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3Ha4YMT, €CIIU B CIUpPAIN (PUKCUPOBAHO # OCTATKOB, TO UX (PUKCUPYET n-2
BOJIOPOZIHBIE CBSI3H. PaccMOTpuM cBOOOHYIO HEPTHIO0 00pa30BaHuUs TAaKOW CIIMPAIH U3
KiyOka B BOJHOM OKpyxeHuH ("KiIy0ok" — 3To monmumep 6e3 CTpYKTyphl U 6e3
B3aWMO/ICHCTBHS JATBHUX TI0 IIETIA 3BEHBEB). Ty CBOOOIHYIO SHEPTHIO MOXKHO 3aIHCaTh
KaK

AF,=F, — Fos = (0-2)fi —nTS, = -2f, +n(fy —TS.) (1.1)

3nech f; — cBOOOHAS PHEPTHUST BOJOPOJAHON CBSI3U B OL-CIIUPATH (BBl TIOMHUTE, 4TO fy
— HEe IPOCTO PHEPrHs, Kak ObUIO OBl B BaKyyMe: B He€ BXOJUT M SHEPTHS, K SHTPOITHUS
MEPECTPOCK BOJOPOIHBIX CBSA3EH B BOJHOM OKPYXKEHHH), @ S, — TOTEPSI SHTPOITUU TPU
(duKcaluu OJTHOTO OCTaTKa B CIIHPAIIH.

Br1 Buaure, uto B AF, ecth nBa unena. OnuH (-2fy;) He 3aBUCHUT OT JUIMHBI CIIUPAIIH;
BEJIMYMHA

finer = =21 (1.2)

TpPaJMLIMOHHO Ha3bIBa€TCs CBOOOHON SHEPrUeil MHULIMALIMYU CIIMpaIH (Ha cCaMOM Jele,
finr — cymmapHasi cBoOOgHas SHEPTHS 00CUX TPAHUI] CIIUPATN C KITyOKOM —
YUUTBIBAET U UHULIMAIMIO, U TEPMHUHALMIO ciupanu). pyroi uneH, n(fy-TS,), mpsamo
IPONOPLMOHAJIEH IJIMHE CIIUPAJIN; BETUYHUHA

fo = (£-TSq) (1.3)

Ha3bIBAETCS] CBOOOIHOM SHEPrHEN AIIOHTallMK CIIMPAJId Ha OJIMH OCTaToOK. B oOmem Bune,

AFy = fir + nfip . (1 -4)

IIpu 5TOM OTHOLLIEHHE BEPOATHOCTH YACTO CIIUPAIBHOIO COCTOSIHUSA LEIU U3 71 OCTATKOB
K €€ YK€ YUCTO KIIyOKOBOMY (M HAQUMCTO JIMIICHHOMY CIIUPAJIBHBIX MTPUMeceii)



COCTOSAAHHIO, PaBHO

exp(-AF/kT) = exp(-fnr/kT) [exp(-fz/kT)]" = o8" (1.5)

3/1ech sl HCTIOIB30BaJT OOIIECTIPUHATEIE 0003HAYCHUS

— ¢axTop snoHranuu cnupaiu: s = exp(-fp/kT);

— ¢akrop nHHIMAMU cnupanu: o = exp(-fin/kT);
ACHO, uyT0 6<<I, Tak kaK G = exp(-finr/kT) = exp(+2f/kT); a cBoO0oAHAs SHEPTHUSL
BOJIOPOJTHOM CBSI3M — OOJIbINAsT OTPUIATEIIbHAS BEJIMYNHA, TIOPsIKa HecKoIbKux kT.

[Ipexae, ueM TOBOPUTH O TOM, KaK IKCIIEPUMEHTAIBHO OMPEAEIAIOTCA BETUYUHBI G
U'S, — BBIICHMM OOIIMI BOIIPOC O TOM, KaK 00pa3yercsi Clupalib Ipu H3MEHEHU U
YCIIOBHH Cpe/ibl (TeMIlepaTypbl, paCTBOPUTENS U T.J1.) — TEPEX0JI0oM "BCe-MIH-HUYETo"
WJIU TIOCTETICHHO?

[Tonauaiy Ka)xeTcsi, 4TO Takasi OTJAMYHAsS OT KITyOKa CTPYKTYpa, KaK CIIHpallb,
JIOJDKHA "BBIMOPAXHUBATHCA" U3 HETO ImyTeM (ha3oBoro (T.e. "Bce-uin-Hu4ero") mepexoaa
— Kak JieJl U3 BOJIBL...

OpnHako Ha ATOT cYeT ecTh Teopema Jlanay, KOTopasi TIIacuT, 4YTO B CUCTEME, T/e
o0e ¢a3bl o0HoMmepHbl, — (Pa30BBINA EPEXO] MEPBOTO poja HeBo3MOxkeH. [lonbiTatoch
OOBSCHHUTH 3Ty TEOPEMY.

IIpexxnae Bcero — 49TO 3HAYUT "OJHOMEPHOCTH''. DTO 3HAYUT, YTO pa3MeEpP IPaHULIBL,
"cTeIka" (a3 He 3aBUCUT OT pa3Mepa KyCcKoB 3THX (a3. B aTom cMmbicie u ciupaib, U
KITyOOK B moluMepe — OHOMEpHBL. PucyHok 1-1 mosicHsieT, 4To rpaHuna (CTHIK)
CIUpAJHU U KITyOKa HE 3aBUCHUT HU OT JUIMHBI CIUPAJIU, HU OT AJUHBI KITyOKa, — B TO
BpeMs KaK [MOBEPXHOCTb, TPAHULIA TPEXMEPHOH (pa3bl (Hanpumep, JIbJUHKH B BOJIE)
3aBHCHUT OT ee pazmepa. COOTBETCTBEHHO, CBOOOHASI SHEPT U IPAHUILIBI CIIUPATU U
KJITyOKa He 3aBUCHUT OT UX JUIMH, a CBOOOIHAS SHEPTHsI TOBEPXHOCTU TPEXMEPHOH (a3bl
pacret Kak n*”° ¢ pocTOM YHCIIa 72 BOBJICYEHHBIX B HEE YACTHII.

Puc.1-1. CpaBHeHue ofHOMEPHOM (KIIyOOK CO CIIUPATSIMU) U TPEXMEPHOM (JIbIMHKA
B BOJie) cucTteM. Pa3mep cThIKa criupaiu U KIIyOKa He 3aBUCUT UX JJIUH; TIOBEPXHOCTh
TPEXMEPHOM JIbAMHKU 3aBUCUT OT €€ pa3Mepa.

Teneppr — 4TO 3HAUUT "IPOMCXOIUT KaK (pa3oBbIN epexoa nepeoro poja". 1o
3HAYUT, YTO TIPH TEMIEPAType Mepexoaa CTaOUILHON MOXKET OBITh TMOO OAHA, TNOO



npyras ¢asza, HO epeMerBanue a3 (Hampumep, JIbIa U BOJBI) BEIET K MOBBIIICHUIO
CBOOOJTHOM 3HEPTUH, U IOTOMY HECTaOWIIBHO. 3/1€Ch Bac HE JI0JKHA BBOJIUTh B HCKYC
KapTHHA [JIaBAIOLIET0 B BOJIE JIbJIA: IIPU JIF000M TeMIepaType TAKOE COCTOSHUE
HEYCTOWYMBO (M3-32 MOBBIILIEHHON CBOOOHOM SHEPrUH HA TPAHULIE BOJBI CO JIBJIOM), U
CO BPEMEHEM JIE]] UJIU PAaCTaeT, UM OXBATHUT BCIO BOJY — KOHEUYHO, €CJIM HET TOKa
HOJ3€MHOTI'0 TeTjia, TEUeHUH U APYTUX HEPaBHOBECHBIX BELICH. ..

BrirogHo nu cocymectBoBanue (a3 B TpexMepHoit cucteme? Hem. [louemy?
Ob6patumcs otk k Puc.1-1. PaccmoTtpum Temmnepatypy, rae 0e3rpaHuyHas Boja u
Oe3rpaHUYHBIH JIe]] UMEIOT paBHYI0 CBOOOIHYIO SHEPTHIO (3TO U €CTh YCIOBUE "TOUKHU
nepexona"). Eciau B Bojie m1aBaeT JbAMHA U3 11 MOJIEKYJI, CBOOOIHASI SHEPTHsI IPAHUIIBI

npornopioHansHa En’?, rae n*? — XxapakTepHOE YKCIIO MOrPaHUYHBIX MOJIEKYII, a E>0
— SHeprus TpaHuIlbl B pacdeTe Ha oAHY W3 HuX. (3ameuanue. Ecim £<0,
"mepeMenMBaHne" — OHO IPH 3TOM BCET/a TEPMOTHHAMHUYECCKHU BBITOJJHO —

MIPOM30HACT HAa MOJICKYJIIPHBIX MaciTadax, u IByX (a3 He OyeT BooOIIe). 3HAYHT,
MIOBEPXHOCTH JIBJIUHKH TOBBIIIAET CBOOOAHYIO SHepruio Ha En*”. [lpaBna, JIbAWHKA UMEET
€I1e MO3UITMOHHYIO YHTPOIIHIO, TAK KaK MOKET HaXOJAUTHCS B Pa3HBIX TOYKax cocyna. Ho

ATa PHTPOMHUS HE TPEBOCXOIUT BeauunHy nopsiaka k In(N), ecnu B cocyne — Bcero N
MoJIeKyI (T.e. N TOUeK, C KOTOPBIX MOXKET HAUMHATHCSA JIbAUHKA). IToro — cBoOOMHAs
sHeprus abauHk — nopsaka [En*® - kKT'In(N)]. Ho norapupm — oueHn

"crnabopactymas" npu 6onbmux N pynkuusa. Ecnu npauHka 3aHMMaeT 3aMETHYO 4acTh
cocyna (ckaxem, n~N/10), u N ouens Benuko [ckaxem, 10 000 000 000], To In(N) [B
JaHHOM citydae - 23] oueHb Mai 1o cpaBHenwuto ¢ (N/10)*” [B qanHoM ciydae - ¢ 1 000
000], — TO ecTh B CBOOOIHOM SHEPTHH JIbAUHKH JOMUHUPYET IPaHUYHbBIH wieH En’”, a
OH MPOTUBUTCS €€ 00pa30BaHuI0... [loaTOMy B TpexMepHO# cricTeMe MaKpOCKOITUYECKUE
¢a3sl paznensiores ("IbIMHKU" U3 HECKOJIBKUX MOJIEKYJT — HE B CUET: 3TO IIPOCTO
MHUKPOCKOITUYECKHE, JTIOKaIbHbIE UIyKTyalun), U $ha3oBbIi IEpexo] IEPBOro poja B HEM
BO3MOJKEH.

A BBITOJTHO JIM cocyIecTBoBaHME (a3 B oJHOMEpHOU cucteMe? Oxasvieaemcs, 0d.
PaccmoTpuM onsaTe TeMmiepatypy "cepeuHsl nepexona', Tae Cupaib U KIyOOK UMEIOT
paBHYIO CBOOOAHYIO dHEpruto, T.€. rae f;;=0. CBoOoaHAas YHEpTUsi 00€UX TPaHHUII
cnupaid 1 KiryOka, fiyr, He 3aBUCUT HU OT pa3Mepa CIHpaNId, HA OT pa3Mepa KiryOka.
[To3unmoHHast SHTPOMHS CIUPATIU JUTHHBI 72 B 1ienu JinuHbI N paBHa kIn(N-#7). Utoro,
CBOOOIHAS SHEPTHS ATOH TUTaBaroIel cnupanu ecthb fir- kT In(N-n). IIpu 6onpmux N,
yieH ¢ In(N-n) 6cecoa nTOMUHHpYET B 3TOM BBIpakeHUH, naxe eciau n ~ 0.1 N; a aToT
JOrapu(pMHUUECKUI YIeH MOHMKAET CBOOOIHYIO SHEPTHIO M CIOCOOCTBYET BHEIPEHUIO
criipaid B KIyOOK (M, TOYHO TaK ke, — KIIyOKa B criupaihb)... [I03ToMy B ofHOMEpHO#
cucteme (pasbl He pa3aeNaiOTCs, OHU CTPEMSTCS MepeMeNIaThes, — a pa3 TakK, TO U
($a30BbIN TIEpexo]] NEPBOTO poja (UK TUTA "BCE-MIM-HUYETO'") HeBO3MOXKEH — TIPHU
JIOCTaTO4HO OOJbINOM JuinHe nenu. Teopema Jlanaay moka3aHa.

Teneps MOKHO MOCTaBUTH BOIIPOC — TPHU KAKUX XaPAKTEPHBIX JUIMHAX LIETIH
HAYMHAETCSl CMEIICHUE KITyOKOBOM U criupaibHOM (az?

Paccmotpum 1iens u3 N 3BeHbEB IIpU TeMIIEpaType "'cepeAnHbI nepexoaa’, rae
Crpasib U KIIyOOK UMEIOT paBHYIO CBOOOAHYIO 3HEpruto, T.€. fr;=0. [Ipu sTom
CBOOOHAS SHEPTHs AIIOHTALIMU CIIUPAJH (2 paBHO U KIIyOKa) — HOJIIb, €€ HHULIUAIIUU
— fixir, @ YMICITO BOBMOYXKHBIX TTOJIOXKEHUH CIIUPaJIA B 1IeNH 13 N 3BEHbEB — MOPSIIKA
N°/2 (oHa MOXET HAYMHATHCS M KOHYATHCS B JJFIOOOM MECTE MPU SIUHCTBEHHOM YCJIOBHUH,
YTO €€ JYIMHA — HE MEHEE TPEX OCTATKOB); U HU PACIIOJIOKEHUE CITUPAIU B LIETIH, HU €€
muHa (tipu fi;=0) He BAUSIOT Ha ee CBOOOAHYIO SHEpruto. [ momyyeHus
KaueCTBEHHOU OIEHKH — TMpeHeOpekeM MenodaMu (LU paMu) Mo CpaBHEHUIO €
rinaBHbIM (OykBamu). MTak: pa3MelneHuii cniupani — mopsaka N°, T.e. UX SHTPOIHS —

k x 2In(N), a monHast cB0OOIHAS SHEPTHSI BHEAPEHHSI KyCcKa HOBOM (ha3bl (criupanu ¢



(GIIyKTYHPYIOIIMMHU KOHIIaMH) B 1IeTh JUIMHBI N — mpuMepHO fiyr- 2kT'In(N). Ecim
OHa, 3Ta CBOOOHAs SHEPIHUs, OOJbIIE HYJIl — HOBas (a3a He BHEAPUTCS; €CIIU OHA
MEHBIIIE HyJI1 — HOBas (pa3a MOXKET BHEPUTHCS HEOJHOKPATHO. 3HAYUT, CMEIIECHNE
KIIyOKOBOM M ciupanbHOM (a3 HauMHaeTcs B Kyckax AJIUHBI N ~ 71y, @ BEIMUUHA 7,
noiy4aercst u3 ypaBHeHUs fiyr- 2kTIn(ny) = 0. Mtak: xapakTepHast [yInHA KYCKOB
CHHpalv U KiyOKa B cepeinHe nepexona

n, = exp(+f/2kT) = ™2, (1.6)

Touka (TemmepaTtypa) cepeHBI Iepexo/ia Ha OTbITe HAXOAUTCS KaK Ta TOYKa, Ie
CIHMPAJILHOCTh OYEeHb JJIMHHOTO MouIenTuaa cocrapiset 50% (cnupaabHOCTh 0OBIYHO
nu3MepstoT npu nomouu KJI cnektpos, kKak 0 TOM rOBOpHIIOCH BblIie; npu 50%
cnimpanbHOCcTH K/ criekTp monmmnenTuia BRITISIUT KaK MOyCyMMa CIIEKTPOB
KITyOK00Opa3HOTO MOJHIENITHIA U ITOJIMNenTrIa, cnupansaoro Ha 100%). B 3ol Touke
fe=0, T.e. s = exp(-fe/kT) = 1.

W3mepsist B TEX K€ yCcIoBHAX (Koraa s=1) 3aBUCHMOCTD CTUPATBHOCTH OT JITUHBI
HOJIMIIETITH/IA, MOKHO HAalTH 1y, — KaK Ty JJIMHY LEMH, IIPH KOTOPOU €€ CpeIHss
CTENEHb CIIUPAJIILHOCTH B 4 pa3a MEHbIIE, YEM Y OUeHb JJIMHHON 1enu (T.e. ueM 50%).

TouHBIH pacyeT U AOKa3aTEIBCTBO TOTO, YTO LEIb U3 1y = o "* 3BenbeB nmeer umenHo (/) 50% =
12% cnmpanbHOCTH ITpK =1, — BBIXOAUT 3a PaMKH Hamero Kypca. OJHaKO MOIy4NUTh IPUOIU3UTEIBHYTO
OLIEHKY HETpyAHO. B camoM Jeine, B enu U3 1) 3BEHbEB CYyMMa BEPOSITHOCTEN BCEX COCTOSIHUIMA,
BKJTFOUAOIIHX Ol-CITUPaIIb, OJIM3Ka — M0 onpeaeneHnio — K 50%. A Tak Kak cocTosiHHE "CO cITUpalbio”
00OBIYHO MMEET BHUJI THIA "KITyOOK Ha OJHOM KOHIIE IeNH — CHOHpainbh —
KIyOOK Ha JpPYroM_ KOHIE Iienu", TO, B CpeJHEM, 3Ta CIHpallb — €CJIM OHa eCTh BooO1e (a
BEPOSTHOCTB 3TOr0 "Bo0GmEe" — 50%) — BKIIOUaeT /3 3BeHbeB mermu. UToro —  cpemss
CIIMPATLHOCTB LIETH U3 1) 3BEHbEB MPHOTIKEHHO paBHa 50% X ('/3) = 17%.

Hakonen, 3Has1 1y, — MOHO BBIYUCIHTE fiyr ¥ ©. I OOJIBIIMHCTBA aMHUHOKHUCIIOT
1y~ 30, finr = 4 xkxkan/mons, 1 ¢ ~ 0.001.

Tenepbs MbI MOkeM HalTH CBOOOIHYIO SHEPTHIO 00pa30BaHUs BOJIOPOIHON CBSI3U
(BKyIIEe CO BCEMH COMYTCTBYIOIIMMH 00pa3oBaHuIo0 P-CBs3M B o.-cipanu
B3aUMOJICUCTBUAMH): corsacHo (1.2), fy = -fix/2 = -2 kkan/monb. M0OXHO HAUTH U
KOH(OPMAIIMOHHYIO SHTPOIHIO, TEPSEMYIO TpU (PUKCALUU OJTHOTO 3BEHA B OL-CITHPAIIH:
cormnacao ¢opmyie (1.3), TS, = fy = 2 kkan/mon.

O6a mapamerpa CTaOUIBHOCTH ciUpan — U fg, U fiyyr — 3aBUCAT OT
TEMIIEPATYPHI, HO TIO-HACTOSIIEMY CHIIPHO BJIHSIECT HAa CTAOMIBHOCTh CITUPATTH IMEHHO
OTKJIOHEeHUE BeanuuHbI fi; oT 0. [leso B TOM, 4TO B CIIMpaJIU, COCTOSIICH U3 ~7, 3BEHBCB,
9TO OTKJIOHCHHE YMHOXKAETCS Ha OOJIBIIIOE YHCIIO 7y — U YXKE B TAKOM BHJIE BXOJIHT B
cBoOoaHYt0 SHepruto cnupanu. Koraa Bennunna fi xn/kT coctaBnser mopsaka +1
(6ostee Tounas oneHka: i xny/kT =+2), ciupaabHOCTh TPAKTHYECKHA UCYE3AET, a KOTIa
fexn/kT = -2, — mpakTuyecku ucueszaet KiyOok. 3HaYuT, pH 1,=30, mepexos
CIUPATL-KITyOOK B OYCHB JUTMHHBIX (N>>n,) MOMHUIENITUIHBIX ETISIX TPOUCXOINUT B
obmactu -0.07 < f /KT < 0.07 (Puc.1-2). 3ro — mnpumep pe3Koro, KOONEPaTUBHOTO, —

HO He ($a30Boro (T.K. MHUPHUHA €T0 HE CTPEMUTCS K HYJIIO [0 MEePE POCTA JUTMHBI IIeTIH )
nepexoa.
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Puc.1-2. Ilepexon cnupanb-KiIyOOK BCeraa — Jaxe Ui OECKOHEYHO JITHMHHBIX
Heneil — uMeeT KOHEYHYIO LUPHUHY. DTO — TMpUMED He ¢a306020, HO

KOOIIEpaTUBHOTO Mepexo/1a: MPU Mallol BenuunHe (akTopa MHUIUAIUH criupanu (6<<I)
OH COBEPIIAETCS MPU COBCEM HEOOIBIIOM (MHOTO MeHbIe, yeM Ha kT) nzmenenun
BEITMYUHBI f;, — YTO MOKA3bIBAET, UTO "€IMHHUIIA TTepexo/ia" KOOepUpyeT MHOTO
3BEHBEB LIETIH, — HO OTHIOAb HE BCIO ATY IIETh.

J71s u3MepeHus BIUSIHUS OTACTbHBIX aMHHOKHUCIOTHBIX OCTaTKOB Ha CTaOUIILHOCTH
CIIMpaJiel ceifuac yalie BCero UCIOJIb3YIOTCS KOPOTKHUE (JJTMHOM ~N, UK MEHEee)
nonunenTuabl. B HUX MOXeT 00pa3oBaThCs TOIBKO OJJHA CIIUPAb, U OLICHUTH BIHSHHE
K10 aMUHOKHCIIOTHOM 3aMEHBI Ha CIIUPAILHOCTH 3/1ech Hanbomee mpocto. Ceifuac
U3BECTHO, YTO BKJIaJ] aMUHOKHCIIOTHOTO OCTaTKa B CTAOUILHOCTD CITUPAIH JICKUT B
CIEYIOIINX TIPe/ieiax: aJlaHuH; caMblil "criupaneo0pa3yronuil” ocTaTok: s ~ 2, T.€. fi =
-0.4 xxay/mMoJIb; TIHMIINH, CaMbli "criupaniepaspymarommii” octatok: fy ~ +1 kkan/monsb,

T.e. s = 0.2; mpaBxa, y mpoinuHa — uMuHOKHACIOTH (He umetomeld NH rpynmsl, kotopast
JIOJKHA 3aBS3bIBATh CTPYKTYPOOOPA3YIOIYIO BOJIOPOIHYIO CBS3b B O.-CIIUPATH) —
HEro BeJIMYMHA S elie MHOTO MeHbIe, nopsaka 0.01 — 0.001, Ho ToyHO OHa erie He
U3MepeHa.

Panee aHaIOTHYHBIE OIIEHKH JETANCH, UCTIONB3YS CTATUCTHYECKUE COTIOTMMEPHI
(HampuMep — LenH, BKIIOYaoIue ciay4aiHbiM o0pa3oM nepememanusie 80% Glu u
20% Ala), m *MEHHO TaK OBUIH MTOJTYUYCHBI IIEPBbIE — a 3HAYMT, U CaMble Ba)KHBIC
OLICHKH, HO C TIOSIBJICHUEM BO3MOKHOCTH CHHTE3a MOJHUIIENTHIIOB C 3aaHHON
MIOCJIEIOBATEIBHOCTEI0O — TaKue pabOThI Ha CITy4allHBIX COTIOIMMEPAX, BUIMMO,

OTOILIU B MPOIILIOE.

Hcnosnb3yst KOpOTKUE NENTHUIBI C 3aJaAHHON MTEPBUYHOM CTPYKTYPOH, MOYXKHO Jaxe
OILICHUTH BIUSHUE HA CIIUPATBLHOCTD KAKJI0W TOUEYHOW aMUHOKHCIOTHON 3aMEHBI B
Ka)/IOM KOHKPETHOM MECT€ TaKOTO MeNnTuaa — T.€., PaKTUYIECKH, B 3aBUCUMOCTHU OT
PacToI0KEHUS] aMUHOKHUCIIOTHOTO OCTaTKa OTHOCUTENHHO N- U C-KOHIIOB CITUPAIH.
bokoBbie rpynmnel B3aMMOJEHCTBYIOT € ’TUMH KOHLIAMHU IIO-pa3HOMY — B YacCTHOCTH,
3apsHKEHHBIE TPYMIIBI, TIOTOMY 4TO Ha N-KOHIIE CIIUPAald, KaK YK€ TOBOPHIIOCH, CUIST
CcBOOOAHBIE OT BOAOPOAHBIX cBsi3elt NH-rpymnsl rimaBHo# 1ienu (1 napuuaibHbIN 3apsij
N-KoHIIa o-criipaiy paBeH +e/2), a Ha Apyrom ee koHie — CO-rpynmsl (C cyMMapHBIM
HapIUaibHBIM 3apsIOM B TIOJIOBUHY JIEKTPOHHOTO, — -€/2).

Kpome Toro, niist u3mepenusi CTaOMIbHOCTH CITUPAIIBHOTO COCTOSTHUS (BETUIUHBI fr;)
B HOJMIIENTUIAX, BKIIFOYAIOIIUX KUCIOTHBIE MM OCHOBHBIE GOKOBbIE TPYITBI
(manpumep, B moy(Glu) mnu monu(Lys)), ucrosib3yeTcsi TOTEHIIMOMETPUIECKOE
TuTpoBaHue. Maes sToro nogxona — B TOM, YTO 3apsiKasi CIUPalib, Mbl pa3pyliacM ee
(T.K. B ciupaiy 3apsibl O0KOBBIX rpymi Oosee COMUKEHBI U IOTOMY CUJIbHEE
pPACTAIKMBAIOTCS), — TaK YTO CTAOMIIBHOCTH CIIUPAIIA MOKHO PACCUUTATh, 3HAS, KaK
CyMMapHbIi 3apsn uenu 3aBucut ot pH cpenpl. K coxxanenuro, 6oee moapodHoe
pPaccMOTPEHHE 3TOTO UHTEPECHOTO METO/Ia BBIXOIUT 3@ paMKH JaHHOTO Kypca.



AHaIIOTUYHBIC TTOJIXOBI IPUMEHSIOTCS M JUI N3MEPEHUS CTa0MIIBHOCTH [3-
CTPYKTYpbI B nosunentuaax. OJJHaKo OHU MEHEEe Pa3BUTHL, TAK KaK B-CTPyKTypa CUIBHO
arperupyert. Ceifuac cTaOMIBHOCTh B-CTPYKTYpPBl 4aCTO U3MEPSIOT NPSAMO B Oelike —
IyTEM OLICHKH BIUSHHS HA €r0 CTAOMIIBHOCTh TOYEUHBIX 3aMEH OTACIBHBIX, JIeKAIUX Ha
€ro MOBEPXHOCTH -CTPYKTYPHBIX AMUHOKHCIOTHBIX OCTaTKOB. CIIOCOOHOCTh pa3HbIX
OCTaTKOB CTaOMJIM3UPOBATH B-CTPYKTYPY MBI PACCMOTPHUM Ha CIEeIyIOIIEeH JIEeKIUH.

PaccmoTpuM Tenepb CKOPOCTH 00pa30BaHUsI BTOPUYHOM CTPYKTYpbI B MENTUIAX.

oL.-CTIMpay 00pa3yroTcsi OBICTPO — MOKAa3aHO, YTO 3a JECATYIO JOJII0
MHUKPOCEKYH/IbI CIUPalib 0XBaThiBaeT mentu u3 20-30 ocTaTKoB (7151 CTOJIb OBICTPHIX
W3MEPEHUM MPUXOIUTCS TPETh PACTBOP MUKO— I HAHOCEKYHIHBIM JIa3€PHBIM
yaapoM). 3HaYUT, COUPAJIA HapacTalOT CO CKOPOCTHIO 1O KpalHel Mepe mopsika 1
OCTaTOK 32 HECKOJIbKO HAHOCEKYH/I.

A ckazan "mo kpaitHeit Mepe"", Tak Kak CKOPOCTh 00pa30BaHUs CIIUPAIH 3aBUCHUT HE
TOJIBKO OT CKOPOCTH, C KOTOPOM OHa HApacTaeT, HO U OT CKOPOCTH, C KOTOPOl B LIETIAX
MOSIBJISIFOTCSI TIEPBbIE 3aPOABIIIN CIIUPATIBHON CTPYKTYPBl. A MHULIMALUS CIIUPATIN
TpeOyeT Npeo0IeHUsI aKTUBAIIMOHHOTO 0apbepa — U MOTOMY 00pa3oBaHUE MIEPBOTO
BUTKA CIIUPAJIU TpeOyeT MHOTO OOJIbIIIE BpEMEHH, YEM €€ MOCIIeayIolee yIIIMHEHNE eIlle
Ha O/IMH BUTOK. Tak 4TO BO3MOKHO, YTO 3JIOHTALMS CIIUPATU UJIET MHOTO OBICTpEE, a BCe
HabJI0JTaeMoe BpeMsi TpaTUTCs Ha ee nHuImanuo. PazdepeMcs B 3ToM Bompoce 4yTh
BHHUMaTeIIbHEE.

Puc.1-3. XapakrepHas 3aBUCUMOCTb CBOOOAHOM 2Hepruu crimpanu (AF,) ot uncna
BOBJICUCHHBIX B HE€ aMUHOKHUCIIOTHBIX OCTaTKOB (N) IIpH pa3HbIX CBOOOIHBIX YHEPTHUIX
ee anmonraruu (fgy). [Ipu f;; <0 — mymaHAS ciupans ctabuibHa, HO ee 00pa3oBaHKe
TpeOyeT MHULIMAIUN, — TIPEOJI0JICHHUS aKTUBAIIMOHHOTO 0apbepa BBICOTOH fiyr. [Ipu
fzi>0 — crnupans m000# IJIMHBI HECTAOWIbHA |, CIIE0BATEIBHO, HE 00paszyeTcs.

XapakTepHas 3aBUCUMOCTb CBOOOTHOM SHEPTUHU CIIUPAIH OT €€ JAJIMHBI TTOKa3aHa Ha
Puc.1-3. JTlaxe xoraa f;;<0 — T.e. Koraa J0CTaTOYHO IJIMHHAS CIIMpAllb CTaOUIbHA —
oOpa3oBaHHE ITEPBOTO BUTKA B HEW TPeOyET MPEOI0JICHUST aKTUBAIIMOHHOTO Oaphepa
BBICOTOM fiyr. [10 TeOpUM MepexoaHbIX COCTOSHUMN, MPEOI0JICHNE TaKOTo O0aphepa u
0o0pa3oBaHue MEPBOTO0 BUTKA B JAHHOM MECTE MU MTPOUCXOINT 3a BPeMs

toar = Texp(+Hr /kT) (1.7)



re T — BpeMs 2JEMEHTApHOro 11ara (B JaHHOM Cllydae — 3JIOHTAllUU CIIMPAU Ha
OJIUH OCTaTOK), @ SKCIIOHEHTA YYUTHIBACT MATYIO HACEJICHHOCTh OapbepPHOr0 COCTOSIHHUS.
B cuny ypasuenus (1.6)

tir = T/0. (1.8)

OpHako MHUIUAIMS MOXKET MMPOU30UTH B JIFOOOH TOUKE CIHUpalH, a ee JINHa —
nopsiaka 7, =c 2. 3HauuT, XapaKTepHOE BPEMS HHHUIIHAIIMN TIEPBOTO BUTKA 6 KAKOM-1O

Mecme OyaylIel CIUpaid COCTABIISET B /1, Pa3 MEHbBIIIE BPEMEHH, a tyr/Ny= T/(ny0) = T/C
12

Ha T0, 4T00B! y’k€ MHULIMMPOBAHHAS CIIMPaJlb OXBAaTUJIA BCE CBOU ~H, 3BEHHEB,
TpeGyeTcst TOTOM MPUMEPHO TO Ke (YTO M Ha HHHUIHAIIUIO) BpeMsi, ~Tn,= t/c '*. 3Hauwur,
BCE BpeMs Iepexo/ia KITyOOoK-CIUpalib B MOJUNENTHE TOHKHO COCTABIATh IPUMEPHO

t,=21 /5", (1.1)

U TI0JIOBHHA, TPy0OO TOBOPS, 3TOTO BPEMEHH UET Ha MHUIMAIINIO CIIUPAJICH B Pa3HBIX
MCCTax ICIIH, a MOJIOBUHA — Ha 3JIOHTralluio, MPOTCKAIOIIYI0, B COIJIACHU C
MPEIBAPUTEIIBHON OLICHKOW, CO CKOPOCTBHIO TTOPsSAKAa 1 OCTaTOK 32 HAHOCEKYH/TY .

Kunernka o0pazoBaHus o-CIpaieil OTHOCUTENIBHO MPOCTA: OHU BCETa 00pa3yroTCs
obIcTpo. KuneTrnka 00pa3oBaHus [-CTPYKTYypbl MHOTO CIIOKHEE U HHTEPECHEE.

B-cTpykTypa B MONMIENTHAAX YaCTO 00pa3yeTcsi OUYeHb MEIJICHHO — 3a 4achl, a
ObIBaeT — 3a Henenu (XOTs ObIBAeT, YTO U 3a MIILTUCEKYHIY ). [Touemy? U, B TO *e
BpeMs, — OCIIKH ¢ B-CTPYKTYpOI CBOPAUYMBAIOTCS HE MEJICHHEE Ol-CITUPATLHBIX
6enkoB. Kak onn ycneBarot? M 4To oTBeYaeT 3a aHOMalIMK B 00pa30BaHUU B-CTPYKTYPBI
B MOJIMIENTAAAX — MEIJICHHAS MHUIIUALIUS WX MEIJICHHAs dJIOHTraiusg?

"AHomainbHas" (110 CPAaBHEHUIO C TIEPEX0JIOM CIUPATb-KITyOOK) KHHETHKA
00pa3oBaHUs B-CTPYKTYpHI CBsI3aHa C TEM, YTO OHa — JIByMEpHBIN (a HE OHOMEPHBIH,
KaK CIIUpaib WK KITyOOoK) 00bekT (Puc.1-4).



Puc.1-4. (a) Cxema B-nmucra. AMHHOKHCIIOTHBIC OCTATKU BHYTPEHHUX [3-y4acTKOB
MIOKa3aHbl YEPHBIMU KPYKKaMH, KPAeBbIX J-y4acTKOB — ITYCTBIMH KPY>KKaMH; U3THOBI
(MM TIeTIIN), COCMHAIONINE [3-y4acTKH, H300pakeHbI B BUJIE YTOJaKoB. (0) OnucaHHbIH B
TEKCTe CIieHapui pocTa B-nucta. Camas HecTaOHIbHAS CTPYKTYpa IOMEUYCHA 3HAUKOM #.

Haxopsmuecs: Ha Kparo JIMCTa 3BEHbsI ST UMEIOT MEHbBIIIE KOHTAKTOB C IPYTUMH,
YeM BHYTpPEHHHUE 3BEHbs JIMCTA. IHBIMU cll0BaMu, Kpail -nucTa (Kak ¥ TpaHHIa JIF00OoH
Ipyro# a3l — HampuMep, Kariiu BOJbI, JIbIUHKH WIN O-CIIUPAJIH) HMECT
HOBBIIIEHHYIO CBOOOIHYIO SHEprut0. OHAaKO — B OTJIMYHE OT O-CIUpaNHU (U B
CXOJICTBE C Karuiei) — [-TUCT He OHOMEPEH, T.€. pa3Mep ero Kpas (a 3HaYuT, U ero
CBOOO/THAS SHEPTHSI) PACTET C YUCIIOM BOBJICUCHHBIX B 3TOT JIMCT 3BEHBEB IICITH.
[TosTomy mepexon KiIyOoK — [-CTpyKTypa CTaHOBUTCS (ha30BBIM IIEPEXO/IOM IIEPBOTO
pola — Kak oOpa3oBaHME KaIuId WK JIbAUHKH. [Tokaxkem, 4To U3-3a 3TOrO Ha MyTH
o0OpazoBaHus [3-1KMCcTa BO3HUKAET BHICOKHM (OCOOCHHO TP 00pa30BaHUH JIUIIIH CJIETKa
CTaOUIBHOM B-CTPYKTYpbI) CBOOOJHO-IHEPTEeTHUECKUN Oapbep, KOTOPBII MOXKET B
MWLTHOHBI M MAJUTHAPIBI Pa3 3aMEeJTUTh HHUITHALINIO €€ CBOPAYHBAHUSI.

Kpaii B-nucta cnoxkeHn u3 (a) kpaeBbIxX B-Tspkei, U (0) M3rHOOB UITU TIETETb,
coequnsonmx Bee B-tsoxu (Puc.1-4a). [lycts cBoOOHAs 3HEprus KiryOka mpuHsTa 3a 0
(T.e. 3a Hagano orcuera), f; — cBOOOAHAs PHEPTHUS OCTaTKa B IIeHTpe [-nucTa, fi+Af,
— cBOOO/HAs YHEPIHUs OcTaTKa Ha ero kpato (1.e. Af; — kpaeBoil a¢dext), u U —
cBoOoO1Hast sHeprus n3ruda. Pa3z B-muct Boodie oOpasyercss — To OH ctabuieH (T.e. f;
<0), a kpaeBbIe 3P PEKTHI MPEMATCTBYIOT €ro pacnany Ha Kycouku (T.e. Afy>0 u U>0).

B kuneTnke 006pa3oBaHus B-CTPyKTYpBI HAJIO pa3Inyarh JBa CIydas:

A) fi+Af;<0, T.e. nnuHHAs B-mnuipka cama no cede crabuibHee kiryOka. Torna
TOJIbKO 00pa3oBaHue U3rnda B BEPIIMHE ITOM IIMHIBKU TPeOyeT MPeoaoIeHUs
AKTUBAIIMOHHOTO Oapbepa (MPUMEPHO TAKOTO XKe, Kak Mpu 00pa30BaHUM OL-CIIHPAIIN), a
JaNbHEHIINI pocT B-CTPYKTYpPBI HIIET OBICTPO — MPUMEPHO KaK JIOHTALMS OL-CIIUPaU
(cm. muaumo ¢ £ <0 Ha Puc.1-3).

b) f;+Af;>0, T.e. B-mmnumibka cama 1o cebe HecTaOMIIbHA, U TOJIBKO INPUIHIIAHUE K
UHUIMHPYIONIeH B-IIMIIbKE MOCIEAYIOMUX - TSKed cTabuInu3yeT B-IucT.
AKTHBAIIMOHHOMY Oapbepy TOTJa COOTBETCTBYET oOpa3oBaHue "3apofpima"’ — TaKoro
[-nucTa nau B-IIMUIbKY, 9TO JATbHEUIIIUN POCT JIUCTA TIOUIET yKe C OOIIHM



MOHMXECHUEM CBOOOTHOM SHEPTHUU.

OO6pasoBanue U nocienyroiee "mpopactanue” 3apobiina HOBOH Ga3bl —
XapakTepHeilias 0coOeHHOCTh (ha30BbIX IEPEXOJI0B MEPBOTO POAA, K KOUM
HNPUHAATISKUT U 00pa3oBaHue B-CTpyKTypbl. OJHAKO MPEOI0JICHUE CBA3aHHOIO C
00pa3oBaHUEM 3apO/bIIIa aKTUBAILIMOHHOTO Oapbepa, Kak Mbl CKOPO YOeIuMcsi, MOKET
OBITb OUYEHb U OUEHb MEJJICHHBIM.

PaccmoTpum criepyrommii mpocTelmii cuieHapuii pocTa CTadMIIbHOTO B-JIMcTa
(Puc.1-46): oO6pa3oBanue HHUITUUPYIOIICH B-IIMUIBKY U3 U3rnba u AByX B-Tskel, mo N
3BEHBEB (AMHHOKHCIIOT) B KaXKIOM; 00pa30BaHUE MOCIIEAYIOIEro n3ruda Ha ee KOHIIE;
NpWIMIIAHUE K TUCTy B-Tsbka u3 N 3BeHbEB; 00pa30oBaHUE IMOCIEAYIONIETO N3rHoa;
npwIMIanue B-TsKa; U Tak jJaiee.

Bo3HukHOBeHHEe — M3 KIyOKa — [-IIMHIBKH U3 U3Tuba u 1ByX N-3BEHHBIX [3-
TsDKEW MOBBIIAeT cBOOOAHYI0 sHepruio nenu Ha U+2N(fy+Af;); oOpa3oBanue
nocienyromero 3-uzrubda nmoseimaet ee emie Ha U. [Tpunumanue k N-3BeHHOMY Kpato
9TOM NWIbKA N-3B€HHOT0 B-TsKa CHIDKaeT cBOOOAHY0 3Hepruto Ha Nf; (Beap mpu
9TOM YHCJIO KPAaeBhIX 3BEHbEB HE MEHSETCSI, @ YMCIIO BHYTPEHHUX pacTeT Ha N);
o0pa3oBaHHE MMOCIIEIYIOMIETO 3-U3ruda OMnsATh MOBKIIIAET CBOOOIHYIO YHEepruo Ha U;
nprIMnanue HoBoro N-3BeHHOTO [3-Tspka CHOBA MOHIDKaeT ee Ha Nfy, U T.1.

[lykn "npununanue HOBOTO B-TsbKa M 00pa3oBaHHe HOBOTO [3-n3ruba" m3MeHseT
CyMMapHyto cBoOoaHy10 3Hepruto Ha Nf;+U. A Tak Kak B pe3yJbTaTe TaKoro KA
cBOOOHAS SHEPrus TOJDKHA CHIDKATHCS (TOIBKO TOTa CBOPAYMBAHUE LIETIH TOHET
OBICTPO), TO MPUIUNAIOMIUI B-TSK (2 paBHO M TOT, K KOTOPOMY OH IPHJIMIIACT) JOJKEH
COCTOATH HEe MeHee YeM U3 N, = U/(-f;) 3BeHbeB.

"IlepexoqHbIM", T.€. CAMBIM HECTAOMIBHBIM COCTOSIHHEM T10 X0y 00pa3oBaHUs [3-
CTPYKTYDBHI sSIBIIsIeTCs (110 HAIIEMY CHEHAPHIO) B-IUMUIbKA C TTOCIEAYIOUIMM U3THOOM.
Tak KaK cTaOMILHOCTH MTIIBKY TAAeT C YUIMHEHUEM, a 3-TsDK B HHULUUPYTOIIEH
IITTIIBKE TOJDKEH COCTOSATh KaK MUHUMYM U3 N, 3B€HBEB, TO MUHIMaJIbHasi CBOOOTHAS
SHEPTUsl MHULUUPYIOMIEH B-IIIMHIBKA COCTABIISET

F* = U+2N,(f+AL)+U = 2(UAS)/(-F)). (1.10)

D10 — cBOOOHAS PHEPTHUSA NMEPEXOTHOTO COCTOSIHUSI P 00pa30BaHUU [3-JIHCTA 10O
Hawemy cyenapuio. Tenepb 0CTaIOCh TOJIBKO MMOKAa3aTh, YTO, KAKOW CIICHAPHUU HU
BO3bMH, CYIIIECTBEHHO 00JIee CTAOMIBHBIX MIEPEXOTHBIX COCTOSHHIA OBITh HE MOXKET.

Uro0Obl mOKa3aTh 3TO — OICHUM, KaK OyJeT MEHSThCS MUHUMAIIbHAsI CBOOOIHAS
sHeprus B-nucta ¢ ero yeaudeHuem. O0muii xo1 n3MeHeHus mokaszad Ha Puc.1-5. Tloka
JUCT MaJjl, TOMHUHHUPYIOT KpaeBbie d3PPeKThI, U CBOOOAHAS SHEPTHUs MOBbIIaeTcs. B
OOJIBIIIOM K€ JTUCTE JOMUHHUPYIOT BHYTPEHHUE OCTATKH, U €r0 CBOOOIHASI YHEPTUS
1ajiaer.
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Puc.1-5. O6muii xon uzmenenus F,,, MUHIMaIbHON CBOOOAHOM SHEpruu B-IuCTa, C
yBeIIMYeHUEM unciia M 3BeHbeB B HeM. KpuBbIe OTHOCSTCS K Pa3HBIM CBOOOIHBIM
sHeprusM fy BHyTpEHHHUX 3BEHbEB [-HCTa. # — TOYKa MakCUMyMa Belu4uHsI F,, o
xoxy pocra B-nucta. Ilpu pocre B-nmucrta (B oTIMYKE OT pocTa o-criupaiu, cM. Puc.1-3)
MaKCHUMYM ero cBOOOIHOM YHEPTUN HE MPUXOJUTCS HA CaMOe Hadayo 3TOro mporiecca.

Teneps nepeiinem k pacueram. CHadana OIEHUM MUHUMAJIBHYIO CBOOOIHYIO
sHepruto M-3BeHHoro f-nucra. CBoOO HAs SHEPT U JIUCTA, COCTOSIET0 U3 m B-TsKen
(paBHOM JJIMHBI, YTOOBI MUHUMH3UPOBATh KPaeBylo CBOOOIHYIO SHEPIrHi0) U m-1 u3ruba,
paBHa

F(M,m) = Mf, + 2(M/m)Af, + (m-1)U (1.11)

Bapbupys uncio -y4acTkoB m, HaliZleM MUHHUMYM 3TOW CBOOOTHON SHEPTUH U3
yCIIOBUSA

dF/dm = -2(M/m?)Af, + U = 0. (1.12)

Orcroza ciieiyeT ONTHMAIBHOE YUCIIO 3-y4acTKOB B 3TOM JIUCTE, M,y = M'?
[2Af,/U]"*u ero cBobomuas sueprusi, F, (M) = F(M,m,,) = Mf;- U + 2 M [2Af; U]
Bapsupys Benuunny F, (M) no M, HaxonauMm ee MakcumyM (cM. Puc.1-5) n3 ycnosus

dF,,/dM = £, + M2 [2Af;U]" = 0. (1.13)

Jlajiee MOKHO OIPENENUTE pasMep B-IKMCTa, COOTBETCTBYIOIIETO 3TOMY
makcumymy, M™ = 2(Af, U)/(-f;)*, 1 ero cBOGOAHYIO SHEPTHIO

F'=F,,(M") = 2(Af,U)/(-f,) — U. (1.14)

Bemnuunst F* u F* (cm. popmyay 1.10) COBMAJIAIOT B I7IABHOM HIICHE, 2(AfU)/(-1p).
VIMeHHO u3-3a HEro cBOOOHAs SHeprus nepexdauoro cocrosuus F cecoa Benuka,
KOrJa cBOOO/IHAs 3HEprus crabunusanuu B-cTpykrypsl (-fp) mana, T.e. korga 3
CTPYKTypa HaXOJUTCS Ha TpaHu ctabmibHOCTH. B cymHocTH, F* ctpemutcs k



OCCKOHEYHOCTH, KOTJIa 3 CTPYKTypa MPUOIHKACTCS K TEPMOTUHAMHUIESCKOMY
paBHOBeCHIO C KiTyOkoMm, T.e. korga (-f;) — 0.

Taxk kak, COTJIacCHO TEOPHUH MEPEXOAHOTO COCTOSHUS, BpeMs Ipoliecca t 3aBUCUT OT
CBOOOJTHOM PHEPTUU TTEPEXOTHOTO (CaMOT0 HECTAOMIILHOTO MTPOMEXKYTOYHOTO)
cocrosiaust F¥ kak

t; ~ tyexp(+FY/kT), (1.15)

I7ie Tp — BpEeMs 3JIEMEHTapHOro 1ara (B JaHHOM ClIy4ae — 3JIOHraluu 3-1ucra Ha
OJIMH OCTATOK; M HET MPUYUH, YTOOBI CKOPOCTb AJIOHTAIMH -JINCTa KAYECTBEHHO
OTJIMYaack Obl OT CKOPOCTH JIOHTAIMHU CITUPANIN), TO XapaKTepHOE BpeMsi 00pa30BaHUs
B mucra, npu ManbIx -f;, ecTh

ts ~ Tvexp[A/(-fp)] , (1.16)

rne A — Hekas KoHcTtaHTa. KakoBo Obl HH OBUIO €€ YHCICHHOE 3HaYCHNUE, — BHJIHO
(cM. Puc.1-6), uro mpu MainsIx -f; Bpems oOpa3oBaHus 3 cTpyKTypsl OyAeT OrpoMHO (B
npezene — OECKOHEYHO BEIUKO).

0 £,

Puc.1-6. O0muii B 3aBUCUMOCTH XapaKTEPHOTO BPEMEHU 00pa3oBaHUs [3-1HCTa OT
CTaOMIBHOCTH [B-CTPYKTYPBHI.

Wrak: manocrabuibHas B-cTpykTypa (a MMEHHO OHa HaOJI0AaeTcs B
Hearperupyromnux NOJUIENTHIAX ) JOJDKHA 00pa30BhIBAThCS OUY€Hb MEUIEHHO, — |
NpUYMHA 3[1eCh HE B MEUICHHOM AJIOHTAllUH, a B MEJUICHHON WHUIUAIIMA — TPYAHO
coOpaTh CBOOOIHYIO PHEPTHUIO M3 TEIUIOBOTO JBM)KEHUS M MTPEOJIOJIETh BRICOKHN Oaphep.

Tak 00BACHSECTCS M DKCTIEPUMEHTAILHO HAa0II0aeMast, 0O4eHb MEJICHHAS! CKOPOCTh
00pa3oBaHUs B-CTPYKTYPHI B HEarperupyonyx MOJUNENTHIAX, H PE3KUI €€ POCT ¢
MOBBIIICHHEM CTAOMIIBHOCTH [3-CTPYKTYPBHI.



B T0 e Bpemst cTaOnibHbIE 3-IUCTHI M IIMHIBKY (2 UMEHHO OHH U HaOJFOIAIOTCS B
OenKax) OJKHBI 00Pa30BBIBATHCS TOBOJIBHO OBICTPO — MPUMEPHO KaK OL-CITUPATh.

Kpaiitne mennenHast uHULIMAIUST — 0OIIee CBOWCTBO (Pa30BBIX MEPEXOJIOB MEPBOTO
poJia, Korja Bo3HHKaroulas ¢a3za HaXOAUTCA Ha TpaHH cTabmiIbHOCTH. BeomuuTe:
nepeoxJIaxIeHHast )KUAKOCTb, IeperpeThlil nap... Bee 310 cBsizaHo ¢ 00MbIIOiM
CBOOOJTHOM PHEpruer o0mUpHON rpaHua paszaena gas. A B-CTpykTypa Kak pa3 u
oOpa3yetcs (pa30BbIM EPEX0I0M MEPBOTO poJia — CO BCEMH BBHITEKAIOIUMU
MOCTIEICTBUSIMH. ..

Haobopot, a-criupans He oOpa3yetcs (pa3oBbIM MEPEX0I0M MEPBOTO poa
[BCITOMHMTE: TPpaHUIIA CIUPATIH, B OTIIMYHE OT TPAHUIIBI B-CTPYKTYPHI (WU JIBIUHKH), He
pacTeT ¢ ee pa3MepoM| — MO3TOMY Oapbep, KOTOPbIN HY>KHO MPEOJOJIETh NPU
CBOpaYMBaHUM CIIUPAIIH, BCET/Ia UMEET KOHEUHYIO (M HEOONbIIYI0) BENUYHHY, U OHA
MOXET yCIETh "MPONHULIMUPOBATHCS" 38 MUKPOCEKYH/TY.

3aKITI0YMTEIFHOE 3aMEUaHue: YTO Takoe "kiyook". DTUM TEPMUHOM 5 MHOTO pa3
TI0JIH30BAJICSI, TOBOPSI O IIETH, HE UMEIOIICH ONPeeIEHHON CTPYKTYphI. JleHCTBUTEIBHO,
KITyOOK HE MIMEET HUKAKOTO JAJILHETO MOPsIKa — YTO, OJTHAKO, HE MCKITFOYaeT CIa0bIi
(Ha MacmTabe BCero HECKOJIbKUX MOPS] HIYIIHX 3BEHBEB IIETN ) OJIMKHUNA TOPSIIOK.

CaMoit mHTEepeCcCHON 0COOCHHOCTHIO KITyOKa (3KCIIEpUMEHTAIBHO HAOII0JaeMOM ¢
MIOMOIIBIO THAPOINHAMHYECKUX METOJIOB, IPH MOMOIIIH PACCESHHS CBETA U
PEHTTEHOBCKUX Jy4eil) sIBJISETCS ero KpaiiHe Majiasi INIOTHOCTh M COBEPIIEHHO 0cobast
3aBHCHUMOCTH €0 Pa3MEpOB — pajinyca u 00beMa — OT JUTHHBI LETTH.

JI71st BBISICHEHUS ATOM OCOOCHHOCTH, PACCMOTPUM MTPOCTEHUIITYIO MOJIENb KITyOKa, Tak
Ha3bIBaeMyIo "cBOOOJHO-cowIeHeHHY o emnb" (Puc.1-7). OHa cOCTOUT U3 3BEHBEB-
"manmouek"; "3BeHO" MOXKET BKJIIOUYATh B C€0s1 HECKOJILKO MOHOMEPOB MOJTMMEPHOMN 1IETIH;
TJIABHOE — YTO KaKAas "manodka" MOKeT CBOOOIHO, KaK yTOJAHO TOBOPAUYMBATHCS B
COWICHEHHUH OTHOCUTENIBHO CBOMX coceneit o nenu. [lycts B ienu M "nanovek", u
JUTMHA KaX0U paBHa T.

Puc.1-7. CBoOOIHO-COUIIEHEHHAS TIeTTh — MOJIEb KIIyOKa.



Takyto 1ernb MOXKHO ONMUCATH KaK LETIOYKY U3 BEKTOPOB Iy, I ,..., I'y (HATOMHIO:
BEKTOpP B MaTeMaTHUKE — 93TO OTPE30K MPSMOii, UMEIOIINII HallpaBiIeHue). ITH BEKTOpa
MMEIOT OJMHAKOBYIO JIJIMHY T, M KQJKJIbIA U3 HUX HAIIPABJICH OT NPEIbIAYILIETO
couJieHeHus K nocueayomemy. Cymma BEKTOPOB

(1.17)

Il
ASE

| i

€CTh IIPOCTO BEKTOP, HAYIIUH OT Havaia K KOHITy 1enu. KBagpaT niauHbI 3TOro BeKTOpa
€CThb

, M M M M (1.18)
h ={E Tj} =E | ] +23 E | )
i i i=]

i=1 i=1

Haiinem Teneps cpennroro Beanunny <h>>, 1.e. yepeaaum h* mo BceM BO3MOKHBIM
TETJIOBBIM (QIIYKTyanusM 1ernu. [Ipr 3TOM MBI TOJKHBI YYECTh, YTO <I>, CpEAHUM
KBaJIpaT BEKTOPA I, €CTh MIPOCTO I°, & CPEIAHEE MPOU3BEICHUE JTIOOBIX BEKTOPOB <I'jI'}>
ecthb 0 ipu i#], TaK Kak, CBOOOHO BpaIllasch, ’TH BEKTOPa UMEIOT Ty K€ BEPOATHOCTD
6I:ITI: HaHpaBHeHHBIMI/I 4YTO B OIIHy, YTO B paSHLIG CTOpOHBI.

3HAYMT, CPEAHUI KBaIpaT PACCTOSHUS MEXKTy KOHIITAMU CBOOOTHO-COYJICHEHHOM
LIEIU €CTh

) Mo Mo, MM Mo M M ,
<h>=<(Z ) >=<Zr+2Z I nr>=L1<ti>+21X Z<rr>=Mr";
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TO €CTh JIMHEWHbIE pa3Mepsl (paauyc U T.1.) KIIyOKa pacTyT ¢ pOCTOM 4Kciia M 3BeHBEB B
nernu kak M'2. Otcroza cieyer, 94To 00beM KiIyOKa nporopironaies M*? — B 1o
BpeMs Kak JUIsl BceX "HOpMaJIbHBIX" (MMEIOIMMX (PUKCUPOBAHHYIO TUIOTHOCTH) TNl 00beM
pacTeT TOJIBKO KaK YKC/I0 yacTui] M, — T.e. ropaszo MeienHee, uem M2, Takast
AHOMAJILHO CHJIbHAs 3aBUCUMOCTh 00beMa KIIyOKa OT pa3Mepa LIeTH U eCTh CaMoe
XapaKTepHOe CBOWMCTBO KiyOka. V13 Hero, B 4aCTHOCTH, BBITEKACT KpailHe HU3Kast
IUIOTHOCTH KITyOKa, 00pa30BaHHOIO UIMHHBIMH LIETIIMHU, U, KaK CJIEJCTBUE —
MPAKTHYECKOE OTCYTCTBHE KOHTAKTOB MEXKIY JATBHUMH IO LTI 3BEHBSIMH.
HenocraTok, HenqocTaTouHas peaqTuCTUUYHOCTh CBOOOTHO-COUTICHEHHON MOJIe —
B TOM, YTO OHA PHCYET KIyOOK B CHJILHO UJICAIM3UPOBAHHOM BHUJE, T.K. JOIYCKAET, YTO B
J1000M CBOEM 3BEHE IIeTIh MOKET ITOBOPAYMBATHCS HA JIFOOOW yTroji, — a 3To, BOOOIIe
roBops, He Tak. OgHako ¢popmyny (1.11) moxkHO nepenucats B Oosee 001eM BUE,

<h>=Lr, (1.20)
rae L=Mr — nonnas ("KoHTypHas") JUIMHA LieNH, IPONOPLHOHAIbHAS YUCITy 3BEHBEB
B HEl, ar — 3 PEeKTUBHOE pacCTOsTHUE MEXTY ""CBOOOTHBIMHU COUICHECHUSIMU'' TIETTH,

T.€. XapaKTepHas JJIMHA, Ha KOTOPOU 1eMb "3a0bIBaeT" 0 CBOEM HampaBIeHUU (IS

(1.1



CIIpaBKH: B HOHHHGHTHHHOﬁ LCIIHU 3Ta XapaKTCpHad AJIMHA — WU, KaK I'OBOPAIT, "I[J'II/IHa

KyHnosckoro cermenta" — cocrasisietr 30 — 40A, T.c. KyHoBckuii cerMeHT Takoit
[EenH cCOAePkKUT oKkoso 10 aMHHOKHCTOTHBIX ocTaTkoB). B Buze (1.20) dopmymna,
OIUCHIBAONIAsl pa3Mep KIyOKa, yKe 00peTaeT J0CTaTOUHYI0 OOITHOCTh M MOXKET
IPUMEHSTHCS JJIs1 ONTMCAHUS PEATbHBIX TOJIMMEPOB.



