UTOOBI TEMJIOBOE Cpe/iHee
orepartopa A COBMNaJO CO CPeIHMM 3HaueHHeM A
OTHOCHTEJILHO 9TOr0 COCTOSIHUS, T.€.

{{4)) = (0(T)[AJ0(T))- (3)

B stom cmbiciie [0(T")) onucbIBaeT COCTOSIHHE TEPMO-
JIMHAMHUYECKOr0 PAaBHOBECHSsI CUCTEMbI WM “OCHOBHOE
COCTOSIHME” HArpeTol CHCTEMBI.

TennoBoii BakyyMm |0(7")) He MOKeT GBITb TOCTPOEH
B TMJILOEPTOBOM MPOCTPAHCTBE COCTOSIHHK paccMaTt-
puBaemoil cucrembl [15]. OaHako 3To0 oKasbiBaercs
BO3MOXKHBIM B T'MJIbOEPTOBOM MPOCTPAHCTBE, “yABO-
eHHOM” TyTeM J00aBJeHUs] K UCXOJHOW ero 4acTu
HOBO# — OpPTOTOHAJBLHON (MJIH JlyaJibHOHM) K HMCXOM-
Hoil. 1151 Toro uToGbl CKOHCTPYHPOBATh 3Ty BTOPYIO
MOJIOBHHY “y/IBOEHHOI0” MPOCTPAHCTBA, PACCMOTPHM
(PUKTHUBHYIO KBAHTOBYIO CHCTEMY, MMOJHOCTbIO aHaJ0-
THUHYIO MCXOAHOW. [aMWJIbTOHMAH 3TOH (PUKTHBHOU
cucteMbl U ero C® ormeTuM 3HAUKOM “‘THJbaa”,

1.e. Hln) = E,|n). Torna tTensoBoii BakyyMm siBjisieTcst
BEKTOPOM B YJIBOEHHOM I'HJIbOEPTOBOM MPOCTPAHCTBE:

0(T) = Z7T) 3 e ) @ 7). (4)
B yaBoeHHOM TI'nibOEpTOBOM TMPOCTPAHCTBE Jeki-

CTBYIOT JIBa THIa OMNEpPaTopoB: (hU3HUUECKHe, IeH-
CTBYIOLIME B TMPOCTPAHCTBE OOBIYHBIX COCTOSIHHH,

JUKHUOEB u np.

U HX TUJIbJa-00pasbl, JEHCTBYIOUIME Ha THJbIA-
coctosinusl. B3auMHO-0JHO3HAUHOE COOTBETCTBHE
MeXJy JByMsi HaGopaMu OlepaTopoB 3ajaeTcs
Npyv TIOMOLIM OrepalMu THibjaa. [IpaBusia Tu/bna-
orepatu npuBeaeHbl B [15]. OpHako, B OTJHUHE OT
opuruHaJjbHoro Bapuanta TITIL [15], Mbl HcTiONB3YeEM
NpPaBUJIO IBYKPATHOTO MPUMEHEHHS ONepallii THIIbAA,
npemioxennoe B [16]. O6ocHoBaHue 3TOro BhIGOPA
nauno B pabote [17].

B yaBoeHHOM TH/ILOEPTOBOM MPOCTPAHCTBE 3BO-
JIIOLMS HArpeTol CHUCTeMbl BO BPEMEHH OIMHUChIBAETCS
caenyioum ypasHenuem Hlpenunrepa:

.0
i 10t T)) =HY(T)), (5)

rie ‘H = H — H —TaKk Ha3bIBaeMbIH TEIJIOBOH Tra-
MUJIbTOHHAH cucTeMbl. Takum o6pasom, B TILJL one-
paToOpoOM TPAHCJISILMK HArPETOH CUCTEMbI 110 OCH Bpe-
MEHH SIBJISIETCS] HE HCXOJHBIM TaMuJbTOHHMAH H, a
TEMJIOBOH raMUJbTOHHAH H, COOCTBEHHble 3HAUYEHUSI
KOTOPOTO OTPEJIe/ISIIOT SHEPruH BO30OYXKIAEHHBIX CO-
crostuuil npu T' # 0. TensioBo#t Bakyym (4) siBssiercs
C® TenioBoro raMuJIbTOHMAHA C HYJIEBLIM COOCTBEH-
HBIM 3HaUEHHEM.

B o61iem cayuae sHepruu Bo3OyKIAE€HHBIX COCTOSI-
HUH 3aBUCAT OT Temrepatypbl. ¥ Kaxaon CP renso-
BOIO raMUJILTOHHAHA C [OJI0KUTEbHON SHEPTHEN eCTh
THibaa-naptHep — CP ¢ oTpuiaTesbHOI sHepruei. B
TI1I nepexombl ¢ TENJOBOroO BaKyyMa Ha COCTOSIHUSI C
MOJIOYKUTEJIbHOU SHEPTHEN COOTBETCTBYIOT BO30OYK/e-
HUIO HATPETOH CHUCTEMbI, a MepPeXojibl Ha COCTOSIHUS C
OTpULIATE/LHON Hepruel — ee 1eB030YKIEHHUIO.

OueBKaHO, UTO B GOJILILIMHCTBE CJIydaeB Mbl HE MO-
»KeM HAUTH TOUYHbBIH CIIEKTP TEMJIOBOr0 raMUJIbTOHHAHA
U MOCTPOUTH TOUHBIH TensoBod BakyyM (4). [Tosto-
My IJIsl MaroHajJu3alyy TEMJaoBOro raMuJbTOHHAHA
MPUXOJUTCS MPUMEHSATb pasJivuHble MPUOJIHKEHHbIE
meroabl. Cretnduka TITIL nos3BossieT ucnosL30BaTh
Te K€ METO/Ibl, UTO U NP HyJIeBOH Temmnepatype. B pe-
3yJibTaTe MOXKHO MOCTPOUTD TEMJIOBOH BaKyyM B MpH-
omkennn Xaprpu—Poka—borosmo6osa, uau tenso-
BOH BakyyM B TpUOJIMXKEHHU cJydadHoil dasbl [18].
Ecau B peaysbrate npubanKeHHOH TUaroHaausaluu
TEMJIOBOTO raMUJIBTOHHAHA BO3HUKAIOT HECKOJIbKO pe-
LIEHUH, cJiefyer BblIOpaTh TO, KOTOpoe obecrneunBaeT
MHHHMYM T€PMOJIMHAMHYECKOTO MOTEHIIHAJa.

2.2. 3aps10Bo-00MeHHbIe BO3OYXACHHS
B HATPETDIX SAPAX

Nanoxennsit Boitte popmanuam TITIL nenosb3o-
BaH HaMM JUIsl U3yUeHMsl BJIMSIHUSI TeMIlepaTypbl Ha
CKOPOCTH cJ1abbIX 3apsloBO-0OMEHHBIX MPOLIECCOB B
HarpeTbIX sApax.

B kauectBe MOAEJbHOI0 raMHUJIbTOHHaHa spa Mbl
BbI6paJII/I raMHJIbTOHHAH KBaSH‘—IaCTH‘—IHO—CpOHOHHOﬁ
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3APSAJOBO-OBMEHHDIE INTEPEXO/IbI

monesn (KOM) [19], cocTositumii u3 heHOMeHOOTH-
YECKOro CpejHero mnoJsi,

Hy=3 3"
T Jm

cnapuBaresibHoro B3aumojeicTBus B hopme BKIII ¢
KoHcTaHTaMu G, G,

ZG Z lml lmla

Jima
J2ms2

(agm = (=1)"""aj—m),
1 cenapabesibHOro OCTaTOYHOrO B3aUMOACHCTBUS Hipt
B KaHaJle yacTHLa—/1blpKa.

[Tockosbky B Hacrtosileli paGoTe Mbl OrpaHu-
uuMcs npubkeHreM cayudaidHol ¢asbl (ITCD), To
HaM JOCTaTOYHO y4yecTb Ty 4acTb B3aUMOJEHUCTBHUS
yacTULlA—/IbIPKa, KOTopasi oTBeuaeT 3a (popMHUPOBa-
HUe 3apsiloBO-00MeHHbIX Bo30OyxkaeHuil [19—21],

.I.
— )\T)ajmajm, (6)

palr - ]2m2aj2m2 (7)

HUMEHHO
Hip = 22 Hl M)xu - (8)
-2 Z /<c1 SLAMSL)\H’
LAp
3 N,
J1€Ch K/l H K/l KOHCTAHTDI I/ISOBGKTOpHOFO

MYJIbTHTIOJIBHOTO W CIIHH-MYJIbTHIIOJNBLHOTO B3aUMO-
: 5 f T
JICHCTBHH, a onepaTopsbl MM u SLM

CJIeYIOLHUM 00pa3oM:

M, =N Gpmp it Yau0.0) x(9)
JpMp

jnmn

orpesiesieHbl

x t(= |jnmn> ;rpmpa]nmn

> Gpmyplitr YL (0, ¢)o]) x
Jpmyp

jnmn

SLA/L

i t
Xt |]nmn>ajpmpajnmna

[YL(9,¢)J]2 = > LM\ Y101 (0, 6)om.
Mm

CTpyKTypy 3apsiIoBO-00OMEHHbIX BO3OYXKIEHUH 3/1eK-
TPUUECKOTO THMA OMNpPENeNsiioT MYJbTHIIONbHAS U
CMUH-MyJbTUNONBbHASE ¢ L = A KOMNOHeHThl Hjyy,
a CTPYKTYpy 3apsiioBO-OOMEHHbIX BO3OYKIAEHHUH
MarHWTHOTO ~ THIA — CIIUH-MYJBTUIOJbHBIE  KOMITO-
HeHTbl ¢ L=A—1 u L=X+1. 3xece u najnee

(a;,,)— oneparopbl pOKIeHUs (YHHUTOMKEHHS)
HYKJIOH2 B OJTHOUYACTHYHOM COCTOSIHHHM C KBAHTOBBIMU
uucsiaMu nljm = jm u sueprueit E;. Mungeke 7 =
= n, p — U30TOINMYECKUH, OH YKA3bIBAET, K HEUTPOHAM
WJIM TIPOTOHAM OTHOCHTCS TA WJIM MHASl BeJIMUMHA, TOT
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HJIH HHOM rapameTp: 0603HaueHne » ' MojipasymMeBaer
CYMMHPOBAHHE TOJILKO MO TPOTOHHBIM (T = p) WK
TOJILKO 10 HEUTPOHHBLIM (7 = M) COCTOSIHUSIM; Ar
HEHTPOHHBIA HJIH NIPOTOHHBIA XUMHUUECKHUH MTOTEHLIHAJ
B sjpe (yposenb ®epmu). Onepatop () nepesogut
HEUTPOH B IPOTOH.

TenioBoit ramusisTOHHAH H, COOTBETCTBYIOLLMH
NpUBEIEHHOMY Bbillle raMmujbToHHany KPM, umeer
BUJL

H:H_ﬁ:Hsp‘i’Hpair‘i’Hint- (10)

Juaronanusauust H HauMHAETCS ¢ onpeeseHust 6a3u-
ca TeMNJIOBbIX KBA3UYACTHL, KOTOPBIH JHArOHAJIU3YeT
BKII-uacts Hsp + Hpair TENIOBOrO raMU/JILTOHHAHA
(cm. Takxke [22, 23]). Jlns 3Toro cielyer BbIMOJHUTD
JIBa KaHoHMYecKHUX mnpeobpazoBanusi. [lepBoe — 310
cTanjaapTHoe npeobpazonanue borosio6oBa K onepa-

T .
TOpaM KBa3HUACTHLL QL OLj,-
L
Qi = Uil — V57, (11)
— it — vial 24 2 =
Xy = UjQG,, — Viagm  (uf +vj =1).

Takoe »xe npeo6paszoBaHHe W C TEMH K€ CAMbIMH
KO3 pUIMEHTAMH JI0/KHO ObITh BBIMOJHEHO M C HX

TUJIbJIa-TIapTHEPAMH a}m, ajm.

Bropoe npeo6pazoBanue, Tak HasblBaeMoe Terl-
JIOBOE BpallleHHe WJIM TemjoBoe Mpeobpa3zoBaHue
borosio6oBa, cMmeluBalollee oOblYyHble MU THJbJA-
KBAa3WUaCTHLIbl, BBOJUT B PACCMOTPEHHE TEMIIEPATYPY:
— 1Y O, (12)

(25 +y5 =1).

6Tm = zjal,
/B;r = x]

OrmerumM, 4TO npeo6paSOBaHHe (12) otsimuaercst ot
npuMeHsiBlIerocs paHee (cm., Hanpumep, [15, 18, 22,
23]) MHOXKHTEJIEM 4, UTO CBSI3aHO C MHBIM OIpese-
JIEHUEeM MpaBuJia JIByKpaTHOTO NPUMEHEHHsT oTiepalluu
TUIbJAa (KaK y:Ke OTMEeUasJoChb BbILE, Mbl CJEIyeM
pa6ote [16], cm. Takxe [17]).

Boipasus oneparop Hsp + Hpair U€pe3 oneparopbl
POXKJIEHHS! U YHUUTOXKEHHs! TEIJIOBbIX KBA3HUaCTHLL U
notpe6oBaB, UTOObl OJHOUACTHUHAS UACTb MOJYyUeH-
HOTO BbIpaxKeHUs UMeJ1a IHaroHa/IbHbIA BH/L, T10JYUHM
BbIpaxkeHue Jyisi KO3 HULMEHTOB MpeoOpasoBaHusl
boromo6osa uj, v;:

m T zy]a]m

1/2

; 1 B, — )\
<“J>:— 1+ LT (13)
vi) V2 VI(E; = A-)? + A2
Beauuunel A 1 A, — 3T0 XUMHUECKHH MOTEHLIMA U

CBepXTeKyuasi SHepreTuyeckasi 1ie/b, KOTOpble 3aBU-
CAT OT KO3((MUIUEHTOB TEMJIOBOTO NTPe0OPA30BaAHHUS:

S SR

J

AT = yj)“]”jv (14)
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T .
N, = Z (27 + 1)(1)]23:? + u?yjz),
J
N, — 4KCJI0 TPOTOHOB HJIH HEATPOHOB B siIPeE.

Kosdduunentsr xj, y; onpeiensiores U3 ycaoBus
o6pallleHHsl B HyJIb BAPHALMHU CPEJIHEro 3HaUeHHsI orle-
patopa TepMOJIHHAMHUECKOTrO NOTEHLIKaIa [0 BAKyyMy
TenoBbIX KBasuuactul |0(T); gp):

5<O(T)§qp‘(Hsp +Hpair) - (15)

— TK;(0(T): qp) = 0,

rue

ZZ {a]m ]mlny] —I—aJma;mln:U?}
(16)

— orneparop HTPONHUM /ISl CHCTEMbl HEB3aUMOJEH-
CTBYIOLIMX 60ro/l000BCKUX KBA3UUACTHULL.

[Tocie BapbrpoBaHust oJydyaem
Lj [ i\1~/?
1+ exp (q: )} ,
<yj> T
= \/ 24+ A2

Bakyym [0(T); qp> ¢ Ko3(HLMEHTaMK T4, Y4, ONpe-
JiesieHHbIMU B (17), U sIBJISIETCST TETJIOBBIM BAKYYMOM B
npu6ankenun BKIII.

(17)

Besnnunna y? €CTb He UTO UHOE, KaK (yHKLHs pac-
npenenenuss Pepmu—Jlnpaka, onpeznessioniasi YucJso
KBazuyacTul borosmo6osa ¢ suepruei €; B TEMJI0BOM
Bakyyme BKII:

o(r )qplajm iml0(T); qp) =

= [rrew (2)] 7

Ypasuenus (13), (14) u (17) o6pasyior cuctemy
ypaBHEHHH CBEPXTEKYyUeCTH MPH HEHYJIEBOH Temriepa-
Type [24, 25]. Kak u3BecTHO, B TEMJOBOM MpPHOJIH-
»kenun BKII napubie Koppensityu ocnabeBalor ¢ po-
CTOM TEMIepaTypbl, U y2Ke MPH OTHOCUTENbHO HeOOJb-
o kputnueckoi temnepatype (Ter =~ A (T = 0)/2)
IHepreTHuecKast 1iesb o6paulaeTcs B HyJb.

[Tocsie pmaronasusauuu OAHOYACTHUHASI YaCTb

CMapUBaTEJbHOTO TEMJIOBOTO FAMUJIBTOHMAHA TPUHH-
MaeT BU/JL

T Jm

M OIUCbIBAeT CUCTEMY HEB3aMMOJAEHCTBYIOLIMX Ter-
JIOBBIX KBa3MuacTHl. Tak Kak TenjaoBOH BakKy-
yM |0(T'); gp) COLEPKUT HEKOTOPOE KOJMUECTBO KBA-
3uvactuil borono6oBa, To BO30yKIeHHbIE COCTOSHUS
MOXKHO TIOJIyUHTb Kak MyTeM ja00aBJIeHHUs, TaK H

(18)

) (19)

JUKHUOEB u np.

MyTeM YHUUTOXKEHHUS1 OOrosilo00BCKOM KBA3HYACTHLIbI.
CooTHOLIEHHS

ol |0(T); qp) = 281,,10(T); gp),
0l O(T); qp) = —iy; A1 |0(T); qp)

CBSI3BIBAIOT TEPBBLIA MPOLECC C POXKIEHHEM TerMJo-
BOM KBa3HUaCTHUBI C MOJIOXKUTEJNbHOH 3HEprueH, a
BTOPOH NPOLECC — C POKIACHUEM TEIJOBOH TUJbAA-
KBA3WYACTHLbI C OTPULIATEJILHOKN SHEPTUe.

Bropoii stan jamaroHajqM3auMd TEMJIOBOTO ra-
muabroHuana (10) yuuTbiBaeT BJMSIHME MPOTOH-
HEUTPOHHOIO YaCTHUHO-/bIPOUHOTO B3aUMOICHCTBUS,
KOTOpOe TpH HEeHyJeBOH TemIiepaType B paMKax
MCIoJIb3yeMoro (hopmasii3ma MposiB/sieTcsl Kak B3a-
UMOJIEHCTBHE TEMJIOBbIX KBaguuacTull. C 3TOH LeJblo
TeMJIOBOW onepaTop B3auMoneUcTBUS Hiny = Hipt —

(20)

int, Te Hiny onpeneneH B (8), n0/KeH ObITh
BbIPayKEH Uepe3 orepaTopbl TEMJIOBLIX KBA3HUACTHIL.

3arem BBOJUTCS ONEPATOpP 3apsiloBO-0OMEHHOTO
TenJoBoro hoHOHA

Ql = (21)

- Z <¢prn 0 Tn]

Jpin

i, 181 BN + i, (BLA1 1) +
(¢Jp]n [53,, ﬁfn] ¢.7p]n [ﬁjp ﬂjnm +
+ 00, Bl 160,18, 8510

1 HOBBIH TEMJIOBOH BAKyyM OMpPEJIeNsieTcsi KaK BaKyyM
TernyioBbIX poHoHOB |0(T); ph):

QauilO(T); phY = 0, Qxul0(T); ph) = 0. (22)

Hanee no aHajoruu ¢ OObIYHBIM KBAa3HYaCTHUHBIM
[ICO npu T =0 npeanosaraiT, 4To OlepaTo-
pbl POXKJEHUS] M YHHUTOXKEHHSI TEIJOBbIX (OHO-
HOB Y/IOBJIETBOPSIIOT OO30HHBIM KOMMYTaLHOHHBIM
cootHomenuam?). M3 storo TpeGoBaHMS CJCIYIOT
ycnosym OpTOHOpMI/lpOBKl/I JU1s1 (POHOHHBIX AMIIMTY]L

+ i [BLAL +

%ph ¢]p]n v ap. B uacTHocTH, M3 COOTHOLIEHHUS
[Q)\ma Q)\/ 1 /] = 5»\'5##/ i/ CJCIAYCT
i
Z{wh]nwhh w]pjnwjp]n Jp]nnjpjn + (23)
Jpin
i A
+ n]lj]nnjzf]n ¢Jp]n ¢Jp]n ¢]p]n ¢]p]n
X gXi FN AN

JpJn Sipin Jpin jpjn} = Oiif-

CTpyKTypy W 9Hepruu TensoBbiX (POHOHOB ornpe-
JeJIAIOT € MOMOLLbI0 BAPHALMOHHOTO MPUHLMIA, T.e.

Y3710 noapasymesaeT Mas0CTh UMCAA TEMJIOBBIX KBA3HUACTHIL B
HoBoM Bakyyme |0(T"); ph).
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3APSAJOBO-OBMEHHDIE INTEPEXO/IbI

13 YCJIOBUSI MUHUMYMa CpeJIHEro 3HaueHHUsi TerJIOBOTrO
raMHUJIBTOHHAHA 10 OJHO(POHOHHOMY COCTOSIHHIO TMPH
ycJioBuu (23):

5{{0(T); PRl Q. HQ,4l0(T); ph) —

_ %K ( ); thQ/\va,\WHO(T);ph) — 1]} —0.

(24)

X - X
K
xGP xG) -
Alw) = "1
+) )
Xab ab
X6 X&)

st 3apsinoBo-0OMeHHbIX BO30YXKIEHUH 3JEKTPH-
Uyeckoro THna a=A, b=A\ a mui9 3apsiaoBo-
0OMEHHBIX BO30OYXKJIE€HUH MarHUTHOTO THNA @ =
=A—DAub=(A+ 1)\ Oynkuun X(Slc), XS]F)
(c=a,bud=a,b)B(25) UMelOT CJeNYyIOLINH BUJL
&) (u(i) )2

(£) E Jp]n Jpin
XCd f]p]n Jp]n ( (+) )2 2
Jpdn E]pJn w
1 2 2 Eg;J)n (UJ(EEJ)n)Q 2 2
x (11— Y5, — yjn) - (5(,) 12— o2 (yjp - yjn) )
Jpdn
), &)
X(i$ _ Z ujpjnujpjn
Jp]n Jp]n ( (+) ) _ w2
Jpin Jp]n
£ )
a2 a2 IpIn_JpIn 2,2
X (1 yjp y]n) ( (,) )2 9 (y]p yjn) )
Eipin
(LX)
rae fg,,gn f]p] — NpUBEJIEHHbIE MaTpPUUHbIE 3Je-
MEHTbl U3 MYJIbTHUIIOJIbHOTO U CIHH-MYJbTHIOJLHOTO
OJTHOUACTHUHBIX oriepaTopoB (9); WL =y v +
A parop v Ui = UipUln
N € A O
+ v, uj,, Vg i = Wy U, + v;,0j,; €jpin » £ €

=+v2\+ 1. Takoe ke cekyssipHOe YypaBHEHHE
NOJIyUUTCS], €CJIM MUHUMH3HPOBaTh CpellHee 3Haue-
HHE TEeMJIOBOTO raMUJIbTOHHAHA MO OAHO(OHOHHOMY
2l .
TH/bAa-cocTosiHuio Q) ;|0(T'); ph).
CrouT ykazaTb HEKOTOpPble 0COOEHHOCTH ypaBHe-
(=)

Hust (25). Tak, nosocsl €;,jn> OTCYTCTBYIOLIHE B aHa-

JoruuHom ypasHeHuu [IC® npu HyseBoil Temnepa-
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Muoxutesb ﬂarpamka Wy; HUMEET CMbICJ 2HEPruu
TEIJIOBOI'O CbOHOHa. HonyquHaﬂ [ocJie BapbupoBa-
HUA 110 (bOHOHHbIM AMIVIUTYlaM CHUCTEMA JIMHEHHBIX

YpaBHEHUH HMEET HeTPUBHAJILHOE PElIeHUE, eCIH W)y;
SIBJISIETCS] PELIEHHEM CJIe/lYIOLLEero CeKyJIsipHOro ypaB-
HeHHUSI:

+ +-
Xgh o Xy
_+ —
Xu 0 Xy
—0. (25)
(+) (+-)
e T
+ —
Xo Xy -
k1

Type, 00yCJIOBJIEHBI TPUCYTCTBUEM B CTPYKTYpeE Terl-

noBoro donona (21) komnonent 3147, B pesyavrate
B HU3KOHEPreTHUECKOH YacTH CHeKTpa 3apsiioBO-
oOMeHHbIX BO30OyxxaeHuid npu T # 0 nossjsoTCs
HOBble cocTosiHusl. [lanee, onsiTb-Taku B OTJIMUME OT
cayuas 1" = 0, IpH HEHYJIEBOH TeMIepaType peLIeHHUs
ypaBHeHus (25) C oTpULATENLHON 3HEpruel npuob-
peratoT gusndeckuii cmbica. OHU OTBeUaloT BO36YXK-
JICHHIO THJIbJa-()OHOHOB QT\W.\O(T);pr M CBSI3aHbl C
BKJIIOUEHHEM B CTPYKTYPY TerJoBoro (oHoHa cJjara-
embix 3731, Bbile yKe 0TMEUanoCh, 4TO PoKIeHHE
TENJOBOH THJ/bJAa-KBAa3HUACTULbI O3HAYaeT YyHUUTO-
»KeHHe B TeIJIOBOM BakyyMme KBasuuacTuilbl BoroJio-
6oBa. [Tostomy BO30OyXKjieHHE HH3KOIHEPreTHUECKHX
(hoHOHOB U (DOHOHOB C OTPHLIATEIBHOH SHEpruel co-
OTBETCTBYET 3apsil0BO-0OMEHHBIM T1€PeX0iaM U3 BO3-
OyKIEHHBIX COCTOSIHUH si/pa.

Jlois aMIIMTY L pas/iMuHbIX KOMIIOHEHT TerJI0BOro
(hoHOHA CTIpaBe/IUBbI CJIEyIOLINE BbIPAXKEHHUSI:

<w>” M
¢ Jpin 5(»+-) T+ Wi

X {ﬁg@f;; (i) Ay £ul) A +

(26)

b
—|—I€g )fjpj ( g::;) Ais :I:u( )nA14)} X

X (25,25, Xxi = Yjp¥Yin Y2i)
~ i
<f€> M
- +
¢ Jpin €§PJ)n + Whi
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{019 (), Ay 7 ), ) +

Jp]
b +
10 (W) A T ul) A) }

X (yjpyanM - ﬂiijCan)\i),

("7) o _ N %
& duin €5 ) Fun

X {ng@f;g;n( J(pj) A 051 Apg) +
(b)fj Jn ( Yipin ) Ais ivH)nAM)} .

X (Zlfjpyan)\i - yjpxanAi)’

(i) Y M »
& ivin &) Hwy

JIpJn
a) (=) (+)
x {”1 fjpjn( Jp]nA F Vjpin Au)

10 (05, Avs 5 o) A) | x

J Jp]
X (4,250 Xni — T, Y5 Vi)
rae Aji — anre6panueckoe JI0MONHEHHE ONpPeeHTe-
ast A(wy;), muoxkutesib N)y; onpejiesisieTcst U3 yeJo-

BUSI HODMUPOBKH (23), a Heu3BecTHble KO3 dHUIIHEH-
Tbl X);, Y); CBSI3aHbl COOTHOILIEHHEM X/Q\Z. — Yfi =

Takum o6pasom, anaronHanusauust H OAHO3HAUHO
onpeje/sieT TOJbKO SHEPruio TerJoBblX (DOHOHOB, B
TO BpeMs KaK HX CTPYKTypa OKa3blBaeTCsl U3BECTHOMH
JIMLLb C TOYHOCTBIO /10 YHHTAPHOTIO 1peoO6pa3oBaHHust

Q)\m' - X)\iQL“‘ - YM@)\WW (27)
Q)\m' - XMQ)\W Y)\iQ)\m'-

[IpuunHa Tako# HeorpeaeseHHOCTH CBsi3aHa C WHBa-
PHAHTHOCTBIO TEMJOBOTO raMUJILTOHHAHA

H = Z W Q)\/MQ)\W Q)\/u@)\ui)

At

(28)

OTHOCHTEJIbHO NpeoGpasoBanus (27).

HeonHo3nauHoCTb ompenesieHUst CTPYKTYpPbl Terl-
JIOBbIX (POHOHOB O3HAYaeT, UTO M COOTBETCTBYIOLIHI
TEMJIOBOH BaKyyM He ornpejesieH 0JHO3HauHO. UToObl
YCTPAHUTb 3Ty HEOMHO3HAUHOCTb, CJIEJyeT MpPUBJIEUb
JIOTIOJIHUTE/IbHBIE yesoBus. Hanpumep, MoxKHO oTpe-
60BaTh, UTOObI HA “UCTMHHOM” TEMJOBOM (POHOHHOM
BaKyyMe JI0CTHTajloCh MUHUMAaJIbHOE 3HaUeHHEe TEPMO-
JIMHAMHYECKOTO TOTeHLMaNa CUCTEeMbl HeB3aUMOJIEeH -
cTByioKX GoHOHOB Q. [Tocennuit umeer Bra

Qg = (0(T) (29)

. T
aph‘ Z Wiy i Ui —

At
— TKph‘O(T);ph>.

JUKHUOEB u np.

Onepatopsl qi\ui’ {,,; BBEIACHDI JUIs 0603HaueHHus Ta-

KHX TeTJIOBbIX (DOHOHOB, y KOTOPbIX Xy; = 1, Yy; =0
(cm. (26)). Oneparop Ky, — onepaTop HTPONUK JJIst
cucTeMbl POHOHOB (TPaKTyeMbIX Kak 6030HbI [ 15]):

_ T 2 T 2
Kph = - Z{Q)\m‘fb\m' InYy; — DD In X)\i}'
i

(30)

Yenosue MuHumyma €, 1aet

Yyi= [exp (%) _ 1] —1/2,

X3 =1+Yy.

(31)

Takum 00pasoM, Ko UUHEHTb Yy: 0KasbiBalTCst
TENJIOBbIMH YHC/IaMU 3anoJHennsi bosze—diniuTelina
U ONpelesioT YUC/IO (OHOHOB @ry; B “MCTHHHOM”
TEIJIOBOM BaKyyMe:

(O(T); phlg) 13,4 O(T); ph) = Y.

Crieflyer OTMETHTb, UYTO H3-3a HCIOJIb3YyeMOTo
HaMH TIpUOJIMIKEHHsT B TPAaKTOBKE MapHBIX Koppe-
JAUMi J060e  0HO(QOHOHHOE COCTOsIHHE [Q),) =

AW‘O( )iph) i [Qypi) = ,\W\O( ); ph) oka-
3bIBAETCS CyMneprnos3uuyel Bo30yKAeHHbIX COCTOSHUN
cocenuux sigep (Z+1,N—1) u (Z—1,N+1).
Jlnwb npu  rtemneparypax 1 > 1. KOMIIOHEHTbI
0IHO(OHOHHBIX COCTOSIHUH, MPUHAIEKALLHME PA3HBIM
siipaM, pacUensioTes, i Bo30yKIeHHe MOXKHO OJIHO-
3HaYyHO CBsi3aTh JKubo ¢ siapom (Z + 1, N — 1), mubo ¢
sapom (Z — 1, N + 1).

BeposTHOCTb 3apsiioBO-00OMEHHOrO Iepexoja M3
TEINJIOBOr0 BaKyyma Ha TerJyioBoe 0JHO(OHOHHOE CO-
CTOSIHME €CThb KBajpaT TPHUBEIEHHOr0 MaTpPUUHOrO
3JIeMEHTa COOTBETCTBYIOLLEIO onepaTopa:

2 = [(0(T): phI| DE Q)|

= [0 ph 1D Q)|

v
3nech 3HaK “+” OTHOCHTCS K OIeparo — n-
p
nepexojioB, a 3HaK “—"—K oMnepatopy n — p-

nepexo/oB. BbipaxkeHus a/si aMninTys @(i) u @(i)
npuBesenbl B [Ipunoxennu. Tam e nokaszaHo, uTo
B HauleM Qopmasusame npasusna cymm Mkenbl s
(hepMHEBCKHUX M TaMOB-TEJJIEPOBCKUX TEPEXOJIOB
BBIMOJIHSAIOTCS] U B HAMPETOM $Ipe.

Jls1s1 sHepruu nepexoja U3 TEIJIOBOIO BaKyyma Ha
TenJ0Boe 0JJHOPOHOHHOE COCTOSIHUE UMEeM

(32)

;o (39)

EX) = wyy + (A + Amy), (34)
E® = —wyi £ (A + Amiy),

rae AXpp = A — A\p — Pa3HOCTb 3HaUYeHHI HEATPOH-
HOrO M TPOTOHHOTO XHUMHYECKHX MOTEHLHAJOB, a
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3APSAJOBO-OBMEHHDIE INTEPEXO/IbI

Amy, = my, —my = 1.29 MsB — pasnocte  macc
HeilTpoHa u npotoHa. CooTHouleHus (34 ) yuUThbIBAIOT,
YTO JI0 TMepexoja HYKJOH MPUHAAIEKUT MPOTOHHOM
(HeHTpPOHHOM ) MOJICHCTEME sijipa, a MocJie epexoa —
HeHTPOHHOH (MPOTOHHO ) TOJICHCTEME.

Paccunrap Besuunnbl (33) aJ1si BCeEX BO3MOXKHbBIX
TEMJIOBbIX OJHOMOHOHHBIX COCTOSIHHH, Mbl Haljem
pacrpee/eHusl CHIbl 3apsi10BO-00OMEHHBIX Mepexo-
JoB B HarpetoMm siipe. [Ipu HeHyJieBoil Temmepatype
YacTb CHJIbl MEPEXOJ0B HAXOAUTCS B OTPULATENbHON
00J1aCTH HEPrUil OTHOCUTEJIBLHO TEIJIOBOrO BAKyyMa.
baaronapa stomy sapa, S-crabuibhble npu 1 = 0,
CTaHOBATCS HecTabW/bHBIMU NpH 1" # 0, T.e. MOTYT
pacnajathcs MocpelcTBoM (BT -nepexoloB H3 BO3-
OyKIAEeHHbIX COCTOSHUE siipa. Kpome Toro, nepexon
Ha COCTOSIHUSA C OTPULLATEJILHON SHEPrued CTAaHOBUTCS
BO3MOXKEH M B pe3yJibTaTe 3axBara 3JEeKTPOHA WJIH
MO3UTPOHA.

2.3. CKopocTb 3aXBAaTa 3J1eKTPOHA

3Hasi pacrpeneseHde CHJIbl p — n-Mepexo10B
Pa3NMUHON MYJIBTHIOJNBHOCTH J, Mbl MOXKEM pac-
CuMTaTbh CKOpPOCTb 3axBara 3JieKTpoHOB. [Ipu sTOM
No/Ipa3yMeBaeTcsl, UTo aTOMHOE $pO HAXOIMUTCS B
COCTOSIHHM TEIJIOBOTO PaBHOBECHs, KOTOPOE OIH-
CbIBAeTCsl TeIJIOBbIM BaKyyMOM (B paccMmarpuBae-
MOM NPHUOJHKEHUH — BAKYyMOM TETJIOBBIX (POHO-
HoB |0(T);ph)). Cocrosinusi, oGpa3oBaBliHecs B
pesyJbTaTe 3axBaTa 3JEKTPOHOB, TPAaKTYIOTCS Kak
OIHO(OHOHHBIE  3apsiIOBO-OOMEHHbIE  COCTOSIHHSI.
[Ipu Takux [pearnoJoxKeHUsIX CKOpPOCTb 3axBara
3JIEKTPOHOB aTOMHBIM SIIPOM M3 OKPY2KaIOLLEro ero
3JIEKTPOHHOTO Ta3a JaeTcsi BbIpaxKeHHEM

In2

x ZZ DBy + LD Fe(Ey)].
(DasoBblﬁ uHterpan F(E) B (35) 3aBUCHT OT SHEPTHH
nepexoja E 1 XUMHUECKOro MOTEHLHANA fie STEKTPOH-
Horo rasa (cm., Hanpumep, [9]).

Onepatop D(()+1) paspelleHHbIX TTepexo/l0B BbIMVIs-

JIIT CJIEYIOLLUM 06p330M.
D = (gv + giho)t™h, (36)

T.. COCTOMT U3 (epmueBckoil (AJ™ = 01) u ramos-
TesiepoBekoit (AJ™ = 1) uacreil. Besmuunbl gy =
=1, g%, = 0.75g'\®¢ — BeKTOpHASA 1 IEPEHOPMUPOBAH-
Hast aKCHaJibHAsl KOHCTAHThI CBSI3H.

B HepesnATHBUCTCKOM NPUOJIMKEHHH OMEPaTOPb
TMepexoI0B MepBOro Mopsiaka 3anpera B sjape ¢ 3aps-
oM Z u papuycom R nmetot Bun[11, 12]

AJT=0", D= (Q + Y. r)t<+>,

m 2R
7)
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+)
QR(QAUXP gvr))t ,

D= z‘%[ar]iﬁpg + 2t

3nech o, r, p— oneparopbl CIUHA, KOOPAWHATHI U
UMITYJIbCA HYKJIOHA COOTBETCTBEHHO; 1M — Macca HyK-
JIOHA; v — MOCTOSIHHAS TOHKOH CTPYKTYpbl. Oneparop
YHUKaJbHOTO nepexosa ¢ AJ™ = 27 3aBUCHUT OT UM-
MyJbCa Pe 3aXBAUEHHOTO 3JEKTPOHA U MMIYJbCA G,
BbLIETEBILIErO HEHTPUHO.

AJ™ =27,

3. PESVYJIBTATBI PACUETOB

YucsieHHble pacueTbl BBITIOJNHEHbl Ha TpUMepe
anapa 89Ge, umerolero GobLIOH H3GLITOK HEHTPOHOB.
ITo Aapo “MArkoe”, T.e. €ro HU3KOJeXallue KBajl-
pyrnoJibHble BO3OYXKJIEHUSI CUJIbHO KOJIJIEKTHBU3UPO-
BaHbl. Mbl paccmatpupaem S0Ge Kak cdepuyecku-
cummeTpuuHoe siipo.  OMHOYACTHUHBIE BOJIHOBbIE
(YHKUMM W SHEPrUM pacCuuTaHbl B IOTeHLMAJe
Bynca—Cakcona ¢ napamerpamu YenypHoBa [26].
[Ipu stom rny6uHa mnoTeHUMana Mojao06paHa Tak,
uToObl BOCNPOM3BECTH 3HEPrUH  OTAGJEHHsT Eyp )
[IPOTOHA U HEUTPOHA.

Koncrantel cnapusaTesibHOro B3anMozeidctsus Gy,
1 Gy, onpeesisIieh M0 NapHbIM 3HEPrusiM, Hak1eH-
HbIM [10 9KCIEPUMEHTAJbHbIM 3HEPrusiM cBsAsu [27].
3HaueHUs NPOTOHHON M HEHTPOHHOH 3SHepreTHye-
ckUX wesiedt npu 1" = 0 MOJYyUHIIUCh CJIeYIOLMMH:
A, =139 MsB, A, =1.35 MsB. HMsosekTopHble

KOHCTAHTBI IQ()\) IQ(L)\) M -
1 1 YJAbTUITIOJIBHOTO W CITMH

MYJILTHIIOJIBHOTO  B3aUMOJCHCTBHI HAXOAUJIHUCh CO-
IJIaCHO CTaHAAPTHBIM (hopMyJaM Jiist cenapadesbHbIX
CHJl C pajua/bHOi 3aBUCHMOCTbIO 7 (CM., HArpH-
mep, [28, 29]).

PaccunranHble 0OJHOUYACTHUHbIE CXeMbl YpPOBHEH
JUISl TIPOTOHOB M HEUTPOHOB OJIM3KM K TeM, 4YTO
OblIM UCTOJIb30BaHbl B [12] nyisi pacueta cKopocTH
3JIGKTPOHHOIO 3axBata sapoM 52Ge. B npubJixennu
He3aBHCHMbIX YaCTHLL OCHOBHO€ COCTOsIHHE sijipa
80Ge cooTBeTCTBYET MOJHOCTLIO 3aHSATOM MPOTOHHO
n0/1060/10UKe 2p3 /5 ¥ BOCbMHU HEHTPOHAM Ha MO1000-
Jouke lgg/o. [Tostomy npu T'= 0 B 0tHOYACTHYHOM
NpUOJHKEHUH  pa3pellieHHble p — n-TMepexoibl U3
OCHOBHOTO COCTOsIHUA siipa S0Ge MOJNHOCTBIO 6J10-
KUpOBaHbl jericTBMeM mnpunuuna [laynu, u 3axsat
3JIEKTPOHA MOKET M/TH JIMLIb 3a CUET 3allpelleHHbIX
nepexonoB. OHaKO NapHble KOPPeJsiiK Pa3MbIBalOT
MPOTOHHYIO U HEHTPOHHYIO MoBepxHocTH Pepmu, yem
0¢s1a0J/1410T OJIOKHPOBKY.

Ha puc.
TeMIepaTyphbl

1 [I0OKa3aHo, KakK MEHAETCda C pPOCTOM
pacrpenesedne CuJibl pa3pelieHHbIX

6*



1380 JOKMOEB wu np.
S(E), MaB™!
0.20 - T=0 - - T=0.8 MsB
L §$=0.81 | L §$=0.20
0.15+ = =
0.10 - - -
0.05 - = = ﬁ
0 1 I 1
0.20 - T=11MsB - T=1.6M»sB
L §=0.31 i I §$=0.54
0.15+ = =
0.10 =
0.05 =
0 | T L |
0O 10 20 30 40 O 10 20 30 40 O 10 20 30 40

E, MaB

Puc. 1. Pacnpenenenue cuibi S(E) paspewennnix (AJ™ = 07, 17) p — n-nepexonos b sape 3° Ge npu pasnnunbix 3HaueHusx
temnepatypbl T. ITo ocu aGeuuce oT/ioxKeHa sHeprust nepexosa . ILITpuxosbie Kpibble — BKJa/ hepMmuiesckux 0 -nepexoos.

S — noJsiHas cusa nepexo/10B 1pu faHHok 1.

p — n-nepexonos B Ge. Jlis Kaxaoro snadenns T
yKasaHa cyMMapHasi cHla S 9THX I1epexojl0B.

[Ipu TemnepaType HHKe KpUTHUECKOH Top =2
~ (0.7—0.8 M5B ryiaBHbIil MaKCUMyM pacrpeie/eHust
CHJIbI HaxoauTes npu sHepruu 18—19 MsB. B dop-
MHPOBAaHUH 3TON0 MaKCHMyMa IPUHUMAIOT yuyacTHe
ABa ofHouacTHuHblx nepexona: m(1f7/2) — v(1fs/2)
u m(1ggs2) — v(1g7/2). Tleppbiil U3 HuX — nepexon
THNA JbIpKa—IblpKa, BTOPOH — yacTHUA—YacTHLA.
Takum 06pasom, ykazaHHbId MaKCUMyM 00s13aH CBOUM
CYLLeCTBOBaHHEM MapHbIM KOppeJssilusimM, OJarogapsi
KOTOPbIM  YPOBEHb mlgg/o CTAHOBUTCS YACTHUHO
3aHSITBIM, @ Ha YpOBHE V1[5 o MOSIBISIOTCS JBIPKH.
(+)

OHeprusi nepexoia ONpeiessieTcst MOMOCOM &5 i

CeKYJISIPHOTO ypaBHeHHs (25).

N3-3a ocsabsieHnsi napHbIX Koppessuuii ¢ po-
ctoMm 1" paccMarpuBaeMblli MAKCUMyM B paclipefe-
JIEHMH CHJIbl Pa3peLLIEHHbIX MePexXoJ0B MPAaKTHUECKH
ucuesaer npu 1’ ~ Ti;, yMeHbLIaeTCsl U MOJHAS CHJIA
paspeLleHHbIX p — n-nepexonoB. ONHAKO AajbHEl-
liee TMOBbILIEHUE TeMIIepaTypbl yBEeJMUYHBAET BKJIAL
D — M-NEePexo/loB ¢ BO30YKAEHHbIX COCTOSIHUA siapa.
Ha puc. 1 310 nposiB/sieTcsi B yBeJHUEHUH MOJHOH
CHJIbI [IEPEXOJI0B U MOSABJIECHHH B PACIIPELEIEHUH CUJIbI
MakcuMyMa npu suepruu ~10 MsB. B dpopmuposanuu

9TOr0 MakCHMyMa Y4yacTBYIOT Te »Ke caMble OJHO-
yacTHUHbIE Tepexojibl, uTo o0cyxKaanuch Bole. Ho
B JIAHHOM CJlyuae 3TH Mepexojibl oOyCJOBJIEHbl Ter-
JIOBBIMH 3(pdeKTamMu, U UX HEBO3MYIlleHHAsl SHepTHs
(=)
JIpIn’
SHEPrusi Tex xKe caMblx nepexooB npu 1" < T¢,. Takum
06pa3oM, poCT TeMmrepaTypbl NPUBOJUT K 3aMETHO-
My repepacrpeeseHuto CUlbl pa3pelleHHblX p — n-
nepexosos B 89Ge. D10, B CBOIO ouepe/b, BJHsET HA
CKOPOCTb 3aXBaTa 3JIeKTPOHA.

onpeaeasaeTrcs BeJIMUUHOH € T.€. OHa MeHbllle, YeM

Ha puc. 2 nokasano pacrnpezneneHue CHJbl 3a-
npeutensbix 07, 17 1 27 p — n-nepexonos B 0Ge
NpH pa3HblX Temnepatypax. Buano, uro temnepatypa
NPaKTHUECKH He BJIMSIET HA CYMMAapHYIO CHJy 3arpe-
1LIeHHbIX MepexooB. [IpuunHa 3TOro B TOM, 4TO CHJIb-
Hble 3arpelleHHble p — n-1nepexojbl HOPMUPYIOTCS
rJIaBHBIM 06pPa30M YACTHUHO-JbIPOYHBIMU ME€PEX01a-
MU GOJIbIIMX SHEPTHH, Ha KOTOpPble cJAab0 BJUSIOT W
napHble KoppeJsiuud, u Temmneparypa. OjpHako st
17- 1 27 -nepexo/IoB poCT TeMIepaTypbl MPUBOJIUT K
3aMEeTHOMY YIIMPEHHIO CHJIOBOH (PyHKLMH, UTO CBsI3a-
HO C TeMJOBOH pa3Ma3Kod HEHTPOHHON U MPOTOHHOH
nopepxHoctell PepMu U, Kak CJjeICTBUE, — C POCTOM
BKJIaJla HU3KO9HEPreTHUECKUX OJHOUACTHUHBIX Mepe-
xo10B. [Has 07 -nepexo/oB, B cujly 0oJiee »KECTKHX
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Puc. 2. Pacnpenenenue cunbl S(E) p — n-nepexoos nepsoro nopsiaka sanpera (AJ™ =07,17,27) B sape *°Ge npu
temneparypax T’ = 0, 0.8 u 1.6 M3B. I'To ocn aGcumcc oTii0:KeHa sHeprus nepexona E. S — noJiHast cuiia nepexojioB ¢ AJaHHbIM
AJ npu paunoii T'. PacnipesiesieHye CuJibl 27 -11epexo/10B COOTBETCTBYET HEPIUH 3aXBAUEHHOT0 3JleKTpoHa Ee = 25 M3B.

[paBuJi 0T6opa, BKJ1ad HU3KOOHEPIETHUECKUX NTEPEXO0-
JOB HECYHLIECTBEH.

CpaBHeHHe CyMMapHbIX CHJI pa3pelleHHbIX H 3a-
MPELIEHHbIX TIePeX0JI0B M0KA3bIBAET, UTO B pacuerax
CKOPOCTeli 3aXBaTa 3/JeKTPOHOB SIPaMU HEHTPOHHO-
M3ObITOUHBIX M30TONOB repMaHHst HEOOX0IMMO YUHTbI-
BaTh MePex0/ibl 000X THIIOB.

Ha puc. 3 nokasanbl pesyJbTaThl pacueta cKOpo-
CTH 3axBaTa 3J1eKTpoHoB sapoM SGe npu pasiHuHbIX
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Temrepatypax M TUIOTHOCTSIX. BuaHo, uTo ckopocTh
3axBaTa pacTeT KaK C POCTOM TeMIlepaTypbl, Tak H

c poctoM mJoTHOCTH. [Ipu 3TOM oKasbiBaeTcs, 4To
yeM HHXKe TJIOTHOCTb, TeM UYBCTBHUTENbHEE CKOPOCTh
3axBara K Ttemrepatype. [IpuurHa B ToM, uTO npu

HU3KOH IJIOTHOCTH H, KaK cJeCTBue, OTHOCHUTEJIb-
HO HeOOJIbIIOH BeJUYHHE XUMHYECKOTO IOTeHLHaJsa
9JIEKTPOHHOTO ra3a CKOpPOCTb 3aXBaTa CHJIbHO 3aBUCHT

0T jieTaJjien pacnpenesenust CuJbl p — n-TNepexonoB.
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Puc. 3. 3aBucHMOCTb CKOPOCTH 3aXBaTa 3JEKTPOHOB A

APOM 80Ge or TemIepaTypbl PU Pa3JIMUHbIX 3HAYEHHSIX
NJOTHOCTH pYe.

Ipu naotHoctu pY, = 10'° mosn/em® B pacematpu-
BAaEMOM JIMaNa3oHe TeMIepaTyp XHMHUECKMil MOTeH-
MaJl 3JIeKTpoHHOTo rasa p ~ 10—11 MsB, u 3axsar
3/JIeKTPOHOB MOKET MPOMCXOIMTh JIMILb 33 CYeT HU3-
KO9HepPreTHUecKUX p — n-nepexonos. Ho, Kak 6bL10
110Ka3aHo Bblllie, POCT TeMIepaTyphl MPUBOJHMT K yBe-
JIMUYEHHIO JI0JTH TAKMX [1ePeX0JI0B H3-3a CJIBUIa BHH3 110
SHEPTUH MaKCHMyMa CHJIOBOH (hYHKLIMH pa3pelieHHbIX
1epexojloB M M3-3a yBeJMueHHs! BKJaja HU3KO3HEep-
reTHUECKHX 3arpelieHHbIX MepexojoB. DTO W NpH-
BOJIUT K CHJILHOMY YBEJMUEHHIO CKOPOCTH 3aXBaTa C
pocToM Temnepatypbl. C poCTOM MJIOTHOCTH XMMHYE-
CKMil TOTeHLMa/l 3/JeKTPOHHOIO rasa TakxKe pacTer:
OT fte = 18—19 M3B nipu pY, = 5 x 10'° mosn/cm?
10 fie = 40—41 M3B npu pY, = 5 x 10! moan/cm3.
B pesysbrate ¢ pocToM pY. 3aBMCHMOCTb CKOPOCTH
3axBaTa OT TeMIlepaTypbl ocsabeBaeT v Npu pY, = 5 X
x 10" mosn/cM? onpenessiercst ToABKO CyMMapHOi
CHJIOH p — M-TIEPexo/IoB, a He JeTalsIMH MX pacrpe-
Jle/IeHHs 110 CIIeKTPY sIpa.

4. BAKJIIOUEHHE

B nacrositiell paGoTte H3JI0)KEH OCHOBAHHBIH Ha
(hopmaJsii3Me TEpMOIIOJIEBOH TMHAMUKH MOJIXO/, TIPE/-
Ha3HAUeHHbIH YISl M3YUeHHsl BJIMSIHUS TeMIlepaTtypbl
Ha CKOPOCTH cJlabblX MPOLLECCOB B HArpeTbiX sApax.
[TosiyueHbl ypaBHeHHUsI, TO3BOJSIIOLINE PACCUUTHIBATH
BEPOSITHOCTH COOTBETCTBYIOLIMX [EPEXOA0B MPHU KO-
HeyHOH TeMmrepaType B MPUOJIHKEHHH CJydalHol dha-

3bl. JIist Matepunckoro sapa 80Ge paccunranbl pac-

JUKHUOEB u np.

npeJesieHUs1 CUJIbl Pa3pelleHHbIX U MEPBOro Mopsjka
3anpera p — n-nepexojnos. O6HAPYKEHO MOHUKEHHE
C pOCTOM TeMIlepaTypbl MAKCUMyMa B pacrpeaeseHHH
CHJIbl pa3peLleHHbIX [1ePeX0/10B, a TAKXKe XapaKTepHoe
M3MeHeHHe CYMMapHOH CHJIbI MepexojoB. ITOT 3(P-
theKT cBsi3aH ¢ ocsabyieHUeM NapHbIX KOPPESLUi NPH
yBeJIMUeHUH TeMIepatypbl. B To »ke BpeMsi cymmapHas
CHJIa 3allpelleHHbIX epPeX010B NPAKTHUECKH He 3aBHU-
cHT OoT Temriepatypbl. C pocToM TeMIepaTyphbl pacrpe-
JIeJIeHUs] CHJTbl 1™ - U 27 -TIepexo/10B CTAHOBSATCA LIHpe
3a CYeT YBEJMUCHHSI BKJIAJA HHU3KOIHEPreTHUeCKHX
D — M-TNEepPexoIoB.

Kpome Toro, paccuuraHbl TemMrepatypHble 3aBUCH -
MOCTH CKOPOCTH 3axBaTa 3J1eKTpoHOB. [TokasaHo, kak
U3MEHEHHS B pacrpelesieHdt CUIlbl p — n-Nepexo10B
BJIMSIIOT HA CKOPOCTH 3axBaTa NMpH Pa3/MUHBIX IJIOT-
HOCTSIX.

[IpencraBasieTcss HHTEPECHBIM B paMKax MpeiIo-
YKEHHOro opMasii3Ma BBIUTH 3a TIpaHUllbl TEMNJo-
Boro [IC® u yuectb cBsA3b ¢ 6oJjiee CJOXKHBIMH, B
NepByio ouepesb ByX(POHOHHBIMH, KOH(HUTYpALUTIMH.
Ll 3apsiioBO-06MEHHbIX COCTOSTHUIN B XOJIOAHBIX 51/1-
pax 3TOT BOMPOC MCCJENOBAJICA B KBA3HUACTHUHO-
cdononHoi Mosesu [20, 21] U HEKOTOPBIX APYrUX MOJI-
xonax [30]. CBsi3b €O CJIOKHBIMH KOH(UTypaLHUSIMH
3aMeTHO BJIMSIET HA pacripejleieHle CHJbl MEPEX0JI0B
Mo SepPHOMY CIEKTPY, a BHJL STOTO pacripeesieHus,
KaK Mbl BUJIUM, BayKeH JIJIs1 pACUETOB CKOPOCTH 3JIeK-
TPOHHOTO 3aXBaTa MPH He OUeHb GOJIbILIMX MJIOTHOCTSIX
BBIPOKJIEHHOTO 3JIEKTPOHHOTO Ta3a.

Agropbl npusnatesibibl B.A. Kysbmuny 3a mno-
Jie3Hble 06CyxXKaeHusi U coBeThl. Hactosiasa pa6ora

BBITIOJIHEHA TMPH YACTHYHOW TOJUIEPKKE MPOrpamMMbl
[eiizen6epr—Jlannay u rpanra DFG (SEFB 634).

[Ipurosxcenue

AMIIUTY/IbI PA3JIMUHBIX 3aPSiIOBO-0OMEHHBIX Tle-
PEXOJ10B U3 TEMJIOBOTO BaKyyMa Ha TeMJIoBble 01HO(O-
HOHHbIE 0OBIUHOE U THJ/Ib/IAa-COCTOSHUS UMEIOT BUL:

2

S A Gpgn) 0 Gpgns M) |
Jpin

ol = (TL1)

2

3 = [ S d Gpi) 0 Gipini M) |

Jpin
2
B = | S (= 1) I () Qa0 Gpiis M) |
Jpdn
2
B = | S (=1 I () R Gpiis M) |
Jpdn
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3APSAJOBO-OBMEHHDIE INTEPEXO/IbI

rue d(qt)( Jp(n )jn(p))—anBeﬂeHHblﬁ OJIHOUACTHUHBIH

MaTpUUHBIH 3JIeMEHT onepaTopa nepexona'

&P Gomying) = Ui 1D )

a (QyHKIHH Qlyg(jpjn;)\” NPENCTaBJSAIOT COO0H JH-
HeliHble KOMOMHALMH aMuTy (26):

(11.2)

Ql(]p]m Ai) = Uj, Vs, (xjpxjn¢]p] + (IT.3)

+ Y5pYiin ¢]p]n) + v, uj, (yjpyjnwjmn
+ 25,5, O ) U (25,9505, +
+ Ui i) = VipOin (UinTin g + TipYin&ouin)
Q2 (Jpin; M) = Ujp Ujn (xjpxj"¢;\zfjn +
+ Y5 Yin Bg) + iV (Ui Y5 Vg +
+ 25,5 Bnn) — Vi Vin (€3, 85,5, +
U550 g) T Wi Wi (Ui TG + Y506 )-
Buipaxkenust  misi Qljg(jpjn; Ai) nosiyuaioTest M3
Q1 2(Jpjn; Ai) 3aMeHOH OOBIUHBIX ~aMIUIMTYL Ha

THJIbJIa-aMILIUTY/Ibl U HA000POT.
Ecan onepatopsl DE\_) u D§\+) pasJiMyaloTcs
TOJIbKO MHOXKMTeJIeM, JeHCTBYIOLIMM B H30TONMUYe-
CKOM TPOCTPAHCTBE, YTO BEPHO, B YACTHOCTH, /s
(hepMHEBCKUX U TaMOB-TeJJIEPOBCKUX MEPEXOJI0B, TO
(s jn—gptA gt (s

dy " (Jpjn) = (=1)7"72F2d, " (jnjp), @ BEPOATHOCTH
nepexoioB (I1.1) ynoBieTBOPSIIOT COOTHOLIEHHIO

‘I’E\T) = eXP(—w/\z‘/T)@%) (wyi >0).  (T1.4)

AnaJjioruyHoe cooTHolleHKe ObLI0 MoJydeHo B[ 17] aisi
3apsiI0BO-HEHUTPA/IbHBIX TIEPEXOJIOB JMEKTPUUECKOTO
THUMA B HATPETBIX A/PaXx.

Jlnsi hepMHEBCKUX M TaMOB-TeJIJIEPOBCKUX Mepe-
XOJIOB B HArPETOM siJIpe CIIPaBeJIMBbI MpaBUIa CyMM
Ukenpl. JleficTBUTENBHO, ONpeessisi MOJHYI0 CHIY
n — p- U p — N-TIEPEXOJI0B

sV =Y @7 +a7) (\=0"1") (15)

7
¥ YUMTBIBAs, UTO IS aMILJIUTYJ TEMJOBbIX (DOHOHOB
BBITMIOJIHSIETCS YCJIOBHE MOJHOTbI, MOJyuaem

ISR = 87 — 50" = S"(d\ ) ()2 x (IL6)
Jpin
2 2 2
% <[u]ny]n + U]nx]n] - [ujpyjp + Ujpx‘]p]>

Jlanee, Tak Kak

S GG P = 2dng) + 1), (T1.7)
Jp(n)

D NG llot T Nin) P = 3(2jngp) + 1),

Jp(n)
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TO C YUETOM BbIPaXKeHHsl JJIsl UMCJ1a YACTHIL B TEMJIOBOM
npubsixkenud bKIUI (14) nonyuaem: ISR =N — Z
st pepMueBcKuX nepexoos, ISR = 3(N — Z) nas
raMOB-TeJIJIEPOBCKHUX MEPEXOJIOB.
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CHARGE-EXCHANGE TRANSITIONS IN HOT NUCLEI

A. A. Dzhioev, A. I. Vdovin, V. Yu. Ponomarev, J. Wambach

A formalism based on the thermofield dynamics and allowing to treat thermal effects on the strength
distribution of charge-exchange transitions in hot nuclei is developed. The strength distributions of
allowed and first-forbidden p — n transitions are calculated for neutron-rich nucleus 89Ge at different
temperatures. Electron capture rates are calculated for 8 Ge at temperatures and densities corresponding
to an advanced stage of stellar evolution.
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